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1

Scientific notation and metric prefixes
■

Introduction

There are some 3 000 000 000 base pairs (bp) making up human genomic
DNA within a haploid cell. If that DNA is isolated from such a cell, it will
weigh approximately 0.000 000 000 003 5 grams (g). To amplify a specific
segment of that purified DNA using the polymerase chain reaction (PCR),
0.000 000 000 01 moles (M) of each of two primers can be added to a reaction
that can produce, following some 30 cycles of the PCR, over 1 000 000 000
copies of the target gene.
On a day-to-day basis, molecular biologists work with extremes of numbers far outside the experience of conventional life. To allow them to more
easily cope with calculations involving extraordinary values, two shorthand
methods have been adopted that bring both enormous and infinitesimal
quantities back into the realm of manageability. These methods use scientific notation and metric prefixes. They require the use of exponents and an
understanding of significant digits.

1.1 Significant digits
Certain techniques in molecular biology, as in other disciplines of science,
rely on types of instrumentation capable of providing precise measurements. An indication of the level of precision is given by the number of digits expressed in the instrument’s readout. The numerals of a measurement
representing actual limits of precision are referred to as significant digits.
Although a zero can be as legitimate a value as the integers one through
nine, significant digits are usually nonzero numerals. Without information
on how a measurement was made or on the precision of the instrument
used to make it, zeros to the left of the decimal point trailing one or more
nonzero numerals are assumed not to be significant. For example, in stating
that the human genome is 3 000 000 000 bp in length, the only significant
digit in the number is the 3. The nine zeros are not significant. Likewise,
zeros to the right of the decimal point preceding a set of nonzero numerals
are assumed not to be significant. If we determine that the DNA within a
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00001-2
© 2010 Elsevier Inc. All rights reserved.
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sperm cell weighs 0.000 000 000 003 5 g, only the 3 and the 5 are significant
digits. The 11 zeros preceding these numerals are not significant.

Problem 1.1 How many significant digits are there in each of the
following measurements?
a) 3 001 000 000 bp
b) 0.003 04 g
c) 0.000 210 liters (L) (volume delivered with a calibrated micropipettor).

Solution 1.1
a) Number of significant digits: 4; they are: 3001
b) Number of significant digits: 3; they are: 304
c) Number of significant digits: 3; they are: 210

1.1.1 Rounding off significant digits in calculations
When two or more measurements are used in a calculation, the result can
only be as accurate as the least precise value. To accommodate this necessity, the number obtained as solution to a computation should be rounded
off to reflect the weakest level of precision. The guidelines in the following
box will help determine the extent to which a numerical result should be
rounded off.

Guidelines for rounding off significant digits
1. When adding or subtracting numbers, the result should be rounded
off so that it has the same number of significant digits to the right of
the decimal as the number used in the computation with the fewest
significant digits to the right of the decimal.
2. When multiplying or dividing numbers, the result should be rounded off
so that it contains only as many significant digits as the number in the
calculation with the fewest significant digits.

Problem 1.2 Perform the following calculations, and express the
answer using the guidelines for rounding off significant digits described
in the preceding box
a) 0.2884 g  28.3 g
b) 3.4 cm  8.115 cm
c) 1.2 L  0.155 L

1.2 Exponents and scientific notation 

Solution 1.2
a) 0.2884 g  28.3 g  28.5884 g
The sum is rounded off to show the same number of significant digits
to the right of the decimal point as the number in the equation with the
fewest significant digits to the right of the decimal point. (In this case,
the value 28.3 has one significant digit to the right of the decimal point.)
28.5884 g is rounded off to 28.6 g
b) 3.4 cm  8.115 cm  27.591 cm2
The answer is rounded off to two significant digits since there are as
few as two significant digits in one of the multiplied numbers (3.4 cm).
27.591 cm2 is rounded off to 28 cm2
c) 1.2 L ÷ 0.155 L  7.742 L
The quotient is rounded off to two significant digits since there are
as few as two significant digits in one of the values (1.2 L) used in the
equation.
7.742 L is rounded off to 7.7 L

1.2 Exponents and scientific notation
An exponent is a number written above and to the right of (and smaller
than) another number (called the base) to indicate the power to which the
base is to be raised. Exponents of base 10 are used in scientific notation to
express very large or very small numbers in a shorthand form. For example, for the value 103, 10 is the base and 3 is the exponent. This means that
10 is multiplied by itself three times (103  10  10  10  1000). For
numbers less than 1.0, a negative exponent is used to express values as a
reciprocal of base 10. For example,
103 

1
1
1


 0.001
3
10  10  10
1000
10

1.2.1 Expressing numbers in scientific notation
To express a number in scientific notation:
1. Move the decimal point to the right of the leftmost nonzero digit.
Count the number of places the decimal has been moved from its
original position.
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2. Write the new number to include all numbers between the leftmost and
rightmost significant (nonzero) figures. Drop all zeros lying outside
these integers.
3. Place a multiplication sign and the number 10 to the right of the
significant integers. Use an exponent to indicate the number of places
the decimal point has been moved.
a. For numbers greater than 10 (where the decimal was moved to the
left), use a positive exponent.
b. For numbers less than one (where the decimal was moved to the
right), use a negative exponent.

Problem 1.3 Write the following numbers in scientific notation
a) 3 001 000 000
b) 78
c) 60.23  1022

Solution 1.3
a) Move the decimal to the left nine places so that it is positioned to the
right of the leftmost nonzero digit.
3.001000 000
Write the new number to include all nonzero significant figures, and
drop all zeros outside of these numerals. Multiply the new number
by 10, and use a positive 9 as the exponent since the given number is
greater than 10 and the decimal was moved to the left nine positions.
3 001000 000  3.001 109
b) Move the decimal to the left one place so that it is positioned to the
right of the leftmost nonzero digit. Multiply the new number by 10,
and use a positive 1 as an exponent since the given number is greater
than 10 and the decimal was moved to the left one position.
78  7.8  101
c) 60.23  1022
Move the decimal to the left one place so that it is positioned to the right
of the leftmost nonzero digit. Since the decimal was moved one position
to the left, add 1 to the exponent (22  1  23  new exponent value).
60.23  1022  6.023  1023

1.2 Exponents and scientific notation 

Problem 1.4 Write the following numbers in scientific notation
a) 0.000 000 000 015
b) 0.000 050 004 2
c) 437.28  107

Solution 1.4
a) Move the decimal to the right 11 places so that it is positioned to the
right of the leftmost nonzero digit. Write the new number to include all
numbers between the leftmost and rightmost significant (nonzero) figures. Drop all zeros lying outside these numerals. Multiply the number
by 10, and use a negative 11 as the exponent since the original number
is less than 1 and the decimal was moved to the right by 11 places.
0.000000000015  1.5  1011
b) Move the decimal to the right five positions so that it is positioned to
the right of the leftmost nonzero digit. Drop all zeros lying outside the
leftmost and rightmost nonzero digits. Multiply the number by 10 and
use a negative 5 exponent since the original number is less than 1 and
the decimal point was moved to the right five positions.
0.0000500042  5.00042  105
c) Move the decimal point two places to the left so that it is positioned to
the right of the leftmost nonzero digit. Since the decimal is moved two
places to the left, add a positive 2 to the exponent value (7  2  5).
437.28  107  4.3728  105

1.2.2 Converting numbers from scientific
notation to decimal notation
To change a number expressed in scientific notation to decimal form:
1. If the exponent of 10 is positive, move the decimal point to the right the
same number of positions as the value of the exponent. If necessary,
add zeros to the right of the significant digits to hold positions from the
decimal point.
2. If the exponent of 10 is negative, move the decimal point to the left the
same number of positions as the value of the exponent. If necessary,
add zeros to the left of the significant digits to hold positions from the
decimal point.
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Problem 1.5 Write the following numbers in decimal form
a)
b)
c)
d)

4.37  105
2  101
23.4  107
3.2  104

Solution 1.5
a) Move the decimal point five places to the right, adding three zeros to
hold the decimal’s place from its former position.
4.37  105  437 000.0
b) Move the decimal point one position to the right, adding one zero to the
right of the significant digit to hold the decimal point’s new position.
2  101  20.0
c) Move the decimal point seven places to the right, adding six zeros to
hold the decimal point’s position.
23.4  107  234 000 000.0
d) The decimal point is moved four places to the left. Zeros are added to
hold the decimal point’s position.
3.2  104  0.000 32

1.2.3 Adding and subtracting numbers written
in scientific notation
When adding or subtracting numbers expressed in scientific notation, it
is simplest first to convert the numbers in the equation to the same power
of 10 as that of the highest exponent. The exponent value then does not
change when the computation is finally performed.

Problem 1.6 Perform the following computations
a)
b)
c)
d)
e)

(8  104)  (7  104)
(2  103)  (3  101)
(6  102)  (8  103)
(3.9  104)  (3.7  104)
(2.4  103)  (1.1  104)

1.2 Exponents and scientific notation 

Solution 1.6
a) (8  104)  (7  104)
 15  104
 1.5  105
 2  105
b) (2  103)  (3  101)
 (2  103)  (0.03  103)

 2.03  103
 2  103
c) (6  102)  (8  103)
 (6  102)  (0.8  102)
 6.8  102
 7  102
d) (3.9  104)  (3.7  104)
 0.2  104
 2  105
e) (2.4  103)  (1.1  104)
 (2.4  103)  (0.11  103)
 2.29  103
 2.3  103

Numbers added.
Number rewritten in standard scientific notation form.
Number rounded off to
one significant digit.
Number with lowest exponent value expressed in
terms of that of the largest
exponent value.
Numbers are added.
Number rounded off to one
significant digit.
Exponents converted to the
same values.
Numbers are added.
Number rounded off to one
significant digit.
Numbers are subtracted.
Numbers rewritten in standard scientific notation.
Exponents converted to the
same values.
Numbers are subtracted.
Number rounded off to show
only one significant digit to
the right of the decimal point.

1.2.4 M
 ultiplying and dividing numbers written
in scientific notation
Exponent laws used in multiplication and division for numbers written in
scientific notation include:
The Product Rule: When multiplying using scientific notation, the
exponents are added.
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The Quotient Rule: When dividing using scientific notation, the
exponent of the denominator is subtracted from the exponent of the
numerator.
When working with the next set of problems, the following laws of mathematics will be helpful:
The Commutative Law for Multiplication: The result of a multiplication is not dependent on the order in which the numbers are multiplied. For example,
32  23
The Associative Law for Multiplication: The result of a multiplication is not dependent on how the numbers are grouped. For example,
3  (2  4)  (3  2)  4

Problem 1.7 Calculate the product
a) (3  104)  (5  102)
b) (2  103)  (6  105)
c) (4  102)  (2  103)

Solution 1.7
a) (3  104)  (5  102)
 (3  5)  (104  102)
 15  106
 1.5  107
 2  107
b) (2  103)  (6  105)
 (2  6)  (103  105)
 12  102
 1.2  103
 1  103

Use Commutative and Associative
laws to group like terms.
Exponents are added.
Number written in standard scientific notation.
Number rounded off to one significant digit.
Use Commutative and Associative
laws to group like terms.
Exponents are added.
Number written in standard scientific notation.
Number rounded off to one significant digit.

1.2 Exponents and scientific notation 

c) (4  102)  (2  103)
 (4  2)  (102  103)
 8  102(3)
 8  105

Use Commutative and Associative
laws to group like terms.
Exponents are added.

Problem 1.8 Find the quotient
a)

8  10 4
2  102

b)

5  108
3  104

c)

8.2  106
3.6  10 4

d)

9  105
2.5  103

Solution 1.8
a)

8  10 4
2  102


8
 10 42
2

 4  102
b)

5  108
3  104


5
 108(4 )
3

 1.67  108(4 )
 2  1012

The exponent of the denominator is
subtracted from the exponent of the
numerator.

The exponent of the denominator is
subtracted from the exponent of the
numerator.
Exponents: 8  (4)  8  4  12.
Number rounded off to one significant
digit.
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c)

8.2  106
3.6  10 4
8.2

 106(4 )
3.6
 2.3  1010

d)

9  105
2.5  103
9

 105(3)
2.5

The exponent of the denominator is
subtracted from the exponent of the
numerator.
Number rounded off to two significant
digits.
Exponent:
6  (4)  6  (4)  10.

The exponent of the denominator is
subtracted from the exponent of the
numerator.

 3.6  102
 4  102

Number rounded off to one significant
digit.

1.3 Metric prefixes
A metric prefix is a shorthand notation used to denote very large or vary
small values of a basic unit as an alternative to expressing them as powers
of 10. Basic units frequently used in the biological sciences include meters,
grams, moles, and liters. Because of their simplicity, metric prefixes have
found wide application in molecular biology. The following table lists the
most frequently used prefixes and the values they represent.
As shown in Table 1.1, one nanogram (ng) is equivalent to 1  109 g.
There are, therefore, 1  109 ngs per g (the reciprocal of 1  109;
1/1  109  1  109). Likewise, since one microliter (L) is equivalent
to 1  106 L, there are 1  106 mL per liter.
When expressing quantities with metric prefixes, the prefix is usually chosen so that the value can be written as a number greater than 1.0 but less
than 1000. For example, it is conventional to express 0.000 000 05 g as
50 ng rather than 0.05 mg or 50 000 pg.

1.3.1 Conversion factors and canceling terms
Translating a measurement expressed with one metric prefix into an equivalent value expressed using a different metric prefix is called a conversion.

1.3 Metric prefixes 11

Table 1.1  Metric prefixes, their abbreviations, and their equivalent
values as exponents of 10.
Metric prefix
gigamegakilomillimicronanopicofemtoatto-

Abbreviation

Power of 10

G
M
k
m

n
p
f
a

109
106
103
103
106
109
1012
1015
1018

These are performed mathematically by using a conversion factor relating
the two different terms. A conversion factor is a numerical ratio equal to 1.
For example,
1  106 g
1g
and
g
1  106 g
are conversion factors, both equal to 1. They can be used to convert grams
to micrograms or micrograms to grams, respectively. The final metric prefix expression desired should appear in the equation as a numerator value
in the conversion factor. Since multiplication or division by the number
1 does not change the value of the original quantity, any quantity can be
either multiplied or divided by a conversion factor and the result will still
be equal to the original quantity; only the metric prefix will be changed.
When performing conversions between values expressed with different metric prefixes, the calculations can be simplified when factors of 1
or identical units are canceled. A factor of 1 is any expression in which
a term is divided by itself. For example, 1  106/1  106 is a factor of 1.
Likewise, 1 L/1 L is a factor of 1. If, in a conversion, identical terms appear
anywhere in the equation on one side of the equals sign as both a numerator and a denominator, they can be canceled. For example, if converting
5  104 L to microliters, an equation can be set up so that identical terms
(in this case, liters) can be canceled to leave mL as a numerator value.

12 CHAPTER 1 Scientific notation and metric prefixes

5  104 L  n L
5  104 L 

1  106 L
 n L
L

(5  1)(104  106) L  n L
5  1046 L  n L
5  102 L  n L

Solve for n.
Use the conversion factor relating
liters and microliters with microliters
as a numerator value. Identical terms
in a numerator and a denominator are
canceled. (Remember, 5  104 L is
the same as 5  104 L/1. 5  104 L,
therefore, is a numerator.)
Group like terms.
Numerator values are multiplied.
Therefore, 5  104 L is equivalent
to 5  102 L.

Problem 1.9
a) There are approximately 6  109 bp per human diploid genome. What
is this number expressed as kilobase pairs (kb)?
b) Convert 0.03 mg into ng.
c) Convert 0.0025 mL into mL.

Solution 1.9
a) 6  109 bp  n kb    Solve for n.
Multiply by a conversion factor relating kb to bp with kb as a
numerator:
6  109 bp 

1 kb
 n kb
1 103 bp

Cancel identical terms (bp) appearing as numerator and denominator,
leaving kb as a numerator value.
(6  109 )(1 kb)
 n kb
1 103
The exponent of the denominator is subtracted from the exponent of
the numerator.
6
 1093 kb  6  106 kb  n kb
1
Therefore, 6  109 bp is equivalent to 6  106 kb.

1.3 Metric prefixes 13

b) 0.03 g  n ng. Solve for n.
Multiply by conversion factors relating g to mg and ng to g with ng
as a numerator. Convert 0.03 mg to its equivalent in scientific notation
(3  102 mg):
3  102 g 

1g
1 109 ng

 n ng
6
g
1 10 g

Cancel identical terms appearing as numerator and denominator,
leaving ng as a numerator value; multiply numerator and denominator values; and then group like terms.
(3  1 1)(102  109 ) ng
 n ng
(1 1)(106 )
Numerator exponents are added.
3  1029 ng 3  107 ng

 n ng
1 106
1 106
The denominator exponent is subtracted from the numerator exponent.
3
 1076 ng  3  101 ng  n ng
1
Therefore, 0.03 mg is equivalent to 30 (3  101) ng.
c) 0.0025 mL  n  L. Solve for n.
Convert 0.0025 mL into scientific notation. Multiply by conversion factors relating L to mL and mL to L with mL as a numerator.
2.5  103 mL 

1L
1 106 L

 n L
1L
1 103 mL

Cancel identical terms appearing as numerator and denominator, leaving mL as a numerator value. Multiply numerator values and denominator values. Group like terms.
(2.5  1 1)(103  106 ) L
 n L
(1 1)(103 )
Numerator exponents are added.
2.5  1036 L
2.5  103 L

 n L
3
1 10
1 103

14 CHAPTER 1 Scientific notation and metric prefixes

The denominator exponent is subtracted from the numerator
exponent.
2.5
 1033 L  2.5  100 L  2.5 L  n L
1
Therefore, 0.0025 mL is equivalent to 2.5 mL.

■

Chapter summary

Significant digits are numerals representing actual limits of precision.
They are usually nonzero digits. Zeros to the left of the decimal point trailing a nonzero numeral are assumed not to be significant. Zeros to the right
of the decimal point preceding a nonzero numeral are also assumed not to
be significant.
When rounding off the sum or difference of two numbers, the calculated value
should have the same number of significant digits to the right of the decimal
as the number in the computation with the fewest significant digits to the right
of the decimal. A product or quotient should have only as many significant
digits as the number in the calculation with the fewest significant digits.
When expressing numbers in scientific notation, move the decimal point
to the right of the leftmost nonzero digit, drop all zeros lying outside the
string of significant figures, and express the new number as being multiplied by 10 having an exponent equal to the number of places the decimal
point was moved from its original position (using a negative exponent if
the decimal point was moved to the right).
When adding or subtracting numbers expressed in scientific notation, rewrite
the numbers such that they all have the same exponent value as that having the highest exponent, then perform the calculation. When multiplying
numbers expressed in scientific notation, add the exponents. When dividing
numbers expressed in scientific notation, subtract the exponent of the denominator from the exponent of the numerator to obtain the new exponent value.
Numbers written in scientific notation can also be written using metric prefixes that will bring the value down to its lowest number of significant digits.
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Solutions, mixtures, and media
n

Introduction

Whether it is an organism or an enzyme, most biological activities function
optimally only within a narrow range of environmental conditions. From
growing cells in culture to sequencing of a cloned DNA fragment or assaying an enzyme’s activity, the success or failure of an experiment can hinge
on paying careful attention to a reaction’s components. This section outlines the mathematics involved in making solutions.

2.1 C
 alculating dilutions – a general
approach
Concentration is defined as an amount of some substance per a set volume:
concentration 

amount
volume

Most laboratories have found it convenient to prepare concentrated stock
solutions of commonly used reagents, those found as components in a
large variety of buffers or reaction mixes. Such stock solutions may include
1 M (mole)Tris, pH 8.0, 500 mM ethylenediaminetetraacetic acid (EDTA),
20% sodium dodecylsulfate (SDS), 1 M MgCl2, and any number of others.
A specific volume of a stock solution at a particular concentration can be
added to a buffer or reagent mixture so that it contains that component at
some concentration less than that in the stock. For example, a stock solution of 95% ethanol can be used to prepare a solution of 70% ethanol.
Since a higher percent solution (more concentrated) is being used to prepare a lower percent (less concentrated) solution, a dilution of the stock
solution is being performed.
There are several methods that can be used to calculate the concentration of
a diluted reagent. No one approach is necessarily more valid than another.
Typically, the method chosen by an individual has more to do with how his
or her brain approaches mathematical problems than with the legitimacy
of the procedure. One approach is to use the equation C1V1  C2V2, where
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00002-4
© 2010 Elsevier Inc. All rights reserved.
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C1 is the initial concentration of the stock solution, V1 is the amount of
stock solution taken to perform the dilution, C2 is the concentration of the
diluted sample, and V2 is the final, total volume of the diluted sample.
For example, if you were asked how many mL of 20% sugar should be
used to make 2 mL of 5% sucrose, the C1V1  C2V2 equation could be
used. However, to use this approach, all units must be the same. Therefore,
you first need to convert 2 mL into a microliter amount. This can be done
as follows:
2 mL 

1000 L
 2000 L
1 mL

C1, then, is equal to 20%, V1 is the volume you wish to calculate, C2 is 5%,
and V2 is 2000 L. The calculation is then performed as follows:
C1V1  C2V2
(20%)V1  (5%)(2000 mL)
Solving for V1 gives the following result:
V1 

(5%)(2000 L )
 500 L
20%

The percent units cancel since they are in both the numerator and the
denominator of the equation, leaving mL as the remaining unit. Therefore,
you would need 500 L of 20% sucrose plus 1500 L (2000 L  500 L 
1500 L) of water to make a 5% sucrose solution from a 20% sucrose
solution.
Dimensional analysis is another general approach to solving problems of
concentration. In this method, an equation is set up such that the known
concentration of the stock and all volume relationships appear on the left
side of the equation and the final desired concentration is placed on the
right side. Conversion factors are actually part of the equation. Terms are
set up as numerator or denominator values such that all terms cancel except
for that describing concentration. A dimensional analysis equation is set up
in the following manner.
starting concentration  conversion factor 

unknown volume
final volume
 desired concentration

2.2 Concentrations by a factor of X 17

Using the dimensional analysis approach, the problem of discovering how
many microliters of 20% sucrose are needed to make 2 mL of 5% sucrose
is written as follows:
20% 

1 mL
x L

 5%
1000 L 2 mL

Notice that all terms on the left side of the equation will cancel except for
the percent units. Solving for x L gives the following result:
(20%) x
 5%
2000
(5%)(2000)
x
 500
20%
Since x is a L amount, you need 500 L of 20% sucrose in a final volume
of 2 mL to make 5% sucrose. Notice how similar the last step of the solution to this equation is to the last step of the equation using the C1V1 
C2V2 approach.
Making a conversion factor part of the equation obviates the need for performing two separate calculations, as is required when using the C1V1 
C2V2 approach. For this reason, dimensional analysis is the method used
for solving problems of concentration throughout this book.

2.2 Concentrations by a factor of x
The concentration of a solution can be expressed as a multiple of its standard working concentration. For example, many buffers used for agarose
or acrylamide gel electrophoresis are prepared as solutions 10-fold (10X)
more concentrated than their standard running concentration (1X). In a
10X buffer, each component of that buffer is 10-fold more concentrated
than in the 1X solution. To prepare a 1X working buffer, a dilution of the
more concentrated 10X stock is performed in water to achieve the desired
volume. To prepare 1000 mL (1 L) of 1X Tris-borate-EDTA (TBE) gel running buffer from a 10X TBE concentrate, for example, add 100 mL of 10X
solution to 900 mL of distilled water. This can be calculated as follows:
10 X Buffer 

n mL
 1X Buffer
1000 mL

n mL of 10X buffer is diluted into
a total volume of 1000 mL to give
a final concentration of 1X. Solve
for n.

18 CHAPTER 2 Solutions, mixtures, and media

10 Xn
 1X
1000
(1000) 

Multiply numerator values.

10 Xn
 1X (1000)
1000

Use the Multiplication Property
of Equality (see the following
box) to multiply each side of the
equation by 1000. This cancels
out the 1000 in the denominator
on the left side of the equals sign.

10Xn  1000X
10 Xn
1000 X

10 X
10 X

n  100

Divide each side of the equation by 10X. (Again, this uses
the Multiplication Property of
Equality.)
The X terms cancel since they
appear in both the numerator and
the denominator. This leaves n
equal to 100.

Therefore, to make 1000 mL of 1X buffer, add 100 mL of 10X buffer stock
to 900 mL of distilled water (1000 mL  100 mL contributed by the 10X
buffer stock  900 mL).
Multiplication property of equality
Both sides of an equation may be multiplied by the same nonzero quantity
to produce equivalent equations. This property also applies to division:
both sides of an equation can be divided by the same nonzero quantity to
produce equivalent equations.

Problem 2.1 How is 640 mL of 0.5X buffer prepared from an 8X stock?
Solution 2.1
We start with a stock of 8X buffer. We want to know how many mL of the
8X buffer should be in a final volume of 640 mL to give us a buffer having
a concentration of 0.5X. This relationship can be expressed mathematically
as follows:
8X buffer 

n mL
 0.5X buffer
640 mL

Solve for n.
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8 Xn
 0.5X
640

8Xn  320X

n

320X
 40
8X

Multiply numerator values on the
left side of the equation. Since
the mL terms appear in both the
numerator and the denominator,
they cancel out.
Multiply each side of the equation
by 640.
Divide each side of the equation by
8X.  The X terms, since they appear
in both the numerator and the
denominator, cancel.

Therefore, add 40 mL of 8X stock to 600 mL of distilled water to prepare a total of 640 mL of 0.5X buffer (640 mL final volume  40 mL 8X
stock  600 mL volume to be taken by water).

2.3 Preparing percent solutions
Many reagents are prepared as a percent of solute (such as salt, cesium
chloride, or sodium hydroxide) dissolved in solution. Percent, by definition, means ‘per 100.’ 12%, therefore, means 12 per 100, or 12 out of every
100. 12% may also be written as the decimal 0.12 (derived from the fraction 12/100  0.12).
Depending on the solute’s initial physical state, its concentration can be
expressed as a weight per volume percent (% w/v) or a volume per volume
percent (% v/v). A percentage in weight per volume refers to the weight of
solute (in grams) in a total of 100 mL of solution. A percentage in volume
per volume refers to the amount of liquid solute (in mL) in a final volume
of 100 mL of solution.
Most microbiology laboratories will stock a solution of 20% (w/v) glucose
for use as a carbon source in bacterial growth media. To prepare 100 mL of
20% (w/v) glucose, 20 grams (g) of glucose are dissolved in enough distilled
water that the final volume of the solution, with the glucose completely dissolved, is 100 mL.

Problem 2.2 How can the following solutions be prepared?
a) 100 mL of 40% (w/v) polyethylene glycol (PEG) 8000
b) 47 mL of a 7% (w/v) solution of sodium chloride (NaCl)
c) 200 mL of a 95% (v/v) solution of ethanol
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Solution 2.2
a) Weigh out 40 g of PEG 8000 and dissolve in distilled water so that the
final volume of the solution, with the PEG 8000 completely dissolved,
is 100 mL. This is most conveniently done by initially dissolving the
PEG 8000 in approximately 60 mL of distilled water. When the granules
are dissolved, pour the solution into a 100 mL graduated cylinder and
bring the volume up to the 100 mL mark with distilled water.
b) First, 7% of 47 must be calculated. This is done by multiplying 47 by
0.07 (the decimal form of 7%; 7/100  0.07 ):
0.07  47  3.29
Therefore, to prepare 47 mL of 7% NaCl, weigh out 3.29 g of NaCl and
dissolve the crystals in some volume of distilled water less than 47 mL,
a volume measured so that, when the 3.29 g of NaCl are added, it does
not exceed 47 mL. When the NaCl is completely dissolved, dispense
the solution into a 50 mL graduated cylinder and bring the final volume up to 47 mL with distilled water.
c) 95% of 200 mL is calculated by multiplying 0.95 (the decimal form of
95%) by 200:
0.95  200  190
Therefore, to prepare 200 mL of 95% ethanol, measure 190 mL of 100%
(200 proof ) ethanol and add 10 mL of distilled water to bring the final
volume to 200 mL.

2.4 Diluting percent solutions
When approaching a dilution problem involving percentages, express the
percent solutions as fractions of 100. The problem can be written as an equation in which the concentration of the stock solution (‘what you have’) is
positioned on the left side of the equation and the desired final concentration
(‘what you want’) is on the right side of the equation. The unknown volume (x)
of the stock solution to add to the volume of the final mixture should also be
expressed as a fraction (with x as a numerator and the final desired volume as
a denominator). This part of the equation should also be positioned on the left
side of the equals sign. For example, if 30 mL of 70% ethanol is to be prepared
from a 95% ethanol stock solution, the following equation can be written:
95
70
x mL


100 30 mL
100
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You then solve for x.
95 x
70

3000
100

Multiply numerators together and multiply denominators together. The mL
terms, since they are present in both the
numerator and the denominator, cancel.

3000
95 x
70
3000



1
3000
100
1
95 x 

210 000
100

Multiply both sides of the equation
by 3000.
Simplify the equation.

95x  2100
95 x
2100

95
95

Divide each side of the equation
by 95.
Round off to two significant figures.

x  22

Therefore, to prepare 30 mL of 70% ethanol using a 95% ethanol stock
solution, combine 22 mL of 95% ethanol stock with 8 mL of distilled water.

Problem 2.3 If 25 g of NaCl are dissolved into a final volume of 500 mL,
what is the percent (w/v) concentration of NaCl in the solution?

Solution 2.3
The concentration of NaCl is 25 g/500 mL (w/v). To determine the percent
(w/v) of the solution, we need to know how many grams of NaCl are in
100 mL. We can set up an equation of two ratios in which x represents the
unknown number of grams. This relationship is read ‘x g is to 100 mL as
25 g is to 500 mL:’
xg
25 g

100 mL
500 mL
Solving for x gives the following result:
xg

(25 g)(100 mL ) 2500 g

 5g
500 mL
500

Therefore, there are 5 g of NaCl in 100 mL (5 g/100 mL), which is equivalent
to a 5% solution.
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Problem 2.4 If 8 mL of distilled water is added to 2 mL of 95% ethanol,
what is the concentration of the diluted ethanol solution?
Solution 2.4
The total volume of the solution is 8 mL  2 mL  10 mL. This volume
should appear as a denominator on the left side of the equation. This dilution is the same as if 2 mL of 95% ethanol were added to 8 mL of water.
Either way, it is a quantity of the 95% ethanol stock that is used to make
the dilution. The ‘2 mL,’ therefore, should appear as the numerator in the
volume expression on the left side of the equation:
95
2 mL
x
×

100 10 mL 100
190
x

1000 100
0.19 =
19  x

x
100

The mL terms cancel. Multiply numerator
values and denominator values on the left
side of the equation.
Simplify the equation.
Multiply both sides of the equation by 100.

If x in the original equation is replaced by 19, it is seen that the new concentration of ethanol in this diluted sample is 19/100, or 19%.

Problem 2.5 How many microliters of 20% SDS are required to bring
1.5 mL of solution to 0.5%?
Solution 2.5
In previous examples, there was control over how much water we could add
in preparing the dilution to bring the sample to the desired concentration. In
this example, however, a fixed volume (1.5 mL) is used as a starting sample
and must be brought to the desired concentration. Solving this problem will
require the use of the Addition Property of Equality (see the following box).

The addition property of equality
You may add (or subtract) the same quantity to (from) both sides of an
equation to produce equivalent equations. For any real numbers a, b, and c,
if a  b, then a  c  b  c, and a    c  b    c.
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Since concentration, by definition, is the amount of a particular component
in a specified volume, by adding a quantity of a stock solution to a fixed
volume, the final volume is changed by that amount and the concentration is changed accordingly. The amount of stock solution (x mL) added
in the process of the dilution must also be figured into the final volume, as
follows.
20
0.5
x mL


100 1.5 mL  x mL
100
20 x
0.5

150  100 x
100
150  100 x
20 x
0.5 150  100 x



1
150  100 x
100
1

20 x 

75  50 x
100

100
75  50 x 100
 20 x 

1
100
1
2000x  75  50x
1950x  75

x

75
 0.03846 mL
1950

0.03846 mL 

1000 L
 38.5 L
mL

Multiply numerators
and denominators. The
mL terms cancel out.
Multiply both sides
of the equation by
150  100x.
Simplify the equation.
Multiply both sides of
the equation by 100.
Simplify.
Subtract 50x from both
sides of the equation
(Addition Property of
Equality).
Divide both sides of
the equation by 1950.
Convert mL to L
and round off to one
significant figure to
the right of the
decimal point.

Therefore, if 38.5 L of 20% SDS are added to 1.5 mL, the SDS concentration of that sample will be 0.5% in a final volume of 1.5385 mL. If there
were some other component in that initial 1.5 mL, the concentration of that
component would change by the addition of the SDS. For example, if NaCl
were present at a concentration of 0.2%, its concentration would be altered
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by the addition of more liquid. The initial solution of 1.5 mL would contain
the following amount of NaCl:
0.2 g
 1.5 mL  0.003 g
100 mL
Therefore, 1.5 mL of 0.2% NaCl contains 0.003 g of NaCl.
In a volume of 1.5385 mL (the volume after the SDS solution has been added),
0.003 g of NaCl is equivalent to a 0.195% NaCl solution, as shown here:
0.003
 100  0.195%
1.5385

2.5 M
 oles and molecular weight –
definitions
A mole is equivalent to 6.023  1023 molecules. That molecule may be a pure
elemental atom or a molecule consisting of a bound collection of atoms. For
example, a mole of hydrogen is equivalent to 6.023  1023 molecules of hydrogen. A mole of glucose (C6H12O6) is equivalent to 6.023  1023 molecules of
glucose. The value 6.023  1023 is also known as Avogadro’s number.
The molecular weight (MW, or gram molecular weight) of a substance
is equivalent to the sum of its atomic weights. For example, the gram
molecular weight of NaCl is 58.44: the atomic weight of Na (22.99 g) plus
the atomic weight of chlorine (35.45 g). Atomic weights can be found in
the periodic table of the elements. The molecular weight of a compound,
as obtained commercially, is usually provided by the manufacturer and is
printed on the container’s label. On many reagent labels, a formula weight
(FW) is given. For almost all applications in molecular biology, this value
is used interchangeably with molecular weight.

Problem 2.6 What is the molecular weight of sodium hydroxide (NaOH)?
Solution 2.6
Atomic weight of Na
Atomic weight of O
Atomic weight of H

22.99
16.00
1.01

Molecular weight of NaOH

40.00
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Problem 2.7 What is the molecular weight of glucose (C6H12O6)?
Solution 2.7
The atomic weight of each element in this compound must be multiplied
by the number of times it is represented in the molecule:
Atomic weight of C  12.01
12.01 6 
Atomic weight of H  1.0
01
1.01 12 
Atomic weight of O  16.00
16  6 

 96.00

Moleculaar weight of C 6H12O6

180.18

72.06
12.12

Therefore, the molecular weight of glucose is 180.18 g/m.

2.5.1 Molarity
A 1 molar (1 M) solution contains the molecular weight of a substance (in
grams) in 1 L of solution. For example, the molecular weight of NaCl is 58.44.
A 1 M solution of NaCl, therefore, contains 58.44 g of NaCl dissolved in a
final volume of 1000 mL (1 L) water. A 2 M solution of NaCl contains twice
that amount (116.88 g) of NaCl dissolved in a final volume of 1000 mL water.
Note: Many protocols instruct to ‘q.s. with water.’ This means to bring it
up to the desired volume with water (usually in a graduated cylinder or
other volumetric piece of labware). Q.s. stands for quantum sufficit.

Problem 2.8 How is 200 mL of 0.3 M NaCl prepared?
Solution 2.8
The molecular weight of NaCl is 58.44. The first step in solving this problem
is to calculate how many grams are needed for 1 L of a 0.3 M solution. This
can be done by setting up a ratio stating ‘58.44 g is to 1 M as x g is to 0.3 M.’
This relationship, expressed mathematically, can be written as follows. We
then solve for x.
58.44 g
xg

1M
0.3 M
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Because units on both sides of the equation are equivalent (if we were to
multiply one side by the other, all terms would cancel), we will disregard
them. Multiplying both sides of the equation by 0.3 gives
0.3 58.44
x
0.3



1
1
0.3
1

17.53  x

Therefore, to prepare 1 L of 0.3 M NaCl, 17.53 g of NaCl are required.
Another ratio can now be written to calculate how many grams of NaCl
are needed if 200 mL of a 0.3 M NaCl solution are being prepared. It can be
expressed verbally as ‘17.53 g is to 1000 mL as x g is to 200 mL,’ or written
in mathematical terms:
17.53 g
xg

1000 mL
200 mL
17.53  200
x
1000
3506
 x  3.51
1000

Multiply both sides of the equation by 200 to
cancel out the denominator on the right side
of the equation and to isolate x.
Simplify the equation.

Therefore, to prepare 200 mL of 0.3 M NaCl solution, 3.51 g of NaCl are dissolved in distilled water to a final volume of 200 mL.

Problem 2.9 How is 50 mL of 20 millimolar (mM) sodium hydroxide
(NaOH) prepared?
Solution 2.9
First, because it is somewhat more convenient to deal with terms expressed
as molarity (M), convert the 20 mM value to an M value:
20 mM 

1M
 0.02 M
1000 mM

Next, set up a ratio to calculate the amount of NaOH (40.0 g molecular
weight) needed to prepare 1 L of 0.02 M NaOH. Use the expression ‘40.0 g
is to 1 M as x g is to 0.02 M.’ Solve for x.
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40.0 g
xg

1M
0.02 M
( 40.0 )(0.02)
x
1

Multiply both sides of the equation by 0.02.

0.8  x
Therefore, if 1 L of 0.02 M NaOH is to be prepared, add 0.8 g of NaOH to
water to a final volume of 1000 mL.
Now, set up a ratio to determine how much is required to prepare 50 mL
and solve for x. (The relationship of ratios should read as follows: 0.8 g is
to 1000 mL as x g is to 50 mL.)
0.8 g
xg

1000 mL
50 mL
(0.8 )(50 )
( x )(50 )
=
1000
50
40.0
 x  0.04
1000

Multiply both sides of the equation by 50. This
cancels the 50 in the denominator on the right side
of the equation.
Simplify the equation.

Therefore, to prepare 50 mL of 20 mM NaOH, 0.04 g of NaOH is dissolved
in a final volume of 50 mL of distilled water.

Problem 2.10 How many moles of NaCl are present in 50 mL of a 0.15 M
solution?

Solution 2.10
A 0.15 M solution of NaCl contains 0.15 moles of NaCl per liter. Since we
want to know how many moles are in 50 mL, we need to use a conversion
factor to convert liters to milliliters. The equation can be written as follows:
x mol  50 mL 

1L
0.15 mol

1000 mL
L

Notice that terms on the right side of the equation cancel except for
moles. Multiplying numerator and denominator values gives
x mol 

(50 )  (1)  (0.15) mol 7.5 mol

 0.0075 mol
1000
1000

Therefore, 50 mL of 0.15 M NaCl contains 0.0075 moles of NaCl.
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n Figure 2.1 Sodium

citrate and sodium phosphate
dibasic can come in hydrated
forms.

2.5.2 P
 reparing molar solutions in water 
with hydrated compounds
Many compounds used in the laboratory, though dry and in crystalline or
powder form, come ‘hydrated.’ That is, the compounds have water molecules attached to them. Examples are sodium citrate dihydrate (with two
water molecules) and sodium phosphate dibasic heptahydrate (with seven
water molecules) (Figure 2.1). You will find the compound’s molecular
weight listed on the container’s label as the FW. In the case of hydrated
compounds, the FW includes the weight contributed by the molecular
weight of water (18.015 g/mole). These water molecules, therefore, contribute to the water you are using to dissolve the compound. They must be
taken into consideration so that the final solution is not diluted to a concentration less than is desired. The following problem will demonstrate the
calculation.

Problem 2.11 You want to prepare a 500 mL solution of 250 mM
sodium phosphate dibasic heptahydrate (Na2HPO4?H2O; FW 268.07).
How much compound and how much water should be mixed?
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Solution 2.11
We will first calculate how much of the Na2HPO4 compound should be
added to make a 500 mL (final volume) solution at 250 mM.
250 mM is equivalent to 0.25 M, as shown below:
250 mM 

1M
 0.25 M
1000 mM

We now calculate how much of the compound is equivalent to 0.25 M:
0.25 M 268.07 g 67.02 g


liter
mole
liter
Therefore, if we were making one liter (1000 mL) of solution, we would
need 67.02 g of Na2HPO4. However, we’re going to make 500 mL. We set
up a relationship of ratios:
67.02 g
xg

1000 mL
500 mL
Solving for x gives
x

(67.02 g)(500 mL )
 33.51 g
1000 mL

Therefore, we need 33.51 g of Na2HPO4 in a final volume of 500 mL to
make a 0.25 M solution. We now determine how many moles 33.51 g represents. Using the FW of 268.07 g/mol, we have
33.51 g 

1 mole
 0.125 moles
268.07 g

Therefore, we will be placing 0.125 moles of sodium phosphate dibasic
heptahydrate into a final volume of 500 mL. However, since water is part
of the compound (and part of its FW), we will also be adding 0.875 moles
of water in the process:
0.125 moles compound 

7 moles of water
 0.875 moles of water
1 mole of compound

Since the molecular weight of water is 18.015 g/mole and since one gram
of water is equivalent to one mL of water, when we add the 33.51 g of
sodium phosphate dibasic heptahydrate, we are also adding the equivalent of 15.76 mL of water:
0.875 moles 

18.015 mL
 15.76 mL
mole
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Therefore, to make 500 mL of 250 mM sodium phosphate dibasic heptahydrate, you would combine 33.51 g of compound and 484.24 mL (500 mL 
15.76 mL) of water.
As an inclusive relationship to calculate the amount of water contributed
by the hydrated compound in this example, we have
0.5 liters 

0.25 moles
7 moles water
18.015 mL water


liter
1 mole compound
mole
 15.76 mL

The relationship above can be used as a general way to calculate the
amount of water contributed by a hydrated compound, as follows:
V  M  molecules of water  18.015 mL water
 mL water from hydrated compound
where V is the final volume in liters, M is the desired molarity (in moles/
liter), and ‘molecules of water’ is the number of water molecules attached
to the compound.
Note: This calculation is not necessary as long as you weigh out the
desired amount of compound you need to produce the correct molarity
and then bring the volume up (q.s.) to the desired amount in a graduated
cylinder.

2.5.3 Diluting molar solutions
Diluting stock solutions prepared in molar concentration into volumes of
lesser molarity is performed as described in Section 2.1.

Problem 2.12 From a 1 M Tris solution, how is 400 mL of 0.2 M Tris
prepared?

Solution 2.12
The following equation is used to solve for x, the amount of 1 M Tris added
to 400 mL to yield a 0.2 M solution.
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1M 

x mL
 0.2 M
400 mL

1x M
 0.2 M
400

x  (0.2)(400)

The mL units cancel since they
appear in both the numerator and
the denominator on the left side of
the equation. Multiply numerator
values.
Multiply both sides of the equation
by 400.

x  80
Therefore, to 320 mL (400 mL  80 mL  320 mL) of distilled water, add
80 mL of 1 M Tris, pH 8.0, to bring the solution to 0.2 M and a final volume
of 400 mL.

Problem 2.13 How is 4 mL of 50 mM NaCl solution prepared from a 2 M
NaCl stock?

Solution 2.13
In this example, a conversion factor must by included in the equation so
that molarity (M) can be converted to millimolarity.
2M

1000 mM x mL

 50 mM
M
4 mL

2000 x mM
 50 mM
4

2000x mM  200 mM
x

200 mM
 0.1
2000 mM

Multiply numerators. (On the left
side of the equation, the M and mL
units both cancel since these terms
appear in both the numerator and
the denominator.)
Multiply both sides of the equation
by 4.
Divide each side of the equation by
2000 mM.

Therefore, to 3.9 mL of distilled water, add 0.1 mL of 2 M NaCl stock solution to produce 4 mL final volume of 50 mM NaCl.
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2.5.4 Converting molarity to percent
Since molarity is a concentration of grams per 1000 mL, it is a simple
matter to convert it to a percent value, an expression of a gram amount in
100 mL. The method is demonstrated in the following problem.

Problem 2.14 Express 2.5 M NaCl as a percent solution.
Solution 2.14
The gram molecular weight of NaCl is 58.44. The first step in solving this
problem is to determine how many grams of NaCl are in a 2.5 M NaCl solution. This can be accomplished by using an equation of ratios: ‘58.44 g is to
1 M as x g is to 2.5 M.’ This relationship is expressed mathematically as follows:
58.44 g
xg

1M
2.5 M
Solve for x.
(58.44 )(2.5)
x
1
146.1  x

Multiply both sides of the equation by 2.5.
Simplify the equation.

Therefore, to prepare a 2.5 M solution of NaCl, 146.1 g of NaCl are dissolved in a total volume of 1 L.
Percent is an expression of concentration in parts per 100. To determine
the relationship between the number of grams of NaCl present in a 2.5 M
NaCl solution and the equivalent percent concentration, ratios can be set
up that state ‘146.1 g is to 1000 mL as x g is to 100 mL.’
146.1 g
xg

1000 mL 100 mL
Solve for x.
(146.1)(100 )
x
1000
14610
 x  14.6
1000

Multiply both sides of the equation by 100 (the
denominator on the right side of the equation).
Simplify the equation.

Therefore, a 2.5 M NaCl solution contains 14.6 g of NaCl in 100 mL, which is
equivalent to a 14.6% NaCl solution.
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2.5.5 Converting percent to molarity
Converting a solution expressed as percent to one expressed as a molar
concentration is a matter of changing an amount per 100 mL to an
equivalent amount per liter (1000 mL), as demonstrated in the following
problem.

Problem 2.15 What is the molar concentration of a 10% NaCl solution?
Solution 2.15
A 10% solution of NaCl, by definition, contains 10 g of NaCl in 100 mL of
solution. The first step to solving this problem is to calculate the amount
of NaCl in 1000 mL of a 10% solution. This is accomplished by setting up a
relationship of ratios as follows:
10 g
xg

100 mL 1000 mL
Solve for x.
(10 )(1000 )
x
100
10 000
 x  100
100

Multiply both sides of the equation by 1000
(the denominator on the right side of the
equation).
Simplify the equation.

Therefore, a 1000 mL solution of 10% NaCl contains 100 g of NaCl.
Using the gram molecular weight of NaCl (58.44), an equation of ratios
can be written to determine molarity. In the following equation, we determine the molarity (M) equivalent to 100 g:
xM
1M

100 g 58.44 g
Solve for x.
x

100
 1.71
58.44

Multiply both sides of the equation by 100
and divide by 58.44.

Therefore, a 10% NaCl solution is equivalent to 1.71 M NaCl.
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2.6 Normality
A 1 normal (1 N) solution is equivalent to the gram molecular weight of
a compound divided by the number of hydrogen ions present in solution
(i.e., dissolved in one liter of water). For example, the gram molecular
weight of hydrochloric acid (HCl) is 36.46. Since, in a solution of HCl, one
H ion can combine with Cl to form HCl, a 1 N HCl solution contains
36.46/1  36.46 g HCl in 1 L. A 1 N HCl solution, therefore, is equivalent
to a 1 M HCl solution. As another example, the gram molecular weight
of sulfuric acid (H2SO4) is 98.0. Since, in a H2SO4 solution, two H ions
can combine with SO42 to form H2SO4, a 1 N H2SO4 solution contains
98.0/2  49.0 g of H2SO4 in 1 L. Since half the gram molecular weight of
H2SO4 is used to prepare a 1 N H2SO4 solution, a 1 N H2SO4 solution is
equivalent to a 0.5 M H2SO4 solution.
Normality and molarity are related by the equation
N  nM
where n is equal to the number of replaceable H (or Na) or OH ions per
molecule.

Problem 2.16 What is the molarity of a 1 N sodium carbonate (Na2CO3)
solution?

Solution 2.16
Sodium carbonate has two replaceable Na ions. The relationship between
normality and molarity is
N  nM
Solving for M gives the following result:
N
M
n
1
M
2

Divide both sides of the equation by n (the number
of replaceable Na ions).
In this problem, the number of replaceable   ions,
n, is 2. The normality, N, is 1.

0.5  M
Therefore, a 1 N sodium carbonate solution is equivalent to a 0.5 M sodium
carbonate solution.
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2.7 pH
The first chemical formula most of us learn, usually during childhood, is
that for water, H2O. A water molecule is composed of two atoms of hydrogen and one atom of oxygen. The atoms of water, however, are only transiently associated in this form. At any particular moment, a certain number
of water molecules will be dissociated into hydrogen (H) and hydroxyl
(OH) ions. These ions will reassociate within a very short time to form
the H2O water molecule again. The dissociation and reassociation of the
atoms of water can be depicted by the following relationship:
H 2O  H  OH
In actuality, the hydrogen ion is donated to another molecule of water to
form a hydronium ion (H3O). A more accurate representation of the dissociation of water, therefore, is as follows:
H 2O  H 2O  H3O  OH
For most calculations in chemistry, however, it is simpler and more convenient to think of the H hydrogen ion (rather than the H3O hydronium
ion) as being the dissociation product of H2O.
A measure of the hydrogen ion (H) concentration in a solution is given
by its pH value. A solution’s pH is defined as the negative logarithm to the
base 10 of its hydrogen ion concentration:
pH  log [H ]
In this nomenclature, the brackets signify concentration. A logarithm (log)
is an exponent, a number written above, smaller, and to the right of another
number, called the base, to which the base should be raised. For example, for
102, the 2 is the exponent and the 10 is the base. In 102, the base, 10, should
be raised to the second power, which means that 10 should be multiplied by
itself a total of two times. This will give a value of 100, as shown here:
102  10  10  100
The log of 100 is 2 because that is the exponent of 10 that yields 100. The
log of 1000 is 3 since 103  1000:
103  10  10  10  1000
The log of a number can be found on most calculators by entering the
number and then pressing the log key.
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In pure water, the H concentration ([H]) is equal to 107 M. In other
words, in 1 L of water, 0.000 000 1 M of hydrogen ion will be present. The
pH of water, therefore, is calculated as follows:
pH  log(1  107 )  (7)  7
Pure water, therefore, has a pH of 7.0.
Likewise, the concentration of the hydroxyl (OH) ion in water is equivalent to that of the hydrogen (H) concentration. The OH concentration is
also 1  107 M.
pH values range from 0 to 14. Solutions having pH values less than 7 are
acidic. Solutions having pH values greater than 7 are alkaline, or basic.
Water, with a pH of 7, is considered a neutral solution.
In more specific terms, an acid is defined as a substance that donates a proton (or hydrogen ion). When an acid is added to pure water, the hydrogen
ion concentration increases above 1  107 M. The molecule to which the
proton is donated is called the conjugate base. When an acid loses a proton, it becomes ionized (charged). The loss of a proton leaves the molecule
with a negative charge. A substance is referred to as a ‘strong’ acid if it
becomes almost completely ionized in water – its H ion almost completely
dissociates. For example, the strong acid, HCl dissociates as follows:
HCl  H  Cl
The hydrogen ion of a ‘weak’ acid dissociates but a little.
A base is a substance that accepts a proton. A ‘strong’ base is one that
almost completely ionizes in water to give OH ions. Sodium hydroxide,
for example, is a strong base and dissociates in water as follows:
NaOH  Na  OH
When a base is added to pure water, the OH ion is dissociated from the
base. This hydroxyl ion can associate with the H ions already in the water
to form H2O molecules, reducing the solution’s hydrogen ion concentration and increasing the solution’s pH.
Water is a unique molecule. Since it can dissociate into H and OH ions,
it acts as both an acid and as a base. We can define the dissociation of the
two types of ions in water as a constant called Kw. Since both the H and
OH ions in water have a concentration of 1  107 M, the dissociation
constant of water is equal to 1  1014.
[H ][OH ]  [1  107 ][1  107 ]  1  1014
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We have, therefore
K w  [H ][OH ]
We can rearrange this equation such that
[H ] 

Kw
[OH ]

or
[OH ] 

Kw
[H ]

Just as water has a pH, so does it have a pOH, which is defined as the
negative logarithm of the OH concentration.
pOH  log[ OH]
and
pH  pOH  14
or, rearranging
pOH  14  pH
Therefore, by knowing either the pH or the pOH, the counterpart value can
be calculated.

Problem 2.17 A solution of a strong acid has a hydrogen ion
concentration of 1  105 M. What is the solution’s pH?

Solution 2.17
pH is the negative logarithm of 1  105.
pH  log[H ]  log(1 105 )  (5)  5
Therefore, the pH of the solution is 5. It is acidic.
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Problem 2.18 The hydrogen ion concentration in a solution of a strong
acid is 2.5  104 M.  What is the solution’s pH?

Solution 2.18
The Product Rule for Logarithms states that, for any positive numbers
M, N, and a (where a is not equal to 1), the logarithm of a product is the
sum of the logarithms of the factors:
loga MN  loga M  loga N
Since we are working in base 10, a is equal to 10.
The Product Rule of Logarithms will be used to solve this problem.
pH   log(2.5  108 )
  (log 2.5  log 105 )
 [0.40 + (5)]
 (0.40  5)
 (−4.6 )
 4.6
Therefore, the solution has a pH of 4.6. Although the math shown here
demonstrates a fundamental concept of logarithms as revealed by the
Product Rule and therefore has worth in any instruction in mathematics,
the answer can be determined straight away by taking the log value of
2.5  108 on a calculator.

Problem 2.19 The pH of a solution of strong acid is 3.75. What is the
hydrogen ion concentration in the solution?

Solution 2.19
To calculate the hydrogen ion concentration in this problem will require
that we determine the antilog of the pH. An antilog is found by doing the
reverse process of that used to find a logarithm. The log of 100 is 2. The
antilog of 2 is 100. The log of 1000 is 3. The antilog of 3 is 1000. For those
calculators that do not have an antilog key, this can usually be obtained
by entering the value, pressing the 10x key, and then pressing the  sign.
(Depending on the type of calculator you are using, you may need to
press the SHIFT key to gain access to the 10x function.)
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pH  log [H]
log[H]  3.75
log[H]  3.75
[H]  1.8  104

Equation for calculating pH.
The pH is equal to 3.75.
Multiply each side of the equation by 1.
Take the antilog of each side of the equation.
Note: Taking the antilog of the log of a number, since they are opposite and canceling
operations, is equivalent to doing nothing to
that number. For example, the antilog of the
log of 100 is 100.

Therefore, the hydrogen ion concentration is 1.8  104 M.

Problem 2.20 A solution has a pH of 4.5. What is the solution’s pOH?
Solution 2.20
The pOH is obtained by subtracting the pH from 14.
pOH  14  pH
pOH  14  4.5  9.5
Therefore, the pOH of the solution is 9.5.

Problem 2.21 What are the OH concentration and the pH of a 0.01 M
solution of HCl?

Solution 2.21
Since HCl is a strong acid, all hydrogen atoms will dissociate into H ions.
The H ion concentration, therefore, is equivalent to the molar concentration; that is, 1  102 M. We can then use the following relationship to
determine the OH ion concentration.
[OH ] 

Kw
[H ]

[OH ] 

1 1014
1 102

 1 1014(2 )
 1 1012

40 CHAPTER 2 Solutions, mixtures, and media

Therefore, a 0.01 M solution of HCl has a OH concentration of
1  1012 M. Its pH is calculated as
pH  log[H ]  log(1 102 )  (2)  2
Or, calculated another way
pOH  log[OH ]  log[1 1012 ]  12
and, since pH  14  pOH, we have
pH  14  12  2
The solution has a pH of 2.0.

Problem 2.22 What is the pH of a 0.02 M solution of sodium hydroxide
(NaOH)?

Solution 2.22
Sodium hydroxide is a strong base and, as such, is essentially ionized completely to Na and OH in dilute solution. The OH concentration, therefore, is 0.02 M, the same as the concentration of NaOH. For a strong base,
the H ion contribution from water is negligible and so will be ignored.
The first step to solving this problem is to determine the pOH. The pOH
value will then be subtracted from 14 to obtain the pH.
pOH   log(0.02)
 (1.7)  1.7
pH  14  1.7  12.3
Therefore, the pH of the 0.02 M NaOH solution is 12.3.

2.8 p
 Ka and the henderson–hasselbalch
equation
In the Bronsted concept of acids and bases, an acid is defined as a substance that donates a proton (a hydrogen ion). A base is a substance that
accepts a proton. When a Bronsted acid loses a hydrogen ion, it becomes a
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Bronsted base. The original acid is called a conjugate acid. The base created from the acid by loss of a hydrogen ion is called a conjugate base.
Dissociation of an acid in water follows the general formula
HA  H 2O  H3O  A
where HA is a conjugate acid, H2O is a conjugate base, H3O is a conjugate acid, and A is a conjugate base.
The acid’s ionization can be written as a simple dissociation, as follows:
HA  H  A
The dissociation of the HA acid will occur at a certain rate characteristic
of the particular acid. Notice, however, that the arrows go in both directions. The acid dissociates into its component ions, but the ions come back
together again to form the original acid. When the rate of dissociation into
ions is equal to the rate of ion reassociation, the system is said to be in
equilibrium. A strong acid will reach equilibrium at the point where it is
completely dissociated. A weak acid will have a lower percentage of molecules in a dissociated state and will reach equilibrium at a point less than
100% ionization. The concentration of acid at which equilibrium occurs is
called the acid dissociation constant, designated by the symbol Ka. It is
represented by the following equation:
Ka 

[H ][ A ]
[HA]

A measure of Ka for a weak acid is given by its pKa, which is equivalent to
the negative logarithm of Ka:
pK a  log K a
pH is related to pKa by the Henderson–Hasselbalch equation:
[conjugate base]
[acid ]

[A ]
 pK a  log
[HA]

pH  pK a  log

The Henderson–Hasselbalch equation can be used to calculate the amount
of acid and conjugate base to be combined for the preparation of a buffer
solution having a particular pH, as demonstrated in the following problem.
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Problem 2.23 You wish to prepare 2 L of 1 M sodium phosphate buffer,
pH 8.0. You have stocks of 1 M monobasic sodium phosphate (NaH2PO4)
and 1 M dibasic sodium phosphate (Na2HPO4). How much of each stock
solution should be combined to make the desired buffer?

Solution 2.23
Monobasic sodium phosphate (NaH2PO4) in water exists as Na and
H2PO4 ions. H2PO4 (phosphoric acid, the conjugate acid) dissociates
further to HPO42 (the conjugate base)  H and has a pKa of 6.82 at
25°C. (pKa values can be found in the Sigma chemical catalogue (Sigma,
St. Louis, MO) or in The CRC Handbook of Chemistry and Physics, David P.
Lide, Editor-in-Chief, 87th Edition, 2006, CRC Press, Boca Raton, Florida,
USA. The pH and pKa values will be inserted into the Henderson–
Hasselbalch equation to derive a ratio of the conjugate base and acid to
combine to give a pH of 8.0. Note that the stock solutions are both at a
concentration of 1 M. No matter in what ratio the two solutions are combined, there will always be one mole of phosphate molecules per liter.

[A ]
[HA ]
[HPO 42]
8.0  6.82  log
[H2PO 4]

pH  pK a  log

1.18  log

Insert pH and pKa values into
Henderson–Hasselbalch equation.

[HPO 42]
[H2PO 4]

antilog 1.18 

Subtract 6.82 from both sides of
the equation.

[HPO 42 ]
 15.14
[H2PO 4]

Take the antilog of each side of the
equation.

Therefore, the ratio of HPO42 to H2PO4 is equal to 15.14. To make 1 M
sodium phosphate buffer, 15.14 parts Na2HPO4 should be combined with
one part NaH2PO4; 15.14 parts Na2HPO4 plus one part NaH2PO4 is equal to
a total of 16.14 parts. The amount of each stock to combine to make 2 L of
the desired buffer is then calculated as follows:
For Na2HPO4, the amount is equal to
15.14
 2 L  1.876 L
16.14
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For NaH2PO4, the amount is equal to
1
 2 L  0.124 L
16.14
When these two volumes are combined, you will have 1 M sodium phosphate buffer having a pH of 8.0.

n
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Concentration is defined as an amount of some substance per a set volume:
concentration 

amount
volume

Dilutions can be calculated using the C1V1  C2V2 equation or by the
dimensional analysis method. The molecular weight of a compound is
calculated as the sum of the atomic weights of its component molecules. A
1 molar (1 M) solution of a chemical contains the molecular weight of the
substance dissolved in a total volume of 1 L.
A general way to calculate the amount of water contributed by a hydrated
compound when preparing molar solutions from hydrated compounds is
given by the relationship
V  M  molecules of water  18.015 mL water
 mL water from hydrated compound
where V is the final volume in liters, M is the desired molarity (in moles/
liter), and ‘molecules of water’ is the number of water molecules attached
to the compound.
A 1 normal (1 N) solution of a chemical is equivalent to its gram molecular
weight divided by the number of hydrogen ions present in the solution. pH
is a measure of the hydrogen ion concentration in a solution and is calculated as the negative logarithm of the solution’s hydrogen ion concentration.
pH  log[ H ]
The pKa of an acid is equivalent to the negative logarithm of its dissociation constant (its Ka), calculated as
Ka 

[H ][ A ]
[HA]

Chapter

4

Working with bacteriophages
■

Introduction

A bacteriophage (phage) is a virus that infects bacteria. It is little more
than nucleic acid surrounded by a protein coat. To infect a cell, a bacterio
phage attaches to a receptor site on the bacteria’s cell wall. Upon attach
ment, the phage injects its DNA into the cell’s cytoplasm, where it is
replicated. Phage genes are expressed for the production and assembly of
coat proteins that encapsulate the replicated phage DNA. When a critical
number of virus particles has been assembled, the host cell lyses and the
newly made phage are released into the environment, where they can infect
new host cells. Their simple requirements for propagation, their short gen
eration time, and their relatively simple genetic structure have made bacte
riophages ideal subjects of study for elucidating the basic mechanisms of
transcription, DNA replication, and gene expression. A number of bacterio
phages have been extensively characterized. Several, such as the bacterio
phages  and M13, have been genetically engineered to serve as vectors
for the cloning of exogenous genetic material.

4.1 Multiplicity of infection (moi)
An experiment with bacteriophage typically begins with an initial period
during which the virus is allowed to adsorb to the host cells. It is important
to know the ratio of the number of bacteriophages to the number of cells
at this stage of the infection process. Too many bacteriophages attaching
to an individual cell can cause cell lysis, even before the infection process
can yield progeny virus particles (‘lysis from without’). If too few bacterio
phages are used for the infection, it may be difficult to detect or measure
the response being tested. The bacteriophage to cell ratio is called the
multiplicity of infection (moi).

Problem 4.1 A 0.1 mL aliquot of a bacteriophage stock having a
concentration of 4  109 phage/mL is added to 0.5 mL of E. coli cells
having a concentration of 2  108 cells/mL. What is the moi?
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00004-8
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Solution 4.1
First, calculate the total number of bacteriophage and the total number
of bacteria.
Total number of bacteriophage:
0.1mL 

4  109 phage
 4  108 bacteriophage
mL

Total number of cells:
0.5 mL 

2  108 cells
 1 108 cells
mL

The moi is then calculated as bacteriophage per cell:
moi 

4  108 phage
 4 phage/cell
1 108 cells

Therefore, the moi is 4 phage/cell.

Problem 4.2 A 0.25 mL aliquot of an E. coli culture having a
concentration of 8  108 cells/mL is placed into a tube. What volume of a
bacteriophage stock having a concentration of 2  109 phage/mL should
be added to the cell sample to give an moi of 0.5?

Solution 4.2
First, calculate the number of cells in the 0.25 mL aliquot:
0.25 mL 

8  108 cells
 2  108 cells
mL

Next, calculate how many bacteriophage particles are required for an moi
of 0.5 when 2  108 cells are used.
x phage
0.5 phage

cell
2  108 cells
Solve for x:
 0.5 phage 
x  
(2  108 cells)  1 108 phage
 cell 
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Finally, calculate the volume of the bacteriophage stock that will contain
1  108 phage:
2  109 phage
 x mL  1 108 phage
mL
Solving for x yields
x

1 108 phage
 0.05 mL
2  109 phage/mL

Therefore, 0.05 mL of the phage stock added to the aliquot of cells will
give an moi of 0.5.

4.2 Probabilities and multiplicity
of infection (moi)
In the previous chapter, probability was used to estimate the number of
mutant cells in a culture of bacteria. Probability can also be used to exam
ine infection at the level of the individual cell and to estimate the distri
bution of infected cells in culture. These methods are demonstrated in the
following problems.

Problem 4.3 A culture of bacteria is infected with bacteriophage at an
moi of 0.2. What is the probability that any one cell will be infected by
two phage?

Solution 4.3
When the moi is less than 1, the math used to calculate the chance that
any particular cell will be infected is similar to that used to predict a coin
toss. The probability that any one cell will be infected by a single virus is
equal to the moi (in this case 0.2). This also means that 20% of the cells
will be infected (100  0.2  20%) or that each cell has a 20% chance of
being infected. This value can further be expressed as a ‘1 in’ number by
taking its reciprocal:
1
5
0.2
Therefore, one in every five cells will be infected.
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If it is assumed that attachment of one phage does not influence the
attachment of other phage, then the attachment of a second phage will
have the same probability as the attachment of the first. The probabilities
of both events can be multiplied.
The probability that a cell will be infected by two phage, therefore, is the
product of the probabilities of each independent event:
0.2  0.2  0.04
This can be expressed in several ways:
a) 4% of the cells will have two phage particles attached (0.04  100  4%),
b) a cell has a 4% chance of being infected by two phage particles, or
c) 1 in 25 cells will be infected by two phage particles (the reciprocal of
0.04  1/0.04  25).

Problem 4.4 A culture of cells is infected by bacteriophage  at an
moi of 5. What is the probability that a particular cell will not be infected
during the phage adsorption period?������

Solution 4.4
In the previous chapter, the Poisson distribution was used to determine
the number of mutants that might be expected in a population of cells.
This distribution is represented by the equation
Pr 

em mr
r!

where P is the probability, r is the number of successes (in this example, a cell
with zero attached phage is a ‘success’), m is the average number of phage/
cell (the moi; 5 in this example), and e is the base of the natural logarithms.
For the zero case, the equation becomes
P0 

e5 50
0!

In solving for the zero case, the following two properties are encountered.
■
Any number raised to the zero power is equal to 1.
■
The exclamation symbol (!) designates the factorial of a number, which
is the product of all integers from that number down to 1. For example, 4! (read ‘4 factorial’ or ‘factorial 4’) is equal to 4  3  2  1  24.
0! is equal to 1.
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The Poisson distribution for the zero case becomes
P0 

e5 (1)
 e5
1

e5 is equal to 0.0067 (on the calculator: 5, / , then ex).
Therefore, at an moi of 5, the probability that a cell will not be infected is
0.0067. This is equivalent to saying that 0.67% of the culture will be uninfected (100  0.0067  0.67%) or that 1 in 149 cells will be uninfected
(1/0.0067  149).

Problem 4.5 A culture of bacteria is infected with bacteriophage at
an moi of 0.2. Twenty-cell aliquots of the infected culture are withdrawn.
How many phage-infected cells should be expected in each aliquot?������

Solution 4.5
The number of phage-infected cells should equal the moi multiplied by
the number of cells in the sample. The product represents an average
number of infected cells per aliquot:
0.2 phage infections
 20 cells  4 phage infections
cell
Therefore, in each 20-cell aliquot, there should be an average of four
infected cells.

Problem 4.6 In a 20-cell aliquot from a culture infected at an moi of 0.2,
what is the probability that no cells in that aliquot will be infected?������

Solution 4.6
As shown in Problem 4.5, there should be, on average, four infected cells
in a 20-cell aliquot. Using the Poisson distribution for the zero case, where
r is equal to the number of successes (in this case, 0 infected cells is a success) and m is equal to the average number of infected cells per 20-cell
aliquot (four), the Poisson distribution becomes
P0 

e4 4 0
e4 (1)

 e4
(1)
0!
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To find e4 on the calculator, enter 4, / , then ex. This gives a value
of 0.018.
Therefore, the probability of finding no infected cells in a 20-cell aliquot
taken from a culture infected at an moi of 0.2 is 0.018. This probability can
also be expressed as a ‘1 in’ number by taking its reciprocal:
1
 55.6
0.018
Or, there is a 1-in-55.6 chance that a 20-cell aliquot will contain no
infected cells.

Problem 4.7 In a 20-cell aliquot taken from a culture infected at an moi
of 0.2, what is the probability of finding 12 infected cells?������

Solution 4.7
The equation for the Poisson distribution can be used. In Problem 4.5, it
was shown that the average number of infected cells in a 20-cell aliquot
taken from such a culture is four and that this value represents the m factor in the Poisson distribution. The r factor for this problem, the number of
successes, is 12. The Poisson distribution is then written
Pr 

em mr
r!

P12 

e4 412
12 !

On the calculator, e4 is found by entering 4, / , then ex. This yields
a value of 0.018. A value for 412 is found on the calculator by entering 4,
xy, 1, 2, then . This gives a value of 16 777 216. Twelve factorial (12!) is
equal to the product of all integers from 1 to 12:
(12 ! = 12  11 10  9  8  7  6  5  4  3  2  1)
On the calculator, this number is found by entering 1, 2, then x!. This gives
a value for 12! of 479 001 600. Placing these values into the equation for
the Poisson distribution yields
P12 

(0.018 )(16 777 216 )
e4 412
301990


 6.3  104
12 !
479 001600
479 001600
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Therefore, the probability that 12 infected cells will be found in an aliquot
of 20 cells taken from a culture infected at an moi of 0.2 is 0.00063. This
value can be expressed as a ‘1 in’ number by taking its reciprocal:
1
 1587.3
6.3  104
There is a 1-in-1587.3 chance that 12 infected cells will be found in such a
20-cell aliquot.

Problem 4.8 What is the probability that a sample of 20 cells taken from
a culture infected at an moi of 0.2 will have four or more infected cells?������

Solution 4.8
As a first step, the probabilities for the events not included (the probabilities for the cases in which zero, one, two, or three infected cells are
found per 20-cell sample) are calculated. The probability of all possible
infections (i.e., the probability of having no infected cells, one infected
cell, two infected cells, three infected cells, four infected cells, five infected
cells, etc.) should equal 1. If the probabilities of obtaining zero, one, two,
and three infected cells are subtracted from 1.0, then the remainder will
be equivalent to the probability of obtaining four or more infected cells.
As shown in Problem 4.5, m, the average number of infected cells in a 20cell aliquot from a culture infected at an moi of 0.2, is 4. The probability
for the case in which no infected cells are present in a 20-cell aliquot was
calculated in Problem 4.6 and was found to be 0.018.
The probability that the 20-cell aliquot will contain one infected cell is
P1 

e4 41 (0.018 )( 4 )

 0.072
1!
1

The probability that the 20-cell aliquot will contain two infected cells is
P2 

(0.018 )(16 ) 0.288
e4 4 2


 0.144
2!
2 1
2

The probability that the 20-cell aliquot will contain three infected cells is
P3 

(0.018 )(64 ) 1.152
e4 4 3


 0.192
3!
3  2 1
6
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The probability of having four or more infected cells in a 20-cell aliquot
is then
1 P0  P1  P2  P3  1 0.018  0.072  0.144  0.192  0.574
Therefore, 57.4% (0.574  100  57.4%) of the time, a 20-cell aliquot
infected at an moi of 0.2 will contain four or more infected cells. Expressed as
a ‘1 in’ number, 1 in every 1.7 20-cell aliquots (the reciprocal of 0.574  1.7)
will contain four or more infected cells.

Problem 4.9 What is the probability that, in a 20-cell aliquot from a culture
infected at an moi of 0.2, zero or one phage-infected cell will be found?������

Solution 4.9
As shown in Problem 4.8, under these experimental conditions, the probability (P) of finding zero infected cells (P0) is equal to 0.018 and the probability of finding one infected cell (P1) is equal to 0.072. The probability
of finding either zero or one phage-infected cell in a 20-cell aliquot is the
sum of the two probabilities:
0.018  0.072  0.090
Therefore, 9% of the time (100  0.090  9%), either zero or one phageinfected cell will be found. Or, expressed as a ‘1 in’ number, 1 in 11 20-cell
aliquots will contain either zero or one infected cell (the reciprocal of
0.090 is equal to 11).

Problem 4.10 Following a period to allow for phage adsorption, cell
culture samples are plated to determine the number of infected cells.
It is found that 60% of the cells from the infected culture did not produce
a burst of phage; i.e., they were not infected. What is the moi (the average
number of phage-infected cells) of the culture?

Solution 4.10
For this problem, the equation for the Poisson distribution must be solved
for m. Since the problem describes the zero case, the Poisson distribution,
Pr 

em mr
r!
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becomes
0.6 

em m0
0!

Since m0 and 0! are both equal to 1, the equation is
0.6 

em (1)
 em
1

To solve for m, the following relationship can be used: P  em, which is
equivalent to m  ln P. Solving for m yields
m  ln 0.6
To determine the natural log of 0.6 on a calculator, enter ., 6, then ln. This
gives a value, when rounded, of 0.51. Therefore,
m  (0.51)
Since the negative of a negative number is a positive value, m  0.51.
Therefore, the moi of the culture is 0.51.

4.3 Measuring phage titer
The latter stage of bacteriophage development involves release of progeny
phage particles from the cell. Different bacteriophages accomplish this step
in different ways. Late during infection, the bacteriophage  encodes a pro
tein, endolysin, which digests the bacterial cell wall. When the cell wall is
critically weakened, the cell bursts open, releasing the 50–200 virus parti
cles produced during the infection. The infected cell is killed by this proc
ess. Following replication of the M13 phage genome inside an infected cell,
it is packaged into a protein coat as it passes through the cytoplasmic mem
brane on its way out of the cell. Mature M13 phage particles pass out of
the cell individually rather than in a burst. Although M13 phage do not lyse
infected cells, those harboring M13 grow more slowly than uninfected cells.
When plated with a lawn of susceptible cells, a bacteriophage will form a
circular area of reduced turbidity called a plaque. Depending on the bac
teriophage, a plaque may be clear (such as is formed by phage T1 or the
clear mutants of ) or a plaque can be an area containing slow-growing
cells (as is formed by M13 infection).
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When a phage stock is diluted and plated with susceptible cells such that
individual plaques can be clearly discerned on a bacterial lawn, it is poss
ible to determine the concentration of virus particles within the stock. If the
phage stock is diluted to a degree that individual and well-isolated plaques
appear on the bacterial lawn, it is assumed that each plaque results from
one phage infecting one cell. The process of determining phage concentra
tion by dilution and plating with susceptible cells is called titering or the
plaque assay. This method determines the number of viable phage parti
cles in a stock suspension. A bacteriophage capable of productively infect
ing a cell is called a plaque-forming unit (PFU).
The following problems demonstrate how to calculate phage titer and to
perform dilutions of phage stocks.

Problem 4.11 A bacteriophage stock is diluted in the following
manner: 0.1 mL of the phage stock is diluted into 9.9 mL of dilution buffer
(making a total volume in this first dilution tube of 10.0 mL). From this
first dilution tube, 0.1 mL is withdrawn and diluted into a second tube
containing 9.9 mL of dilution buffer. From the second dilution tube, 0.1 mL
is taken and diluted into a third tube containing 9.9 mL of dilution buffer.
From this third tube, 1.0 mL is withdrawn and added to 9.0 mL in a fourth
tube. Finally, 0.1 mL is withdrawn from the fourth dilution tube and plated
with 0.2 mL of susceptible cells in melted top agar. After incubating
the plate overnight, 180 plaques are counted. What is the titer of the
bacteriophage stock?

Solution 4.11
The series of dilutions described in this problem can be written so that
each dilution step is represented as a fraction. To obtain the overall dilution factor, multiply all fractions.
0.1mL 0.1mL 0.1mL 1.0 mL



 0.1mL
10 mL 10 mL 10 mL 10 mL
Expressing this series of fractions in scientific notation yields the following
overall dilution (and see Figure 4.1):
(1 102 )  (1 102 )  (1 102 )  (1 101)  (1 101 mL )
 1 108 mL
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0.1 mL

0.1 mL

0.1 mL

1.0 mL

0.1 mL

180 plaques

Phage stock

9.9 mL

9.9 mL

9.9 mL

9.0 mL

0.1 mL
0.1 mL
0.1 mL
1.0 mL
×
×
×
× 0.1 mL
10 mL
10 mL
10 mL
10 mL
(1 × 10–2) × (1 × 10–2) × (1 × 10–2) × (1 × 10–1) × (1 × 10–1) = 1 × 10–8

n Figure 4.1
������� �������� The dilution series for Problem 4.11. A dilution of 1  108 yields 180 plaques.

To obtain the concentration of phage in the stock suspension, divide the
number of plaques counted by the dilution factor.
180 PFU
 1.8  1010 PFU/mL
1 108 mL
Therefore, the bacteriophage stock has a titer of 1.8  1010 PFU/mL.

4.4 Diluting bacteriophage
It is often necessary to dilute a bacteriophage stock so that the proper amount
(and a convenient volume) of virus can be added to a culture. The following
considerations should be taken into account when planning a dilution scheme.
n

n

n

A 0.1 mL aliquot taken from the last dilution tube is a convenient
volume to plate with susceptible cells. This would comprise 1  101
of the 2  107 dilution factor.
A 0.1 mL aliquot is a convenient volume to remove from the phage
stock into the first dilution tube. If the first dilution tube contains
9.9 mL of buffer, then this would account for 1  102 of the 2  107
dilution factor.
Since the significant digit of the dilution factor is 2 (the 2 in 2  107),
this number must be brought into the dilution series. This can be
accomplished by making a 0.2 mL/10 mL dilution (equivalent to a dilution
factor of 2  102). Therefore, 0.2 mL taken from the first dilution tube
can be added to a second dilution tube, containing 9.8 mL of buffer.
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Problem 4.12 A phage stock has a concentration of 2.5  109 PFU/mL.
How can the stock be diluted and plated to give 500 plaques on a plate?������

Solution 4.12
This problem can be tackled by taking the reverse approach of that
taken for Problem 4.11. If x represents the dilution factor required to
form 500 plaques per plate from a phage stock having a concentration of
2.5  109 PFU/mL, then the following equation can be written:
500 PFU 2.5  109 PFU

x mL
mL
Solving for x gives
500 PFU 

(2.5  109 PFU)( x mL )
mL

500 PFU
 x  2  107
2.5  109 PFU
Therefore, the phage stock must be diluted by 2  107.
The phage can be diluted as follows:
(1 102 )  (2  102 )  (1 101 mL )  2  105 mL
The remaining amount of the dilution factor to be accounted for is
(2  105 )  ( x )  2  107
Solving for x yields
x

2  107
 1 102
2  105

The last of the dilutions of those remaining should be one in which 0.1 mL
is taken into 9.9 mL of buffer. Therefore, if a phage stock at a concentration
of 2.5  109 PFU/mL is diluted as follows:
0.1mL 0.2 mL 0.1mL


 0.1mL plated
10 mL 10 mL 10 mL
then 500 plaques should appear on the plated lawn (see Figure 4.2).

4.5 Measuring burst size 95

0.1 mL

0.2 mL

0.1 mL

0.1 mL

500 plaques

Phage stock
2.5 × 109 PFU/mL

9.9 mL

9.8 mL

9.9 mL

0.1 mL
0.2 mL
0.1 mL
×
×
× 0.1 mL
10 mL
10 mL
10 mL

(1 × 10–2) × (2 × 10–2) × (1 × 10–2) × (1 × 10–1) = 2 × 10–7

n Figure 4.2
������� �������� The dilution series and phage plating of Problem 4.12 describes diluting the phage stock

by 2  107 and the generation of 500 plaques from this dilution.

4.5 Measuring burst size
Mutation of either the phage or the bacterial genome or changes in the
conditions under which infection occurs can alter the phage/host interac
tion and the efficiency with which phage replication occurs. Measuring the
number of progeny bacteriophage particles produced within and released
from an infected cell is a simple way to gauge overall gene expression of
the infecting phage. The number of mature virus particles released from an
infected cell is called the burst size.
To perform an experiment measuring burst size, for example, phage are
added to susceptible cells at an moi of 0.1 and allowed to adsorb for
10–30 min on ice. The cell/phage suspension is diluted into a large volume
with cold growth media and centrifuged to pellet the cells. The supernatant is
poured off to remove unadsorbed phage. The pelleted cells are resuspended in
cold media and then diluted into a growth flask containing prewarmed media.
A sample is taken immediately and assayed for PFUs. The plaques arising
from this titration represent the number of infected cells (termed infective
centers (ICs)); each infected cell gives rise to one plaque. After a period of
time sufficient for cell lysis to occur, phage are titered again for PFUs. The
burst size is calculated as PFUs released per IC (PFUs/IC).

Problem 4.13 In a burst size experiment, phage are added to 2  108
cells at an moi of 0.1 and allowed to adsorb to susceptible cells for
20 minutes. Dilution and centrifugation is performed to remove
unadsorbed phage. The pelleted infected cells are resuspended in 10 mL of
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tryptone broth. At this point, ICs are assayed by diluting an aliquot of the
infected cells as follows (and see Figure 4.3):
0.1mL 0.1mL

 0.1mL plated
10 mL 10 mL
The resuspended infected cells are then shaken at 37°C for 90 min. The
number of PFUs is then assayed by diluting an aliquot as follows:
0.1mL 0.1mL
1mL
0.5 mL



 0.1mL plated
10 mL 10 mL 10 mL 10 mL
From the assay of ICs, 200 plaques are counted on the bacterial lawn.
From the assay of PFUs following the 90 min incubation, 150 plaques
are counted from the diluted sample (Figure 4.4). What is the burst size,
expressed as PFUs/IC?
0.1 mL

0.1 mL

0.1 mL

200 plaques

Infected cells

9.9 mL

9.9 mL

0.1 mL
0.1 mL
×
× 0.1 mL
10 mL
10 mL
(1 × 10–2) × (1 × 10–2) × (1 × 10–1) = 1 × 10–5

n Figure 4.3
������� �������� The dilution series described in Problem 4.13 yields 200 plaques.
0.1 mL

0.1 mL

1.0 mL

0.5 mL

0.1 mL

150 plaques

9.9 mL

9.9 mL

9.0 mL

9.5 mL

0.1 mL
0.1 mL
1 mL
0.5 mL
×
×
×
× 0.1 mL
10 mL
10 mL
10 mL
10 mL
(1 × 10–2) × (1 × 10–2) × (1 × 10–1) × (5 × 10–2) × (1 × 10–1) = 5 × 10–8
n Figure 4.4
������� �������� The dilution series described in Problem 4.13 (a dilution of 5  108) yields 150 plaques.
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Solution 4.13
The number of ICs is determined by dividing the number of plaques obtained
following dilution by the dilution factor. The dilution scheme to obtain ICs is
0.1mL 0.1mL

 0.1mL plated
10 mL 10 mL
This is equivalent to the expression
(1 102 )(1 102 )(1 101 mL )  1 105 mL
The number of ICs is then equal to
200 PFUs
 2  107 PFUs/mL  2  107 ICs/mL
1 105 mL
The number of PFUs following the 90 min incubation is obtained by diluting the sample in the following manner:
0.1mL 0.1mL
1mL
0.5 mL



 0.1mL plated
10 mL 10 mL 10 mL 10 mL
This is equivalent to 5  108, as shown below.
(1 102 )(1 102 )(1 101)(5  102 )(1 101 mL )  5  108 mL
Since 150 plaques were obtained from this dilution, the concentration of
phage in the culture after 90 min is
150 PFUs
 3  109 PFUs/mL
5  108 mL
The burst size is then calculated as the concentration of phage following
90 min incubation divided by the concentration of ICs:
3  109 PFUs/mL
3  109 PFUs
mL


7
mL
2  10 ICs/mL
2  107 ICs


3  109 PFUs
 150 PFUs/IC
2  107 ICs

Note: To perform this calculation, a fraction (3  109 PFUs/mL) is divided
by a fraction (2  107 ICs/mL). The relationship described below can be
used in such a situation.
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Dividing a fraction by a fraction is the same as multiplying the numerator
fraction by the reciprocal of the denominator fraction. A phrase frequently
used to describe this action is ‘to invert and multiply.’ Therefore,
1
a
a  1  b  b and 1  a  1  a
1
b
a 1 a
1 b
b
b
1

■

Chapter summary

The ratio of infecting bacteriophage to host cell is called the multiplicity
of infection (moi). The probability that any bacterial cell will or will not be
infected when a culture of that bacteria is exposed to a certain number of
virus particles can be calculated using the Poisson distribution
Pr 

em mr
r!

where P is the probability, r is the number of successes, m is the average
number of phage/cell (or infected cells), and e is the base of the natural
logarithm. The concentration of bacteriophage per unit volume is called the
phage titer and is calculated by determining the number of PFUs in a dilu
tion of the phage stock. Burst size is the number of viable phage released
by an infected cell following replication of the virus.

Chapter

5

Nucleic acid quantification
5.1 Q
 uantification of nucleic acids 
by ultraviolet (uv) spectroscopy
Any experiment requiring manipulation of a nucleic acid most likely also
requires its accurate quantification to ensure optimal and reproducible
results. The nitrogenous bases positioned along a nucleic acid strand absorb
ultraviolet (UV) light at a wavelength of 260 nm; at this wavelength, light
absorption is proportional to nucleic acid concentration. This relationship
is so well characterized that UV absorption is used to accurately determine
the concentration of nucleic acids in solution. The relationship between
DNA concentration and absorption is linear up to an absorption at 260 nm
(A260) of 2 (Figure 5.1). For measuring the absorption of a nucleic acid
solution in a spectrophotometer, most molecular biology laboratories will
use quartz cuvettes with a width through which the light beam will travel
1 cm. Therefore, all discussions in this chapter assume a 1 cm light path.

Absorbance at 260 nm

3
2.5
2
1.5
1
0.5
0

0

50

150
200
100
µg DNA in 1 mL

250

n Figure 5.1 The concentration of DNA and absorbance at 260 nm is a linear relationship up to an A260 value
of approximately 2.
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00005-X
© 2010 Elsevier Inc. All rights reserved.
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5.2 D
 etermining the concentration 
of double-stranded dna (dsdna)
Applications requiring quantitation of double-stranded DNAs (dsDNAs)
include protocols utilizing plasmids, viruses, or genomes. Quantitation is
typically performed by taking absorbance measurements at 260, 280, and
320 nm. Absorbance at 260 nm is used to specifically detect the nucleic
acid component of a solution. Absorbance at 280 nm is used to detect
the presence of protein (since tryptophan (Trp) residues absorb at this
wavelength). Absorbance at 320 nm is used to detect any insoluble lightscattering components. A spectrophotometer capable of providing a scan
from 200 to 320 nm will yield maximum relevant information (Figure 5.2).
For nucleic acids purified from a biological source (as opposed to those
made synthetically), calculating the ratio of the readings obtained at 260
and 280 nm can give an estimate of protein contamination. Pure DNA free
of protein contamination will have an A260/A280 ratio close to 1.8. If phenol
or protein contamination is present in the DNA prep, the A260/A280 ratio
will be less than 1.8. If RNA is present in the DNA prep, the A260/A280 ratio
may be greater than 1.8. Pure RNA preparations will have an A260/A280
ratio close to 2.0.
At 260 nm, DNA concentrations as low as 2 mg/mL can be detected. A
solution of DNA with a concentration of 50 mg/mL will have an absorbance at 260 nm equal to 1.0. Written as an equation, this relationship is
1 A 260 unit of dsDNA  50 g DNA/mL

Absorbance

0.3

0
220

240

260
280
300
Wavelength (nm)

320

n Figure 5.2 A typical spectrophotometric scan of double-stranded DNA (dsDNA). Maximum absorbance

occurs at 260 nm. Absorbance at 230 nm is an indication of salt in the sample. If the sample is optically clear, it
should give a very low reading at 320 nm, which is in the visible wavelength region of the spectrum.
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Absorbance and optical density (OD) are terms often used interchangeably. The foregoing relationship can also be written as a conversion factor:
50 g DNA/mL
1.0 OD
The following problems use this relationship.

Problem 5.1 From a small culture, you have purified the DNA of a
recombinant plasmid. You have resuspended the DNA in a volume
of 50 L. You dilute 20 L of the purified DNA sample into a total
volume of 1000 L distilled water. You measure the absorbance of this
diluted sample at 260 and 280 nm and obtain the following readings:
A260  0.550; A280  0.324.
a) What is the DNA concentration of the 50 L plasmid prep?
b) How much total DNA was purified by the plasmid prep procedure?
c) What is the A260/A280 ratio of the purified DNA?

Solution 5.1(a)
This problem can be solved by setting up the following ratio:
x g DNA/mL
50 gDNA/mL

0.550 OD
1.0 OD
x gDNA/mL 

(0.550 OD)(50 gDNA/mL )
1.0 OD

x  27.5 gDNA/mL
This amount represents the concentration of the diluted DNA solution
that was used for the spectrophotometer. To determine the concentration
of DNA in the original 50 mL plasmid prep, this value must be divided by
the dilution factor. A 20 mL sample of the plasmid prep DNA was diluted
into water for a total diluted volume of 1000 mL.
27.5 g DNA/mL
1000
 27.5 gDNA/mL 
20
20
1000


27 500 g DNA/mL
 1375 gDNA/mL
20

102 CHAPTER 5 Nucleic acid quantification

Therefore, the original 50 L plasmid prep has a concentration of 1375 g
DNA/mL. To bring this value to an amount of DNA per L, it can be multiplied by the conversion factor, 1 mL/1000 L:
1375 g DNA
1mL

 1.35 g DNA/L
mL
1000 L
Therefore, the 50 L plasmid prep has a concentration of 1.35 g DNA/mL.

Solution 5.1(b)
The total amount of DNA recovered by the plasmid prep procedure can
be calculated by multiplying the DNA concentration obtained earlier by
the volume containing the recovered DNA:
1375 g DNA
1 mL
(1375)(50 )

 50 L 
 68.75 g DNA
mL
1000 L
1000
Therefore, the original 50 L plasmid prep contained a total of 68.75 g
DNA. However, since 20 L was used for diluting and reading in the spectrophotometer, only 30 L of sample prep remains. Therefore, the total
remaining amount of DNA is calculated by multiplying the remaining volume by the concentration:
30 L 

1.35 g DNA
 40.5 g DNA
L

Therefore, although 68.75 g of DNA were recovered from the plasmid
prep procedure, you used up some of it for spectrophotometry and you
now have 40.5 g DNA remaining.

Solution 5.1(c)
The A260/A280 ratio is
0.550
 1.703
0.323

5.2.1 U
 sing absorbance and an extinction 
coefficient to calculate double-stranded 
DNA (dsDNA) concentration
At a neutral pH and assuming a GC DNA content of 50%, a DNA solution having a concentration of 1 mg/mL will have an absorption in a 1 cm
light path at 260 nm (A260) of 20. For most applications in molecular
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biology, GC content, unless very heavily skewed, need not be a consideration when quantitating high-molecular-weight dsDNA. The absorption
value of 20 for a 1 mg DNA/mL solution is referred to as DNA’s extinction
coefficient. It is represented by the symbol E or e. The term extinction
coefficient is used interchangeably with absorption constant or absorption coefficient. The formula that describes the relationship between
absorption at 260 nm (A260), concentration (c) (in mg/mL), the light path
length (l) of the cuvette (in centimeters), and the extinction coefficient at
260 nm (E260) for a 1 cm light path is
A260  E260lc
This relationship is known as Beer’s Law. Since the light path, l, is 1, this
equation becomes
A260  E260c
Rearranging the equation, the concentration of the nucleic acid, c, becomes
c

A260
E260

Problem 5.2 A DNA solution has an A260 value of 0.5. What is the DNA
concentration in g DNA/mL?

Solution 5.2
The answer can be obtained using the equation for Beer’s Law.

0.025 mg DNA/mL 

c

A260
E260

c

0.5
 0.025 mg DNA/mL
20

1000 g
 25 gDNA/mL
mg

Therefore, the sample has a concentration of 25 g DNA/mL.
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Problem 5.3 A DNA solution has an A260 value of 1.0. What is the DNA
concentration in g DNA/mL?

Solution 5.3
The answer can be obtained using the equation for Beer’s Law.

0.05 mg DNA/mL 

c

A260
E260

c

1.0
 0.05 mg DNA/mL
20

1000 g
 50 g DNA/mL
mg

Therefore, the solution has a concentration of 50 g DNA/mL. Notice that
this value is the one described earlier.
1 A260 unit of dsDNA  50 g DNA/mL

5.2.2 C
 alculating DNA concentration 
as a millimolar (mM) amount
The extinction coefficient (E260) for a 1 mM solution of dsDNA is 6.7. This
value can be used to calculate the molarity of a solution of DNA.

Problem 5.4 A solution of DNA has an absorbance at 260 nm of 0.212.
What is the concentration of the DNA solution expressed as millimolarity?

Solution 5.4
This problem can be solved by setting up a relationship of ratios such that
it is read ‘1 mM is to 6.7 OD as x mM is to 0.212 OD.’
1 mM
x mM

6.7 OD
0.212 OD
(1 mM )(0.212 OD)
 x mM
6.7 OD
0.03 mM  x
Therefore, a DNA solution with an A260 of 0.212 has a concentration of
0.03 mM.
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Problem 5.5 A solution of DNA has an absorbance at 260 nm of 1.00.
What is its concentration expressed as millimolarity?

Solution 5.5
This problem can be solved using ratios, with one of those ratios being the
relationship of a 1 mM solution of dsDNA to the extinction coefficient 6.7.
x mM
1 mM

1.00 OD
6.7 OD
x mM 

(1 mM )(1.00 OD)
= 0.15 mM
6.7 OD

Therefore, a solution of dsDNA with an A260 of 1.00 has a concentration of
0.15 mM. This relationship,
1.0 A260 of dsDNA  0.15 mM
has frequent use in the laboratory.

Problem 5.6 A solution of DNA has a concentration of 0.03 mM. What is
its concentration expressed as pmol/L?

Solution 5.6
A 0.03 mM solution, by definition, has a concentration of 0.03 millimoles per
liter. A series of conversion factors is used to cancel terms and to transform
a concentration expressed as millimolarity to one expressed as pmol/L:
0.03 mmol
1L
1 109 pmol


 30 pmol/L
6
L
mmol
1 10 L
Therefore, a 0.03 mM DNA solution has a concentration of 30 pmol DNA/L.

5.2.3 U
 sing PicoGreen® to determine 
DNA concentration
Determining DNA concentration by measuring a sample’s absorbance at
260 nm, though a common practice and, for many years, the gold standard
of methods for DNA quantification, can be prone to inaccuracies that result
from the contribution that such contaminants as salt, protein, nucleotides
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(nts), and RNA can make to the absorbance value. In addition, a solution
of DNA having a concentration less than 2 g/mL cannot be quantified reliably by measuring its 260 nm absorbance. More recently, however, fluorescent dyes have been used as a tool for nucleic acid quantification, the best
example of which is PicoGreen® from Life Technologies. PicoGreen offers
the advantages that it is specific for dsDNA, only fluoresces when bound to
dsDNA, and can detect dsDNA at concentrations as low as 25 pg/mL.
Quantification of dsDNA using PicoGreen requires that a standard curve
of known concentrations be made using the same reagents prepared for the
unknown sample. The DNA used for the standard curve is typically prepared from bacteriophage  or calf thymus and is diluted (in TE) in concentrations from 1 ng/mL to 1000 ng/mL. The DNA dilutions are combined
with PicoGreen reagent, allowed to incubate for several minutes at room
temperature, and then read on a spectrofluorometer that excites the samples
at a wavelength of 480 nm and reads their emission intensity at 520 nm.
A standard curve presents the samples’ fluorescence (y axis) vs. DNA concentration (x axis). An equation describing that curve can then be used to
calculate the DNA concentration of an unknown sample based on its fluorescence, as demonstrated in the following problem.

Problem 5.7 A dilution series of calf thymus DNA is assayed for its
DNA content using PicoGreen. The following results are obtained. (These
values represent the concentrations of DNA in the assay tubes.)
DNA concentration 
(ng/mL)
1
2.5
5
10
25
50
100
250
500
750
1000

Fluorescence
5572
6945
9245
13 820
27 585
50 520
99 710
234 952
450 210
700 025
920 110

A sample of human DNA using PicoGreen reagent generates fluorescence
of 28 795 units. What is its concentration?
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Solution 5. 7
We will generate a standard curve using Microsoft Excel, determine the line
of best fit’s (the regression line’s) equation, and then use that equation to
calculate the concentration of the unknown human DNA sample. The protocol for using the Excel graphing utility can be found in Appendix A.
In the Excel spreadsheet, enter ‘ng/mL (x)’ in the column A, row 1 box and
‘Fluorescence (y)’ in the column B, row 1 box. Fill the data in for both columns. The spreadsheet should look similar to Figure 5.3.
Plot the above data using the ‘XY (Scatter)’ chart type. When a trendline is
added according to the instructions in Appendix A, the chart will appear
on the spreadsheet as shown in Figure 5.4.

n Figure 5.3 The values of fluorescence for

each diluted sample of calf thymus DNA used for the
standard curve assay in Problem 5.7, as entered in
an Excel spreadsheet.

n Figure 5.4 The regression line and equation

for Problem 5.7 data, as calculated in Microsoft Excel.
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The regression equation for this line is, therefore, y  916.1x  4652.3. We
now calculate the concentration of the unknown sample using this equation. The unknown sample generated a fluorescence value of 28 795. This
is the y value in the equation. We then solve for x to give us the DNA concentration in ng/mL:
y  916.1x  4652.3
28 795  916.1x  4652.3
916.1x  28 795  4652.3
916.1x  24 142.7
24 142.7
x
 26.35
916.1
Therefore, the concentration of the unknown sample in the assay tube is
26.35 ng/mL.
Note: If a fluorescence value for an unknown sample falls outside of that
covered by the standard curve and outside of the linear range of detection, the sample should be diluted if too high or concentrated if too low
so that a reliable measurement can be obtained.

5.3 D
 etermining the concentration 
of single-stranded dna (ssdna) 
molecules
5.3.1 Single-stranded DNA (ssDNA) concentration
expressed in g/mL
To determine the concentration of single-stranded DNA (ssDNA) as a g/
mL amount, the following conversion factor is used:
1 OD of ssDNA  33 g/mL

Problem 5.8 Single-stranded DNA isolated from M13mp18, a derivative
of bacteriophage M13 used in cloning and DNA sequencing applications,
is diluted 10 L into a total volume of 1000 L water. The absorbance
of this diluted sample is read at 260 nm and an A260 value of 0.325 is
obtained. What is its concentration in g/mL?
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Solution 5.8
This problem can be solved by setting up a ratio, with the variable x representing the concentration in g/mL for the diluted sample. The equation can be read ‘x g/mL is to 0.125 OD as 33 g/mL is to 1 OD.’ Once
x is obtained, the concentration of the stock DNA can be determined
by multiplying the concentration of the diluted sample by the dilution
factor.
x g/mL
33 g/mL

0.125 OD
1 OD
x g/mL  0.125  33 g/mL
 4.125 g/mL
Therefore, the concentration of the diluted sample is 4.125 g/mL. To
determine the concentration of the M13mp18 DNA stock solution, this
value must be multiplied by the dilution factor:
4.125 g/mL 

1000 L
4125 g/mL

10 L
10
 412.5 g/mL

Therefore, the stock of M13mp18 DNA has a concentration of 412.5 g/mL.

5.3.2 D
 etermining the concentration 
of high-molecular-weight single-stranded 
DNA (ssDNA) in pmol/L
The concentration of high-molecular-weight ssDNA can be expressed
as a pmol/L amount by first determining how many micrograms of the
ssDNA are equivalent to one pmol. To do this, we use the average molecular weight of a deoxynucleotide in a DNA strand. For ssDNA, it is taken to
be 330 daltons. This value is then used as a conversion factor to bring the
concentration of ssDNA expressed as g/mL to a concentration expressed
in pmol/L.

The unit dalton is defined as 1⁄12 the mass of the carbon-12 atom. It is used
interchangeably with ‘molecular weight,’ a quantity expressed as grams/
mole. That is, there are 330 g of nt per mole of nt.
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Problem 5.9 A stock of M13mp18 DNA has a concentration of
412.5 g/mL. What is this concentration expressed in pmol/L?

Solution 5.9
The cloning vector M13mp18 is 7250 nts in length. To express this as g/
pmol, the following relationship is set up, in which a series of conversion
factors is used to cancel terms:
7250 nts 

330 g/mol 1 106 g
mole


 2.39 g/pmol
nt
g
1 1012 pmol

Therefore, 2.39 g of a 7250 nt-long ssDNA molecule is equivalent to 1 pmol.
This value can now be used to convert g/mL to pmol/L:
412.5 g 1pmol
1mL


 0.17 pmol/L
mL
2.39 g 1000 L
Therefore, the M13mp18 DNA stock has a concentration of 0.17 pmol/L.

5.3.3 E
 xpressing single-stranded DNA (ssDNA)
concentration as a millimolar (mM) amount
The extinction coefficient (E260) for a 1 mM solution of ssDNA is 8.5. This
value can be used to determine the millimolarity concentration of any ssDNA
solution from its absorbance.

Problem 5.10 A 1 mL sample of ssDNA has an absorbance of 0.285.
What is its mM concentration?

Solution 5.10
The following relationship can be used to determine the millimolarity
concentration.
x mM
1mM

0.285 OD
8.5 OD
x mM 

(1mM )( 0.285 OD)
 0.03 mM
8.5 OD

Therefore, a solution of ssDNA with an absorbance of 0.285 has a concentration of 0.03 mM.
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5.4 Oligonucleotide quantification
5.4.1 Optical density (OD) units
Many laboratories express an amount of an oligonucleotide in terms of optical density (OD) units. An OD unit is the amount of oligonucleotide dissolved in 1.0 mL giving an A260 of 1.00 in a cuvette with a 1 cm light path
length. It is calculated by the equation
OD units  ( A260 )  (oligonucleotide volume)  (dilution factor )

Problem 5.11 Following its synthesis, an oligonucleotide is dissolved in
1.5 mL of water. You dilute 50 L of the oligonucleotide into a total volume
of 1000 L and read the absorbance of the diluted sample at 260 nm.
An A260 of 0.264 is obtained. How many OD units are present in the 1.5 mL
of oligonucleotide stock?

Solution 5.11
Using the formula just given, the number of OD units is
OD units  0.264  1.5 mL 



1000 L
50 L

396
 7.92 OD units
50

Therefore, the 1.5 mL solution contains 7.92 OD units of oligonucleotide.

5.4.2 E
 xpressing an oligonucleotide’s 
concentration in g/mL
An A260 reading can be converted into a concentration expressed as g/mL
using the extinction coefficient for ssDNA of 1 mL/33 g for a 1 cm light
path. In other words, a solution of ssDNA with an A260 value of 1.0 (1.0 OD
unit) contains 33 g of ssDNA per milliliter. Written as an equation, this
relationship is
1 OD unit  33 g ssDNA/mL
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Problem 5.12 In Problem 5.11, a diluted oligonucleotide gave an A260
reading of 0.264. What is the concentration of the oligonucleotide in
g DNA/mL?

Solution 5.12
This problem can be solved using the following ratio.
x g ssDNA/mL
33 g ssDNA/mL

0.264 OD
1 OD
x g ssDNA 

(0.264 OD)(33 g ssDNA/mL )
1 OD

x  8.712 g ssDNA/mL
This value represents the concentration of oligonucleotide in the diluted
sample used for spectrophotometry. The concentration of the oligonucleo
tide stock solution is obtained by multiplying this value by the dilution
factor (the inverse of the dilution):
8.712 g ssDNA/mL 

1000 L
 174.24 g ssDNA/mL
50 L

Therefore, the concentration of the oligonucleotide stock solution is
174.24 g ssDNA/mL.

5.4.3 O
 ligonucleotide concentration expressed 
in pmol/L
Many applications in molecular biology require that a certain number of
picomoles (pmol) of oligonucleotide be added to a reaction. This is true
in the case of fluorescent DNA sequencing, for example, which, for some
protocols, requires 3.2 pmol of oligonucleotide primer per sequencing reaction. An oligonucleotide’s concentration can be calculated from an A260
value by using the formula


A260  100

C  
 (1.54  nA)  (0.75  nC)  (1.17  nG)  (0.92  nT) 
 dilution factor
In this formula, the concentration, C, is calculated as picomoles per microliter (pmol/L). The denominator consists of the sum of the extinction
coefficients of each base multiplied by the number of times that base
appears in the oligonucleotide.
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Extinction coefficients for the bases of DNA
The extinction coefficients for the bases are usually expressed in liters per
mole or as the absorbance for a 1 M solution at the wavelength where
the base exhibits maximum absorbance. Either way, the absolute value is
the same. The extinction coefficient for dATP, for example, is 15 400 L/mol,
or a 1 M solution (at pH 7) of dATP will have an absorbance of 15 400 at
the wavelength of its maximum absorbance. The amount 15 400 L/mol is
equivalent to 0.0154 L/pmol, as shown by the following conversion:
15 400 L 1 106 L
1M
0.0154 L



mole
1L
pmol
1 1012 pmol
The earlier formula to calculate oligonucleotide concentration uses the
value 1.54 as the extinction coefficient for dATP. This value is obtained by
multiplying the expression by 100/100 (which is the same as multiplying
by 1). This manipulation leaves a ‘100’ in the numerator and makes the
equation more manageable.

Problem 5.13 An oligonucleotide with the sequence
GAACTACGTTCGATCAAT is suspended in 750 L of water. A 20 L aliquot
is diluted to a final volume of 1000 L with water, and the absorbance at
260 nm is determined for the diluted sample. An OD of 0.242 is obtained.
What is the concentration of the oligonucleotide stock solution in pmol/L?

Solution 5.13
The oligonucleotide contains six A residues, four C residues, three G residues, and five T residues. Placing these values into the equation given earlier yields the following result:
C

A260  100
 dilution factor
(1.54  nA )  (0.75  nC )  (1.17  nG)  (0.92  nT )

pmol/L 

0.242  100
1000 L

(1.54  6 )  (0.75  4 )  (1.17  3)  (0.92  5)
20 L

pmol/L 

24.2
1000

9.24  3.00  3.51 4.60
20

pmol/L 

24.2
1000
24 , 200


 59.46
20.35
20
407

Therefore, the oligonucleotide stock solution has a concentration of
59.46 pmol/L.
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Problem 5.14 An oligonucleotide stock has a concentration of
60 pmol/L. You wish to use 3.2 pmol of the oligonucleotide as a primer in
a DNA sequencing reaction. How many microliters of oligo stock will give
you the desired 3.2 pmol?

Solution 5.14
The answer can be obtained in the following manner:
60 pmol
 x L  3.2 pmol
L
Setting up the equation in this way allows cancellation of units to give us
the number of picomoles. Solving then for x yields
x

3.2 pmol
 0.05 L
60 pmol/L

Therefore, to deliver 3.2 pmol of oligonucleotide primer to a reaction, you
need to take a 0.05 L aliquot of the 60 pmol/L oligonucleotide stock.
However, delivering that small a volume with a standard laboratory micropipette is neither practical nor accurate. It is best to dilute the sample to a
concentration such that the desired amount of DNA is contained within
a volume that can be accurately delivered by your pipettor system. For
example, say that you wanted to deliver 3.2 pmol of oligonucleotide in a
2 L volume. You can then ask, ‘If I take a certain specified and convenient
volume from the oligonucleotide stock solution, say 5 L, into what volume of water (or TE dilution buffer) do I need to dilute that 5 L to give
me a concentration such that 3.2 pmol of oligonucleotide are contained
in a 2 L aliquot?’ That problem can be set up in the following way:
60 pmol 5 L
3.2 pmol


L
x L
2 L
300 pmol 3.2 pmol

x L
2 L
300 pmol 

3.2 x pmol
2

600 pmol  3.2 x pmol
600 pmol
x
3.2 pmol
187.5  x
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Therefore, if 5 L is taken from the 60 pmol/L oligonucleotide stock solution and diluted to a final volume of 187.5 L, then 2 L of this diluted
sample will contain 3.2 pmol of oligonucleotide.

5.5 Measuring rna concentration
The following relationship is used for quantifying RNA:
1 A260 unit of RNA  40 g/mL

Problem 5.15 Forty microliters of a stock solution of RNA is diluted
with water to give a final volume of 1000 L. The diluted sample has an
absorbance at 260 nm of 0.142. What is the concentration of the RNA
stock solution in g/mL?

Solution 5.15
Ratios are set up that read ‘x g RNA/mL is to 0.142 OD as 40 g RNA/mL
is to 1.0 OD.’
x g RNA/mL
40 g RNA/mL

0.142 OD
1 OD
(0.142 OD)( 40 g RNA/mL )
1 OD
 5.7 g RNA/mL

x g RNA/mL 

This value represents the concentration of the diluted sample. To obtain
the concentration of the RNA stock solution, it must be multiplied by the
dilution factor:
5.7 g RNA/mL 

1000 L
 142.5 g RNA/mL
40 L

Therefore, the RNA stock solution has a concentration of 142.5 g RNA/mL.

5.6 M
 olecular weight, molarity, 
and nucleic acid length
The average molecular weight of a DNA base is approximately 330 daltons
(or 330 grams/mole (g/M)). The average molecular weight of a DNA bp is
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twice this, approximately 660 daltons (or 660 g/M). These values can be
used to calculate how much DNA is present in any biological source.
For small ssDNA molecules, such as synthetic oligonucleotides, the molecular weights of the individual nts can be summed to determine the strand’s
total MW according to the following formula:
MW  (nA  335.2)  (nC  311.2)  ( nG  351.2)  ( nT  326.2)  P
where nX is the number of nts of A, C, G, or T in the oligonucleotide and P
is equal to 101.0 for dephosphorylated (lacking an end phosphate group)
or 40.0 for phosphorylated oligonucleotides.
The following problems demonstrate how molecular weight, molarity, and
nucleic acid length relate to DNA quantity.

Problem 5.16 How much genomic DNA is present inside a single
human diploid nucleated cell? Express the answer in picograms.

Solution 5.16
The first step in solving this problem is to calculate the weight, in grams,
of a single bp. This value will then be multiplied by the number of bps in a
single diploid cell. The first calculation uses Avogadro’s number:
660 g
1mol

 1.1 1021 g/bp
mol
6.023  1023 bp
Therefore, a single bp weighs 1.1  1021 g.
There are approximately 6  109 bps per diploid human nucleated
cell. This can be converted to a picogram amount by using the conversion
factor 1  1012 picograms/gram, as shown in the following equation:
6  109 bp 

1.1 1021 g 1 1012 pg

 7 pg
bp
g

Therefore, a single diploid human cell contains 7 pg of genomic DNA.
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Problem 5.17 You have 5 mL of bacteriophage  stock having a
concentration of 2.5  1011 phage/mL. You will purify  DNA using the
entire stock. Assuming 80% recovery, how many micrograms of  DNA
will you obtain?

Solution 5.17
First, calculate the total number of phage particles by multiplying the
stock’s concentration by its total volume:
2.5  1011 phage
 5 mL  1.25  1012 phage
mL
In the previous problem, we found that one bp weighs 1.1  1021 g. The
bacteriophage  is 48 502 bp in length. With these values, the quantity of
DNA contained in the 5 mL of  phage stock can be calculated:
1.25  1012 phage 

48 502 bp 1.1 1021 g 1 106 g


 66.7 g DNA
phage
bp
g

Therefore, a total of 66.7 g of DNA can be recovered from 12.5  1012 phage.
Assuming 80% recovery, this value must be multiplied by 0.8:
66.7 g DNA  0.8  53.4 g DNA
Therefore, assuming 80% recovery, 53.4 g of DNA will be recovered from
the 5 mL phage stock.

Problem 5.18  DNA is recovered from the 5 mL phage stock described
in Problem 5.16. In actuality, 48.5 g of DNA are recovered. What is the
percent recovery?

Solution 5.18
% recovery  (actual yield/expected yield)  100
48.5 g
 100  72.7% recovery
66.7 g
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Problem 5.19  DNA is 48 502 bp in length. What is its molecular weight?
Solution 5.19
Since the  genome is dsDNA, the 660 daltons/bp conversion factor is used.
48 502 bp 

660 daltons
 3.2  107 daltons
bp

Problem 5.20 A plasmid cloning vector is 3250 bp in length.
a) How many picomoles of vector are represented by 1 g of purified
DNA?
b) How many molecules does 1 g of this vector represent?

Solution 5.20(a)
The first step is to calculate the MW of the vector:
MW  3250 bp 

660 g/mol
 2.1 106 g/mol
bp

This value can then be used to calculate how many picomoles of vector
are represented by 1 g of DNA.
1 g vector 

1 mol
1 1012 pmol
1g
1 1012 pmol



6
6
1 mol
2.1 10 g
1 10 g
2.1 1012
 0.48 pmol

Therefore, 1 g of the 3250 bp vector is equivalent to 0.48 pmol.

Solution 5.20(b)
To calculate the number of molecules of vector in 1 g, we need to use
the conversion factor relating bps and grams determined in Problem 5.15.
The problem is then written as follows:
1g 

1 molecule
1bp
1g
1 molecule



3250 bp
1.1 1021 g 1 106 g 3.6  1012
 2.8  1011 molecules

Therefore, there are 2.8  1011 molecules of the 3250 bp plasmid vector
contained in 1 g.
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To calculate picomole quantities or molecule abundance for ssDNA molecules, a similar approach is taken to that used in the preceding problems.
However, a conversion factor of 330 g/mol should be used, rather than
660 g/mol as for dsDNA.

Problem 5.21 The ssDNA vector M13mp18 is 7250 bases in length.
How many micrograms of DNA does 1 pmol represent?

Solution 5.21
First, calculate the molecular weight of the vector:
7250 bases 

330 g/mol
 2.4  106 g/mol
base

This value can then be used as a conversion factor to convert picomoles
to micrograms:
1 pmol 

2.4  106 g 1 106 g
1 mol
2.4  1012 g



mol
g
1 1012
1 1012 pmol
 2.4 g

Therefore, 1 pmol of M13mp18 is equivalent to 2.4 g DNA.

Problem 5.22 What is the molecular weight of a dephosphorylated
oligonucleotide having the sequence 5-GGACTTAGCCTTAGTATTGCCG-3?

Solution 5.22
The oligonucleotide has four As, five Cs, six Gs, and seven Ts. These values
are placed into the formula for calculating an oligonucleotide’s molecular
weight. Since the oligonucleotide is dephosphorylated, P in the equation
is equal to 101.0.
MW  (nA  335.2)  (nC  311.2)  (nG  351.2)  (nT  326.2)  P
MW  ( 4  335.2)  (5  311.2)  (6  351.2)  (7  326.2)  (101.0 )
MW  (1340.8 )  (1556 )  (2107.2)  (2283.4 )  101.0
MW  7186.4 daltons
Therefore, the oligonucleotide has a molecular weight of 7186.4 daltons.
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5.7 E
 stimating dna concentration 
on an ethidium bromide-stained gel
Agarose gel electrophoresis is commonly used to separate DNA fragments
following a restriction digest or PCR amplification. Fragments are detected
by staining the gel with the intercalating dye, ethidium bromide, followed
by visualization/photography under UV light. Ethidium bromide stains
DNA in a concentration-dependent manner such that the more DNA that is
present in a band on the gel, the more intensely it will stain. This relationship makes it possible to estimate the quantity of DNA present in a band
through comparison with another band of known DNA amount. If the intensities of two bands are similar, then they contain similar amounts of DNA.
Ethidium bromide stains ssDNA and RNA only very poorly. These forms
of nucleic acid will not give reliable quantitation by gel electrophoresis.

Problem 5.23 Five hundred nanograms (0.5 g) of  DNA digested with
the restriction endonuclease HindIII is loaded onto an agarose gel as a
size marker. A band generated from a DNA amplification experiment has
the same intensity upon staining with ethidium bromide as the 564 bp
fragment from the  HindIII digest. What is the approximate amount of
DNA in the amplified fragment?

Solution 5.23
This problem is solved by determining how much DNA is in the 564 bp
fragment. Since the amplified DNA fragment has the same intensity
after staining as the 564 bp fragment, the two bands contain equivalent
amounts of DNA.
Phage  is 48 502 bp in length. The 564 bp HindIII fragment is to the total
length of the phage  genome as its amount (in ng) is to the total amount
of  HindIII marker run on the gel (500 ng). This allows the following
relationship:
x ng
564 bp

500 ng 48 502 bp
x ng 

(500 ng)(564 bp)
 5.8 ng
48 502 bp

Therefore, there are approximately 5.8 ng of DNA in the band of the amplified DNA fragment.
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Chapter summary

Nucleic acids maximally absorb UV light at approximately 260 nm. Doublestranded DNA (dsDNA) having a concentration of 50 g/mL will have an
absorbance at 260 nm (an A260) or 1.0. This relationship is used to calculate
the DNA concentration of a sample having unknown DNA content. Proteins
absorb UV light at approximately 280 nm. A DNA sample’s 260 nm/280 nm
ratio gives an indication of its purity. Double-stranded DNA having a concentration of 1 mg/mL has an extinction coefficient (E) at 260 nm of 20. This
value, along with a DNA sample’s measured absorbance at 260 nm, can be
used to calculate that sample’s DNA concentration, using the relationship
c

A260
E260

A 1 mM solution of dsDNA has an extinction coefficient at 260 nm of 6.7.
Double-stranded DNA having an absorbance at 260 nm of 1.0 has a concentration of 0.15 mM. The concentration of DNA can also be calculated
using a standard curve generated by staining known quantities of a DNA
control with a DNA-binding dye such as PicoGreen. The regression line
describing the standard curve can be used to calculate the concentration of
an unknown DNA sample.
Single-stranded DNA (ssDNA) having a concentration of 33 g/mL will
have an absorbance at 260 nm of 1.0. The average molecular weight of a
nt in ssDNA is 330 g/m. The average molecular weight of a bp is 660 g/m.
A 1 mM solution of ssDNA has an extinction coefficient at 260 nm of 8.5.
A solution of ssDNA with an A260 of 1.0 has a concentration of 33 g/mL.
Oligonucleotide concentration is often expressed in OD units, which is calculated using the relationship
OD units  ( A260 )  (oligonucleotide volume)  (dilution factor )
An oligonucleotide’s concentration can also be determined using the sum
of the extinction coefficients of its composite nts, as expressed in the following relationship:


A260  100

C  
 (1.54  nA)  (0.75  nC)  (1.17  nG)  (0.92  nT) 
 dilution factor
A sample of RNA with an absorbance at 260 nm of 1.0 has a concentration
of 40 g/mL.

122 CHAPTER 5 Nucleic acid quantification

The molecular weight of DNA can be calculated by adding the molecular
weights of its constituent bases using the relationship
MW  (nA  335.2)  (nC  311.2)  ( nG  351.2)  ( nT  326.2)  P
where nX is the number of nts of A, C, G, or T in the oligonucleotide and P
is equal to 101.0 for dephosphorylated (lacking an end phosphate group)
or 40.0 for phosphorylated oligonucleotides. A single bp weighs roughly
1.1  1021 g.
DNA concentration of a band on an ethidium bromide-stained gel can be
estimated by comparing its intensity to fragments of known length and of
known amount.

Chapter

6

Labeling nucleic acids
with radioisotopes
n

Introduction

Sequencing DNA, quantitating gene expression, detecting genes or
recombinant clones by probe hybridization, monitoring cell replication, measuring the rate of DNA synthesis – there are a number of reasons why researchers need to label nucleic acids. Radioisotopes have
found wide use as nucleic acid tags because of several unique features.
They are commercially available, sparing the researcher from having to
perform a great deal of up-front chemistry. They can be attached to individual nts and subsequently incorporated into DNA or RNA through
enzyme action. Nucleic acids labeled with radioisotopes can be detected
by several methods, including liquid scintillation counting (providing
information on nucleic acid quantity) and exposure to X-ray film (providing information on nucleic acid size or clone location). This section discusses the mathematics involved in the use of radioisotopes in nucleic
acid research.

6.1 Units of radioactivity – the curie (Ci)
The basic unit characterizing radioactive decay is the curie (Ci). It is
defined as the quantity of radioactive substance having a decay rate of
3.7  1010 disintegrations per second (2.22  1012 disintegrations per
minute (dpm)). Most instruments used to detect radioactive decay are
less than 100% efficient. Consequently, a defined number of curies of
some radioactive substance will yield fewer counts than theoretically
expected.
The disintegrations actually detected by an instrument, such as by a liquid
scintillation counter, are referred to as counts per minute (cpm).
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00006-1
© 2010 Elsevier Inc. All rights reserved.
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Problem 6.1 How many dpm are associated with 1 Ci of radioactive
material?

Solution 6.1
The answer is obtained by using conversion factors to cancel terms, as
shown in the following equation:
1Ci 

1 Ci
2.22  1012 dpm

 2.22  106 dpm
6
Ci
1 10 Ci

Therefore, 1 Ci is equivalent to 2.22  106 dpm.

Problem 6.2 If the instrument used for counting radioactive material
is 25% efficient at detecting disintegration events, how many cpm will
1 Ci yield?

Solution 6.2
In Problem 6.1, it was determined that 1 Ci is equivalent to 2.22  106 dpm.
To calculate the cpm for 1 Ci, the dpm value should be multiplied by 0.25
(25% detection efficiency):
2.22  106 dpm  0.25  5.55  105 cpm
Therefore, an instrument counting radioactive decay with 25% efficiency
should detect 5.55  105 cpm for a 1 Ci sample.

6.2 Estimating plasmid copy number
Plasmids – autonomously replicating, circular DNA elements used for
cloning of recombinant genes – exist within a cell in one to several hundred copies. In one technique for determining how many copies of a plasmid are present within an individual cell, a culture of the plasmid-carrying
strain is grown in the presence of [3H]-thymine or [3H]-thymidine (depending on the needs of the strain). After growth to log phase, the cells are
harvested and lysed, and total DNA is isolated. A sample of the isolated
DNA is centrifuged in an ethidium bromide–cesium chloride gradient to
separate plasmid from chromosomal DNA. Following centrifugation, the
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n Figure 6.1 Fractions collected from an ethidium bromide–cesium chloride gradient separating plasmid

from chromosomal DNA. Cells are grown in the presence of radioactive thymine or thymidine so that replicating
DNA is labeled with the tritium isotope. Supercoiled plasmid DNA, centered around fraction 12, sediments at a
higher density than sheared chromosomal DNA, centered around fraction 26.

centrifuge tube is punctured at its bottom, fractions are collected onto filter
discs, and the DNA is precipitated on the filters by treatment with trichloroacetic acid (TCA) and ethanol. The filters are dried and counted in a
scintillation spectrometer. A graph of fraction number vs. cpm might produce a profile such as that shown in Figure 6.1. The smaller peak, centered
at fraction number 12, represents plasmid DNA, which, in a supercoiled
form, is denser than the sheared chromosomal DNA centered at fraction
number 26.
Plasmid copy number is calculated using the following relationship:
plasmid copy number 

chromosome MW
cpm of plasmid peak

plasmid MW
cpm of chromosome peak

Problem 6.3 An experiment to determine the copy number of a
6000 bp plasmid in E. coli is performed as described earlier. The major
plasmid-containing fraction is found to contain 25 000 cpm. The
chromosomal peak fraction contains 220 000 cpm. What is the plasmid
copy number?

126 CHAPTER 6 Labeling nucleic acids with radioisotopes

Solution 6.3
The first step in solving this problem is to calculate the molecular weights
of the plasmid and the E. coli chromosome. The plasmid is 6000 bp. The
E. coli chromosome is approximately 4.6 million bp in length. Their molecular weights are calculated using the 660 daltons/bp conversion factor.
The molecular weight of the plasmid is
6000 bp 

660 daltons
 39 60 000 daltons
bp

The molecular weight of the E. coli chromosome is
46 00 000 bp 

660 daltons
 3.0  109 daltons
bp

These values can then be incorporated into the equation (preceding this
problem) for calculating copy number:
25 000 cpm
3.0  109 daltons
7.5  1013


 86 plasmid copies
6
2 20 000 cpm 3.96  10 daltons
8.7  1011

6.3 Labeling DNA by nick translation
Nick translation is a technique for radioactively labeling dsDNA, making it suitable as a hybridization probe for detecting specific genomic
sequences. The endonuclease DNase I is used to create nicks in a DNA
probe fragment. Following DNase I treatment, DNA polymerase I is used
to add nt residues to the free 3-hydroxyl ends created during the DNase
I nicking process. As the DNA polymerase I extends the 3 ends, the 5
to 3 exonuclease activity of the enzyme removes bases from the 5-phosphoryl terminus of the nick. The sequential addition of bases onto the 3
end with the simultaneous removal of bases from the 5 end of the downstream annealed strand results in translation of the nick along the DNA
molecule. When performed in the presence of a radioactive deoxynucleo
side triphosphate (such as [-32P]dCTP), the newly synthesized strand
becomes labeled.
When measuring cpm by liquid scintillation, a blank sample should be
measured containing only scintillation fluid and a filter (if a filter is used
for spotting and counting of a labeling reaction). This sample is used to
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detect background cpm inherent in the scintillation fluid, the filter, and the
environment. The background cpm should be subtracted from any sample
taken from a labeling experiment.

6.3.1 D
 etermining percent incorporation of
radioactive label from nick translation
To determine the percent of radioactive label incorporated into DNA by
nick translation, a sample is taken at some time after addition of the radioactive dNTP but prior to DNA polymerase I treatment. This sample represents the total cpm in the reaction. Following the nick translation reaction,
another sample is withdrawn. Both samples are spotted onto filter discs.
The disc containing the sample representing the reaction after nick translation is treated with TCA to precipitate DNA fragments. The TCA treatment
precipitates polynucleotides onto the filter disc but allows unincorporated
radioactive dNTPs to pass through. The percent incorporation is then calculated using the equation
cpm in TCA-precipitated sample
 100  percent incorporation
cpm added to reaction

Problem 6.4 One g of bacteriophage  DNA is used for a nick
translation reaction. Twenty-five Ci of labeled [-32P]dCTP is used in a
50 L reaction. Following treatment with DNA polymerase I, a 1 L sample is
withdrawn and diluted into a total volume of 100 L with TE buffer. Five L
of this dilution are spotted onto a glass fiber filter disc to determine total
cpm in the reaction. Another 5 L are used in a TCA-precipitation procedure
to determine the amount of radioisotope incorporation. The TCAprecipitated sample is collected on a glass fiber filter disc and washed with
TCA and ethanol. Both filters are dried and counted by liquid scintillation.
The filter disc representing the total cpm gives 19 000 cpm. The TCAprecipitated sample gives 11 600 cpm. What is the percent incorporation?

Solution 6.4
The percent incorporation is calculated using the formula described earlier. The calculation goes as follows:
1.16  10 4 cpm
 100  61% incorporation
1.9  10 4 cpm
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6.3.2 C
 alculating specific radioactivity of a nick
translation product
The specific radioactivity (or specific activity) of a labeled product is the
amount of isotope incorporated, measured as cpm, per quantity of nucleic
acid. Incorporation of isotope can be measured as TCA-precipitable cpm by
the procedure described earlier. Using TCA-precipitation to measure incorporation, specific radioactivity is calculated using the following formula:
cpm/g DNA 

cpm in TCA precipitate
 dilution factor
volume used to TCA precipitate


total reaction volume
total g DNA in reaction

Problem 6.5 In Problem 6.4, 1.16  104 cpm were counted as TCAprecipitable counts in a 5 L sample taken from a 1/100 dilution of a 50 L
nick translation reaction using 1 g of  DNA. What is the specific activity
of the labeled product?

Solution 6.5
The incorporated radioactivity is represented by the TCA-precipitable
counts. The reaction was diluted 1/100 to obtain a sample (5 L) to TCAprecipitate. The dilution factor is the inverse of the dilution. Placing these
values into the preceding equation yields
1.16  10 4 cpm 100 L
50 L
5.8  107 cpm



5 L
1L
1g DNA
5 g
 1.16  107 cpm/g
Therefore, the nick translation product has a specific activity of 1.16   
107 cpm/g.

6.4 Random primer labeling of DNA
An oligonucleotide six bases long is called a hexamer or hexanucleotide.
If synthesis of a hexamer is carried out in such a way that A, C, G, and
T nts have an equal probability of coupling at each base addition step, then
the resulting product will be a mixture of oligonucleotides having many
different random sequences. Such an oligonucleotide is called a random
hexamer. For any six contiguous nts on DNA derived from a biological
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source, there should be a hexamer within the random hexamer pool that will
be complementary. Under the proper conditions of temperature and salt, the
annealed hexamer can then serve as a primer for in vitro DNA synthesis.
By using a radioactively labeled dNTP (such as [-32P]dCTP) in the DNA
synthesis reaction, the synthesis products become radioactively labeled. The
labeled DNA can then be used as a probe to identify specific sequences by
any of a number of gene detection protocols using hybridization.
Several mathematical calculations are necessary to assess the quality of the
reaction, and these are outlined in the following sections.

6.4.1 Random primer labeling – percent incorporation
The percent incorporation for a random-primer-labeling experiment is determined in the same manner as that used in the nick translation procedure. It is
calculated by dividing the cpm incorporated into DNA (as TCA-precipitable
cpm) by the total cpm in the reaction and then multiplying this value by 100:
cpm incorporated into DNA
 100  % incorporation
total cpm in reaction

Problem 6.6 In a random-primer-labeling experiment, random
hexamers, 90 ng of denatured DNA template, DNA polymerase Klenow
enzyme, enzyme buffer, 100 Ci [-32P]dCTP (2000 Ci/mM), and a mixture of
the three nonisotopically labeled dNTPs (at molar excess to labeled dCTP)
are incubated in a 70 L reaction at room temperature for 75 minutes to
allow DNA synthesis by extension of the annealed primers. The reaction is
terminated by heating. A 1 L aliquot of the reaction is diluted into 99 L
of TE buffer. Five L of this dilution are spotted onto a filter disc, dried, and
counted by liquid scintillation to measure total cpm in the reaction. Another
5 L of the 1/100 dilution are used in a TCA-precipitation procedure to
measure the amount of label incorporated into polynucleotides. The filter
disc used to measure total cpm gives 6.2  104 cpm. The TCA-precipitated
sample gives 5.1  104 cpm. What is the percent incorporation?

Solution 6.6
Using the formula for calculating percent incorporation given earlier, the
solution is calculated as follows:
5.1 10 4 cpm
 100  82% incorporation
6.2  10 4 cpm
Therefore, the reaction achieved 82% incorporation of the labeled base.
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6.4.2 R
 andom primer labeling – calculating
theoretical yield
Nick translation replaces existing DNA with radioactively labeled strands
with no net addition of DNA quantity. Random primer labeling, on the other
hand, actually results in the production of completely new and additional
DNA strands. To calculate theoretical yield, it is assumed that the reaction
achieves 100% incorporation of the labeled dNTP. In the random-primerlabeling experiment, the unlabeled dNTPs are placed into the reaction in
molar excess to the labeled dNTP. The unlabeled dNTPs can be at a concentration 10- to 100-fold higher than that of the radioactively labeled dNTP.
Theoretical yield is calculated using the following formula:

grams DNA 

330 g/mol
dNTP
dNTP specific activity in Ci/mol

Ci dNTP added to reaction  4 dNTPs 

In this formula, all four dNTPs are assumed to have the same concentration
as that of the labeled dNTP, since it is the labeled dNTP that is in a limiting
amount.
In a typical random-primer-labeling experiment, nanogram amounts
of DNA are synthesized. The preceding equation can be converted to a
form that more readily yields an answer in nanograms of DNA. The average molecular weight of a nucleotide is 330 g/mole. This is equivalent to
330 ng/nmole, as shown in the following equation:
330 g 1  109 ng
1 mol
330 ng



9
mol
g
nmol
1  10 nmol
The specific activity of a radioactive dNTP, such as [-32P]dCTP, from
most suppliers, is expressed in units of Ci/mmol. This unit is equivalent to
Ci/nmol:
Ci
mmol
Ci
1  106 Ci



mmol
Ci
nmol
1  106 nmol
Placing these new conversion factors into the equation for calculating theoretical yield gives

ng DNA 

330 ng/nmol
dNTP
dNTP specific activity in Ci/nmol

Ci dNTP added  4 dNTPs 
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Problem 6.7 In Problem 6.6, 100 Ci of [-32P]dCTP having a specific
activity of 2000 Ci/mmol was used in a random-primer-labeling
experiment. Assuming 100% efficient primer extension, what is the
theoretical yield?

Solution 6.7
As shown earlier, a dNTP-specific activity of 2000 Ci/mmol is equivalent to
2000 Ci/nmol. The equation for calculating yield is then as follows:

ng DNA 



330 ng/nmol
dNTP
2000 Ci dNTP/nmol

100 Ci  4 dNTPs 

132 000 ng
 66 ng DNA theoretical yield
2000

Therefore, in the random-primer-labeling experiment described in Problem
6.6, 66 ng of DNA should be synthesized if the reaction is 100% efficient.

6.4.3 R
 andom primer labeling – calculating 
actual yield
The actual yield of DNA synthesized by random primer labeling is calculated by multiplying the theoretical yield by the percent incorporation
(expressed as a decimal):
theoretical yield  % incorporation  ng DNA synthesized

Problem 6.8 In Problem 6.6, it was calculated that the described
reaction achieved 82% incorporation of the labeled dNTP. In Problem 6.7,
it was calculated that the random-primer-labeling experiment described
in Problem 6.6 would theoretically yield 66 ng of newly synthesized DNA.
What is the actual yield?

Solution 6.8
The actual yield is obtained by multiplying the percent incorporation by
the theoretical yield. Expressed as a decimal, 82% (the percent incorporation) is 0.82. Using this value for calculating actual yield gives the following equation:
0.82  66 ng DNA  54.1ng DNA
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Therefore, under the conditions of the random-primer-labeling experiment described in Problem 6.6, an actual yield of 54.1 ng of newly synthesized DNA is obtained.

6.4.4 R
 andom primer labeling – calculating 
specific activity of the product
The specific activity of a DNA product generated by random primer label
ing is expressed as cpm/g DNA. It is calculated using the following
formula:
dilution  reaction 
cpm incorporated
 

  
mL used to measure incorporation factor  volume 
 cpm/g
0.001 g
(ng DNA actual yield  ng input DNA ) 
ng

Problem 6.9 Problem 6.6 describes a random-primer-labeling
experiment in which 90 ng of denatured template DNA are used in a 70 L
reaction. To measure incorporation of the labeled dNTP, 5 L of a 1/100
dilution taken from the 70 L reaction are TCA-precipitated on a filter and
counted. This 5 L sample gives 5.1  104 cpm. In Problem 6.8, an actual
yield of 54.1 ng of DNA was calculated for this labeling experiment. What
is the specific activity of the DNA synthesis product?

Solution 6.9
Substituting the given values into the preceding equation yields the following result. Note the use of the dilution factor when calculating the
cpm incorporated.
5.1 10 4 cpm 100 L

 70 L
7.1 107 cpm
5 L
1L

0.001g
0.144 g
(54.1ng DNA  90 ng DNA) 
ng
 4.9  108 cpm/g DNA
Therefore, the newly synthesized DNA in this random-primer-labeling
experiment has a specific activity of 4.9  108 cpm/g.
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6.5 L
 abeling 3 termini with terminal
transferase
The enzyme terminal deoxynucleotidyl transferase adds mononucleotides onto 3 hydroxyl termini of either ssDNA or dsDNA. The mononucleotides are donated by a dNTP. The addition of each mononucleotide
releases inorganic phosphate. In a procedure referred to as homopolymeric tailing (or simply tailing), terminal transferase is used to add
a series of bases onto the 3 end of a DNA fragment. The reaction can
also be manipulated so that only one mononucleotide is added onto the
3 end. This is accomplished by supplying the reaction exclusively with
either dideoxynucleoside 5-triphosphate (ddNTP) or cordycepin-5triphosphate. Both of these analogs lack a free 3 hydroxyl group. Once
one residue has been added, polymerization stops, since the added base
lacks the 3 hydroxyl required for coupling of a subsequent mononucleo
tide. By either approach, use of a labeled dNTP donor provides another
method of preparing a labeled probe suitable for use in gene detection
hybridization assays.

6.5.1 3
 -end labeling with terminal transferase – 
percent incorporation
As with the other labeling methods described in this chapter, TCAprecipitation (described in Section 6.3.1) can be used to measure incorporation of a labeled dNTP. Percent incorporation is calculated using the
following equation:
cpm incorporated
 100  % incorporation
total cpm

Problem 6.10 A 3-end-labeling experiment is performed in which
60 g of DNA fragment, terminal transferase, buffer, and 100 Ci of
[-32P] cordycepin-5-triphosphate (2000 Ci/mmol) are combined
in a 50 L reaction. The mixture is incubated at 37°C for 20 min and
stopped by heating at 72°C for 10 min. One L of the reaction is diluted
into 99 L of TE buffer. Five L of this dilution are spotted onto a filter;
the filter is dried and then counted in a liquid scintillation counter.
This sample, representing total cpm, gives 90 000 cpm. Another 5 L
of the 1/100 dilution are treated with TCA to measure the amount of
label incorporated into DNA. The filter from the TCA procedure gives
76 500 cpm. What is the percent incorporation?
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Solution 6.10
The total cpm was measured to be 90 000 cpm. By TCA-precipitation, it
was found that 76 500 cpm are incorporated into DNA. Using these values
and the equation shown earlier, the calculation goes as follows:
76 500 cpm
 100  85% incorporation
90 000 cpm
Therefore, in this 3-end-labeling experiment, 85% of the label was incorporated into DNA.

6.5.2 3
 -end labeling with terminal transferase – 
specific activity of the product
The specific activity of the 3-end-labeled product, expressed as cpm/g
DNA, is given by the equation
dilution  reaction 
total cpm
 


L used  factor  volume 


to measure 


total cpm 
g of DNA fragment in reaction

% incorp. 

cpm/g 

Problem 6.11 In Problem 6.10, a 3-end-labeling reaction is described
in which 60 g of DNA fragment are labeled with [-32P] cordycepin-5triphosphate in a 50 L reaction. A 1 L aliquot of the reaction is diluted
1 L/100 L, and 5 L are counted, giving 90 000 cpm. In Problem 6.10, it
was shown that 85% of the radioactive label was incorporated into DNA.
What is the specific activity of the product?

Solution 6.11
Using the preceding equation yields
0.85 

90 000 cpm 100 L

 50 L
7.65  107 cpm
5 L
1L

60 g DNA
60 g DNA
 1.3  106 cpm/g DNA

Therefore, the product of this 3-end-labeling experiment has a specific
activity of 1.3  106 cpm/g.
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6.6 Complementary DNA (cDNA) synthesis
RNA is a fragile molecule and is easily degraded when released from a cell
during an extraction protocol. This can make the study of gene expression
a challenging task. One method to make the study of RNA more accessible has been to copy RNA into DNA. Double-stranded DNA is far more
stable and amenable to manipulation by recombinant DNA techniques
than is RNA.
The retroviral enzyme reverse transcriptase has the unique ability to synthesize a complementary DNA strand from an RNA template. DNA produced in this manner is termed cDNA (for complementary DNA). Once
made, a DNA polymerase enzyme can be used in a second step to synthesize a complete double-stranded cDNA molecule using the first cDNA
strand as a template. The cloning and sequencing of cDNAs have provided molecular biologists with valuable insights into gene structure and
function.

6.6.1 First strand cDNA synthesis
Since most eukaryotic mRNAs can be isolated having intact poly (A)
tails, an oligo(dT) primer designed to anneal to homopolymer tails can be
used to initiate synthesis of the first cDNA strand. When long RNA molecules are to be reverse transcribed, however, using random hexanucleotide
primers is a more favored approach. Other reaction components include
reverse transcriptase, a ribonuclease inhibitor, the four dNTPs, dithiothreitol (a reducing agent), and a reaction buffer. RNA is usually added to the
reaction at a concentration of roughly 0.1 g/L. When all reaction components have been combined, a small aliquot of the reaction is transferred
to a separate tube containing a small amount of [-32P]dCTP to monitor
first strand synthesis. The original reaction mixture (with no radioisotope)
is carried through synthesis of the second strand.
Incorporation of label into polynucleotide can be followed by TCAprecipitation, as described previously for other labeling reactions (see
Section 6.3.1). Calculating percent incorporation of label is performed
as described previously in this chapter. The purpose of assessing the first
strand cDNA synthesis reaction is to determine the quantity of cDNA synthesized and the efficiency with which mRNA was converted to cDNA.
These calculations require the following determinations:
a) The moles of dNTP per reaction, given by the equation
molar concentration  reaction 
moles of dNTP/reaction  

  
of dNTP
 volume 
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b) The percent incorporation of labeled dNTP, given by the equation
% incorporation 

TCA precipitable cpm
 100
total cpm

c) Moles of dNTP incorporated into polynucleotide, given by the
equation
moles dNTP  moles dNTP reaction  % incorporation



 
volume 
incorporated 
100
L
d) Grams of first strand cDNA synthesized, given by the equation
g cDNA synthesized  moles dNTP incorporated 

330 g
moles dNTP

e) The number of grams of first strand cDNA carried through to second
strand synthesis, given by the equation
reaction volume after sample 
g first  

removed for labeling
g cDNA available for  





 strand  
second strand synthesis 
initial
reaction
v
o
lume

cDNA 

Problem 6.12 A first strand cDNA synthesis experiment is performed in
which 5 g of poly (A) mRNA is combined with reverse transcriptase, 2 mM
each dNTP, and other necessary reagents in a total volume of 55 L. After
all components have been mixed, 5 L of the reaction is transferred to a
different tube containing 0.5 L of [-32P]dCTP (1000 Ci/mM; 10 Ci/L).
In the small side reaction with the [-32P]dCTP tracer, total cpm and
incorporation of label are measured by TCA-precipitation in the following
manner: Two L of the side reaction is diluted into 100 L of TE buffer.
Five L of this dilution is spotted onto a filter and counted (to measure
total cpm). Another 5 L of the 2/100 dilution of the side reaction are
precipitated with TCA and counted. The sample prepared to measure total
cpm gives 220 000 cpm. The TCA-precipitated sample gives 2000 cpm.
a) How much cDNA was synthesized in this reaction?
b) How much of the input mRNA was converted to cDNA?
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Solution 6.12(a)
This problem can be solved using the equations shown earlier. The first step
is to determine the concentration of dNTPs (expressed as nmol/L). The reaction contains 2 mM dATP, 2 mM dCTP, 2 mM dGTP, and 2 mM dTTP, or a total
dNTP concentration of 8 mM. An 8 mM dNTP concentration is equivalent to
8 mmol/L. This can be converted to nmol/L using the following relationship:
8 mmol dNTP
1L
1 106 nmol 8 nmol dNTP



6
L
mmol
L
1 10 L
The percent incorporation of [-32P]dCTP can be calculated using the data
provided:
2000 incorporated cpm
 100  0.9% incorporation
2 20 000 total cpm
The number of nanomoles of dNTP incorporated into cDNA can now be
calculated. To perform this step, the concentration of dNTPs in the reaction (expressed in nmol dNTP/L), the total volume of the reaction prior
to sample aliquoting into a separate tracer reaction, and the percent
incorporation (expressed as a decimal) are used as follows:
8 nmol dNTP
 55 L  0.009  4 nmol dNTP incorporated
L
Using the number of nanomoles of dNTP incorporated into nucleic acid
and the average molecular weight of a dNTP (330 g/mol), the amount of
cDNA synthesized can be calculated by multiplying these two values.
Conversion factors must be applied in this calculation, since we have
determined nanomoles of incorporated dNTP and the molecular weight of
a dNTP is given in terms of grams/mole. The calculation goes as follows:
4 nmol dNTP 

330 g dNTP 1 109 ng
mol


 1320 ng cDNA
mol
g
1 109 nmol

Therefore, in this reaction, 1320 ng of cDNA were synthesized.

Solution 6.12(b)
The percent mRNA converted to cDNA is calculated by dividing the amount
of cDNA synthesized by the amount of mRNA put into the reaction. The
quotient is then multiplied by 100 to give a percent value. In this example,
1320 ng of cDNA were synthesized. Five g of mRNA were put into the reaction. Since these nucleic acid quantities are expressed in different units,
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they first must be brought to equivalent units. Converting g mRNA to ng
mRNA is performed as follows:
5 g mRNA 

1000 ng
 5000 ng mRNA
g

Percent mRNA converted to cDNA can now be calculated:
1320 ng cDNA synthesized
 100  26.4% mRNA converted to cDNA
5000 ng mRNA in reaction
Therefore, 26.4% of the mRNA put into the reaction was converted to cDNA.

Problem 6.13 How much of the cDNA synthesized in Problem 6.12 will
be carried into the second strand synthesis reaction?

Solution 6.13
In Problem 6.12, 5 L of a 55 L reaction were removed to monitor incorporation of [-32P]dCTP. Therefore, 50 L of 55 L remained in the reaction.
Multiplying this ratio by the amount of cDNA synthesized (1320 ng) gives
the following result:
1320 ng 

50 L
 1200 ng cDNA carried to second strand synthesis
55 L

Problem 6.14 For the cDNA synthesis reaction described in Problem
6.12, how many nanomoles of dNTP were incorporated into cDNA in the
main reaction?

Solution 6.14
In Problem 6.12, a total of 4 nmol of dNTP was incorporated into nucleic
acid. Multiplying this amount by the volume fraction left in the main reaction will give the number of nanomoles of dNTP incorporated into cDNA
that will be carried into the second strand synthesis reaction:
4 nmol dNTP incorporated 

50 L
 3.6 nmol dNTP incorporated
55 L

Therefore, 3.6 nmol of dNTP were incorporated into cDNA in the main reaction.
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6.6.2 Second strand cDNA synthesis
Synthesis of the cDNA second strand can be accomplished by a number
of different methods. As a first step, the RNA in the RNA–cDNA hybrid
formed during the first strand synthesis reaction can be removed by treatment
with RNase A. Priming of second strand synthesis can then be performed
using random primers, a gene-specific primer, or the hairpin loop structure
typically found at the 3-end of the first strand cDNA. Alternatively, RNase
H can be used to nick the RNA strand of the RNA–cDNA hybrid molecule.
DNA polymerase then utilizes the nicked RNA as primer to replace the RNA
strand in a reaction similar to nick translation.
To perform second strand cDNA synthesis, the first strand reaction is diluted
directly into a new mixture carrying all the components necessary for successful DNA replication. Typically, no new dNTPs are added. They are carried into
the second strand reaction from the first strand reaction. As with first strand
cDNA synthesis, a separate tracer reaction including [-32P]dCTP can be used
to monitor incorporation of dNTPs and formation of the DNA second strand.
Several calculations are used to determine the quality of second strand
cDNA synthesis:
a) Percent incorporation of label into the second strand is calculated using
the following formula:
TCA precipitable cpm
 100  % incorporation into second strand
total cpm
b) Nanomoles of dNTP incorporated into cDNA is given by the following
equation:
nmol dNTP 


incorporated

nmol dNTP 



nmol
 reaction incorporated 




  % incorporation
dNTP/L volume  in first cDNA



strand





(In this equation, percent incorporation should be expressed as a decimal.)
c) The amount of second strand cDNA synthesized (in ng) is given by the
following equation:
ng second strand cDNA  nmol dNTP incorporated 

330 ng dNTP
nmol
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d) The percent of first strand cDNA converted to double-stranded cDNA
is given by the following equation:
% conversion to
 ng second strand cDNA


 100
double-stranded cDNA
ng first strand cDNA

Problem 6.15 The 50 L first strand cDNA synthesis reaction described
in Problem 6.12 is diluted into a 250 L second strand synthesis reaction
containing all the necessary reagents. To prepare a tracer reaction, 10 L
of the 250 L main reaction are transferred to a separate tube containing
5 Ci [-32P]dCTP. Following incubation of the reactions, 90 L of an EDTA
solution is added to the tracer reaction. A heating step is used to stop
the reaction. Two L of the 100 L tracer reaction is spotted on a filter and
counted. This sample gives 90 000 cpm. Another 2 L sample from the
diluted tracer reaction is treated with TCA to measure incorporation of
[-32P]dCTP. This sample gives 720 cpm.
a) How many nanograms of second strand cDNA were synthesized?
b) What percentage of the first strand was converted into second strand
cDNA?

Solution 6.15(a)
The first step in solving this problem is to calculate the percent incorporation of [-32P]dCTP:
720 TCA precipitable cpm
 100  0.8% incorporation
90 000 total cpm
The nanomoles of dNTP incorporated can now be calculated. The original
first strand cDNA synthesis reaction had a dNTP concentration of 8 nmol/L
(see Solution 6.12a). The 50 L first strand main reaction was diluted into a
total volume of 250 L. Assuming no incorporation of dNTP in the first strand
reaction, the new dNTP concentration in the second strand reaction is
8 nmol dNTP
50 L
1.6 nmol dNTP


L
250 L
L
The first strand of cDNA incorporated 3.6 nmol of dNTP in the main reaction (Problem 6.14). Since this amount of dNTP is no longer available in
the second strand synthesis reaction for incorporation into nucleic acid, it
must be subtracted from the total dNTP concentration. Using the percent
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incorporation calculated earlier, the amount of dNTP incorporated can be
calculated from the following equation:

3.6 nmol dNTP 
1.6 nmol
 
3.2 nmol dNTP 



 250 L  incorporarated   0.008  

 L
incorporated 
 


in first strand 



Therefore, 3.2 nmol of dNTP was incorporated into cDNA during synthesis
of the second strand.
The amount of cDNA produced during second strand synthesis can now
be calculated by multiplying the nanomoles of dNTP incorporated by the
average molecular weight of a dNTP (330 ng/nmol):
3.2 nmol dNTP 

330 ng
 1056 ng second strand cDNA
nmol

Therefore, 1056 ng of cDNA was synthesized in the second strand cDNA
synthesis reaction.

Solution 6.15(b)
In Problem 6.13, it was calculated that 1200 ng of cDNA synthesized in the
first strand synthesis reaction was carried into the second strand cDNA
synthesis reaction. The percent conversion of input nucleic acid to second
strand cDNA is calculated by dividing the amount of second strand cDNA
synthesized by the amount of first strand cDNA carried into the second
strand reaction and multiplying this value by 100:
88% conversion  stranded 
1056 ng second strand cDNA
 100  
  

to double
 cDNA

1200 ng first strand cDNA
Therefore, 88% of the input first strand cDNA was converted to doublestranded cDNA in the second strand synthesis reaction.

6.7 Homopolymeric tailing
Homopolymeric tailing (or simply tailing) is the process by which the
enzyme terminal transferase is used to add a series of residues (all of
the same base) onto the 3 termini of dsDNA. It has found particular use
in facilitating the cloning of cDNA into plasmid cloning vectors. In this
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technique, a double-stranded cDNA fragment is tailed with a series of
either dC or dG residues onto the two 3 termini. The vector into which the
cDNA fragment is to be cloned is tailed with the complementary base (dC
if dG was used to tail the cDNA or dG if dC was used to tail the cDNA).
By tailing the cDNA and the vector with complementary bases, effective
annealing between the two DNAs is promoted. Ligation of the cDNA fragment to the vector is then more efficient:
It is possible to determine the number of residues that terminal transferase has
added onto a 3 end by determining the number of picomoles of 3 ends available as substrate and the concentration (in picomoles) of dG (or dC) incorporated into DNA. As to the first part, the number of picomoles of 3 ends is
calculated by using the DNA substrate’s size in the following formula:
1g
12
1  106 g 1  10 pmol

number of bp 660 g/mol
mol

bp
molecule

g DNA substrate 
pmoles 3 ends 



number of 3 ends
molecule

Problem 6.16 If 2.5 g of a 3200 bp plasmid cloning vector are cut once
with a restriction enzyme, how many picomoles of 3 ends are available as
substrate for terminal transferase?

Solution 6.16
A plasmid is a circular dsDNA molecule. If it is cut with a restriction endonuclease at one site, it will become linearized. As a linear molecule, it will
have two 3 ends. The equation for calculating the number of 3 ends (see
earlier) becomes
1g
1 106 g 1 1012 pmol 2 3 ends
pmol 3 ends 


3200 bp
660 g/mol
mol
molecule

molecule
bp
2.5 g DNA 



5  106 pmol 3 ends
 2.4 pmol 3 ends
2.1 106

Therefore, 2.5 g of a linear DNA fragment 3200 bp in length is equivalent
to 2.4 pmol of 3 ends.
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To estimate the number of dG residues added onto a 3 end of a DNA
fragment, it is necessary to have a radioactive molecule present in the
reaction that can be detected and quantitated. The molecule used to
monitor the progress of the reaction should be a substrate of the enzyme.
In a dG tailing protocol, therefore, tritiated dGTP (3H-dGTP) can serve this
purpose. The next step in calculating the number of residues added to a
3 end is to calculate the specific activity of the dNTP. Specific activity can
be expressed as cpm/pmol dNTP. The general formula for calculating the
specific activity of tailed DNA is
cpm/pmol dNTP 

total cpm in counted sample
pmol dNTP

To perform this calculation, the number of picomoles of dNTP in the reaction must be determined. Let’s assume that the concentration of the starting
dNTP material, as supplied by the manufacturer, is expressed in a micromolar (M) amount. The micromolar concentration of dNTP in the terminal
transferase tailing reaction mix is determined by the following formula:
M dNTP 

(M concentration of dNTP stock)  (volume dNTP added)
total reaction volume

Problem 6.17 A 3200 bp vector is being tailed with dG residues using
dGTP and terminal transferase. The stock solution of dGTP being used
as substrate has a concentration of 200 M. Four L of this stock solution
are added to a 100 L reaction (final volume). What is the micromolar
concentration of dGTP in the reaction?

Solution 6.17
Using the equation just given yields the following relationship:
 M dGTP 

(200 M )  ( 4 L)
 8 M
100 L

Therefore, dGTP in the reaction mix has a concentration of 8 M.
The dGTP in the reaction is usually used in large molar excess to the 3HdGTP added. The added 3H-dGTP, therefore, does not contribute significantly
to the overall dGTP concentration. When an aliquot of the radioactive dGTP
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is added to the terminal transferase tailing reaction, the total cpm can be
determined by spotting a small amount of the reaction mix on a filter, allowing the filter to dry, and then counting by liquid scintillation. The number of
picomoles of dGTP spotted on the filter is given by the following equation:
pmol dNTP 

mmol dNTP
L
1 106 pmol L spotted 




6
on filter 
mol
L
1 10 L

It must be remembered that M is equivalent to micromoles/liter (see
Chapter 2). This gives us the first term of this equation. For example, an
8 M solution of dGTP is equivalent to 8 mol dGTP/L.

Problem 6.18 The terminal transferase tailing reaction just described
has a dGTP concentration of 8 M. Five Ci of 3H-dGTP are added to the
reaction as a reporter molecule. Two microliters of the reaction mix are
then spotted on a filter and counted by liquid scintillation to determine
total cpm in the reaction. How many picomoles of dGTP are on the filter?

Solution 6.18
The 3H-dGTP added to the reaction is such a small molar amount that it
does not significantly change the overall dGTP concentration of 8 M. The
earlier equation yields the following relationship:
pmol dGTP 

8 mol
L
1 10 6 pmol


 2 L  16 pmol dGTP
6
L
mol
1 10 L

Therefore, the 2 L of reaction spotted on the filter to measure total cpm
contains 16 pmol of dGTP.

A specific activity can be calculated by measuring the cpm of the spotted
material and by use of the following formula:
specific activity (in cpm/pmol) 

spotted filter cpm
pmol of dNTP in spotted material

Problem 6.19 The 2 L sample spotted on the filter (referred to in
Problem 6.18) was counted by liquid scintillation and gave 90 000 cpm.
What is the specific activity, in cpm/pmol dNTP, of the spotted sample?
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Solution 6.19
In Problem 6.18, it was calculated that a 2 L sample of the tailing reaction
contains 16 pmol of dGTP. Placing this value in the preceding equation
gives the following relationship:
specific activity 

90 000 cpm
 5625 cpm/pmol dGTP
16 pmol dGTP

Therefore, the tailing reaction has a specific activity of 5625 cpm/pmol dGTP.
Incorporation of label into a DNA strand can be determined by TCAprecipitation. Knowing the specific activity of the tailing dNTP allows for the
determination of the total number of pmoles of base incorporated into a
homopolymeric tail. This calculation is done using the following formula:
TCA  precipitable cpm
 total L in reaction
total pmol dNTP  L used for TCA precipitation

 
incorporated

specific activity of dNTP (in cpm/pmol dNTP)

Problem 6.20 Following incubation with terminal transferase, 5 L
of the reaction mixture is treated with TCA and ethanol to measure
incorporation of dGTP into polynucleotide. The filter from this assay
gives 14 175 cpm by liquid scintillation. How many picomoles of dGTP
are incorporated into homopolymeric tails?

Solution 6.20
It was calculated in Problem 6.19 that the dGTP in the tailing reaction has
a specific activity of 5625 cpm/pmol. The reaction volume is 100 L. Placing
these values into the preceding equation yields the following relationship:
14 175 TCA-precipitable cpm
 100 L
5 L
total pmol dGTP incorporated 
5625 cpm/pmol dGTP
 50.4 pmol dGTP
Therefore, a total of 50.4 picomoles of dGTP were incorporated into
homopolymeric tails in this reaction.
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The number of nt residues added per 3 end can be calculated using the
following formula:
nucleotide residues/3end 

pmol dNTP incorporated
pmol 3 ends

It should be remembered that the term ‘picomoles’ represents a number, a
quantity. Picomoles of different molecules are related by Avogadro’s number (see Chapter 2). One mole of anything is equivalent to 6.023  1023
units. One picomole of anything, therefore, consists of 6.023  1011 units,
as shown here:
6.023  1023 molecules
mole
6.023  1011 molecules


12
mol
mol
pm
1 10 pmol
Let’s assume we find that 20 pmol dGTP have been incorporated into
polynucleotides in a terminal transferase tailing reaction. Assume further
that there are 2 pmol 3 ends onto which tails can be added. Twenty picomoles of dGTP is equivalent to 1.2  1013 molecules of dGTP, as shown in
this equation:
6.023  1011 dGTP molecules
 20 pmol dGTP  1.2  1013 moleccules dGTP
pmol dGTP
Two picomoles of 3 ends is equivalent to 1.2  1012 3 ends:
6.023  1011 3 ends
 2 pmol 3 ends  1.2  1012 3 end
ds
pmol 3 ends
Whether the number of residues added to the available 3 ends is calculated using picomoles or using molecules, the ratios are the same, in this
case 10:
dG residues added 

20 pmol dGTP incorporated
 10
2 pmol 3 ends

or
dG residues added 

1.2  1013 molecules dGTP incorporated
 10
1.2  1012 3 ends

Keeping quantities expressed as picomoles saves a step.
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Problem 6.21 For the tailing reaction experiment described in this
section, how long are the dG tails?

Solution 6.2
In Problem 6.20, it was calculated that 50.4 pmol dGTP were incorporated
into tails. In Problem 6.16, it was calculated that the reaction contains
2.4 pmol 3 ends. Using these values in the equation for calculating homopolymeric tail length gives the following relationship:
dG tail length 

50.4 pmol dGTP incorporated
 21 residues
2.4 pmol 3 ends

Therefore, 21 dG residues are added onto each 3 end.

6.8 In vitro transcription
In vitro RNA transcripts are synthesized for use as hybridization probes, as
substrates for in vitro translation, and as antisense strands to inhibit gene
expression. To monitor the efficiency of RNA synthesis, labeled CTP or
UTP can be added to the reaction. Incorporation of labeled nt into RNA
strands is determined by the general procedure of TCA-precipitation, as
described in Section 6.3.1. Percent incorporation can then be calculated by
the following formula:
% incorporation 

TCA precipitable cpm
 100
total cpm

Other calculations for the determination of quantity of RNA synthesized
and the specific activity of the RNA product are similar to those described
previously in this section and are demonstrated by the following problems.

Problem 6.22 Five hundred Ci of [-35S]UTP (1500 Ci/mM) are
added to a 20 L in vitro transcription reaction containing 500 M each
of ATP, GTP, and CTP, 20 units of T7 RNA polymerase, and 1 g of DNA.
Following incubation of the reaction, 1 L is diluted into a total volume
of 100 L TE buffer. Five L of this dilution are spotted onto a filter and
counted to determine total cpm. Another 5 L sample of the dilution is
precipitated with TCA and counted to determine incorporation of label.
The sample prepared to determine total cpm gives 1.1  106 cpm. The
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TCA-precipitated sample gives 7.7  105 cpm. The RNA synthesized in this
reaction is purified free of unincorporated label prior to use.
a) How much RNA is synthesized?
b) What is its specific activity?

Solution 6.22(a)
The first step in solving this problem is to calculate the percent of labeled
nt incorporated. This is done as follows:
7.7  105 TCA-precipitated cpm
 100  70% incorporation of label
1.1 106 total cpm
Therefore, 70% of the [-35S]UTP is incorporated into RNA.
The reaction contained 500 Ci of [-35S]UTP having a specific activity of
1500 Ci/mmole. This information can be used to calculate the number of
nanomoles of [-35S]UTP added to the reaction, as follows:
500 Ci[ - 35 S]UTP 

mmol
Ci
1 106 nmol


 0.3 nmol UTP
6
1500 Ci 1 10 Ci
mmol

Therefore, the reaction contains 0.3 nmol UTP.
Since 70% of the UTP is incorporated into RNA, the number of nanomoles
of UTP incorporated into RNA is given by the following equation:
0.3 nmol UTP  0.7  0.2 nmol UTP incorporated
Therefore, 0.2 nmol of UTP are incorporated into RNA.
Assuming that there are equal numbers of As, Cs, Gs, and Us in the RNA
transcript, then 0.2 nmol (as just calculated) represents 25% of the bases
incorporated. Therefore, to calculate the total number of nanomoles of
NTP incorporated, 0.2 nmol should be multiplied by 4.
0.2 nM  4 nucleotides  0.8 nM nucleotide incorporated
Using the average molecular weight of a nucleotide (330 ng/nmol), the
amount of RNA synthesized can be calculated as follows:
0.8 nmol NTP 

330 ng
 264 ng RNA sythesized
nmol NTP

Therefore, 264 ng of RNA is synthesized in the in vitro transcription reaction.
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Solution 6.22(b)
Specific activity is expressed in cpm/g RNA. In part (a) of this problem, it
was determined that a total of 264 ng of RNA are synthesized. To determine
a specific activity, the number of cpm incorporated for the entire reaction
must be calculated. A 1 L sample of the reaction is diluted 1 L/100 L,
and then 5 L of this dilution is used to measure TCA-precipitable
cpm. The TCA-precipitated sample gives 7.7  105 cpm. To calculate the
incorporated cpm in the actual reaction, 7.7  105 cpm must be multiplied by both the dilution factor (100 L/1 L) and the reaction volume:
7.7  105 cpm 100 L

 20 L  3.1 108 cpm
5 L
1L
Therefore, there are a total of 3.1  108 cpm incorporated in the in vitro
transcription reaction. Dividing this value by the total RNA synthesized and
multiplying by a conversion factor to bring ng to g gives the following
equation:
3.1 108 cpm 1000 ng 1.2  109 cpm


264 ng RNA
g
g RNA
Therefore, the RNA synthesized in this reaction has a specific activity of
1.2  109 cpm/g RNA.

n

Chapter summary

Nucleic acids can be labeled with radioisotopes as a means to monitor
their synthesis, location, and relative amount. The basic unit of radioactive
decay is the curie (Ci), defined as that amount of radioactive material that
generates 2.22  1012 disintegrations per minute (dpm). The disintegrations of radioactive material detected by an instrument are referred to as
counts per minute (cpm).
Plasmid copy number can be estimated by growing the plasmid-carrying
strain of bacteria in the presence of a nt labeled with [3H]. The plasmid
DNA is fractionated away from the bacterium’s chromosomal DNA by a
cesium chloride gradient in the presence of ethidium bromide. The plasmid
copy number is then calculated as
plasmid copy number 

chromosome MW
cpm of plasmid peak

plasmid MW
cpm of chromosome peak
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In any type of DNA synthesis reaction where nts are incorporated into a
chain, whether by nick translation, random primer labeling, or end labeling using terminal transferase, the cpm incorporated into DNA strands can
be assessed by collecting TCA-precipitable material on a glass fiber filter
and comparing it to the total cpm (a non-TCA-precipitated sample collected on a separate filter). The percent label incorporated into DNA is then
calculated as

% incorporation 

cpm incorporated into DNA
 100
total cpm in reaction

The specific radioactivity (the cpm per weight of nucleic acid) of a nick
translation product is calculated as

cpm/g DNA 

cpm in TCA precipitate
 dilution factor
volume used to TCA precipitate


total reaction volume
total g DNA in reaction

DNA can be radioactively labeled by extending short, random sequence
oligonucleotides with DNA polymerase. The theoretical yield of a random
primer labeling experiment is calculated as

grams DNA 

330 g/mol
dNTP
dNTP specific activity in Ci/mol

Ci dNTP added to reaction  4 dNTPs 

The actual yield in a random primer labeling experiment is calculated as
ng DNA synthesized  theoretical yield  % incorporation
The specific radioactivity of a product labeled by random priming is
calculated at
dilution  reaction 
cpm incorporated
 

  
mL used to measure incorporation factor  volume 
cpm/g 
0.001 g
(ng DNA actual yield  ng input DNA) 
ng
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DNA can be labeled at its 3 end using the enzyme terminal transferase.
The specific radioactivity of a 3-end labeled product can be calculated as
% incorp. 
cpm/g 

dilution  reaction 
total cpm
 

  
L used to measure total cpm factor  volume 
g of DNA fragment in reaction

The synthesis of cDNA can be monitored by side reactions having all the
components of the main cDNA reaction but with the addition of a radioactive tracer. The number of moles of dNTP incorporated into the first cDNA
strand can be calculated as
moles dNTP incorporated 

moles dNTP reaction  % incorporation


volume 
100
L

The amount of first strand cDNA synthesized can be calculated as
g cDNA synthesized  moles dNTP incorporated 

330 g
moles dNTP

The amount of first strand cDNA carried into the second strand synthesis
reaction is calculated as
g cDNA available


for second strand   g first strand cDNA
synthesis

reaction volume after sample removed for labeling

initiial reaction volume
The quality of the second strand cDNA synthesis reaction can be assessed
at several levels. The amount of dNTP incorporated into cDNA is
calculated as
nmol dNTP 


incorporated

nmol
 reaction nmol dNTP incorporated 




dNTP/L volume  in first cDNA strand

 % incorporation

The amount of second strand cDNA synthesized is given by the equation
ng second strand cDNA  nmol dNTP incorporated 

330 ng dNTP
nmol
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The amount of first stand cDNA converted to double-stranded cDNA can
be calculated as
% conversion to double-stranded cDNA 

ng second strand cDNA
 100
ng first strand cDNA

Terminal transferase can be used to add a string of a single nt onto the 3
end of a DNA strand (in a process called tailing). The number of picomoles of 3 ends available for tailing is given by the equation
1g
12
1  106 g 1  10 pmol

number of bp 660 g/mol
mol

bp
molecule

g DNA substrate 
pmoles 3 ends 



number of 3 ends
molecule

The specific activity of tailed DNA is calculated as

cpm/pmol dNTP 

total cpm in counted sample
pmol dNTP

The concentration of dNTP in the tailing reaction (needed to calculate specific activity) is determined as
M dNTP 

(M concentration of dNTP stock)  (volume dNTP added)
total reaction volume

Assessing the quality of the tailing reaction requires knowing the number
of picomoles of deoxynucleotide spotted on the filter used to obtain incorporated cpm. It is calculated as

pmol dNTP 

mmol dNTP
L
1  106 pmol L spotted 



on filter 
mol
L
1  106 L

The specific activity of the tailed product is then
specific activity (in cpm/pmol) 

spotted filter cpm
pmol of dNTP in spotted material
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The amount of label incorporated in the tailing reaction is calculated as
TCA  precipitable cpm

 total L in reaction

total pmol dNTP 
L used for TCA precipitation

 

incorporated
specific activity of dNTP (in cpm/pmol dNTP)

The number of nt residues incorporated into a tail by the terminal transferase reaction is calculated as
nucleotide residues/3end 

pmol dNTP incorporated
pmol 3 ends

Radioactive labeling can also be used to monitor in vitro transcription.
Knowing how much radioactive material is placed into the reaction (as
a labeled RNA base) and knowing the specific activity of that material
(in Ci/mmol) allows the calculation of the amount of RNA synthesized in
TCA-precipitable cpm.

Chapter

7

Oligonucleotide synthesis
■

Introduction

Oligonucleotides (oligos), short single-stranded nucleic acids, are used
for a number of applications in molecular biology and biotechnology.
Oligonucleotides are used as primers for DNA sequencing and PCRs, as probes
for hybridization assays in gene detection, as building blocks for the construction of synthetic genes, and as antisense molecules for the control of gene
expression. With such a central role in these applications as well as in many
others, it is understandable that many laboratories have acquired the instrumentation for and capability of synthesizing oligonucleotides for their own
purposes. It is just as understandable that an entire industry has flourished to
provide custom oligos to the general academic and biotechnology marketplace.
A number of methods have been described for the chemical synthesis of
nucleic acids. However, almost all DNA synthesis instruments available
commercially are designed to support the phosphoramidite method. In this
chemistry, a phosphoramidite (a nucleoside with side protecting groups that
preserve the integrity of the sugar, the phosphodiester linkage, and the base
during chain extension steps) is coupled through its reactive 3 phosphorous
group to the 5 hydroxyl group of a nucleoside immobilized on a solid support column. The steps of oligonucleotide synthesis include the following:
(1) Detritylation, in which the dimethoxytrityl (DMT or ‘trityl’) group
on the 5 hydroxyl of the support nucleoside is removed by treatment with
TCA. (2) In the coupling step, a phosphoramidite, made reactive by tetrazole (a weak acid), is chemically coupled to the last base added to the column support material. (3) In the capping step, any free 5 hydroxyl groups
of unreacted column nts are acetylated by treatment with acetic anhydride
and N-methylimidazole. (4) In the final step, called oxidation, the unstable
internucleotide phosphite linkage between the previously coupled base and
the most recently added base is oxidized by treatment with iodine and water
to a more stable phosphotriester linkage. Following coupling of all bases in
the oligonucleotide’s sequence, the completed nucleic acid chain is cleaved
from the column by treatment with ammonium hydroxide, and the base protecting groups are removed by heating in the ammonium hydroxide solution.
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00007-3
© 2010 Elsevier Inc. All rights reserved.
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7.1 Synthesis yield
Nucleic acid synthesis columns come in several scales, which are functions
of the amount of the 3 nucleoside coupled to the support material. Popular
column sizes range from 40 nmol to 10 mol. Popular support materials
include controlled-pore glass (CPG) and polystyrene. The CPG columns
are typically supplied having pore sizes of either 500 or 1000 Å. The
scale of column used for a synthesis depends on both the quantity and the
length of oligonucleotide desired. The greater the amount of 3 nucleoside
attached to the column support, the greater the yield of oligo. Polystyrene
or large-pore CPG columns are recommended for oligonucleotides greater
than 50 bases in length.
A 0.2 mol CPG column contains 0.2 mol of starting 3 base. If the second
base in the synthesis is coupled with 100% efficiency, then 0.2 mol of that
second base will couple, for a total of 0.4 mol of base now on the column
(0.2 mol 3 base  0.2 mol coupled base  0.4 mol of bases). The number
of micromoles of an oligonucleotide synthesized on a column, therefore, can be
calculated by multiplying the length of the oligonucleotide by the column scale.

Problem 7.1 An oligo 22 nts in length (a 22-mer) is synthesized on
a 0.2 mol column. Assuming 100% synthesis efficiency, how many
micromoles of oligo are made?

Solution 7.1
Multiplying the column scale by the length of the oligo yields the following equation:
22 base additions 

0.2 mol
 4.4 mol
base addition

Therefore, assuming 100% coupling efficiency, 4.4 mol of oligo are
synthesized.
If bases are coupled at 100% efficiency, then a theoretical yield for a synthesis
can be determined by using the following relationship: 1 mol of DNA oligonucleotide contains about 10 OD units per base. (An OD unit is the amount
of oligonucleotide dissolved in 1.0 mL, which gives an A260 of 1.00 in a cuvette
with a 1 cm-length light path.) The theoretical yield of crude oligonucleotide
is calculated by multiplying the synthesis scale by the oligo length and then
multiplying the product by 10, as shown in the following problem.
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Problem 7.2 A 22-mer is synthesized on a 0.2 mol-scale column. What
is the maximum theoretical yield of crude oligo in OD units?

Solution 7.2
The theoretical maximum yield of crude oligo is given by the following
equation:
22 base additions 

0.2 mol base 10 OD units
 44 OD units

base addition
mol base

Therefore, 44 OD units of crude oligonucleotide will be synthesized.
Nucleic acid synthesis chemistry, however, is not 100% efficient. No instrument, no matter how well engineered or how pure the reagents it uses,
can make oligonucleotides at the theoretical yield. The actual expected
yield of synthesis product will be less. Table 7.1 lists the yield of crude oligonucleotide that can be expected from several different columns when
synthesis is optimized.

Table 7.1 The approximate yield, in OD units, of oligonucleotide
per base for each of the common synthesis scales.
Synthesis Scale

OD Units/Base

40 nmol
0.2 mol
1 mol
10 mol

0.250.5
1.01.5
5
40

Problem 7.3 A 22-mer is synthesized on a 0.2 mol-scale column.
Assuming that synthesis is optimized, how many OD units can be expected?

Solution 7.3
Using the OD units/base value in Table 7.1 for the 0.2 mol-scale column
yields the following equations:
22 bases 

1 OD unit
 22 OD units
base
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22 bases 

1.5 OD units
 33 OD units
base

Therefore, this synthesis should produce between 22 and 33 OD units of
oligonucleotide.

7.2 M
 easuring stepwise and overall
yield by the dimethoxytrityl (dmt)
cation assay
Overall yield is the amount of full-length product synthesized. In contrast,
stepwise yield is a measure of the percentage of the nucleic acid molecules
on the synthesis column that couple at each base addition. If the reagents
and the DNA synthesizer are performing optimally, 98% stepwise yield
can be expected. For such a synthesis, the 2% of molecules that do not participate in a coupling reaction will be capped and will be unavailable for
reaction in any subsequent cycle. Since, at each cycle, 2% fewer molecules
can react with phosphoramidite, the longer the oligo being synthesized, the
lower the overall yield.
The trityl group protects the 5 hydroxyl on the ribose sugar of the most
recently added base, preventing it from participating in unwanted side
reactions. Prior to addition of the next base, the trityl group is removed
by treatment with TCA. Detritylation renders the 5 hydroxyl available for
reaction with the next phosphoramidite. When removed under acidic conditions, the trityl group has a characteristic bright orange color. A fraction
collector can be configured to the instrument to collect each trityl fraction
as it is washed from the synthesis column during the detritylation step. The
fractions can then be diluted with p-toluene sulfonic acid monohydrate in
acetonitrile and assayed for absorbance at 498 nm. (For accuracy, further
dilutions may be necessary to keep readings between 0.1 and 1.0 – within
the range of linear absorbance.)
For the following calculations, the first trityl fraction, that generated from
the column 3 base, should not be used since it can give a variable reading depending on the integrity of the trityl group on the support base.
Spontaneous detritylation of the column base can occur prior to synthesis, resulting in a low absorbance for the first fraction. Including this fraction in the calculation for overall yield would result in an overestimation
of product yield.
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7.2.1 Overall yield
Overall yield, the measure of the total product synthesized, is given by the
formula
overall yield 

trityl absorbance of last base added
 100
trityl absorbance of first base added

Problem 7.4 An 18-mer is synthesized on a 0.2 mol column. Assay of
the trityl fractions gave the following absorbance values at 498 nm. What
is the overall yield?
Number

Base

Absorbance

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Column C
G
T
A
A
C
T
G
G
C
A
T
T
T
C
G
A
A

0.524
0.558
0.541
0.538
0.527
0.515
0.505
0.493
0.485
0.474
0.468
0.461
0.452
0.439
0.427
0.412
0.392
0.379

Solution 7.4
Using the equation for overall yield gives
overall yield 

0.379
 100  68%
0.558

Therefore, 68% of the starting column base is made into full-length
product; the overall yield is 68%.
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7.2.2 Stepwise yield
Stepwise yield, the percent of molecules coupled at each single base addition, is calculated by the formula
stepwise yield  (overall yield)1/couplings
The number of couplings is represented by the number of trityl fractions spanned to calculate the overall yield minus one. (One is subtracted
because the trityl fraction from the first base coupled to the column base
can be an unreliable indicator of actual coupling efficiency at that step.) An
efficient synthesis will have a stepwise yield of 98  0.5%.
A low stepwise yield can indicate reagent problems, either in their quality
or in their delivery. Even if a high stepwise yield is obtained, however, the
product may still not be of desired quality because some synthesis failures
are not detectable by the trityl assay.

Problem 7.5 What is the stepwise yield for the synthesis described in
Problem 7.4?

Solution 7.5
In Problem 7.4, an overall yield of 68% is obtained. A total of 17 trityl fractions span the absorbance values used to calculate the overall yield. Using
the equation for stepwise yield gives
stepwise yield  0.681/ 171  0.681/ 16  0.680.06  0.98
(0.680.06 is obtained on a calculator by entering ., 6, 8, xy, ., 0, 6, and .)
Stepwise yield is usually expressed as a percent value:
0.98  100  98%
Therefore, the stepwise yield is 98%.
Assuming a stepwise yield of 98%, it is possible to calculate the overall
yield for any length of oligonucleotide by using the formula
overall yield  0.98(number of bases1)  100
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Problem 7.6 Fresh reagents are used to synthesize a 25-mer. Assuming
98% stepwise yield, what overall yield can be expected?

Solution 7.6
The relationship just shown above yields the following equation:
overall yield  0.98( 251)  100  0.9824  100  0.62  100  62%
(0.9824 is obtained on a calculator by entering ., 9, 8, xy, 2, 4, and .)
Therefore, an overall yield of 62% can be expected.

Problem 7.7 Assuming a stepwise yield of 95%, what overall yield can
be expected for the synthesis of a 25-mer?

Solution 7.7
Using the same relationship gives
overall yield  0.95( 251)  100  0.9524  100  0.29  100  29%
Therefore, an overall yield of 29% can be expected for a 25-mer when the
stepwise yield is 95%.
(Notice that a drop in stepwise yield from 98% (Problem 7.6) to 95%
(Problem 7.7) results in a dramatic drop in overall yield from 62% to 29%.
An instrument and reagents of highest quality are essential to obtaining
optimal synthesis of product.)

7.3 Calculating micromoles of
nucleoside added at each
base addition step
Trityl fraction assays can be used not only to estimate stepwise and overall yields but also to determine the number of micromoles of nucleoside
added to the oligonucleotide chain at any coupling step. The number of
micromoles of DMT cation released and the number of micromoles of
nucleoside added are equivalent. Micromoles of DMT can be calculated by
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dividing a trityl fraction’s absorbance at 498 by the extinction coefficient
of DMT according to the formula
mol DMT 

A498  volume  dilution factor
e

where A498 is the absorbance of the trityl fraction at 498 nm, volume is the
final volume of the diluted DMT used for the A498 reading, dilution factor is
the inverse of the dilution (if one is used) of the trityl fraction into a second
tube of 0.1 M toluene sulfonic acid in acetonitrile, and e  70 mL/mol, the
extinction coefficient of the DMT cation at 498 nm.

Problem 7.8 A trityl fraction from a 0.2 mol synthesis is brought up
to 10 mL with 0.1 M toluene sulfonic acid monohydrate in acetonitrile,
and the absorbance is read at 498 nm. A reading of 0.45 is obtained. How
many micromoles of nucleoside couple at that step?

Solution 7.8
The trityl fraction is brought up to a volume of 10 mL and this volume
is used to measure absorbance. No dilution into a second tube is used.
Using the earlier formula yields
mol DMT 

0.45  10 mL
 0.06
70 mL/mol

Therefore, since micromoles of DMT are equivalent to micromoles of
nucleoside added, 0.06 mol of nucleoside are added at the coupling step
represented by this trityl fraction.

■

Chapter summary

Oligonucleotides (oligos) are synthetic, short, ssDNA molecules used as
probes, primers, or as the building blocks for longer DNA strands. The
most popular type of chemistry for making oligonucleotides uses the phosphoramidite method, in which building of the nt chain starts on a column
carrying the first 3 base. Assuming 100% synthesis efficiency, the amount
of oligo synthesized on a column is related to the amount of 3 base
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originally loaded on the column and the length of the oligo being synthesized. It is given by the expression
mol oligo  base additions 

column size (in mol)
base addition

The maximum theoretical yield of oligonucleotide (in OD units), assuming
100% coupling efficiency at each base, is given by the following expression:
OD units  base additions 

mol column size 10 OD units

mol base
base addition

Overall synthesis yield is calculated as
overall yield 

trityl absorbance of last base added
 100
trityl absorbance of first base added

Stepwise yield, the percent of molecules coupled at each base addition, is
calculated as
stepwise yield  (overall yield)1/couplings
When the stepwise yield is less than 100%, the overall yield can be calculated as
overall yield  stepwise yield ( oligo length1)  100
The number of M of nt added at each addition step is calculated as
mol DMT 

A498  volume  dilution factor
e

where A498 is the absorbance of the trityl fraction at 498 nm, volume is the
final volume of the diluted DMT used for the A498 reading, dilution factor is
the inverse of the dilution (if one is used) of the trityl fraction into a second
tube of 0.1 M toluene sulfonic acid in acetonitrile, and e  70 mL/mol, the
extinction coefficient of the DMT cation at 498 nm.
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The polymerase chain reaction (PCR)
n

Introduction

The polymerase chain reaction (PCR) is a method for the amplification
of a specific segment of nucleic acida. A typical PCR contains a template
nucleic acid (DNA or RNA), a thermally stable DNA polymerase, the four
deoxynucleoside triphosphates (dNTPs), magnesium, oligonucleotide primers, and a buffer. Three steps are involved in the amplification process: (1)
In a denaturation step, the template nucleic acid is made single-stranded
by exposure to an elevated temperature (92–98°C). (2) The temperature
of the reaction is then brought to between 65°C and 72°C in an annealing step, by which the two primers attach to opposite strands of the denatured template such that their 3 ends are directed toward each other. (3) In
the final step, called extension, a thermally stable DNA polymerase adds
dNTPs onto the 3 ends of the two annealed primers such that strand replication occurs across the area between and including the primer annealing
sites. These steps make up one cycle and are repeated over and over again
for, depending on the specific application, from 25 to 40 times.
A very powerful technique, PCR has found use in a wide range of applications. To cite only a few, it is used to examine biological evidence in forensic cases, to identify contaminating microorganisms in food, to diagnose
genetic diseases, and to map genes to specific chromosome segments.

8.1 Template and amplification
One of the reasons the PCR technique has found such wide use is that only
very little starting template DNA is required for amplification. In forensic
applications, for example, a result can be obtained from the DNA recovered from a single hair or from residual saliva on a licked envelope. Typical
PCRs performed in forensic analysis use from only 0.5 to 10 ng of DNA.

a

The PCR process is covered by patents owned by Roche Molecular Systems, Inc. and
F. Hoffman-La Roche Ltd.
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00008-5
© 2010 Elsevier Inc. All rights reserved.
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Problem 8.1 Twenty nanograms of human genomic DNA are needed
for a PCR. The template stock has a concentration of 0.2 mg DNA/mL. How
many microliters of the stock solution should be used?

Solution 8.1
Conversion factors are used to bring mg and mL quantities to ng and L
quantities, respectively. The equation can be written as follows:
0.2 mgDNA
1mL
1 106 ng


 x L  20 ngDNA
mL
mg
1 103 L
By writing the equation in this manner, terms cancel so that the equation reduces to ng  ng. Multiplying and solving for x yields the following
relationship:
(2  105 ngDNA ) (x )
 20 ngDNA
1 103
(2  105 ngDNA ) ( x )  2  10 4 ngDNA
x

2  10 4 ngDNA
 0.1
2  105 ngDNA

Numerator values are multiplied together, as are denominator values.
Multiply both sides of the
equation by 1  103.
Divide both sides of the equation by 2  105 ng DNA.

Therefore, 0.1 L of the 0.2 mg/mL human genomic DNA stock will contain 20 ng of DNA. It is often the case that a calculation is performed,
such as this one, that derives an amount that cannot be measured accurately with standard laboratory equipment. Most laboratory pipettors
cannot deliver 0.1 L with acceptable accuracy. A dilution of the stock,
therefore, should be performed to accommodate the accuracy limits of
the available pipettors. Most laboratories have pipettors that can deliver
2 L accurately. We can ask the question, ‘into what volume can 2 L
of the stock solution be diluted such that 2 L of the new dilution will
deliver 20 ng of DNA?’ The equation for this calculation is then written
as follows:
0.2 mg DNA
1 mL
1 106 ng 2 L



 2 L  20 ng DNA
3
mL
mg
x L
1 10 L
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8  105 ngDNA
 20 ngDNA
(1 103 )( x )
8  105 ngDNA
 (20 ngDNA )x
1 103
800 ng DNA  (20 ng DNA)x
800 ngDNA
 x  40
20 ngDNA

Cancel terms and multiply
numerator values and denominator values.
Multiply both sides of the equation by x and solve for x.
Simplify the equation.
Divide each side of the equation
by 20 ng DNA.

Therefore, if 2 L of the DNA stock is diluted into a total volume of 40 L
(2 L DNA stock  38 L water), then 2 L of that dilution will contain
20 ng of template DNA.

8.2 Exponential amplification
During the PCR process, the product of one cycle serves as template in
the next cycle. This characteristic is responsible for PCR’s ability to
amplify a single molecule into millions. PCR is an exponential process.
Amplification of template progresses at a rate of 2n, where n is equal to the
number of cycles. The products of PCR are termed amplicons. The DNA
segment amplified is called the target.

Problem 8.2 A single molecule of DNA is amplified by PCR for 25 cycles.
Theoretically, how many molecules of amplicon will be produced?

Solution 8.2
Using the relationship of overall amplification as equal to 2n, where n is, in
this case, 25, gives the following result:
overall amplification  225  33554432
Therefore, over 33 million amplicons will be produced.
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Problem 8.3 Beginning with 600 template DNA molecules, after
25 cycles of PCR, how many amplicons will be produced?

Solution 8.3
Since each template can enter into the PCR amplification process, 225
should be multiplied by 600:
overall amplification  600  225  2  1010 molecules
Therefore, the amplification of 600 target molecules in a PCR run for 25 cycles
should theoretically produce 2  1010 molecules of amplified product.

Problem 8.4 If the PCR cited in Problem 8.2 is performed as a 100 L
reaction, how many molecules of amplified product will be present
in 0.001 L?

Solution 8.4
A ratio can be set up that is read ‘2  1010 amplicons is to 100 L as x
amplicons is to 0.001 L.’
2  1010 amplicons
x amplicons

100 L
0.001L
(2  1010 amplicons)(0.001L )
 x amplicons
100 L
x  2  105 amplicons
Therefore, 2  105 amplicons are present in 0.001 L.

A note on contamination control: As shown in Problem 8.4, very small
quantities of a PCR can contain large amounts of product. Laboratories
engaged in the use of PCR, therefore, must take special precautions to
avoid contamination of a new reaction with product from a previous one.
Even quantities of PCR product present in an aerosol formed during
the opening of a reaction tube are enough to overwhelm a new reaction.
Contamination of a workspace by amplified product is of particular concern in facilities that amplify the same locus (or loci) over and over again,
as is the case in forensic and paternity testing laboratories.
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Problem 8.5 One hundred nanograms of a 242 bp fragment is
produced in a PCR. Two nanograms of human genomic DNA are used as
starting template. What amount of amplification occurs?

Solution 8.5
The first step in solving this problem is to determine how many copies are
represented by a particular amount of DNA (in this case, 2 ng of human
genomic DNA). Assume that the target sequence is present in only one
copy in the genome. Although there would be two copies of the target
sequence in all human cells (except egg, sperm, or red blood cells), there
would be one copy in the haploid human genome. The haploid human
genome consists of approximately 3  109 bp. Therefore, there is one
copy of the target sequence per 3  109 bp. The molecular weight of a
bp (660 g/M) and Avogadro’s number can be used to convert this to an
amount of DNA per gene copy. Since this amount will be quite small, for
convenience the answer can be expressed in picograms:
3  109 bp
660 g
1mol bp
1 1012 pg 3.3 pg




copy
mol bp 6.023  1023 bp
g
copy
Therefore, 3.3 pg of human genomic DNA contains one copy of the target
sequence.
The number of copies of the target sequence contained in 2 ng of human
genomic DNA can now be determined:

2 ng 

1 103 pg 1 copy

 600 copies
ng
3.3 pg

Therefore, 600 copies of the target sequence are contained in 2 ng of
human genomic DNA template.
By a similar method, the weight of one copy of the 242 bp product can be
determined as follows:
242 bp
660 g
1mol bp
1 1012 pg 2.7  107 pg




23
copy
mol bp 6.023  10 bp
g
copy
Therefore, a 242 bp fragment (representing one copy of PCR product)
weighs 2.7  107 pg.
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The number of copies of a 242 bp fragment represented by 100 ng of that
fragment can now be determined:
100 ng 

1 103 pg
copy

 3.7  1011 copies
ng
2.7  107 pg

Therefore, there are 3.7  1011 copies of the 242 bp PCR product in 100 ng.
The amount of amplification can now be calculated by dividing the number of copies of the target sequence at the end of the PCR by the number
of copies of target present in the input template DNA:
3.7  1011 copies
 6.2  108
600 copies
Therefore, the PCR creates a (6.2  108)-fold increase in the amount of
amplified DNA segment.

8.3 Polymerase chain reaction
(PCR) efficiency
The formula 2n used to calculate PCR amplification can be employed to
describe any system that proceeds by a series of doubling events, whereby
1 gives rise to 2, 2 gives rise to 4, 4 to 8, 8 to 16, 16 to 32, etc. This relationship describes the PCR if the reaction is 100% efficient. No reaction
performed in a test tube, however, will be 100% efficient. To more accurately represent reality, the relationship must be modified to account for
actual reaction efficiency. The equation then becomes
Y  (1  E )n
where Y is the degree of amplification, n is the number of cycles, and E is
the mean efficiency of amplification at each cycle; the percent of product
from one cycle serving as template in the next.
Loss of amplification efficiency can occur for any number of reasons,
including loss of DNA polymerase enzyme activity, depletion of reagents,
and incomplete denaturation of template, as occurs when the amount of
product increases in later cycles. Amplification efficiency can be determined
experimentally by taking a small aliquot out from the PCR at the beginning
and end of each cycle (from the third cycle on) and electrophoresing that
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sample on a gel. In other lanes on that gel are run standards with known
numbers of molecules. Intensities of the bands (as determined by staining
or densitometry) are compared for quantification. The efficiency, expressed
as a decimal, is then the final copy number at the end of a cycle divided by
the number of copies at the beginning of that cycle.
To take into account the amount of starting template in a PCR (represented
by X), the equation becomes
Y  X (1  E )n
Use of this relationship requires an understanding of logarithms and antilogarithms. A common logarithm, as will be used here, is defined as the exponent indicating the power to which 10 must be raised to produce a given
number. An antilogarithm is found by reversing the process used to find
the logarithm of a number; e.g., if y  log x, then x  antilog y. Before this
equation can be converted to a more useful form, two laws of logarithms
must be stated, the Product Rule for Logarithms and the Power Rule for
Logarithms. (More discussion on logarithms can be found in Chapter 3.)

Product Rule for Logarithms: For any positive numbers M, N, and a
(where a is not equal to one), the logarithm of a product is the sum of the
logarithms of the factors.
loga MN  loga M  loga N
Power Rule for Logarithms: For any positive number M and a (where a is
not equal to one), the logarithm of a power of M is the exponent times the
logarithm of M.
loga M p  p loga M

The equation Y  X(1  E)n can now be written in a form that will allow
more direct calculation of matters important in PCR. Taking the common
logarithm of both sides of the equation and using both the Product and
Power Rules for Logarithms yields
log Y  log X  n log(1  E )
This is the form of the equation that can be used when calculating product
yield or when calculating the number of cycles it takes to generate a certain
amount of product from an initial template concentration.
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Problem 8.6 An aliquot of template DNA containing 3  105 copies of
a target gene is placed into a PCR. The reaction has a mean efficiency of
85%. How many cycles are required to produce 2  1010 copies?

Solution 8.6
For the equation Y  X(1  E)n, Y  2  1010 copies, X  3  105 copies,
and E  0.85. Placing these values into the equation gives the following
relationship:
2  1010  (3  105 )(1 0.85)n
2  1010
 1.85n
3  105

Divide each side of the equation by 3  105.

6.7  104  1.85n
log 6.7  104  log 1.85n
log 6.7  10 4  n log 1.85
log 6.7  10 4
n
log 1.85
4.8
 n  17.8
0.27

Simplify the left side of the equation.
Take the common logarithm of both sides of
the equation.
Use the Power Rule for Logarithms.
Divide both sides of the equation by log 1.85.
Substitute the log values into the denominator
and numerator. (To find the log of a number
on a calculator, enter that number and then
press the log key.)

Therefore, it will take 18 cycles to produce 2  1010 copies of amplicon
starting from 3  105 copies of template.

Problem 8.7 A PCR amplification proceeds for 25 cycles. The initial
target sequence was present in the reaction at 3  105 copies. At the
end of the 25 cycles, 4  1012 copies have been produced. What is the
efficiency (E) of the reaction?

Solution 8.7
Using the equation Y  X(1  E)n, Y  4  1012 copies, X  3  105 copies,
and n  25, the equation then becomes
4  1012  (3  105 )(1 E )25
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4  1012
 (1 E )25
3  105
1.3  107  (1  E)25
log 1.3  107  log(1  E)25
log 1.3  107  25 log(1  E)
7.1  25 log(1  E)

7.1
 log (1 E )
25
0.28  log(1  E)
antilog 0.28  antilog[log(1  E)]
antilog 0.28  1  E
1.91  1  E
1.91  1  E

Divide each side of the equation by
3  105 and simplify.
Take the logarithm of both sides of
the equation.
Use the Power Rule for Logarithms.
Substitute the log of 1.3  107 into
the equation. (The log of 1.3  107
is found on a calculator by entering
1, ., 3, EXP, 7, log.)
Divide each side of the equation by
25 and simplify the left side of the
equation.
Take the antilog of each side of the
equation.
To find the antilog of 0.28 on the
calculator, enter 10, xy, .28, and .
Subtract 1 from both sides of the
equation.

0.91  E
Therefore, the PCR is 91% efficient (0.91  100  91%).

8.4 Calculating the tm of the target
sequence
The Tm (melting temperature) of dsDNA is the temperature at which half
of the molecule is in double-stranded conformation and half is in singlestranded form. It does not matter where along the length of the molecule
the single-stranded or double-stranded regions occur so long as half of the
entire molecule is in single-stranded form. It is desirable to know the melting temperature of the amplicon to help ensure that an adequate denaturation temperature is chosen for thermal cycling, one that will provide an
optimal amplification reaction.
DNA is called a polyanion because of the multiple negative charges along
the sugar–phosphate backbone. The two strands of DNA, since they carry
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like charges, have a natural tendency to repel each other. In a water environment free of any ions, DNA will denature easily. Salt ions such as
sodium (Na) and magnesium (Mg2), however, can complex to the negative charges on the phosphate groups of DNA and will counteract the tendency of the two strands to repel each other. In fact, under conditions of
high salt, two strands of DNA can be made to anneal to each other even if
they contain a number of mismatched bases between them.
Most PCRs contain salt. Potassium chloride (KCl) is frequently added to
a PCR to enhance the activity of the polymerase. Magnesium is a cofactor
of the DNA polymerase enzyme. It is provided in a PCR by the salt magnesium chloride (MgCl2). The presence of potassium (K) and magnesium
ions will affect the melting temperature of duplex nucleic acid and should
be a consideration when making a best calculation of Tm.
Other factors affect the Tm of duplex DNA. Longer molecules, having
more bps holding them together, require more energy to denature them.
Likewise, Tm is affected by the G  C content of the DNA. Since Gs
and Cs form three hydrogen bonds between them (as compared with two
hydrogen bonds formed between As and Ts), DNAs having higher G  C
content will require more energy (a higher temperature) to denature them.
These considerations are taken into account in the formula given by Wetmur
and Sninsky (1995) for calculating the melting temperature of long duplex
DNAs:


[SALT]
500
  0.41(%G  C) 
Tm  81.5  16.6 log 
1.0  0.7[SALT] 
L
where L  the length of the amplicon in bp. %G  C is calculated using
the formulae
%G  C 

G  C bases in the amplicon
 100
total number of bases in the amplicon

and
[SALT]  [K ]  4[ Mg2 ]0.5
In this last equation, any other monovalent cation, such as Na, if in the
PCR, can be substituted for K.
For the thermal cycling program, a denaturation temperature should be
chosen 3–4°C higher than the calculated Tm to ensure adequate separation
of the two amplicon strands.
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Problem 8.8 An 800 bp PCR product having a G  C content of 55% is
synthesized in a reaction containing 50 mM KCl and 2.5 mM MgCl2. What is
the amplicon’s Tm?

Solution 8.8
First, calculate the salt concentration ([SALT]). The formula given for this
requires that the concentrations of K and Mg2 be expressed in M rather
than mM concentration. For KCl this is calculated as follows:
50 mM KCl 

1M
 0.05 M KCl
1000 mM

Therefore, the KCl concentration is 0.05 M.
The M concentration of MgCl2 is calculated as follows:
2.5 mM MgCl2 

1M
 0.0025 M MgCl2
1000 mM

Therefore, the MgCl2 concentration is 0.0025 M.
Placing these values into the equation for calculating salt concentration
gives the following relationship:
[SALT ]  [0.05]  4[0.0025]0.5
[0.0025]0.5 on the calculator is obtained by entering 0.0025, pressing the
xy key, entering 0.5, and pressing the  key.
[SALT ]  0.05  4(0.05)
Solving this equation gives the following result:
[SALT ]  0.05  0.2  0.25
Placing this value into the equation for Tm yields the following equation:


[0.25]
500
  0.41(55) 
Tm  81.5  16.6 log 
1.0  0.7[0.25] 
800
The equation is simplified to give the following relationship:
Tm  81.5  16.6 log[0.213]  0.41(55)  0.63
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Calculating the log of 0.213 (enter 0.213 on the calculator and press the
log key) and further simplifying the equation gives the following result:
Tm  81.5  16.6(0.672)  22.55  0.63
Tm  81.5  (11.155)  22.55  0.63  92.3
Therefore, the melting temperature of the 800 bp amplicon is 92.3°C.
Programming the thermal cycler for a denaturation temperature of 96°C
should ensure proper denaturation at each cycle.

8.5 Primers
Polymerase chain reaction primers are used in concentrations ranging from
0.05 to 2 M.

Problem 8.9 A primer stock consisting of the two primers needed for
a PCR has a concentration of 25 M. What volume of the primer stock
should be added to a 100 L reaction so that the primer concentration in
the reaction is 0.4 M?

Solution 8.9
The calculation is set up in the following manner:
25 M primer 

x L
 0.4 M primer
100 L

The equation is then solved for x.
(25 M ) x
 0.4 M
100
(25 M ) x  40 M
x

40 M
 1.6
25 M

Therefore, 1.6 L of the 25 M primer stock should be added to a 100 L
PCR to give a primer concentration of 0.4 M.
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Problem 8.10 A 100 L PCR contains primers at a concentration of
0.4 M. How many picomoles of primer are in the reaction?

Solution 8.10
Remember, 0.4 M is equivalent to 0.4 mol/L. A series of conversion
factors is used to bring a molar concentration into a mole quantity:

0.4 µmol primer
1L
1 106 pmol


 100 µL  40 pmol primer
L
µmol
1 106 µL
Therefore, there are 40 pmol of primer in the reaction.

Problem 8.11 A 100 L PCR is designed to produce a 500 bp fragment.
The reaction contains 0.2 M primer. Assuming a 100% efficient reaction
and that the other reaction components are not limiting, what is the
theoretical maximum amount of product (in g) that can be made?

Solution 8.11
The first step is to calculate how many micromoles of primer are in the
reaction. (0.2 M is equivalent to 0.2 mol/L.)
0.2 mol primer
1L

 100 L  2  105 mol primer
L
1 106 L
Therefore, the reaction contains 2  105 mol of primer. Assuming a
100% efficient reaction, each primer will be extended into a complete
DNA strand. Therefore, 2  105 mol of primer will make 2  105 mol
of extended products. Since in this case the product is 500 bp in length,
its molecular weight must be part of the equation used to calculate the
amount of total product made:
660 g/mol
1mol
1 106 g


 2  105 mol
bp
g
1 106 mol
 6.6 g

500 bp 

Therefore, in this reaction, 6.6 g of 500 bp PCR product can be
synthesized.
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Problem 8.12 Twenty pg of an 8000 bp recombinant plasmid are used
in a 50 L PCR in which, after 25 cycles, 1 g of a 400 bp PCR fragment is
produced. The reaction contains 0.2 M primer.
a) How much of the primer is consumed during the synthesis of the
product?
b) How much primer remains after 25 cycles?
c) How many cycles would be required to completely consume the
entire reaction’s supply of primer?

Solution 8.12(a)
Since each PCR fragment contains primer incorporated into each strand in
the ratio of one primer to one DNA strand, the picomolar concentration of
PCR fragment will be equivalent to the picomolar concentration of primer.
The first step is to calculate the molecular weight of the 400 bp PCR fragment. This is accomplished by multiplying the size of the fragment by the
molecular weight of a single bp:
400 bp 

660 g/mol 2.64  105 g

bp
mol

Therefore, the 400 bp PCR fragment has a molecular weight of
2.64  105 g/mol. This value can then be used in an equation to convert
the amount of 400 bp fragment produced into picomoles:
1g 

1g
1mol
1 1012 pmol


 3.8 pmol
6
5
mol
1 10 g 2.64  10 g

Therefore, 3.8 pmol of 400-bp fragment were synthesized in the PCR. If
3.8 pmol of fragment is produced, then 3.8 pmol of primer is consumed by
incorporation into product.

Solution 8.12(b)
To calculate how much primer remains after 25 cycles, we must first calculate how much primer we started with. Primer was in the reaction at a
concentration of 0.2 M. We can calculate how many picomoles of primer
are represented by 0.2 M primer in the following manner (remember,
0.2 M primer is equivalent to 0.2 mol primer/L):
0.2 mol primer 1 106 pmol
1L


 50 L  10 pmol primer
L
mol
1 106 L
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Therefore, the reaction began with 10 pmol of primer. And 3.8 pmol of
primer are consumed in the production of PCR fragment (Solution 8.12a).
This amount is subtracted from the 10 pmol of primer initially contained
in the reaction:
10 pmol  3.8 pmol  6.2 pmol
Therefore, 6.2 pmol of primer remain unincorporated after 25 cycles.

Solution 8.12(c)
The solution to this problem requires the use of the general equation
Y  X(1  E)n. We will solve for n, the exponent. As for the other components, from the information given we need to determine Y, the ending
number of copies of fragment; X, the initial number of target molecules;
and E, the overall efficiency of the reaction. The starting number of target
sequence is calculated by first determining the weight of one copy of the
8000 bp recombinant plasmid:
8000 bp
660 g
1mol bp
8.8  1018 g



copy
mol bp 6.023  1023 bp
copy
Therefore, each copy of the 8000 bp recombinant plasmid weighs
8.8  1018 g. This value can then be used as a conversion factor to determine how many copies of the recombinant plasmid are represented by
20 pg, the starting amount of template:
20 pg 

g
copy

 2.3  106 copies
12
1 10 pg 8.8  1018 g

Therefore, there are 2.3  106 copies of starting template.
After 25 cycles, 1 g of 400 bp product is made. To determine how many
copies this represents, the weight of one copy must be determined:
400 bp
660 g
1mol bp
4.4  1019 g



23
copy
mol bp 6.023  10 bp
copy
Therefore, each 400 bp PCR fragment weighs 4.4  1019 g. Using this
value as a conversion factor, 1 g of product can be converted to number
of copies in the following way:
1g 

g
copy

 2.3  1012 copies
1 106 g 4.4  1019 g
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Therefore, after 25 cycles, 2.3  1012 copies of the 400 bp PCR fragment
have been made.
Using the starting number of copies of template and the number of copies of PCR fragment made after 25 cycles, the efficiency (E) of the reaction
can now be calculated.
2.3  1012 copies  2.3  106 copies(1 E )25
2.3  1012
 (1 E )25
2.3  106

1  106  (1  E)25
log 1  106  25 log(1  E)

6
 log(1 E )
25
0.24  log(1 E )
1.74  1  E

1.74  1  E

Divide each side of the equation by
2.3  106.
Take the logarithm of both sides of the
equation and use the Power Rule for
Logarithms.
Take the log of 1  106 (on the calculator,
enter 1, press the EXP key, enter 6, then
press the log key) and divide each side of
the equation by 25.
Take the antilog of both sides of the equation. To find the antilog of 0.24 on the calculator, enter 0.24 then the 10x key.
Subtract 1 from both sides of the equation
to find E.

0.74  E
Therefore, E has a value of 0.74.
The reaction contains 10 pmol of primer. Ten picomoles of primer will
make 10 pmol of product. The number of copies this represents is calculated as follows:
10 pmol 

1mol
6.023  1023 copies

 6.023  1012 copies
mol
1 1012 pmol

Therefore, 10 pmol of primer can make 6.023  1012 copies of PCR fragment.
We now have all the information we need to calculate the number of
cycles required to make 6.023  1012 copies (10 pmol) of product. For
the following equation, Y, the final number of copies of product, is
6.023  1012 copies; X, the initial number of copies of target sequence, is
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2.3  106 copies; and E, the efficiency of the PCR, is 0.74. We will solve for
the exponent n, the number of PCR cycles, as follows:
6.023  1012  (2.3  106 )(1 0.74 )n
6.023  1012
 (1.74 )n
2.3  106
2.62  106  (1.74)n
log 2.62  106  n log 1.74
log 2.62  106
n
log 1.74
6.42
 n  26.75
0.24

Divide each side of the equation by
2.3  106 and simplify the term in
parentheses.
Take the log of both sides of the equation
and use the Power Rule for Logarithms.
Divide each side of the equation by
log 1.74.
Take the log of the values on the left side
of the equation and divide these values
to give n.

Therefore, after 27 cycles, the 10 pmol of primer will have been converted
into 10 pmol of PCR fragment. Many protocols use primer quantities as
small as 10 pmol. Using a relatively small amount of primer can increase
a reaction’s specificity. For the reaction in this example, using more than
27 cycles would provide no added benefit.

8.6 Primer Tm
For an optimal PCR, the two primers used in a PCR should have similar
melting temperatures. The optimal annealing temperature for a PCR experiment may actually be several degrees above or below that of the Tm of
the least stable primer. The best annealing temperature should be derived
empirically. The highest annealing temperature giving the highest yield of
desired product and the least amount of background amplification should be
used for routine amplification of a particular target. The formulas described
next can be used to give the experimenter a good idea of where to start.
A number of different methods for calculating primer Tm can be found in
the literature, and several are commonly used. A very quick method for estimating the Tm of an oligonucleotide primer is to add 2°C for each A or T nt
present in the primer and 4°C for each G or C nt. Expressed as an equation,
this relationship is
Tm  2°(A  T)  4°(G  C)
This method of calculating Tm, however, is valid only for primers between
14 and 20 nts in length.
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Problem 8.13 A primer with the sequence ATCGGTAACGATTACATTC
is to be used in a PCR. Using the formula above, what is the Tm of this
oligonucleotide?

Solution 8.13
The oligo contains 12 As and Ts and 7 Gs and Cs.
2°  12  24°

and

4°  7  28°

Adding these two values together gives
24°  28°  52°
Therefore, by this method of calculating melting temperature, the primer
has a Tm of 52°C.

8.6.1 Calculating Tm based on salt concentration,
G/C content, and DNA length
The equation introduced earlier to calculate the Tm of a target sequence can
also be used to determine the Tm of a primer:


[SALT ]
500
  0.41(%G  C) 
Tm  81.5  16.6 log 
1.0  0.7[SALT ] 
L
where [SALT] is the concentration of the monovalent cation in the PCR
(typically KCl) and the concentration of magnesium expressed in moles
per liter and determined as
[SALT]  [K ]  4[ Mg2 ]0.5
L is equal to the number of nucleotides in the primer. As pointed out earlier, the %G  C term in this equation should not be expressed as a decimal (50% G  C, not 0.50 G  C). This formula takes into account the
salt concentration, the length of the primer, and the G  C content.

Problem 8.14 A primer with the sequence ATCGGTAACGATTACATTC is
to be used in a PCR. The PCR contains 0.05 M KCl and 2.5 mM magnesium.
Using the formula just given, what is the Tm of this oligonucleotide?

8.6 Primer Tm 183

Solution 8.14
A 0.05 M KCl solution is equivalent to 0.05 mol KCl/L. The primer, a 19-mer,
has 7 Gs and Cs. It has a %G  C content of 37%.
7 nucleotides
 100  37%
19 nucleotides
The salt concentration is
[SALT ]  [0.05]  4[0.0025]0.5  0.25
The Tm of the primer is calculated as follows:


[0.25]
500
  0.41(37) 
Tm  81.5°  16.6 log 
 1.0  0.7[0.25] 
19
Tm  81.5°  16.6 log[0.213]  15.2  26.3
Tm  81.5°  (11.2)  15.2  26.3  59.2°C
Therefore, by this method of calculation, the primer has a Tm of 59.2°C.
(Compare this with 52°C calculated in Problem 8.13 for the same primer
sequence.)

8.6.2 Calculating Tm based on nearest-neighbor
interactions
Wetmur and Sninsky (1995) describe a formula for calculating primer Tm
that uses nearest-neighbor interactions between adjacent nts within the oligonucleotide. Experiments by Breslauer et al. (1986) demonstrated that it
is base sequence rather than base composition that dictates the stability and
melting characteristics of a particular DNA molecule. For example, a DNA
molecule having the structure
5

AT 3

3 TA 5

will have different melting and stability properties than a DNA molecule
with the structure
5

TA3

3 AT5
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even though they have the same base composition. The stability of a DNA
molecule is determined by its free energy (G°). The melting behavior of
a DNA molecule is dictated by its enthalpy (H°).
Free energy is a measure of the tendency of a chemical system to react
or change. It is expressed in kilocalories per mole (kcal/mol). (A calorie
is the amount of heat at a pressure of one atmosphere required to raise
the temperature of one gram of water by 1°C.) In a chemical reaction, the
energy released or absorbed in that reaction is the difference () between
the energy of the reaction products and the energy of the reactants. Under
conditions of constant temperature and pressure, the energy difference
is defined as G (the Gibbs free-energy change). The standard freeenergy change, G°, is the change in free energy when one mole of a
compound is formed at 25°C at one atmosphere pressure.
Enthalpy is a measure of the heat content of a chemical or physical system. The
enthalpy change, H°, is the quantity of heat released or absorbed at constant
temperature, pressure, and volume. It is equal to the enthalpy of the reaction
products minus the enthalpy of the reactants. It is expressed in units of kcal/mol.
Tables 8.1 and 8.2 show nearest-neighbor interactions for enthalpy and free
energy.
Table 8.1 Enthalpy (H°) values for nearest-neighbor nucleotides
(in kcal/mol). Reproduced from Quartin and Wetmur (1989).
First
nucleotide
dA
dC
dG
dT

Second nucleotide
dA

dC

dG

dT

9.1
5.8
5.6
6.0

6.5
11.0
11.1
5.6

7.8
11.9
11.0
5.8

8.6
7.8
6.5
9.1

Table 8.2 Free-energy (G°) values for nearest-neighbor nucleotides
(in kcal/mol). Reproduced from Quartin and Wetmur (1989).
First
nucleotide
dA
dC
dG
dT

Second nucleotide
dA

dC

dG

dT

1.55
1.15
1.15
0.85

1.40
2.30
2.70
1.15

1.45
3.05
2.30
1.15

1.25
1.45
1.40
1.55
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Free energy and enthalpy of nearest-neighbor interactions are incorporated
into the following equation for calculating primer melting temperature
(Wetmur & Sninsky, 1995):

Tm 



T ° H °
(SALT )
  269.3
 16.6 log 
1.0  0.7(SALT ) 
H °  G°  RT ° ln(C )

where
(SALT )  (K )  4(Mg2 )0.5
T° is the temperature in degrees Kelvin (K). Standard state (25°C) is
assumed for this calculation. Actual degree increments are equivalent
between K and °C. Zero°C is equivalent to 273.2 K. T° in K, therefore,
is 25°  273.2°  298.2 K. R, the molar gas constant, is 1.99 cal/mol K.
C is the molar concentration of primer. H° is calculated as the sum of all
nearest-neighbor H° values for the primer plus the enthalpy contributed
by ‘dangling end’ interactions (template sequence extending past the bases
complementary to the 5 and 3 ends of the primer). A primer will have
two dangling ends when annealing to the template. The enthalpy contribution (H°e) from a single dangling end is 5000 cal/mol. H° is calculated by the following formula:
H ° 

∑ nn (each H °nn )  H °e

(The subscript ‘nn’ designates nearest-neighbor interaction. The subscript
‘e’ designates the dangling-end interaction.)
G°, the free energy, is calculated as the sum of all nearest-neighbor
G° values for the primer plus free energy contributed by the initiation
of base-pair formation (2200 cal/mol) plus the G° contributed by a
single dangling end (1000 cal/mol). It is calculated by the following
formula:
G° 

∑ nn (each G°nn )  G°e  G°i

(The subscript ‘nn’ designates nearest-neighbor interaction. The subscripts
‘e’ and ‘i’ designate dangling-end interactions and initiation of base-pair
formation, respectively.)
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Problem 8.15 A primer with the sequence ATCGGTAACGATTACATTC is
to be used in a PCR at a concentration of 0.4 M. The PCR contains 0.05 M
KCl and 2.5 mM Mg2. Assume two dangling ends. Using the formula
given earlier, what is the oligonucleotide’s Tm?

Solution 8.15
The salt concentrations (K and Mg2) must both be expressed as molar
concentrations. 2.5 mM Mg2 is equivalent to 0.0025 M, as shown here:
2.5 mM Mg2 

1M
 0.0025 M Mg2
1000 mM

The total salt concentration is therefore
(SALT )  (0.05)  4(0.0025)0.5  (0.05)  (0.2)  0.25
As shown in the following table, the sum of the H° nearest-neighbor
interactions is 142 kcal/mol.
Nearest-neighbor
bases

H°

AT
TC
CG
GG
GT
TA
AA
AC
CG
GA
AT
TT
TA
AC
CA
AT
TT
TC
Total H°

8.6
5.6
11.9
11.0
6.5
6.0
9.1
6.5
11.9
5.6
8.6
9.1
6.0
6.5
5.8
8.6
9.1
5.6
142.0
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The H°e value is calculated as follows:
5000 cal/mol
 2 dangling ends  10 000 cal/mol
dangling end
This is equivalent to 10 kcal/mol:
10 000 cal/mol 

kcal/mol
 10 kcal/mol
1000 cal/mol

The total H° is calculated as follows:
H°  142 kcal/mol  (10 kcal/mol)  152 kcal/mol
Therefore, the H° for this primer is 152 kcal/mol. This is equivalent to
152 000 cal/mol:
152 kcal/mol 

1000 cal/mol
 152 000 cal/mol
kcal/mol

As shown in the following table, the sum of the G° nearest-neighbor
interactions is 27.3 kcal/mol.
Nearest-neighbor
bases

G°nn

AT
TC
CG
GG
GT
TA
AA
AC
CG
GA
AT
TT
TA
AC
CA
AT
TT
TC

1.25
1.15
3.05
2.30
1.40
0.85
1.55
1.40
3.05
1.15
1.25
1.55
0.85
1.40
1.15
1.25
1.55
1.15

Total G°

27.3
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The G° for the contribution from the dangling ends is determined as follows:
G °e  2 dangling ends 

1000 cal/mol
kcal/mol
 2 kcal/mol

dangling end 1000 cal/mol

G° is then calculated by adding the values determined earlier to the G°
for initiation of base-pair formation (G°i  2200 cal/mol  2.2 kcal/mol).
G°  27.3 kcal/mol  (2 kcal/mol)  2.2 kcal/mol  27.1kcal/mol
Therefore, G° for this primer is 27.1 kcal/mol, which is equivalent to
27 100 cal/mol:
27.1kcal/mol 

1000 cal/mol
 27100 cal/mol
kcal/mol

The primer is at a concentration of 0.4 M. This is converted to a molar (M)
concentration as follows:
0.4 M 

1M
 4  107 M
1 106 M

Placing these values into the Wetmur and Sninsky equation gives the following relationship:
Tm 

Tm 

Tm 



T ° H °
(SALT)
  269.3
 16.6 log 
1.0  0.7(SALT) 
H °  G °  RT ° ln (C )
298.2  (152 000 )
152 000  (27100 )  1.99(298.2) ln ( 4  107 )


(0.25)
  269.3
 16.6 log 
 1.0  0.7(0.25) 
45 326 400
152 000  27100  (593.4 ) ln ( 4  107 )

 16.6 log[0.21]  269.3

Tm 

45 326 400
 (16.6 )(0.68 )  269.3
124 900  (593.4 )(14.73)

Tm 

45 326 400
 (11.3)  269.3
124 900  (8 , 741)

Tm  339.2  11.3  269.3  58.6°
Therefore, by this method of calculation, the primer has a Tm of 58.6°C.
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8.7 Deoxynucleoside triphosphates (dNTPs)
Deoxynucleoside triphosphates (dATP, dCTP, dGTP, and dTTP) are the building blocks of DNA. They should be added to a PCR in equimolar amounts and,
depending on the specific application, are used in concentrations ranging from
20 to 200 M each. In preparing a series of PCRs, the four dNTPs can be prepared as a master mix, an aliquot of which is added to each PCR in the series.

Problem 8.16 A dNTP master mix is prepared by combining 40 L of
each 10 mM dNTP stock. Four L of this dNTP master mix is added to a
PCR having a final volume of 50 L.
a) What is the concentration of each dNTP in the master mix?
b) What is the concentration of total dNTP in the PCR? Express the concentration in micromolarity.

Solution 8.16(a)
The dNTP master mix contains 40 L of each of the four dNTPs. The total
volume of the dNTP master mix, therefore, is 4  40 L  160 L. Diluting
each dNTP stock into this final volume gives
10 mM each dNTP 

40 L
 2.5 mM each dNTP
160 L

Therefore, the master mix contains 2.5 mM of each dNTP.

Solution 8.16(b)
The total concentration of dNTP in the master mix is 10 mM (2.5 mM
dATP  2.5 mM dCTP  2.5 mM dGTP  2.5 mM dTTP  10 mM total dNTP).
Dilution of 4 L of the dNTP master mix into a 50 L PCR yields the following
concentration:
10 mM total dNTP 

4 L
1 103 M

 800 M total dNTP
50 L
mM

Therefore, the 50 L PCR contains a total dNTP concentration of 800 M.

Problem 8.17 A 50 L PCR is designed to produce a 300 bp amplified
product. The reaction contains 800 M total dNTP. The primers used for
the amplification are an 18-mer and a 22-mer. Assume that neither the
primers nor any other reagent in the reaction are limiting and that the
reaction is 100% efficient.
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a) With a dNTP concentration of 800 M dNTP, how much DNA can be
produced in this reaction?
b) How many copies of the 300 bp fragment could theoretically be
produced?
c) How much primer is required to synthesize the number of calculated
copies of the 300 bp fragment?

Solution 8.17(a)
The first step is to calculate the number of micromoles of dNTP in the
reaction. (800 M dNTP is equivalent to 800 mol dNTP/L.)
800 mol dNTP
1L

 50 L  0.04 mol dNTP
L
1 106 L
Therefore, the reaction contains 0.04 mol of dNTP.
A dNTP is a triphosphate. When added onto an extending DNA strand
by the action of a DNA polymerase, a diphosphate is released. The nt, as
incorporated into a strand of DNA, has a molecular weight of 330 g/mol.
Therefore, the number of micromoles of dNTP is equal to the number of
micromoles of nt of the form incorporated into DNA. The amount of DNA
that can be made from 0.04 mol of nucleotide is calculated by multiplying this amount by the molecular weight of a single nt. Multiplication by a
conversion factor allows expression of the result in micrograms.
0.04 mol nt 

330 g/mol
1mol
1 106 g


 13.2 g
6
nt
g
1 10 mol

Therefore, 0.04 mol of dNTP can theoretically be converted into 13.2 g
of DNA.

Solution 8.17(b)
A 300 bp PCR fragment, since it is double-stranded, consists of 600 nts.
Each PCR fragment is made by extension of annealed primers. The primers
in this reaction are 18 and 22 nts in length. Forty nts (18 nt  22 nt  40 nt)
of each PCR fragment, therefore, are made up from primer. Another
560 nts (600 nt  40 nt from the primer) of each PCR fragment are
made from the dNTP pool. The 560 nts represent one copy of the target
sequence. Their weight is calculated as follows:
560 nt
330 g
1mol nt
1 106 g 3.1 1013 g




23
copy
mol nt 6.023  10 nt
g
copy
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Therefore, each copy of PCR fragment contains 3.1  1013 μg of nt contributed from the dNTP pool. Multiplying this value by the amount of DNA
that can be made from the dNTPs (13.2 μg, as calculated in Solution 8.17a)
gives the following result:
1 copy
 13.2 μg  4.3  1013 copies
3.1 1013 μg
Therefore, the dNTPs in this reaction can synthesize 4.3  1013 copies of
the 300 bp PCR fragment.

Solution 8.17(c)
Since the primers are incorporated into each copy of the PCR product, the
number of micromoles of primers needed to synthesize 4.3  1013 copies is
equivalent to the number of micromoles of product. To solve this problem,
then, the number of micromoles of 300 bp product must first be determined:

4.3  1013 copies 

1mol
1 106μmol

23
mol
6.023  10 copies
 7.1 105 μmol 300 bp product

Therefore, 7.1  105 μmol of primer in the 50 μL reaction are needed. To
convert this value to a micromolar concentration, the quantity is expressed
as an amount per liter:
7.1 105 μmol primer 1 106 μL 1.4 μmol primer


 1.4 μM primer
50 μL
L
L
Therefore, each primer must be present in the reaction at a concentration of 1.4 μM to support the synthesis of 4.3  1013 copies of 300 bp PCR
product when the total dNTP concentration is 800 μM.

8.8 DNA POLYMERASE
A number of DNA polymerases isolated from different thermophilic bacteria have been successfully used for PCR amplification. Although they may
have varying characteristics as to exonuclease activity, processivity, fidelity,
and specific activity, they have been chosen as suitable for PCR because
they are thermally stable; they retain their activity even after repeated exposure to the high temperatures used to denature the template nucleic acid.
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Problem 8.18 Two units of Taq DNA polymerase are added to a
100 L PCR. The enzyme has a specific activity of 292 000 units/mg and
a molecular weight of 94 kilodaltons (kDa). How many molecules of the
enzyme are in the reaction?

Solution 8.18
Solving this problem requires the use of Avogadro’s number (6.023  1023
molecules/mol). A molecular weight of 94 kDa is equivalent to 94 000 g/mol.
These values are incorporated into the following equation to give the
number of enzyme molecules:
2 units enzyme 

mg
g
mol


292 000 units enzyme 1000 mg 94 000 g


6.023  1023 molecules
 x molecules
mol

Simplifying the equation gives the following result:
1.2  1024 molecules
 4.4  1010 molecules
2.7  1013
Therefore, the reaction contains 4.4  1010 molecules of Taq DNA
polymerase.

8.8.1 Calculating DNA polymerase’s error rate
All DNA polymerases, including those used for PCR, display a certain
misincorporation rate by which a base other than that complementary to
the template is added to the 3 end of the strand being extended. Most
DNA polymerases have a 3 to 5 exonuclease ‘proofreading’ function that
removes incorrect bases from the 3 end of the extending strand. Once the
incorrect base has been removed, the polymerase activity of the enzyme
adds the correct base and extension continues.
Hayashi (1994) describes a method for calculating the fraction of product fragments having the correct sequence after a PCR. It is given by the
following equation, yielding the percent of PCR fragments containing no
errors from misincorporation:
F ( n) 

[1  E ( P )]n
 100
( E  1)n
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where F(n) is the fraction of strands with correct sequence after n cycles;
E is the efficiency of amplification; n is the number of cycles; and P is the
probability of producing error-free PCR fragments in one cycle of amplification in a no-hit Poisson distribution, where  in the Poisson equation,
P  er/r!, is equal to the DNA polymerase error rate multiplied by the
length of the amplicon in nts.
Calculating probability by Poisson distribution was described in Chapter 3
for analysis of the fluctuation test. It utilizes the general formula
P

eλλr
r!

where e is the base of the natural logarithm system and r designates the
number of ‘hits.’ r! (r factorial) designates the product of each positive
integer from r down to and including 1. For the zero (‘no hit’ or no errors
incorporated) case, r  0 and the Poisson equation becomes
P

eλλ 0
0!

When solving P for the no-hit case, remember first that 0! is equal to 1 and
second that any number raised to the exponent 0 is equal to 1. The no-hit
case is then
P

eλ (1)
 eλ
1

Problem 8.19 Under a defined set of reaction conditions, Taq DNA
polymerase is found to have an error rate of 2  105 errors per nt
polymerized. An amplicon of 500 bp is synthesized in the reaction. The
reaction has an overall amplification efficiency of 0.85. After 25 cycles,
what percent of the fragments will have the same sequence as that of
the starting template (i.e., will not contain errors introduced by the DNA
polymerase)?

Solution 8.19
The Poisson distribution probability for the no-hit case is given by the following equation:
P

eλλ 0
0!
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For this problem,  is equal to the error rate multiplied by the amplicon
size, given by the following equation:
λ  (2  105 )(500 )  0.01
Substituting this  value into the Poisson equation gives the following
relationship:
P  e0.01  0.99
(To find e0.01 on a calculator, enter 0.01, change the sign by pressing
the / key, then press the ex key (on some calculators, it may be necessary first to press the SHIFT key to gain access to the ex function.))
Bringing the value for P into the equation for calculating the percentage
of PCR fragments with no errors gives the following equation:

F ( n) 

[1 E ( P )]n
 100
(E  1)n

F ( n) 

[1 0.85 (0.99 )]25
 1 00
(0.85  1)25

Simplifying the equation gives the following relationship:

F ( n) 

[1.84 ]25
 100
(1.85)25

Both the numerator and the denominator must be raised to the 25th
power. To determine [1.84]25 on a calculator, enter 1.84, press the xy key,
enter 25, then press the  key.
The equation then gives the following result:

F ( n) 

4.17  106
 100  87.2
4.78  106

Therefore, after 25 cycles, 87.2% of the amplicons will have the correct
sequence.
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8.9 Quantitative polymerase chain
reaction (PCR)
The ability to measure minute amounts of a specific nucleic acid can be
crucial to obtaining a thorough understanding of the processes involved
in gene expression and infection. Because of the PCR’s unique sensitivity and because of its capacity to amplify as few as only several molecules
to greater than a million-fold, it has been exploited for use in nucleic acid
quantitation. No other technique can be used to detect so small an amount
of target so efficiently or so quickly. Although a number of different
schemes have been devised to employ the PCR as a quantitative tool, the
technique called competitive PCR has emerged as the most reliable, noninstrument-based approach.
In a competitive PCR assay, a series of replicate reaction tubes is prepared
in which two templates are coamplified. One template, the target sequence
being quantified (its quantity is unknown), is added as an extract in identical volumes to each tube. Depending on the application, this target template might be RNA transcribed from an induced gene of interest or an
RNA present in biological tissue as a consequence of viral infection. The
other template is a competitor added to each PCR as a dilution series in an
increasing and known amount. The two templates, the target and the competitor, to ensure that they will be amplified with the same efficiency, have
similar but distinguishable lengths, similar sequence, and the same primerannealing sequences. If RNA is the nucleic acid to be quantified, then the
competitor template should also be RNA. The RNAs must first be reverse
transcribed into cDNA prior to PCR amplification. (The technique used to
prepare cDNA from RNA followed by PCR amplification is termed RTPCR.) During reverse transcription and PCR, the competitor template competes with the target sequence for the primers and reaction components.
Following amplification, the reaction products are separated by gel electrophoresis. The amount of product in each band can be determined by several different methods. If a radioactively labeled dNTP is included in the
PCR, autoradiography or liquid scintillation spectrometry can be used to
detect the relative amounts of product. Staining with ethidium bromide and
gel photography can be used in conjunction with densitometric scanning to
quantitate products. If fluorescent dye-labeled primers are used, the products can be quantitated on an automated DNA sequencer.
If quantitation is done either by assessing radioisotope incorporation or by
fluorescent/densitometric scanning of an ethidium bromide-stained gel, the
quantities obtained for the smaller fragments must be corrected to reflect
actual molar amounts. For example, smaller DNA fragments will incorporate
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less ethidium bromide than larger fragments, even though the actual number
of molecules between them may be equivalent. Smaller fragments, therefore,
will fluoresce less intensely. To be able to compare their quantities directly,
the amount of the smaller fragment should be multiplied by the ratio of bp
of the larger fragment to bp of the smaller fragment.
In any PCR, the amount of PCR fragment produced is proportional to the
amount of starting template. The ratio of PCR products in the competitive PCR assay reflects the amount of each template initially present in the
reaction. However, the total amount of PCR product cannot exceed some
maximum value as limited by the amounts of dNTP or active Taq polymerase. As the amount of competitor template is increased in the series of
reactions, the amount of product from the target template being quantitated
will decrease as the competitor effectively competes for the reaction components. In that reaction, where the initial amounts of target and competitor
template are equivalent, equal amounts of their products will accumulate.
Therefore, at the point where the quantity of the product from the target
and the quantity of the product from the competitor template are equal (the
equivalence point), the starting concentration of target prior to RT-PCR is
equal to the known amount of starting competitor template in that reaction.
It is unlikely that, by chance, any one reaction in the series will produce
exactly equivalent amounts of product. The equivalence point, therefore,
must be determined by constructing a plot relating the logarithm of the
ratio of the amount of competitor PCR product/amount of target PCR product to the logarithm of the amount of initial competitor template. Although
such a plot may suggest a straight line, regression analysis will need to be
conducted to estimate the line of best fit through the data points. The equivalence point on the regression line is equal to 0 on the y axis. (At the equivalence point, the ratio of competitor/target is equal to 1. The logarithm of
1 is 0.) Regression will be described more fully in the following problem.

Problem 8.20 Ten reaction tubes are prepared for the quantitation of
an RNA present in an extract from viral-infected cells. Ten L of extract
are placed in each of the 10 tubes. Into the reaction tubes are placed a
competitor RNA having the same primer-annealing sites as the target
RNA and a similar base sequence. The competitor template is added to
the 10 tubes in the following amounts: 0, 2, 10, 20, 50, 100, 250, 500, 1000,
and 5000 copies. Each reaction is treated with reverse transcriptase to
make cDNA. The reactions are then amplified by PCR. RT-PCR of the target
RNA yields a fragment 250 bp in length, while that of the competitor
template produces a 200 bp fragment. Following amplification, the
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products are run on a 2% agarose gel in the presence of 0.5 g/mL
ethidium bromide. A photograph of the gel is taken under UV light, and
the fluorescence intensity of each band is quantitated by densitometric
scanning. The results shown in Figure 8.1 are obtained. Densitometric
scanning gives the values presented in Table 8.3.

Reaction
1

2

3

4

5

6

0

2

10

20

50

7

8

9

10

250 bp
200 bp
100 250 500 1000 5000

Copies of competitor template

n Figure 8.1
������� �������� Agarose gel of competitive polymerase chain reaction (PCR) assay. The target yields a
250 bp product. The competitive template yields a 200 bp product.

Table 8.3 Scanning data for the gel photograph in Figure 8.1.
Reaction
tube

1
2
3
4
5
6
7
8
9
10

Copies of
competitor
added
0
2
10
20
50
100
250
500
1000
5000

Scanning
density of
competitor RTPCR product
0
3 298
8 686
7 761
14 590
16 477
21 994
25 050
26 598
31 141

Scanning
density of target
RT-PCR product
24 822
28 437
18 218
16 872
13 520
11 212
7 115
5 173
5 091
1 951

Solution 8.20
The PCR product generated from the competitor RNA is smaller than that
generated by the target RNA. When run on an agarose gel and stained
with ethidium bromide, smaller fragments will stain with less intensity
than larger fragments, even though their molar amounts may be equivalent, because the shorter molecules will bind less ethidium bromide. To be
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Table 8.4 Corrected scanning density values for the 200 bp
competitor RNA polymerase chain reaction (PCR) product for
Problem 8.20. Each value is multiplied by 250/200 (bp size of target
PCR product/bp size of competitor RNA PCR product). For example,
for reaction two, 3298  250/200  4123.
Reaction
tube

1
2
3
4
5
6
7
8
9
10

Copies of
competitor
Added

0
2
10
20
50
100
250
500
1000
5000

Scanning
density of
competitor
RT-PCR
product

Corrected
competitor
PCR product
scanning
density

0
3 298
8 686
7 761
14 590
16 477
21 994
25 050
26 598
31 141

0
4 123
10 858
9 701
18 238
20 596
27 492
31 312
33 247
38 926

able to directly compare the amount of competitor PCR product to that
of the target, the scanning density values of the competitor must be corrected by multiplying them by the ratio of the size of the larger fragment
over the smaller fragment. For this experiment, the product generated by
the target RNA is 250 bp. That generated by the competitor RNA is 200 bp.
Therefore, the scanning density values for each competitor product
should be multiplied by 250/200. These values are entered in Table 8.4.
The y axis for our plot will be the log of the corrected competitor PCR
product scanning density/target PCR product scanning density. Table 8.5
presents these values. The x axis is the log of the number of copies of competitor RNA added to each PCR in the assay. Table 8.6 provides these values. A plot can now be generated using log copies of competitor RNA on
the x axis and log competitor/target on the y axis (Figure 8.2).
The points on the graph in Figure 8.2 suggest a straight-line relationship,
but not all points fall exactly on a straight line. Such a graph is called a
scatter plot because the points are scattered across the grid. The object
then becomes to draw a line through the scatter plot that will best fit the
data. Such a best-fit line can be calculated by a technique called regression analysis (also called linear regression or the method of least
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Table 8.5 Competitor polymerase chain reaction (PCR) product
scanning density divided by the target PCR product scanning
density is given in the fourth column. The log of these values
(y axis values) are shown in the fifth column.
Reaction
tube

Corrected
competitor
PCR product
scanning
density

1
2
3
4
5
6
7
8
9
10

0
4 123
10 858
9 701
18 238
20 596
27 492
31 312
33 247
38 926

Scanning
density of
target RTPCR product

Competitor
divided by
target

24 822
28 437
18 218
16 872
13 520
11 212
7 115
5 173
5 091
1 951

–
0.145
0.596
0.575
1.349
1.837
3.864
6.053
6.531
19.953

Log of
competitor
divided by
target
–
–0.839
–0.225
–0.240
0.130
0.264
0.587
0.782
0.815
1.300

Table 8.6 Log values for the number of copies of competitor RNA
placed in each tube of the quantitative PCR assay for Problem 8.20.
For example, for reaction two, in which two copies of the competitive
template RNA are placed in the reaction, the log of 2 is 0.3.
Reaction tube
1
2
3
4
5
6
7
8
9
10

Copies of competitor
added
0
2
10
20
50
100
250
500
1000
5000

Log of competitor
copies
–
0.3
1.0
1.3
1.7
2.0
2.4
2.7
3.0
3.7
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Log competitor/Target

1.5
1
0.5
0
–0.5
–1

0 0.5 1 1.5 2 2.5 3 3.5 4
Log copies of competitor RNA

n Figure 8.2
������� �������� Scatter plot of log competitor/target vs. log copies of competitor RNA.

squares). The values on the x axis are called the independent or predictor variables. They are chosen by the experimenter and are therefore not
random. (In this example, the log of the number of copies of competitor
RNA placed in the series of competitive PCRs is the independent variable.)
The values on the y axis are the dependent or response variables. (In
this example, the log of the corrected fluorescence of the competitor PCR
product gel band divided by the fluorescence of the target PCR product
band is the dependent variable.) Regression analysis creates a best-fit line
that minimizes the distance of all the data points from the line. The regression line drawn to best fit the scatter plot has the formula
y  mx  b
This equation, in fact, describes any straight line in two-dimensional
space. The y term is the variable in the vertical axis, m is the slope of the
line, x is the variable on the horizontal axis, and b is the value of y where
the line crosses the vertical axis (called the intercept).
For the best-fit regression line,
b  y  mx
where y (overstrike) is the mean y value, x (overstrike) is the mean
x value, and
n

m

∑ ( xi  x )( yi  y )
i1

n

∑ ( x i  x )2
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Table 8.7 Calculation of the sum of all x and y values.
Reaction

2
3
4
5
6
7
8
9
10
Total

Xi (log copies
of competitor
added (see Table 8.6))
0.3
1.0
1.3
1.7
2.0
2.4
2.7
3.0
3.7
18.1

Yi (log of competitor
divided by target
(see Table 8.5))
0.839
0.225
0.240
0.130
0.264
0.587
0.782
0.815
1.300
2.574

where n designates the number of reactions (the number of data points),
i refers to a specific PCR in the series of competitive reactions (i  1 to n),
and  is used as summation notation to indicate the sum of all terms in
the series for each value of i.
We can now use our data to determine the regression line. The first step
is to calculate the mean values for xi and yi. This is done by adding all the
values for xi and yi (Table 8.7) and then dividing each sum by the total
number of samples used to obtain that sum. (The values for reaction one,
in which no competitor template was added, will not be used for these
calculations because this reaction provides no useful information other
than to give us peace of mind that a 200 bp product would not be produced in the absence of competitor template.)
The mean value for x is calculated as follows:
x

18.1
 2.0
9

The mean value for y is calculated as follows:
y

2.574
 0.286
9

The values for m and b in the equation for the regression line can now be
calculated. Table 8.8 gives the values necessary for these calculations.
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Table 8.8 Calculation of values necessary to determine m and b for
the regression line of best fit.
xi

yi

(xi  )

(yi  )

(xi  )2

(yi  )2

(xi  )
3 (yi  )

0.3
1.0
1.3
1.7
2.0
2.4
2.7
3.0
3.7
18.1

0.839
0.225
0.240
0.130
0.264
0.587
0.782
0.815
1.300
2.574

1.7
1.0
0.7
0.3
0.0
0.4
0.7
1.0
1.7

1.125
0.511
0.526
0.156
0.022
0.301
0.496
0.529
1.014

2.89
1.00
0.49
0.09
0.00
0.16
0.49
1.00
2.89
9.01

1.266
0.261
0.277
0.024
0.000
0.091
0.246
0.280
1.028
3.473

1.913
0.511
0.368
0.047
0.000
0.120
0.347
0.529
1.724
5.559

From Table 8.8, we have the following values:
9

∑ ( x i  x )2  9.01
and
9

∑ ( x i  x )( y i  y )  5.559
i1

With these values, we can calculate m:
9

m

∑ ( xi  x )( yi  y )
i1

9

∑ ( x i  x )2



5.559
 0.617
9.01

Knowing the value for m, the value for b can be calculated:
b  y  mx
 0.286  0.617(2.0 )
 0.286  1.234  0.948
Therefore, substituting the m and b values into the equation for a straight
line gives
y  0.617 x  (0.948 )
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Log competitor/Target

1.5
1
0.5
0
–0.5
–1

0 0.5 1 1.5 2 2.5 3 3.5 4
Log copies of competitor

n Figure 8.3
������� �������� Line of best fit using the regression equation y  0.617x  (0.948).
A regression line can now be plotted. Since a line is defined by two
points, we need to determine two values for the equation y  mx  b.
The regression line always passes through the coordinate (x (overstrike),
y (overstrike)), in this example (2.0, 0.286). For a second point, let us set x
equal to 3.5. (This choice is arbitrary; any x value within the experimental
range will do.) Solving for y using our regression line equation gives
y  0.617(3.5)  (0.948 )
y  2.160  0.948
y  1.212
Plotting these two points, (2.0, 0.286) and (3.5, 1.212), and drawing a
straight line between them gives the line of best fit (Figure 8.3).
The equivalence point can be calculated using our equation for the regression line and setting y equal to 0, as shown in the following equation:
y  0.617 x  (0.948 )
0  0.617 x  0.948
0.948  0.617 x
0.948
x
0.617
x  1.536
Since this number represents the log10 value of the copies of the competitor, we must find its antilog. On a calculator, this is done by entering 1.536
and then pressing the 10x key.
antilog10 1.536  34
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error
Regression line

yi
Regression

y–

n Figure 8.4
������� �������� Error is the amount yi deviates from ŷi.

Therefore, the aliquot of cell extract contains 34 copies of mRNA template.
How closely the regression line fits the data (or how closely the data
approaches our best-fit regression line) can be determined by calculating
the sum of the squared errors, a measure of the total spread of the y values from the regression line. To do this, we will define ŷ i as the value for
yI that lies on the best-fit regression line for each value of xi, such that
ŷ i  a  bx i
Error is defined as the amount yi deviates from ŷ i and is represented by
the vertical distance from each data point to the regression line (Figure
8.4). Regression measures the difference between the ŷ i value and the
mean for y (y ).
The measure of how well the regression line fits the plot is given by the
squared correlation, R2. It is the proportion of the total (y  y )2 values
accounted for by the regression, or a measure of how many yi values fall
directly on the best-fit regression line. It is given by the following equation, using the square of the regression values for each point:
n

R2 

∑ (yˆ i  y )2
i 1
n

∑ (y i  y )2
i 1

R2 can also be calculated using the error values for each point. It is found
using the following formula:
n

R2  1 

∑ (y i  yˆ )2
i 1
n

∑ (yi  y )2
i =1
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Table 8.9 Values for calculating R2.
xi

Regression

yi

0.3
0.839
1.0
0.225
1.3
0.240
1.7
0.130
2.0
0.264
2.4
0.587
2.7
0.782
3.0
0.815
3.7
1.300
Totals

0.763
0.331
0.146
0.101
0.286
0.533
0.718
0.903
1.335

1.049
0.617
0.432
0.185
0.000
0.247
0.432
0.617
1.049

1.100
0.381
0.187
0.034
0.000
0.061
0.187
0.381
1.100
3.431

Error

0.076
0.106
0.094
0.029
0.022
0.054
0.064
0.088
0.035

0.006
0.011
0.009
0.001
0.000
0.003
0.004
0.008
0.001
0.043

Table 8.9 provides the values necessary to calculate R2 by either method.
Previously, it was calculated that the mean for x is 2.0 and the mean for
y is 0.286. Values for ŷ i are calculated using the equation
ŷ i  mx i  b
where b is equal to 0.948 and m is equal to 0.617 (as calculated previously).
From Table 8.9, the following values are derived:
9

∑ (yˆ i  y )2  3.431
i1
9

∑ (y i  yˆ i )2  0.043
i 1

The sum of (yi  y )2 was calculated in Table 8.8 and was determined to be
3.473. Using the first equation for calculating R2 gives the following result:
n

R2 

∑ (yˆ i  y )2
i 1
n

∑ (y i  y )2
i =1

R2 

3.431
 0.988
3.473
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The same result is obtained using the alternate method:
n

R2  1 

∑ (y i  yˆ )2
i 1
n

∑ (yi  y )2
i 1

R 2  1

0.043
3.473

 1 0.012  0.988
Therefore, the plotted regression line has an R2 value of 0.988.
The closer the R2 value is to 1.0, the better the fit of the regression line.
An R2 value of 1.0 corresponds to a perfect fit; all values for y lie on the
regression line. In real-world experimentation, R2 will be less than 1.0. R2
will equal zero if xi and yi are completely independent; that is, in knowing
a value for xi, you will in no way be able to predict a corresponding value
for yi. An R2 value of 0 might be expected if the scatter plot is completely
random; that is, if there are data points all over the graph, with no relationship between x and y.
An alternate measure of how well the regression line fits the plot of experimental data is given by the correlation coefficient, r, represented by the
equation
r  (sign of m) R 2
where r is a positive value if the regression line goes up to the right (has a
positive slope) and negative if the line goes down to the right (has a negative slope). If a relationship exists such that if one value (x) changes then
the other (y) does so in a related manner, the two values are said to be
correlated. The value of r ranges from 1 to 1, with 1 indicating a perfect
linear relationship between x and y, and a positive slope, 1, indicating a
perfect linear relationship with a negative slope. Zero indicates no linear
relationship.
For this example, m is a positive value (0.617) and the equation for r is
r  R2
 0.988  0.994
Therefore, the regression line has a correlation coefficient, r, of 0.994.
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Chapter summary

The polymerase chain reaction (PCR) is used to amplify a specific segment
of DNA and has applications in gene cloning, DNA sequencing, mutation detection, and forensics. The PCR process generates replicated DNA
strands (assuming perfect efficiency) at a rate of 2n, where n is equal to the
number of cycles of denaturation, annealing, and extension. As PCRs are
not 100% efficient, amplification is more accurately expressed as
Y  (1  E )n
where Y is the degree of amplification, n is the number of PCR cycles, and
E is the mean amplification efficiency. The number of copies of starting
template, X, can be incorporated into the amplification equation as follows:
Y  X (1  E )n
The target stand’s melting temperature (Tm) can be calculated as


[SALT]
500
  0.41(%G  C) 
Tm  81.5  16.6 log 
1.0  0.7[SALT] 
L
where L  the length of the amplicon in bp. %G  C is calculated using
the formulae
%G  C 

G  C bases in the amplicon
 100
total number of bases in the amplicon

and
[SALT]  [K ]  4[ Mg2 ]0.5
In this last equation, any other monovalent cation, such as Na, if in the
PCR, can be substituted for K.
There are several methods for calculating the Tm of the PCR primers. For
short primers (between 14 and 20 nts in length), a quick calculation of
primer Tm can be performed using the simple equation
Tm  2°(A  T)  4°(G  C)
which takes into account the number of times each nt residue appears
within the oligonucleotide. Another formula frequently used to calculate
Tm is the following:
Tm  81.5°  16.6(log[ M + ])  0.41(%G  C)  (500/N )
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where [M] is the concentration of monovalent cation in the PCR (for most
PCRs, this would be KCl) expressed in moles per liter and N is equal to the
number of nts in the primer. The %G  C term in this equation should not
be expressed as a decimal (50% G  C, not 0.50 G  C). This formula
takes into account the salt concentration, the length of the primer, and the
G  C content. It can be used for primers that are 14–70 nts in length. The
most rigorous method for calculating primer Tm is by using nearest-neighbor
interactions:
Tm 



T ° H °
(SALT )
  269.3
 16.6 log 
1.0  0.7(SALT ) 
H °  G°  RT ° ln (C )

where
(SALT )  (K )  4(Mg2 )0.5
and T° is temperature (in degrees Kelvin), H° is the enthalpy change,
G° is the standard free-energy change, R is the molar gas constant, and
C is the molar primer concentration.
The concentrations of primer, dNTPs, magnesium, template, DNA polymerase and all other components can be determined by standard dimensional
analysis.
A DNA polymerase’s error rate during PCR amplification can be calculated as
F ( n) 

[1  E ( P )]n
 100
( E  1)n

where F(n) is the fraction of strands with correct sequence after n cycles,
E is the efficiency of amplification, n is the number of cycles, and P is
the probability of producing error-free PCR fragments in one cycle of
amplification in a no-hit Poisson distribution. Calculating probability by
Poisson distribution utilizes the general formula
P

eλλr
r!

where e is the base of the natural logarithm system and r designates the
number of ‘hits.’ r! (r factorial) designates the product of each positive
integer from r down to and including 1. Here,  in the Poisson equation
P  er/r! is equal to the DNA polymerase error rate multiplied by the
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length of the amplicon in nts. For the zero (‘no hit’ or no errors incorporated) case, r  0 and the Poisson equation becomes
P

eλλ 0
0!

The polymerase chain reaction can be used to quantitate nucleic acids in a
competitive reaction between an unknown template and a dilution series of
known, calibrated template. Linear regression is used to determine the equation for the line of best fit that can then be used to calculate the equivalence
point, where the starting concentration of target prior to PCR is equal to the
known amount of starting competitor template in the competitive PCR. At the
equivalence point, y in the equation for a straight line (y  mx  b) is set to
zero. Calculating m and b from the regression line allows us to determine x at
y equal to zero. The antilog of x yields the starting number of template copies.
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Introduction

9

The real-time polymerase
chain reaction (RT-PCR)

Since its introduction in 1983, PCR has found extensive use in a wide range
of applications including gene cloning, gene mapping, mutation detection,
DNA sequencing, and human identification. As discussed in the preceding
chapter, PCR is also a valuable tool for measuring gene expression, and an
example of the technique known as competitive PCR is shown as one of the
methods that can be used to calculate the amount of mRNA made during the
transcription of a specific gene. Since the PCR products synthesized in that
protocol are separated and quantified by gel electrophoresis, the method is
an end point assay. That is, the products are analyzed after the reaction that
makes them has completed. Innovations in both instrumentation and in fluorescent dye chemistry have spurred the rapid development of methods that
can detect PCR products as they are being made, in real time.
A number of real-time PCR methods have been described but two have
emerged as the most popular. One uses a DNA-binding molecule called
SYBR® green, a dye that binds to dsDNA but not to ssDNA and, when so
bound, fluoresces. During the cycling reaction, the sample will produce an
increasing amount of fluorescent signal as more and more double-stranded
product is generated to which the SYBR green dye can attach. The amount
of fluorescence in the reaction at any particular time, therefore, is directly
related to the number of dsDNA molecules present in the reaction. The
downside of SYBR green, however, is that it will bind and fluoresce all
double-stranded products in the reaction whether they are specific products, nonspecific products, primer dimers, or other amplification artifacts.
The other real-time PCR method is known as the TaqMan® or 5 nuclease assay. It uses a dye-labeled probe that anneals to one of the template
strands close to and downstream from one of the two PCR primers. A
fluorescent dye, referred to as the reporter, is attached to the probe’s 5
end. On the probe’s 3 end is another molecule, called a quencher, which
absorbs the energy from the light source used to excite the reporter dye.
When the reporter and the quencher are connected to each other through
the intervening probe, the quencher reduces the fluorescent signal of the
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00009-7
© 2010 Elsevier Inc. All rights reserved.
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reporter dye. However, during PCR, Taq DNA polymerase, extending the
primer on the probe’s target strand, displaces and degrades the annealed
probe through the action of its 5 to 3 exonuclease function. The reporter
dye is thereby released from its molecular attachment to the quencher and
it fluoresces. The more PCR product generated, the more probe that can
bind to that product. The more probe bound, the more reporter dye released
during the amplification process and the more signal generated. Fluorescent
signal, therefore, is directly related to the amount of input template.
Whether using SYBR green or TaqMan® probes, the relationship between
signal intensity and the amount of template in a real-time PCR provides a
reliable means to both quantitate nucleic acids and to assay for the presence or absence of specific gene sequences.

9.1 The phases of real-time PCR
In a PCR, the target DNA sequence is amplified at an exponential rate –
one template is replicated into two products, two into four, four into eight,
etc. As a first approximation, that statement is true enough. Exponential
amplification, however, cannot be sustained forever. Usually by the 35th
cycle (but depending on a number of factors), the reaction has slowed its
pace. The primers and dNTPs are no longer in abundant excess, the DNA
polymerase has lost a degree of its activity, complete denaturation becomes
less efficient, and products are broken down by the polymerase’s nuclease
activity. As these events begin to happen, the reaction enters a linear phase
(Figure 9.1), in which the template fails to double completely. Eventually,
by the 40th cycle, the reaction has entered a plateau phase, in which amplification has all but ceased.
Real-time PCR relies on the ability of the instrument to detect that fractional cycle of amplification where sufficient PCR product has accumulated
to generate a signal above the background fluorescent noise – the signal
at the limits of the instrument’s detection that fluctuates during the early
cycles of the amplification. The PCR cycle number at which signal can be
discriminated from background noise is referred to as the cycle threshold
or, by abbreviation, the CT value. It is axiomatic in PCR that, all things
being equal (no inhibition or instrument anomalies), the greater the amount
of input nucleic acid used as starting template, the greater the amount of
product that can be made and the sooner it can be detected. So it is with
real-time PCR: the greater the amount of starting template, the sooner the
cycle threshold is reached and the lower the CT value. This forms the basis
of DNA quantification. For a 100% efficient real-time PCR, the amount of
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n Figure 9.1 The three phases of a real-time polymerase chain reaction (PCR). The exponential phase

actually begins as early as the third cycle. However, the instrument cannot detect the products generated in the
early cycles. The plot shows PCR cycle number on the x axis and normalized reporter signal (Rn) on the y axis.
Rn is the ratio of the fluorescent signal intensity of the reporter dye to the fluorescent signal intensity of a passive
reference dye (usually the red dye ROX) present in all reactions.

product doubles each cycle. One makes two, two makes four, four makes
eight, eight makes sixteen, and so on. Likewise, a change in a CT value
of one (from a higher to a lower value) represents a doubling of the target molecule. A change of two CT values represents a four-fold increase in
the amount of target. A change of three CT values represents an eight-fold
increase in amplified target, and so on. Mathematically, a fold change in
the CT value (CT) is equal to 2CT (CT  2CT fold difference).
The CT value is automatically determined by the real-time PCR instrument’s software but it can also be set manually, in which case the operator determines a threshold line. The threshold line, whether determined
automatically or manually, defines the CT value by where it intersects the
amplification curve. The threshold cycle should be designated within that
exponential area of the amplification curve where reaction components
are in an abundant, nonlimiting supply. On the real-time PCR instruments
manufactured by Applied Biosystems, the threshold, by default, is set at
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ten standard deviations above the mean baseline fluorescent signal generated during the early amplification cycles (typically between the third and
fifteenth cycle).

Problem 9.1 Two DNA samples, A and B, are run in a real-time PCR
experiment in which the β-actin gene is assayed. Sample A yields a CT
value of 21.8. Sample B yields a CT value of 23.2. What is the fold increase
in the amount of target in Sample A over Sample B?
Solution 9.1
The fold increase is given by
Fold increase  2ΔCT
The ΔCT, the difference between the two CT values, is
ΔC T  21.8  23.2  1.4
The fold increase is then
2ΔCT  2(1.4 )  21.4  2.64
Therefore, there is a 2.64-fold difference in the amount of amplified product in Sample A compared to Sample B.
If the ΔCT is a positive number – if we had subtracted 21.8 from 23.2 to
give us 1.4 – the exponent would be negative and this would give us a
fraction:
2ΔCT  21.4  0.379
Because there is an inverse relationship between the C T value and template amount – the lower the CT value, the greater the amount of amplifiable template present – to determine the fold increase between the two
samples, we would need to take the reciprocal of the calculated value
(divide 1 by the value) to give the fold increase:
1/ 0.379  2.64
And again, we show a 2.64-fold increase in Sample A over Sample B.
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9.2 Controls
A typical real-time PCR experiment will include several controls. A no
template control (NTC) is a reaction that carries all the reagents, primers,
and probes necessary for a real-time PCR except for the template DNA.
The NTC is used to see whether signal can be generated in the absence of
a target nucleic acid. It can detect contamination and any type of primer or
probe interactions that can produce fluorescent signal that might confound
the results.
An exogenous control is a well-characterized nucleic acid or a synthesized
construct of RNA or DNA spiked into each reaction at a known concentration. It can serve as an internal positive control (IPC) to differentiate between PCR inhibition and a true negative reaction. It is also used to
account for problems of inconsistency that might occur when preparing the
Master Mix. An endogenous control is a nucleic acid present in the preparation of the target gene that, with the appropriate primers and probe, can
also be detected in the real-time PCRs. It can serve as an active reference
to normalize for any differences in the amount of total mRNA target added
to the real-time PCR.
Real-time PCRs must also be normalized for signal intensity. Normalization,
the correction for fluctuations in signal intensity between what should be
identical samples, is performed at two levels, one to correct for variation in
the concentration of PCR reagents and the other to compensate for differences in the amounts of RNA isolated from different tissue samples (when
using real-time PCR to measure gene expression). Many real-time PCR
experiments are performed in microtiter plates having anywhere from 48 to
384 wells, each containing a sample and amplification reagents. Pipetting
that many components in parallel can introduce sample-to-sample variation –
some wells may get more or less reagents than others. Differences in component concentration between parallel samples can result in variability in
the calculated levels of the genes under study. This variability can be corrected for by including a passive reference within the PCR mix against
which the signal generated during amplification is compared. In the mixes
supplied by Life Technologies, this passive reference is the dye known as
ROX (red to the optics of the ABI instruments). It is called a passive reference because it neither participates as a necessary component of the amplification nor does it inhibit it. It merely glows red.
Imagine that you are doing a real-time PCR gene expression experiment
and into one well of the microtiter plate you accidentally place 200 ng
of total mRNA isolated from liver cells and into another you place only
100 ng of total mRNA isolated from muscle cells. Even if, in actuality, the
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target gene is expressed at equivalent levels in both cell types, it would
appear that the gene in liver cells was expressed two-fold higher than in
muscle cells. Normalization, in which the signal intensity of the reference
dye is divided by the signal intensity of the passive reference dye, can correct for this discrepancy. This yields a value called Rn, for normalized
reporter (see Figure 9.1).

9.3 A
 bsolute quantification 
by the taqman assay
The goal of absolute quantification is to determine the actual concentration of a nucleic acid within a sample. That concentration may be expressed
by weight or by copy number but, either way, it requires that a standard
curve be generated from a serially diluted DNA sample having a concentration determined by independent means. If prepared properly, the diluted
standards will yield a straight line when their CT values are plotted against
the log of the DNA concentration for each dilution. For most applications,
the target on the standard is a single-copy gene – a gene present only once
in a haploid genome. An unknown DNA sample, assayed using the same
amplification primers and TaqMan probe as those used for the standard, is
quantified based on its CT value compared to the standard curve. For the
most accurate results, the concentration of the unknown sample should fall
within the bounds of the concentrations represented by the standard.

9.3.1 Preparing the standards
As the instruments used for data collection are capable of detecting such a
large dynamic range of fluorescent signal, the DNA standard can be diluted
over several orders of magnitude. The following problem will demonstrate
how these dilutions are prepared.

Problem 9.2 The Quantifiler™ Human DNA Quantification Kit marketed
by Life Technologies for quantification of forensic DNA samples contains
a human DNA standard with a concentration of 200 ng/L. The protocol
requires that you make a series of eight dilutions of the standard into
TE buffer. The diluted samples will have DNA concentrations of 50, 16.7,
5.56, 1.85, 0.62, 0.21, 0.068, and 0.023 ng/L. You prepare the dilutions by
aliquoting 10 L from one tube into the next for each sample.
a) What is the dilution factor (what fold dilution) is needed to make the
first tube containing DNA at a concentration of 50 ng/L?
b) What is the dilution factor of the second tube containing DNA at a
concentration of 16.7 ng/L?
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c) Into what volume of TE buffer should 10 L of the human DNA stock
solution (at 200 ng/L) be pipetted to make the first standard having a
DNA concentration of 50 ng/L?
d) Into what volume of TE buffer should 10 L of the 50 ng/L dilution be
pipetted to prepare the second standard dilution tube so that it has a
concentration of 16.7 ng/L?
e) What are the dilutions you will need to make to prepare the entire
dilution series?

Solution 9.2(a)
The stock solution of human DNA has a concentration of 200 ng/L.
A 10 L aliquot of the stock is used to prepare a dilution having a concentration of 50 ng/L. To determine the dilution factor, we calculate a
relationship of ratios. We want the number one as the numerator of our
dilution factor expressed as a fraction (rather than as a decimal). We prepare the equation so that it can be stated ‘50 ng/L is to 200 ng/L as 1 is
to x.’ We then solve for x:
50 ng/L
1

200 ng/L
x
The ng/L units cancel. Using algebra to solve for x we have:
50 x
1
200
50 x  200
x

200
4
50

The relationship, then, is
50 ng/L
1

200 ng/L
4
Therefore, we use a dilution factor of 1⁄4 to make the first standard having
a concentration of 50 ng/L.
The dilution can also be expressed as a ‘fold’ value. In this case, we divide
the initial concentration by the concentration of the diluted standard:
200 ng/L
4
50 ng/L

218 CHAPTER 9 The real-time polymerase chain reaction (RT-PCR)

Therefore, we are diluting the stock solution four-fold. We can also say we
are making a ‘4X’ dilution of the stock.

Solution 9.2(b)
The dilution factor used to prepare a concentration of 16.7 ng/L from
a 10 L aliquot taken from the first dilution (at 50 ng/L) is calculated by
solving for x in the following equation.
16.7 ng/L
1

50 ng/L
x
16.7 x
1
50
16.7 x  50
x

50
3
16.7

We then have
16.7 ng/L
1

50 ng/L
3
Therefore, we use a dilution factor of 1⁄3 to make the 16.7 ng/L standard
from an aliquot of the 50 ng/L standard.

Solution 9.2(c)
We are going to take 10 L from the stock DNA solution having a concentration of 200 ng/L and dilute that into a volume of TE buffer to make a
standard with a concentration of 50 ng/L. We calculated in Solution 9.1(a)
that we are going to make a 1⁄4 dilution. We can calculate the volume of TE
needed in our second dilution tube by preparing a relationship of ratios
that states ‘1 is to 4 as 10 L is to x L.’ We then solve for x:
1 10 L

4
x L
x
 10
4
x  10  4  40
Therefore, 10 L of the 200 ng/L DNA stock solution should go into a
total volume of 40 L. Thirty L of TE should be placed into the first dilution tube and 10 L of the 200 ng/L DNA standard should be added to it
to make a standard having a concentration of 50 ng/L.
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We could have also solved this problem by using the more general formula
200 ng/L 

10 L
 50 ng/L
x L

and then solve for x:
2000 ng/L
 50 ng/L
x
2000 ng/L  (50 ng/L)x
2000
 x  40
50
Both methods tell us that the first dilution of our standard should have a
final volume of 40 L.

Solution 9.2(d)
We are going to take 10 L of the first dilution having a concentration
of 50 ng/L into a volume of TE such that the DNA concentration in this
second standard tube has a concentration of 16.7 ng/L. We have already
determined in Solution 9.1(b) that we need to dilute the first standard
by 1⁄3. To determine what volume of TE should be in the second dilution
tube, we can set up a relationship of ratios as we did in Solution 9.1(c):
1 10 L

x L
3
x
 10
3
x  10  3  30
Therefore, the final volume of the second dilution having a DNA concentration of 16.7 ng/L should have a final volume of 30 L. We will need
to put 20 L of TE into this second tube and we will add 10 L of the first
standard to it to make a final volume of 30 L.

Solution 9.2(e)
We need to prepare a set of standards having DNA concentrations of 50,
16.7, 5.56, 1.85, 0.62, 0.21, 0.068, and 0.023 ng/L. We have determined
in the steps described above that the first two standards in the series are
made by taking 10 L of the DNA stock solution (at 200 ng DNA/L) into
30 L TE and then aliquoting 10 L of the first standard into 20 L of TE
to make the second. Dividing the concentration of each standard by the
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concentration of the next higher standard, we see that each standard following the second requires a 3X dilution:
0.068
16.7
5.56
1.85
0.62
0.21
3
3
3
3
3
3
0.023
5.56
1.85
0.62
0.21
0.068
Therefore, since each standard including and after the second one
requires a 1⁄3 dilution and since we are transferring 10 L between each
one, our dilution series will be:
200 ng/L 
ng/L :

10 L 10 L 10 L 10 L 10 L 10 L 10 L 10 L







40 L 30 L 30 L 30 L 30 L 30 L 30 L 30 L

50

16.7

5.56

1.85

0.62

0.21

0.068 0.023

9.3.2 P
 reparing a standard curve for quantitative
polymerase chain reaction (qPCR) based on 
copy number
Some quantitative real-time PCR experiments are performed to determine
how many copies of a specific gene are present in an unknown sample.
This type of quantification requires the creation of a standard curve based
on gene copy number. The gene copy number for the unknown is derived
from its CT value and extrapolation from a standard curve of CT vs. number
of gene copies. The gene used for quantification in the DNA sample used
as the standard should be present only once (in a single copy) per haploid
genome. For human DNA, any number of single-copy genes can be used
for this purpose including RNaseP, Factor IX, plasminogen activator inhibitor type a, DNA topoisomerase I, and dihydrofolate reductase, among others. Creating a standard curve requires that we know the size, in bp, of the
genome we are using as the standard. (Genome sizes can be found on the
website cbs.dtu.dk/databases/DOGS/index.html, maintained by the Center
for Biological Sequence Analysis.)

Problem 9.3 We will generate a standard curve of human DNA in which
samples contain 500 000, 50 000, 5000, 500, 50, and 5 copies of RNaseP,
a single-copy gene. What amount of human DNA, by weight, should
be aliquoted into a series of separate tubes such that each contains the
desired number of copies of the single gene?
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Solution 9.3
Since the DNA of the single-copy gene is a part of the human genome and
since the easiest way to measure out a genome is by its weight, we will
need to determine how much the human genome weighs. First, we will calculate the weight of a single bp using Avogadro’s number and the molecular weight of a bp, which we will take to be 660 g/mole:

1bp 

660 g/mole
1 mole
1.096  1021 g


23
bp
bp
6.023  10 bp

Therefore, one bp weighs 1.096  1021 g. We can now calculate the weight
of the human genome, which we will take to contain 3  109 bp:
3  109 bp 

1.096  1021 g
 3.3  1012 g
bp

Therefore, the human genome, 3  109 bps in length, weighs 3.3  1012
grams (g). We can convert this to pg (1  1012 g), a more convenient unit
to work with for such a small amount, as follows:
3.3  1012 g 

1 1012 pg
 3.3 pg
g

Therefore, the human genome weighs 3.3 pg. This represents the weight
of the haploid genome – the genome composed of 23 chromosomes
as found in the sperm or egg. A single-copy gene would be present
only once in a haploid genome but twice in a diploid genome, as found
in all the other human body cells having a nucleus. For the standard
curve, therefore, 3.3 pg of human DNA is equivalent to one copy of a
single-copy gene.
We can now calculate how many pg of human DNA we will need for each
sample making up our standard curve, as follows:
500 000 gene copies 
50 000 gene copies 
5000 gene copies 

3.3 pg DNA
 1.65  106 pg DNA
gene copy

3.3 pg DNA
 1.65  105 pg DNA
gene copy

3.3 pg DNA
 1.65  10 4 pg DNA
gene copy
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500 gene copies 

3.3 pg DNA
 1650 pg DNA
gene copy

50 gene copies 

3.3 pg DNA
 165 pg DNA
gene copy

5 gene copies 

3.3 pg DNA
 16.5 pg DNA
gene copy

Therefore, the tube for 500 000 copies of RNaseP should receive 1.65  106 pg
of human DNA, the tube for 50 000 copies of RNaseP should receive 1.65 
105 pg of human DNA, and so on, as shown in the calculations above.

Problem 9.4 Continuing with the experiment described in Problem 9.3,
we will place 10 L of each diluted standard into a real-time PCR.
a) What will be the concentrations of human DNA in the dilution series
such that we will be pipetting the desired number of copies of RNaseP
into each reaction?
b) The stock solution of human DNA has a concentration of 2 g/L. How
should the stock solution be diluted such that each dilution, when it is
prepared, has a final volume of 200 L?

Solution 9.4(a)
In Solution 9.3, we calculated the weight of human DNA representing each
copy number standard from 500 000 down to 5 copies of RNaseP. We will
create a dilution series spanning these amounts and, from those tubes, we
will aliquot 10 L from each into 50 L real-time PCRs. To calculate the concentration of each dilution tube such that 10 L contains the desired number of copies, we divide each weight calculated in Solution 9.3 by 10:
For 500 000 copies, we have
1.65  106 pg
 165 000 pg/L
10 L
For 50 000 copies, we have
1.65  105 pg
 16 500 pg/L
10 L
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For 5000 copies, we have
1.65  10 4 pg
 1650 pg/L
10 L
For 500 copies, we have
1650 pg
 165 pg/L
10 L
For 50 copies, we have
165 pg
 16.5 pg/L
10 L
For 5 copies, we have
16.5 pg
 1.65 pg/L
10 L
Therefore, the dilution series should have the concentrations shown
above so that, when 10 L is pipetted from each one, it will contain the
desired number of gene copies, from 500 000 to 5.

Solution 9.4(b)
The stock solution of human DNA has a concentration of 2 g/L. We first
need to convert the units of concentration to pg/L to match with the
units we have calculated for our dilution series:
2 g 1 106 pg 2  106 pg


L
g
L
Therefore, 2 g/L is equivalent to 2  106 pg/L.
Since each dilution, from 165 000 to 16 500 pg/L, from 16 500 to 1650 pg/L,
and continuing down stepwise to 1.65 pg/L, represents a 10X dilution (a 1⁄10
dilution factor), we should be placing 20 L of the next highest dilution into
a total volume of 200 L water to make those dilutions (as shown by a relationship of ratios below):
1
x

10
200
200
x
 20
10
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Therefore, each dilution (except for the first) is made by aliquoting 20 L
from the previous dilution into a total volume of 200 L of water (or
buffer) to make the next dilution.
We now need to calculate how much of the DNA stock solution at 2 g/L
we should aliquot into a total volume of 200 L to make a DNA concentration of 165 000 pg/L for the first dilution.
2  106 pg
x L
1.65  105 pg


L
200 L
L
Solving for x gives us the aliquot to be diluted into a final volume of 200 L:
(2  106 pg)( x ) (1.65  105 pg)(200 )

L
L
x

3.3  107
 16.5
2  106

Therefore, to make the first dilution, we aliquot 16.5 L from the DNA
stock solution having a concentration of 2 g/L into 183.5 L of water to
give a final volume of 200 L and a concentration of 1.65  105 pg/L. We
make 10-fold dilutions for all the remaining standards as follows (the concentrations in pg/L appear below each dilution):
2 g / L 
stock

16.5 L
20 L
20 L
20 L
20 L
20 L





200 L 200 L 200 L 200 L 200 L 200 L

1.65  105 1.65  10 4 1650

165

16.5

1.65

Taking 10 L from each dilution into a real-time PCR will deliver the
desired number of copies calculated above. Shown below is the proof of
that statement for a 10 L aliquot taken from the first dilution:
1.65  105 pg 1 gene copy
1.65  106 gene copies

 10 L 
3.3
L
3.3 pg
 500 000 gene copies

9.3.3 The standard curve
The real-time PCR instrument’s software can present the analysis of the
standard curve in several different formats. Figure 9.2 shows the amplification curves for the human DNA dilution series used in the Life
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n Figure 9.2 An amplification plot of Rn (y axis) vs. cycle number (x axis) for the Quantifiler™ Human DNA

Quantification Kit showing the relationship between DNA amount and fluorescence; higher DNA concentrations
show fluorescent signal earlier. The group of shallow curves in the lower right corner of the plot is contributed by
an internal positive control (IPC) assayed using its own unique set of primers and probe.

Technologies’ Quantifiler™ Human DNA Quantification Kit. Real-time
PCRs were run for each dilution in duplicate. The leftmost curve represents
the amplification kinetics of the TaqMan assay for the 50 ng/L dilution,
and the rightmost curve that for 0.023 ng/L. Curves for 16.7, 5.56, 0.62,
0.21, and 0.068 ng/L dilutions lie between them. These curves show the
relationship between DNA template amount and CT value: the higher the
DNA concentration, the earlier that signal can be detected and the lower
the CT value. The green horizontal line is the threshold value determined by
the instrument’s software. The CT value for each dilution is the fractional
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n Figure 9.3 A plot of Delta Rn vs. cycle number for the standards of the ABI Quantifiler™ Human DNA

Detection Kit analyzed on an Applied Biosystems 7500 Real-time PCR System. Delta Rn is the change in
normalized reporter signal (Rn minus baseline).

cycle number where the plot of Delta Rn (the change in normalized reporter
signal) on the y axis vs. cycle number on the x axis intersects the threshold.
The threshold and, therefore, the CT value, should always fall within the
exponential phase of the amplification reaction. A baseline is determined
in the early part of the run, usually between the third and fourteenth cycles,
where there is little change in fluorescent signal. Figure 9.2 also shows a
group of curves of lower magnitude (in the lower right corner of the plot)
intersecting several of the curves of the standard. These are contributed by
an IPC spiked into each real-time PCR assay for the purpose of detecting
reaction inhibition that might be carried into the reaction as a contaminant
of the template DNA prep.
Figure 9.3 shows the same data plotted as the delta Rn (the normalized
reporter minus baseline fluorescence on the y axis) vs. cycle number (on
the x axis). The green line on this plot represents the threshold automatically set by the software – at a point that is above the baseline but sufficiently low enough on the amplification curve to be within the exponential
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n Figure 9.4 Amplification plot for the dilution series of the Quantifiler™ Human DNA standard. The

polymerase chain reaction (PCR) primers and probe target the telomerase gene. Shown are the phases of the
PCR (exponential, linear, and plateau); the background fluorescent signal; the baseline; and the threshold where
fluorescent signal, within the exponential phase of amplification, can be distinguished from background noise

phase of amplification. The intersection of the threshold line with the
amplification curve defines the CT. Figure 9.4 shows the features of the
amplification plot labeled.

9.3.4 Standard deviation
The standard deviation (abbreviated as s) is the most commonly used
indicator of precision – how close experimental values are to one another.
For a series of experimental outcomes, it is an indication of the variability
of that dataset about the mean (average) value. A small standard deviation
indicates that the values are all close to the mean. A large standard deviation indicates that many of the data points are far from the average value. If
preparing multiple trials for a single sample, the standard deviation value
can give an indication of how careful you are with your experimental technique. A high value can point to pipetting errors between samples.
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Standard deviation is calculated using the equation

s

∑ ( x  x )2
n 1

where x is the mean (or average) value, x is the value of a sample, 
denotes summation, and n is the number of replicate samples.
As a rule of thumb, about 68% of the values of replicate samples will fall
within one standard deviation of the mean of that dataset, about 95% will
fall within two standard deviations of the mean, and about 99.7% will fall
within three standard deviations.

Problem 9.5 Figure 9.5 shows a report generated by the Sequence
Detection System (SDS) software on Life Technologies 7500 Real-Time PCR
System. The report shows the CT values determined for each dilution of the
human DNA standard and the standard deviation of those CT values for
each concentration of standard. Use the values for the 50 ng/L standard
to show that the software-calculated standard error of 0.0397 is correct.

Solution 9.5
The 50 ng/L standard (‘std 1’ in Figure 9.5) was run in duplicate. The software determined that those two samples had CT values of 22.88 and 22.93
cycles. The mean value for these two samples is
22.8784  22.9345
2
45.8129

2
 22.90645

x

We will now calculate the sum of the squares of each value minus the
mean divided by n  1 (this value is also known as the variance):

∑

( x  x )2
(22.8784  22.90645)2  (22.9345  22.90645)2

2 1
n 1
(0.02805)2  (0.02805)2

1
 0.0007868  0.0007868  0.00157361
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Placing this value into our equation for the standard deviation yields
s  0.00157361  0.0397
This standard deviation value matches that in the table of Figure 9.5 for
‘std 1.’ This value has units of cycles.

n Figure 9.5 A CT report of duplicate dilutions of the human DNA standard from 50 ng/L down to

0.0023 ng/L DNA concentrations. The table shows on which well position of a 96-well plate each sample was
run, the sample name (std 1 at 50 ng/L to std 8 at 0.0023 ng/L), the detector (the sample being assayed,
either ‘Q’ for a quantifiler standard or ‘IPC’ for an internal positive control), the task denoting the nature of the
sample, the CT value, the standard deviation of the CT values for each dilution (‘StdDev Ct’), and the quantity of
DNA in ng/L.
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9.3.5 Linear regression and the standard curve
In Chapter 5, we used a standard curve and linear regression analysis to
calculate the concentration of DNA stained with PicoGreen. In the example
provided, regression analysis was performed using Microsoft Excel. The
real-time PCR software also performs regression analysis when plotting
the log of the DNA concentration (on the x axis) vs. the CT value for each
dilution (on the y axis). The line of best fit is determined and written as
the general equation y  mx  b. The analysis software provides the line’s
R2 value as well as its slope (m) and its y intercept (b). Figure 9.6 shows
the standard curve generated for a run using the Applied Biosystems’
Quantifiler® assay, in which a slope of 3.287 829 and a y intercept of
28.518 219 are calculated.
The R2 value, the correlation coefficient, is a measure of how closely the
data points fall on the regression line. If the data points are all on the line,
the R2 value will be close to one. When that is the case, the CT value (on
the y axis) accurately predicts the DNA concentration (on the x axis). If the
R2 value is zero, then a value on one axis cannot predict the value on
the other. If the R2 value is greater than 0.99, you can have confidence that
the CT value will reliably predict the DNA concentration.
Note: PCR efficiency should be evaluated using a minimum of three replicates of each concentration of diluted standard. Only two replicates are
used in this example for reasons of space.

Problem 9.6 Use the values for the slope and intercept shown in
Figure 9.6 to show that the software-calculated DNA concentration of
0.676031 ng/L for Evidence Item 1 (shown in Figure 9.7) is correct.

Solution 9. 6
The general equation for the regression line plotting the standard curve
is y  mx  b, where y is the CT value for a sample, m is the slope, x is the
log of the DNA concentration, and b is the y intercept. The slope, m, for
the standard curve shown in Figure 9.6 is 3.287 829. The y intercept is
28.518 219 cycles. As shown in Figure 9.7, Evidence Item 1 in this assay has
a CT value of 29.0773 cycles. Placing these values into the equation for the
regression line gives
y  mx  b
29.0773  (3.287829 ) x  28.518219
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n Figure 9.6 The standard curve calculated for the dilution series of the human DNA control as part of the

Life Technologies Quantifiler® Human DNA Quantification Kit. The Sequence Detection Systems (SDS) software for
the 7500 Real-Time PCR System generates a standard curve of the dilution series of the human control DNA and
uses linear regression to plot a line of best fit and to provide the m (slope) and b (y intercept) values for that line
when expressed by the general equation y  mx  b.

Solving for x yields
29.0773  28.518219
x
3.287829
0.559081
x
3.287829
 0.170046
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n Figure 9.7 Concentrations for unknown samples calculated using the values for the regression line plotting the standard curve shown in Figure 9.6.

Since x is the log of the DNA concentration, we will need to take the antilog of x to get the actual DNA concentration. (An antilog can be obtained
on a calculator by entering the number and then striking the 10x key.)
antilog 0.170046  0.676012
Therefore, Evidence Item 1 has a DNA concentration of 0.676 ng/L. (A difference in this value from that shown in Figure 9.7 is due to the level to
which values have been rounded off.)

9.4 Amplification efficiency
Amplification efficiency in PCR is a measure of how much template is converted to amplified product during each cycle of the exponential phase of
the reaction. At 100% efficiency, the amount of product exactly doubles
each cycle – each dsDNA molecule produces two dsDNA molecules. It is
best measured only during the early exponential phase as it will naturally
decline to zero as the reaction enters the stationary phase and components
are used up, the primers compete with product for binding to the denatured strands, and the enzyme loses its activity. Even during the exponential
phase, however, there are a number of distractions that can prevent the DNA
polymerase enzyme from manufacturing duplicate molecules at that kind of
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pace. The reaction can be made suboptimal by inhibitors, other enzymes
carried over from previous preparative reactions, and various contaminants
that copurify with the template.
PCR amplification, as we saw in the previous chapter, is described by the
equation
Y  X (1  E )n
where Y is the amount of PCR product, X is the starting number of template
molecules, E is the efficiency of amplification, and n is equal to the number
of PCR cycles. In real-time PCR using a TaqMan® probe, Y, the amount
of product generated during amplification, is proportional to the amount of
fluorescent signal. We can therefore write real-time PCR amplification as
proceeding according to the equation
R f  Ri (1  E )n
where Rf is equivalent to the final fluorescence signal of the reporter dye, Ri
is equivalent to the reporter dye’s initial fluorescent signal, E is the amplification efficiency, and n is the number of cycles.
Amplification efficiency (E) is determined from a standard curve using the
following formula:
EXPONENTIAL AMPLIFICATION  10(1/slope )
EFFICIENCY  (10(1/slope )  1)  100
A 100% efficient reaction will have a slope of 3.32. Put another way,
during exponential amplification, a 100% efficient reaction will double
every cycle and will produce a 10-fold increase in PCR product every 3.32
cycles. Mathematically, this is stated as
log2 10  3.3219
or
23.3219  10
A slope with a more negative value (3.85, for example) will represent a
PCR having efficiency less than 100% and in need of optimization. A slope
having a more positive value (2.8, for example) indicates possible pipetting errors or problems with the template (degradation or inhibition).
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Note: Unfortunately, amplification efficiency is defined in a couple of
different ways in the literature. In some publications, it is defined as
10(1/slope), where ‘slope’ refers to the slope of the line generated by a plot
of log DNA concentration (on the y axis) vs. CT values (on the x axis) for a
dilution series of a standard template. For a perfectly efficient reaction, the
slope is 3.32. By this definition, we have
 1 



103.32   100.3  2
Of course, this does not mean that the reaction is 200% efficient
(2  100  200%). The other interpretation of amplification efficiency
uses the equation shown above, where 1 is subtracted from 10(1/slope) and
this value is multiplied by 100 to give the more familiar form of a percent.
This ambiguity is noted here to remind you to be aware of the definition
being used in the protocol you are following.

Problem 9.7 A real-time PCR is found to be 90% efficient. Starting with
just one template molecule, what is the amount of product made in this
90% efficient reaction compared with the amount of product made in a
100% efficient reaction after 20 cycles?

Solution 9.7
We will use the following equation to solve this problem:
Y  X (1 E )n
For the 100% efficient reaction, E is equivalent to 1 and we have
Y  11
(  1)20  220  1048576 copies
For a 90% efficient reaction, E is equivalent of 0.9 and we have
Y  11
(  0.9 )20  1.920  375900 copies
Dividing the 90% efficient reaction by the 100% efficient reaction gives
375900 copies
 0.36
1048576 copies
Multiplying this value by 100 tells us that, after 20 cycles, the 90% efficient
reaction makes only 36% of what could be made if the amplification reaction were 100% efficient.
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Problem 9.8 If we start out with 8000 molecules of target in an 85%
efficient PCR, how many product molecules will we generate after 10 cycles?

Solution 9.8
We will use the following relationship:
Y  X (1 E )n
In this equation, X is the number of starting molecules. We have, therefore,
Y  8000  (1 0.85)10
 8000  1.8510
 8000  470
 3760 000 molecules
Therefore, after 10 cycles, an 85% efficient PCR containing 8000 molecules
of template will generate 3 760 000 molecules of product.

Problem 9.9 In Figure 9.6, the standard curve’s regression line was
determined to have a slope of 3.287 829. What is the amplification
efficiency for these reactions?

Solution 9.9
Using the equation above, we have
E  (10(1/3.287829 )  1)  100
 (100.304152  1)  100
 (2.014429  1)  100
 1.014429  100
 101.44%
Therefore, the reactions that generated the standard curve shown in
Figure 9.6 have an amplification efficiency of approximately 101%.
During the exponential phase of synthesis, the increase in fluorescence
from cycle to cycle is a reflection of the amplification efficiency. Although
PCR efficiency affects the CT value, amplification efficiencies between 90%
and 110% are generally considered to be of a quality capable of generating reliable real-time PCR data. Reactions having lower efficiency will also
exhibit lower sensitivity.

236 CHAPTER 9 The real-time polymerase chain reaction (RT-PCR)

Problem 9.10 For a 100% efficient PCR, how many CT values should
there be between the mean of two three-fold dilution samples?

Solution 9.10
The slope of a line plotting CT values (on the y axis) vs. the log of DNA
concentration (on the x axis) for a 100% efficient reaction has a slope
of 3.32. The slope of a line is equal to its ‘rise over the run;’ that is, the
change in y divided by the change in x. We can choose any numbers for
the x axis to represent two samples that differ by a three-fold dilution.
Here we will choose 16.7 ng/L and 50 ng/L.
slope 

rise
y
y


 3.32
run
x
16.7 ng/L  50 ng/L

Since the x axis scale is the log of DNA concentration, we will need to take
the log values of those two numbers. We then have
y
 3.32
1.22  1.70
Solving for y gives
y
 3.32
0.48
y  (3.32)  (0.48 )  1.60
Therefore, there are 1.6 CT values between the mean of two three-fold
dilution samples.

9.5 Measuring gene expression
The ability to accurately measure gene expression is critical to the understanding of how cells descend into disease and how they may respond to
therapy. What changes in transcription send a cell spiraling into a cancerous
state? What genes are turned off and what genes are turned on in response to
a medication being tested to treat an illness or in response to viral infection?
Using real-time PCR for quantifying gene expression has a number of attractive features, not least of which is its sensitivity – it has the ability to detect
as little as a single copy of a specific transcript. In addition, real-time PCR
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has the capacity to produce accurate data over a wide dynamic range (it is
able to accurately detect a small amount of transcript and a large amount of
transcript), it offers high throughput (many samples can be processed simultaneously), and it can distinguish between transcripts having very similar
sequences.
Reactions that measure differences in gene expression between genes,
between cell types, and between treatments, inherently carry with them the
potential for a high degree of variability. This can be introduced by pipetting error or by varying efficiencies of either the PCR amplification or the
reverse transcription reaction used to convert mRNA to cDNA. Variability
arises from within the instrument used to measure the changes in light
intensity generated from the real-time PCR. It arises from instability of the
reagents used in the assay. It comes from many sources. As a consequence,
real-time PCR as a means to measure gene expression requires the generous use of controls designed to set the experimenter’s mind at ease and to
convince them that the effect on expression that they may be privileged to
witness is, in fact, real.
One such safeguard against the gremlins that haunt the laboratory, as we
have discussed previously, is the endogenous control. It is used as an active
reference to normalize for differences in the amount of total RNA added
to a real-time PCR. The most frequently used endogenous controls are the
housekeeping genes – those genes that are always expressed at the moreor-less constant background level that is needed by the cell to carry out
its basic processes of living. Examples of the housekeeping genes include
-actin, GAPDH (glyceraldehydes 3-phosphate dehydrogenase), and 18S
RNA. An endogenous control gene should be on the same sample of nucleic
acid as the target gene of interest. However, it can be amplified in a separate well on the same plate as the target or it can be amplified right along
with the target in the same well in a multiplex reaction using differentcolored dye-labeled probes.
Measuring gene expression by real-time PCR is most often performed as
a relative assay. That is, you do not necessarily care exactly how many
mRNA molecules are made from a particular gene, you just want to know
what level of transcript is made compared (relative) to some other gene.
This difference is usually expressed as a fold difference. Relative quantification, for example, can be used to determine the difference in expression
of the heat-shock genes in cancerous cells compared to their expression
in normal, healthy cells. It is used to compare the expression of a specific
gene in one tissue type compared with its expression in a different tissue
type, particularly when those tissues have been treated in some way with a
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drug or other agent. The gene the response of which is being measured is
called the target. Its expression is compared to a reference gene known as
the calibrator that often represents the untreated control. Relative quantification experiments also include an endogenous control – a gene having a
consistent level of expression in all experimental samples. There are several ways to measure relative quantification.

9.6 R
 elative quantification – 
the C T method
The CT method, also referred to as the Comparative CT method,
is a means of measuring relative quantification and was first described by
Livak and Schmittgen in 2001. It determines the relative change in gene
expression between a target gene under investigation and that of a calibrator (reference) gene. Although the assay is designed to measure the amount
of transcript (RNA) made in a particular cell, what goes into the realtime PCR is actually cDNA made by reverse transcription of total RNA
recovered from the cells the gene expression of which is under study. The
experimenter may be interested in the target gene’s response to a drug,
to infection, to disease, or to some other stimulus. Most frequently, the
untreated control is used as the calibrator. An endogenous, internal control –
a gene already present in the sample – is included for purposes of normalizing for any differences in the amount of cellular RNA placed into the
reverse transcriptase reactions when cDNA is generated. The housekeeping genes – those genes expressed at a constant, background level such as
GAPDH, ribosomal RNA, DNA topoisomerase, RNaseP, or -actin – are
usually used as an endogenous control.
The difference between the CT of the target gene (CT, target) and the CT of
the endogenous control (CT, ec) is the CT of the sample:
CT, target  CT, ec  CT
Likewise, the CT of the calibrator is equal to the CT of the target gene in
the untreated (calibrator) sample minus the CT of the endogenous control
in the untreated (calibrator) sample:
CT, calibrator target  CT, calibrator ec  CT, calibrator
The term CT is calculated as the CT of the target gene in the treated
sample minus the CT of the target in the untreated, calibrator sample:
CT  CT, target in treated sample  CT, target in calibrator sample
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The calibrator, since it is untreated, should have no change in its CT
value during the course of the experiment. Its change, therefore, is equivalent to zero. Since 20 equals one, the calibrator gene’s expression is unity.
When the CT method is used to measure gene expression, therefore,
the results are expressed as a ‘fold’ change in the expression level of the
target gene normalized to the endogenous control and relative to the calibrator. It is given by the equation:
Relative Fold Change  2CT

9.6.1 T
 he 2CT method – deciding 
on an endogenous reference
Using the 2CT method for comparative analysis of gene expression
requires that transcription of the internal control gene – the gene used as the
endogenous reference – not be affected by the experimental treatment. To test
whether or not this is the case, reactions are performed that mimic the conditions under which the comparative study will be run. However, only the reference gene need be assayed by real-time PCR in this initial experiment.
Evaluating whether or not an experimental treatment can affect expression
of the reference gene is a form of hypothesis testing. In this case, we are
testing what is called the null hypothesis (designated H0). The null hypothesis makes the claim that the results we see in this experiment are the consequences of pure chance and that the experimental treatment has no effect
on the reference gene’s mean CT value. If the null hypothesis is true, the
average CT value for each group of samples should be the same.
If we were only comparing two means derived from two groups, we could
use a statistical test called the t-test. However, for this experiment, we will
be comparing multiple mean sample values and, therefore, it is more appropriate to use a statistical approach called one-way ANOVA (for analysis of
variance). (Another statistical approach called multiway ANOVA should
be used testing whether or not two different factors, rather than just one,
affect an outcome.)
Variance is a measure of variability and refers to the dispersion of values
around a mean. It is calculated as the square of the standard deviation (s)
which, as you may recall from earlier in this chapter, is the square root of
the sum of the difference of each value from the mean divided by one less
than the number of samples:
s

∑ ( x  x )2
n 1
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Variance is this value squared:
variance  s2 

∑ ( x  x )2
n 1

In the statistical approach of ANOVA, we calculate the variance between
groups of samples as well as the variance of samples within each individual group. We then compare those values. The first step is to calculate the
sample average (mean value) for each group. Let us say we have groups a,
b, and c. The mean for each group is calculated as
a1  a2  ...  an
n
b1  b2  ...  bn
b 
n
c1  c2  ...  cn
c 
n
a

where n is the number of samples in each group.
We then calculate the average of all the averages. We will designate this
value x . It is calculated as
x 

a  b  c  ...
m

where m is equal to the number of groups (e.g., the number of time points
taken during a time course study).
We then calculate the sample variance of the averages. This is also called the
between-groups variance and we will designate it s*2. It is calculated as
s2 

(a  x )2  (b  x )2  (c  x )2  ...
m 1

We also calculate the sample variance (s2) for each individual group. This
is also called the within-groups variance. It is calculated for Group a as
sa 2 

(a1  a )2  (a2  a )2  ...  (an  a )2
n 1

which can also be written as
sa 2 

∑ ( a  a )2
n 1
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The variance for each group (a, b, and c) is calculated in this same manner.
Using the within-group variances, we calculate the average of all the sample variances as
s2 

sa 2  sb 2  sc 2  ...
m

We now use these values to calculate the F statistic, the ratio of the two variances – the between-groups variance to the within-groups variances. It is used
under the assumption that the different groups have similar standard deviations (they have similar variability about their mean values). The F statistic
will tell us whether the sample means of several groups are equal. If they
are, we can accept the null hypothesis that the experimental treatment has no
effect on the expression of the reference gene. The F statistic is calculated as
F

n  s*2
s2

where n is the number of measurements in each individual group. If the F
value is large, the variability between groups (the numerator) must be large
in comparison to the variability within each group (the denominator). We
would have to reject the null hypothesis in this case. However, if the numerator (the between-groups variance) is equal to or smaller than the denominator (the within-groups variance), the F statistic will have a lower value
and we should be able to accept the null hypothesis and conclude that there
is no difference between the groups.

The critical cutoff value within the F distribution can be
found in an F distribution table (Table 9.1). A number
of resources on the internet provide F distribution tables
at several levels of significance (1, 5, and 10%). We will
use the 5% level of significance, meaning that there is a
5% chance that we could be in error in rejecting the null
hypothesis when, in fact, it is actually true.

the probability for any particular F statistic at a
defined level of confidence (typically, 1, 5, or 10%).
The portion of the curve to the left of the critical
F statistic shows those F values for which the null
hypothesis should be accepted. If the calculated
F statistic is greater than the critical value, the null
hypothesis should be rejected.

Accept null hypothesis

Reject null hypothesis

Probability

What, however, is the critical value for the F statistic, the
cutoff point, at which we can safely make the determination to accept or reject the null hypothesis? That value is
provided by the F distribution, an asymmetric curve
describing the probability of encountering any particular
F statistic (Figure 9.8). If the F statistic is greater than the
critical value, we reject the null hypothesis. If the F statistic
is less than the critical value, we accept the null hypothesis.

n Figure 9.8 An F distribution curve describes

F
Critical F statistic
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Table 9.1 An F distribution table showing the critical values for the F statistic at a 5% level of significance.
The table is read by intersecting a column corresponding to the degrees of freedom of the F statistic’s
numerator (dfn) with the row corresponding to the degrees of freedom of the F statistic’s denominator (dfd).
dfn

dfd

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

2

3

4

5

6

7

8

9

10

12

15

20

30

19.00
9.55
6.94
5.79
5.14
4.74
4.46
4.26
4.10
3.98
3.89
3.81
3.74
3.68
3.63
3.59
3.55
3.52
3.49
3.47

19.16
9.28
6.59
5.41
4.76
4.35
4.07
3.86
3.71
3.59
3.49
3.41
3.34
3.29
3.24
3.20
3.16
3.13
3.10
3.07

19.25
9.12
6.39
5.19
4.53
4.12
3.84
3.63
3.48
3.36
3.26
3.18
3.11
3.06
3.01
2.96
2.93
2.90
2.87
2.84

19.30
9.01
6.26
5.05
4.39
3.97
3.69
3.48
3.33
3.20
3.11
3.03
2.96
2.90
2.85
2.81
2.77
2.74
2.71
2.68

19.33
8.94
6.16
4.95
4.28
3.87
3.58
3.37
3.22
3.09
3.00
2.92
2.85
2.79
2.74
2.70
2.66
2.63
2.60
2.57

19.35
8.89
6.09
4.88
4.21
3.79
3.50
3.29
3.14
3.01
2.91
2.83
2.76
2.71
2.66
2.61
2.58
2.54
2.51
2.49

19.37
8.85
6.04
4.82
4.15
3.73
3.44
3.23
3.07
2.95
2.85
2.77
2.70
2.64
2.59
2.55
2.51
2.48
2.45
2.42

19.38
8.81
6.00
4.77
4.10
3.68
3.39
3.18
3.02
2.90
2.80
2.71
2.65
2.59
2.54
2.49
2.46
2.42
2.39
2.37

19.40
8.79
5.96
4.74
4.06
3.64
3.35
3.14
2.98
2.85
2.75
2.67
2.60
2.54
2.49
2.45
2.41
2.38
2.35
2.32

19.41
8.74
5.91
4.68
4.00
3.57
3.28
3.07
2.91
2.79
2.69
2.60
2.53
2.48
2.42
2.38
2.34
2.31
2.28
2.25

19.43
8.70
5.86
4.62
3.94
3.51
3.22
3.01
2.85
2.72
2.62
2.53
2.46
2.40
2.35
2.31
2.27
2.23
2.20
2.18

19.45
8.66
5.80
4.56
3.87
3.44
3.15
2.94
2.77
2.65
2.54
2.46
2.39
2.33
2.28
2.23
2.19
2.16
2.12
2.10

19.46
8.62
5.75
4.50
3.81
3.38
3.08
2.86
2.70
2.57
2.47
2.38
2.31
2.25
2.19
2.15
2.11
2.07
2.04
2.01

Locating the cutoff value for the F statistic in an F distribution table, however,
requires that we know the degrees of freedom corresponding to the particular
dataset used in the calculation. Degrees of freedom describe, in simple terms,
the number of values in the final calculation of a statistic that are free to vary.
The higher the number of independent pieces of data going into the final estimation of a statistical score, the greater the number of degrees of freedom. In
this form of ANOVA, the final statistic is F, in which we are looking at variability of two population groups, variability between groups (the numerator value),
and variability within groups (the denominator); we are calculating two statistical estimates to arrive at the F value. The F distribution, therefore, utilizes
two values for the degrees of freedom, one for the numerator value and one for
the denominator value, with each combination having its own characteristic
F distribution. The degrees of freedom for the numerator (dfn) is calculated as
(m  1). Its values are represented by the columns of an F distribution table.
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The degrees of freedom for the denominator (dfd) is calculated as m(n  1).
Its values are represented by the rows of an F distribution table.
If the calculated value of the F statistic is less than the critical value taken
from the F distribution table, you should accept the null hypothesis and conclude, at that level of significance, that there is no difference between the
samples. If the F statistic is greater than the critical value, the null hypothesis should be rejected and you can conclude that there is a significant difference between the samples. The experimental treatment, therefore, is the
reason for the difference you are observing.
We can even go a step further in bolstering our conviction for the veracity
of the null hypothesis by making a judgment as to whether or not a ‘statistically significant’ relationship exists between the experimental treatment
and the average CT values. That conviction is provided by the p-value. The
p-value is an expression of probability – how probable is it that you could
get a result (an F statistic) more extreme than the one you got if the null
hypothesis were true. Or, in other words, if you calculated a certain F statistic, what is the probability of obtaining that F statistic? In general terms, the
smaller the p-value, the more fervently the null hypothesis can be rejected.
A larger p-value suggests there is less evidence against the null hypothesis.
Most biologists are content with designating a p-value less than 0.05 (5%) as
the indication of significance. At this level of significance, the null hypothesis can be rejected if the p-value is less than or equal to 0.05.
P-values for a particular F statistic can be located in probability tables or by
using software freely available on the internet. On such sites (an example is
shown in Figure 9.9), you merely enter your F statistic value and the degrees
of freedom and the site calculates both the F distribution cutoff value and
the p-value.

Problem 9.11 An experiment is conducted to see which housekeeping
gene, HSKG1 or HSKG2, will better serve as a reference in a comparative
gene expression study. This experiment will mimic that study. Transcription
of a heat-shock gene will be monitored following a shift in the incubation
temperature from 37° to 43°C. The housekeeping gene chosen as a
reference should not be affected by the temperature shift. Thirty cultures
of liver cells (grown in six-well plates) are subjected to the heat-shock
treatment. Total RNA is extracted from five parallel cultures of heatshocked liver cells at time zero (just prior to heat shock) and at 1 and 2 hr
post temperature shift. Two hundred nanograms of total RNA from each
parallel culture are converted to cDNA by reverse transcriptase and placed
into real-time PCRs for the assay of either the HSKG1 or the HSKG2 gene
expression. The results shown in Tables 9.2 and 9.3 are obtained. This

n Figure 9.9 A p-value calculator for any

particular F statistic. The degrees of freedom for the
calculated F statistic are entered in the dialogue
boxes and the p-value is determined automatically
when the Compute button is clicked. This calculator
is found at davidmlane.com/hyperstat/F_table.
html but calculators can also be found at www.
danielsoper.com/statcalc/calc07.aspx and stattrek.
com/Tables/F.aspx
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Table 9.2 Results of real-time polymerase chain reaction (PCR)
gene expression study for HSKG1, as described in Problem 9.11.
Time (hours post 
heat shock)

Well number

CT

0

A1
B1
C1
D1
E1
F1
G1
H1
A2
B2
C2
D2
E2
F2
G2

27.3
27.7
27.4
27.2
27.5
27.6
27.8
27.5
27.4
27.5
27.2
27.1
27.6
27.4
27.3

1

2

Table 9.3 Results for real-time polymerase chain reaction (PCR)
gene expression study of HSKG2, as described in Problem 9.11.
Time (hours post 
heat shock)

Well number

CT

0

H2
A3
B3
C3
D3
E3
F3
G3
H3
A4
B4
C4
D4
E4
F4

29.3
28.7
29.5
29.2
29.7
27.1
27.3
27.2
26.8
27.4
26.5
26.9
25.8
26.3
26.1

1

2
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experiment yields three groups of CT values (since there are three time
points) with five samples from each group. For the null hypothesis to be
true, that there is no effect of the experimental treatment on expression of
the housekeeping gene, the mean CT values for the three groups should be
equal. Which gene, HSKG1 or HSKG2, would make a better reference gene?

Solution 9.11
We will use one-way ANOVA with the F statistic to evaluate which gene is
least affected by the heat-shock treatment and use that gene as a reference in our subsequent comparative gene expression experiment. Using
this statistical test, we will see whether we can accept or reject the null
hypothesis. It reads:
H0: There is no difference in the mean CT values for samples taken at 0, 1,
and 2 hr post temperature shift. Any difference we do see is the result of
mere chance.
We will choose that gene as a reference for which we can accept the null
hypothesis.
Since raw CT values are calculated from a log-linear plot of fluorescent
signal vs. cycle number, CT is an exponential function, not a linear one. If
we were to calculate variance based on the raw CT numbers, we would
not be accurately representing the true variation. However, raw C T values
can be converted to linear values by using the term 2CT. We will use the
converted values when calculating the variance for the two housekeeping
genes, as shown in the following tables (Tables 9.4 and 9.5).
We will first calculate the average mean (x) for each gene over the three
time points as
a b c
x
m
where m is the number of groups (numbers are 109).
For the HSKG1 gene,
x

5.61 5.09  6.01 16.71

 5.57
3
3

For the HSKG2 gene,
x

1.58  6.74  12.33 20.65

 6.88
3
3

We now calculate the between-groups variance (s*2) for each gene as
s *2 

(a  x )2  (b  x )2  ( c  x )2
m 1
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Table 9.4 Variance calculations for the three time points from the temperature shift experiment for HSKG1,
as described in Problem 9.11.

∑ ( x  x )2

Hr

Well

CT

2ct

x
(109 )

(x  x)
(109 )

( x  x )2
(109 )

∑ ( x  x )2 (109 )

s2

0

A1
B1
C1
D1
E1
F1
G1
H1
A2
B2
C2
D2
E2
F2
G2

27.3
27.7
27.4
27.2
27.5
27.6
27.8
27.5
27.4
27.5
27.2
27.1
27.6
27.4
27.3

6.05  109
4.59  109
5.65  09
6.49  109
5.29  109
4.92  109
4.28  109
5.29  109
5.65  109
5.29  109
6.49  109
6.95  109
4.92  109
5.65  109
6.05  109

5.61

0.44
1.02
0.04
0.88
0.32
0.17
0.81
0.20
0.56
0.20
0.48
0.94
1.09
0.36
0.04

0.1936
1.0404
0.0016
0.7744
0.1024
0.0289
0.6561
0.0400
0.3136
0.0400
0.2304
0.8836
1.1881
0.1296
0.0016

2.1124

0.5281

1.0786

0.2697

2.4333

0.6083

1

2

5.09

6.01

n 1

(109 )

Table 9.5 Variance calculations for the three time points from the temperature shift experiment for HSKG2,
as described in Problem 9.11.
Hr

Well

CT

2ct

0

H2
A3
B3
C3
D3
E3
F3
G3
H3
A4
B4
C4
D4
E4
F4

29.3
28.7
29.5
29.2
29.7
27.1
27.3
27.2
26.8
27.4
26.5
26.9
25.8
26.3
26.1

1.51  109
2.29  109
1.32  109
1.62  109
1.15  109
6.95  109
6.05  109
6.49  109
8.56  109
5.65  109
10.53  109
7.99  109
17.12  109
12.10  109
13.90  109

1

2

x
(109 )
1.58

6.74

12.33

(x  x)
(109 )

( x  x )2
(109 )

0.07
0.71
0.26
0.04
0.43
0.21
0.69
0.25
1.82
1.09
1.80
4.34
4.79
0.23
1.57

0.0049
0.5041
0.0676
0.0016
0.1849
0.0441
0.4761
0.0625
3.3124
1.1881
3.2400
18.8356
22.9441
0.0529
2.4649

∑ ( x  x )2 (109 )

s2

∑ ( x  x )2
n 1

0.7631

0.1908

5.0832

1.2708

47.5375

11.8844

(109 )
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For the HSKG1 data, we have (values are at 109)
(5.61 5.57)2  (5.09  5.57)2  (6.01 5.57)2
3 1
(0.04 )2  (0.48 )2  (0.44 )2

2
0.0016  0.2304  0.1936

2
0.4256

2
 0.2128

s*2 

For the HSKG2 data, we have (values are at 109)
(1.58  6.88 )2  (6.74  6.88 )2  (12.33  6.88 )2
3 −1
(5.30 )2  (0.14 )2  (5.45)2

2
28.0900  0.0196  29.7025

2
57.8121

2
 28.9061

s*2 

We then calculate the average of the sample variances for each gene as
s2 

sa2  sb2  sc 2  ...
m

where m is the number of groups.
For the HSKG1 gene, we have (values are at 109)
s2 

0.5281 0.2697  0.6083 1.4061

 0.4687
3
3

For the HSKG2 gene, we have (values are at 109)
s2 

0.1908  1.2708  11.8844 13.346

 4.4487
3
3

We are now ready to calculate the F statistic as
F

ns *2
s2

where n is the number of samples within each group (values are at 109).
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For the HSKG1 gene,
F

5(0.2128 ) 1.0640

 2.2701
0.4687
0.4687

For the HSKG2 gene,
F

5(28.9061) 144.5305

 32.4883
4.4487
4.4487

To find our cutoff F value in an F distribution table, we need to know the
two degrees of freedom for our F statistic. For the numerator of the F statistic (the between-group variance), the degrees of freedom (dfn) is calculated as m  1 where m is the number of groups. We have three groups
and therefore two degrees of freedom. We use this value to tell us in
which column of an F distribution table to find our cutoff value. For the
denominator of the F statistic (the within-groups variance), the degrees
of freedom (dfd) is calculated as m(n  1) where n is the number of members of each group. Since we have five samples for each of three groups,
we have 3(5  1)  12 degrees of freedom. We use this value to tell us in
which row of an F distribution table to find our cutoff value.
For 2 and 12 degrees of freedom, the F distribution for a 5% level of confidence shows a critical value of 3.89 (Figure 9.10). Therefore, at these degrees
of freedom, the F statistic has a 95% chance of being less than 3.89 if the null
hypothesis is true. Or, stated another way, only 5% of the time would the F statistic produce a value this extreme if the null hypothesis were true. Therefore,
if the F statistic we calculated has a value lower than 3.89, we accept the null
hypothesis and we can conclude that the experimental treatment has no
effect on the gene’s CT value. If the F statistic is larger than this value, then we
should reject the null hypothesis and conclude that the experimental treatment (the shift to 43°C) has an affect on the gene’s expression. The use of
such a gene as an endogenous control would not be a wise choice.
The F statistic for the HSKG1 gene dataset is 2.2701 while that for the HSKG2
gene dataset is 32.4883. Since, for HSKG1, an F statistic of 2.2701 is less than
the critical value of 3.89, we can accept the null hypothesis that shifting
the temperature to 43°C does not affect the expression of the HSKG1 gene.
However, since the F statistic of 32.4883 from the HSKG2 gene dataset is
larger than the 3.89 cutoff value, the null hypothesis does not apply to
HSKG2. Use of HSKG1, therefore, is a better choice as a reference gene.
We can also find the p-value for each F statistic by making use of a p-value
calculator found on the internet, as shown in Figure 9.11 below:
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n Figure 9.10 The F distribution table for a 5% level of confidence with two degrees of freedom for the
F statistic’s numerator (dfn) and 12 degrees of freedom for the F statistic’s denominator (dfd) shows a value of 3.89
(circled).

n Figure 9.11 A p-value calculator shows that the F statistic for the HSKG1 gene has a p-value of 0.1483.
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The p-value will tell us what the probability is that random sampling
would lead to a difference between sample means as large (or larger) than
that we observed. Since the F statistic for the HSKG1 dataset has a p-value
of 0.145 83 (which is greater than the 0.05 level of significance) (Figure
9.11), we can conclude that the experimental treatment has no statistically significant effect on the average CT values we see. However, the
F statistic for the HSKG2 dataset has a p-value of 0.000 01. In other words,
there is only a 0.001% chance that such an experiment would give an
F statistic having a value of 32.4883 or greater if there were really no effect
of the temperature shift on the mean CT values for each group. Therefore,
there is a statistically significant relationship between the experimental
treatment and expression of HSKG2. Again, from the analysis of p-values,
we should conclude that using HSKG1 as an endogenous control is a far
better idea than using HSKG2.

9.6.2 The 2CT method – amplification efficiency
The gene you choose as the endogenous control in an experiment using
the CT method should meet at least two requirements: (1) it should not
be affected by the treatment the response of which is being measured and
(2) it must amplify with an efficiency equal to that of the target gene. If
the efficiency of the target and the endogenous control are approximately
equal, the CT is proportional to the ratio of the initial copy number of the
two genes.
Amplification efficiencies between genes can be assessed for similarity by
calculating the differences in their average CT (CT target  CT reference) values across dilutions of template cDNA. Any differences in the CT values
for varying amounts of input RNA can be graphed using Microsoft Excel
a plot of CT vs. cDNA dilution. If the line of best fit (the regression line)
to this plot has a slope close to zero, then it can be concluded that the two
genes have similar amplification efficiencies and the CT method is a
valid approach to measuring changes in gene expression of the target gene
relative to the expression of the reference gene. As a general criterion, if
the slope of the regression line is less than 0.1, the efficiencies are close
enough to each other that use of the CT method is valid. Looked at
another way, it does not matter if the two genes have drastically different
CT values. The key point is whether, if each gene’s regression line were
plotted on the same graph, they would run parallel to each other. If they
do, they have similar amplification efficiencies.
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Problem 9.12 GeneA (the target) is suspected of having function in
the immune system’s response to viral infection. In this experiment, its
expression level will be measured following infection of cultured liver cells
by the hepatitis C virus and that expression level will be compared to that
of -actin (the calibrator for this experiment) by the 2C (Comparative
CT ) method. Since it is necessary that GeneA and -actin have similar
amplification efficiencies, an initial experiment is conducted to see if this
is true. Two target genes can be shown to have the same amplification
efficiency by assessing how their CT values vary with template dilution.
RNA is isolated from cultured liver cells and amounts ranging from 0.01
to 1 ng are converted to cDNA by reverse transcriptase. Triplicate samples
for GeneA and -actin cDNAs are amplified by real-time PCR from each
input RNA amount. The results in Table 9.6 are obtained. In the experiment
described here, are GeneA and -actin amplified with similar efficiencies?
T

Table 9.6 Dataset of CT values for the experiment described in
Problem 9.12.
Total Input
RNA (ng)
1.000
1.000
1.000
0.500
0.500
0.500
0.250
0.250
0.250
0.100
0.100
0.100
0.050
0.050
0.050
0.025
0.025
0.025
0.010
0.010
0.010

GeneA CT

Average
GeneA CT

-actin CT

Average
-actin CT

28.71
28.72
28.70
29.62
29.64
29.63
30.65
30.63
30.57
31.82
31.85
31.80
32.82
32.84
32.79
33.75
33.78
33.74
35.02
35.05
34.96

28.71

26.60
26.55
26.62
27.55
27.57
27.60
28.57
28.63
28.60
29.75
29.80
29.73
30.80
30.78
30.75
31.78
31.75
31.72
33.05
32.89
33.10

26.59

29.63

30.62

31.82

32.82

33.76

35.01

27.57

28.60

29.76

30.78

31.75

33.01
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Solution 9.12
It should not be unexpected that a series of liver cell cultures would give,
for any defined set of conditions, a range of different C T values when
assayed for their levels of gene expression. When averages are reported
for any dataset, no matter in what field: biology, chemistry, or physics,
you will almost always see the reported average followed by a ‘  ‘ sign
attached to some numerical amount. That sign indicates the margin of
error for that result. It is an indication of the degree to which the data
used to calculate the average value vary in range around that average.
How confident can you be, however, that a reported margin of error
encompasses all of the variation possible within a dataset? That assurance
is given by the standard error – a measure derived from the standard
deviation, which, similarly to the margin of error, represents the average
distance of the data from the mean. We are going to get to the margin or
error via the standard deviation.
The standard deviation (s), as we have seen, is given by the formula
s

( x  x )2
n 1

where the  symbol represents the sum, x is a sample, x is the average
(mean), and n is the number of measurements in the dataset.
The standard deviation is used to calculate the standard error by the following formula:
standard error 

s
n

where s is the standard deviation and n is the sample size.
Most datasets encountered in a statistical analysis of experiments dealing with real cause and effect huddle symmetrically on either side of
the mean. With a large enough sample size, the data points should distribute themselves in the form of a bell-shaped curve where the mean
value bisects that curve right down the middle. Many data points will
have values close to the average. As you go further away from the mean
in both the plus and minus directions, you will find fewer and fewer data
points. Eighty percent of the values should fall within 1.28 standard errors
of the mean. Ninety-five percent of the data should fall within 1.96 standard errors of the mean, and 99% of the data should fall with 2.58 standard errors of the mean. The percent values shown here are referred to
as confidence levels. At the 99% confidence level, for example, you are
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Table 9.7 Confidence levels and their
corresponding Z-values.
Confidence level

Z-value

80%
90%
95%
98%
99%

1.28
1.64
1.96
2.33
2.58

confident, so to speak, that you have accounted for 99% of all possible
outcomes within your sampling. The number of standard errors to add
and subtract from the mean to give you the desired confidence level is
called the Z-value. Confidence levels and their corresponding Z-values
are shown in Table 9.7.
We can now calculate the margin of error of the sample average with a
defined degree of confidence. The general formula is
margin of error  Z 

s
n

where Z (the Z-value) is the number of standard errors associated with a
particular confidence level, s is the standard deviation, and n is the number of samples in the dataset. If we want to have confidence that our margin of error contains 99% of all possible results, the equation becomes
margin of error  2.58 

s
n

The standard deviations (s) of the CT values of Gene A and -actin cDNAs
for each input RNA amount are calculated in Tables 9.8 and 9.9 below.
These values will be used to determine the margin of error for each input
RNA amount.
We can now calculate the margin of error for each input RNA amount for
Gene A (Table 9.10) and -actin (Table 9.11).
Now, we can determine the degree to which the average C T values for
Gene A and -actin differ for each input RNA amount by subtracting one
from the other (giving us the CT ). However, each average CT value comes
with a standard error. How do we account for these standard error values

Input 
RNA (ng)

GeneA 
CT (x)

(x  x)

( x  x )2

1.000

28.71
28.72
28.70
29.62
29.64
29.63
30.65
30.63
30.57
31.82
31.85
31.80
32.82
32.84
32.79
33.75
33.78
33.74
35.02
35.05
34.96

0.00
0.01
0.01
0.01
0.01
0.00
0.03
0.01
0.05
0.00
0.03
0.02
0.00
0.02
0.03
0.01
0.02
0.02
0.01
0.04
0.05

0.0000
0.0001
0.0001
0.0001
0.0001
0.0000
0.0009
0.0001
0.0025
0.0000
0.0009
0.0004
0.0000
0.0004
0.0009
0.0001
0.0004
0.0004
0.0001
0.0016
0.0025

0.500

0.250

0.100

0.050

0.025

0.010

2

2

∑(x  x)

∑(x  x)
n 1

∑(x  x)
n 1

0.0002

0.0001

0.01

0.0002

0.0001

0.01

0.0035

0.0018

0.04

0.0013

0.0007

0.03

0.0013

0.0007

0.03

0.0009

0.0005

0.02

0.0042

0.0021

0.05

2
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Table 9.8 Standard deviation calculations for GeneA CT values for different amounts of input RNA converted to cDNA and
amplified and detected by real-time polymerase chain reaction (PCR).  denotes sum. The sample size (n) for each input RNA
amount is three. The mean values used for the third column were calculated in Table 9.6.

Table 9.9 Standard deviation calculations for -actin CT values for different amounts of input RNA converted to cDNA and
amplified and detected by real-time polymerase chain reaction (PCR).  denotes sum. The sample size (n) for each input RNA
amount is three. The mean values used for the third column were calculated in Table 9.6.
-actin 
CT (x)

(x  x)

( x  x )2

1.000

26.60
26.55
26.62
27.55
27.57
27.60
28.57
28.63
28.60
29.75
29.80
29.73
30.80
30.78
30.75
31.78
31.75
31.72
33.05
32.89
33.10

0.01
0.04
0.03
0.02
0.00
0.03
0.03
0.03
0.00
0.01
0.04
0.03
0.02
0.00
0.03
0.03
0.00
0.03
0.04
0.12
0.09

0.0001
0.0016
0.0009
0.0004
0.0000
0.0009
0.0009
0.0009
0.0000
0.0001
0.0016
0.0009
0.0004
0.0000
0.0009
0.0009
0.0000
0.0009
0.0016
0.0144
0.0081

0.500

0.250

0.100

0.050

0.025

0.010

2

∑(x  x)

2

∑(x  x)
n 1

2

∑(x  x)
n 1

0.0026

0.0013

0.04

0.0013

0.0007

0.03

0.0018

0.0009

0.03

0.0026

0.0013

0.04

0.0013

0.0007

0.03

0.0018

0.0009

0.04

0.0241

0.0121

0.11
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Input 
RNA (ng)
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Table 9.10 Margin of error calculations for GeneA CT values at
different amounts of input RNA at a 99% confidence level. The
standard deviation (s) values were calculated in Table 9.8. The
sample size (n) for each input RNA amount is three.
Input 
RNA (ng)
1.000
0.500
0.250
0.100
0.050
0.025
0.010

GeneA s

s
n

0.01
0.01
0.04
0.03
0.03
0.02
0.05

0.0058
0.0058
0.0231
0.0173
0.0173
0.0116
0.0289

2.58 

s
n

0.01
0.01
0.06
0.04
0.04
0.03
0.07

Table 9.11 Margin of error calculations for -actin CT values at
different amounts of input RNA at a 99% confidence level. The
standard deviation (s) values were calculated in Table 9.9. The
sample size (n) for each input RNA amount is three.
Input 
RNA (ng)
1.000
0.500
0.250
0.100
0.050
0.025
0.010

-actin s

s
n

0.04
0.03
0.03
0.04
0.03
0.04
0.11

0.0231
0.0173
0.0173
0.0231
0.0173
0.0231
0.0636

2.58 

s
n

0.06
0.04
0.04
0.06
0.04
0.06
0.16

when we report the difference between two numbers? The method we
use is called propagation of errors.
When numbers having margins of error are either added or subtracted,
the new margin of error is calculated as the square root of the sum of each
margin of error squared:
margin of error of sum or difference 
(margin of error1)2  (margin of error2 )2  ...  (margin of errorn )2
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When quantities having margins of error are multiplied or divided,
the new margin of error is calculated as the square root of the sum of
each margin of error divided by the quantity to which it is attached
squared:
margin of error of product or quotient 
 margin of error1 2  margin of error2 2
 margin of errorn 2

  

  ...  
 quantity
 quantity



 quantity
1

n

2

For the 1 ng input RNA sample, we will be subtracting the -actin average
CT (26.59  0.06) from the GeneA average CT (28.71  0.01). To propagate
the error, we have
propagated error  (0.01)2  (0.06 )2
 0.0001 0.0036
 0.0037
 0.06
The margins of error for the CT values for the remaining samples shown
in Table 9.12 are calculated in the same manner.
We can now plot the CT values determined in Table 9.12 using Microsoft
Excel as described in Appendix A. However, we must also include each

Table 9.12 CT values for each input RNA amount. The average
CT value of -actin is subtracted from the average CT value of
GeneA. The attending margin of error for each CT is calculated by
propagation of errors (see explanation above).
Input RNA 
(ng)
1.000
0.500
0.250
0.100
0.050
0.025
0.010

GeneA 
Average CT

-actin 
Average CT

CT (Average 
GeneA CT  Average
(-actin CT)

28.71 0.01
29.63 0.01
30.62 0.06
31.82 0.04
32.82 0.04
33.76 0.03
33.01 0.07

26.59 0.06
27.57 0.04
28.60 0.04
29.76 0.06
30.78 0.04
31.75 0.06
33.01 0.16

2.12 0.06
2.06 0.04
2.02 0.07
2.06 0.07
2.04 0.06
2.01 0.07
2.00 0.17
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n Figure 9.12 Error bars are added to a graph produced in Microsoft Excel by using the Format Data Series dialogue box (obtained by clicking on
one of the data points in the plot).

value’s attending margin or error through the use of error bars. These
can be added to a graph by completing the Excel dialog box shown in
Figure 9.12.
In Figure 9.13, the CT values with their margins of error (calculated in
Table 9.12) are plotted using Microsoft Excel. For this experiment, since the
absolute value of the slope of the line of best fit is close to zero (0.0463),
the target (GeneA) and reference (-actin) genes have similar amplification
efficiencies and they can be used accordingly in a gene expression assay
using the 2CT method.
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n Figure
����������������
9.13 Plotting the data from Table 9.12 shows a slope of 0.0463.

9.6.3 T
 he 2CT method – is the reference gene
affected by the experimental treatment?
Problem 9.13 A series of 10 liver tissue culture samples are exposed to
the Hepatitis C virus. As a control, a second series of 10 liver cell cultures
remain unexposed. The uninfected cells serve as the calibrator. Two hours
after exposure, total RNA from both sets of samples, exposed liver cells
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and unexposed liver cells, is extracted and converted to cDNA using
reverse transcriptase. The amount of GeneA expression is assayed by
real-time PCR using GeneA-specific primers and probe. The expression of
-actin is used as an endogenous control and is amplified and assayed
using its own unique set of primers and probe. GeneA and -actin cDNAs
are amplified and assayed in separate tubes. The results in Table 9.13 are
obtained. Using the 2CT method, calculate the relative expression level
of GeneA in hepatitis C-infected cells.

Solution 9.13
Since GeneA and -actin are assayed in separate reactions, we should not
pair any particular GeneA reaction with any particular -actin reaction. We
will therefore average the CT values of the two genes separately before
making the CT calculation. The average, or mean (designated as x), is
calculated as the sum of the data divided by the number of data points.

Table 9.13 CT values for the experiment described in Problem 9.13.
Cells
Uninfected
liver cells

Hepatitis
C-infected
liver cells

Well 
number

GeneA CT

Well 
number

-actin CT

A1
B1
C1
D1
E1
F1
G1
H1
A2
B2
E3
F3
G3
H3
A4
B4
C4
D4
E4
F4

31.65
31.37
31.72
31.51
31.80
31.68
31.47
31.59
31.78
31.55
23.15
22.89
22.58
23.05
22.64
22.78
23.21
22.92
22.84
22.73

C2
D2
E2
F2
G2
H2
A3
B3
C3
D3
G4
H4
A5
B5
C5
D5
E5
F5
G5
H5

24.32
24.35
24.45
24.28
24.25
24.36
24.42
24.20
24.52
24.30
25.87
25.93
25.75
25.90
25.72
25.81
26.03
25.85
25.87
25.95

9.6 Relative quantification – the CT method 261

Average CT of GeneA in uninfected liver cells:
31.65  31.37  31.72  31.51 31.80  31.68



31.47  31.59  31.78  31.55
10

 31.61

Average CT of -actin in uninfected liver cells:
24.32  24.35  24.45  24.28  24.25  24.36


24.42  24.20  24.52  24.30

 24.35
10
Average CT of GeneA in hepatitis C-infected liver cells:
23.15  22.89  22.58  23.05  22.64  22.78


23.21 22.92  22.84  22.73

 22.88
10
Average CT of -actin in hepatitis C-infected liver cells:
25.78  25.93  25.75  25.90  25.72  25.81


26.03  25.85  25.87  25.95

 25.87
10
As we did in Problem 9.12, we will determine the standard error for this
dataset by first calculating the standard deviation.
Again, the standard deviation (s) is given by the formula

s

∑ ( x  x )2
n 1

where the  symbol represents the sum, x is a sample, x is the average
(mean), and n is the number of measurements in the dataset.
The standard deviation is used to calculate the standard error by the following formula:
standard error 

s
n

where s is the standard deviation and n is the sample size.
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The margin of error of the sample average with a defined degree of confidence is calculated using the following equation:

margin of error  Z 

s
n

where Z (the Z-value) is the number of standard errors associated with a
particular confidence level, s is the standard deviation, and n is the number of samples in the dataset. For a margin of error containing 99% of all
possible results, the equation becomes

margin of error  2.58 

s
n

To arrive at our margin of error for each dataset, we will first calculate their
standard deviations. Tables 9.14–9.17 show the derivation involved in
these calculations.
We can now calculate the standard deviation values. Each dataset has a
sample size (n) of 10.

Table 9.14 Components of the standard deviation calculation for
CT values obtained for GeneA in uninfected liver cells. The mean
value for this dataset (calculated previously) is 31.61.
GeneA CT 
in uninfected 
cells (x)

(x  x)

31.65
31.37
31.72
31.51
31.80
31.68
31.47
31.59
31.78
31.55
Total

0.04
0.24
0.11
0.10
0.19
0.07
0.14
0.02
0.17
0.06

( x  x )2

0.0016
0.0576
0.0121
0.0100
0.0361
0.0049
0.0196
0.0004
0.0289
0.0036
0.1748
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Table 9.15 Components of the standard deviation calculation for
CT values obtained for -actin in uninfected liver cells. The mean
value for this dataset (calculated previously) is 24.35.
-actin CT in 
uninfected 
cells (x)

(x  x)

24.32
24.35
24.45
24.28
24.25
24.36
24.42
24.20
24.52
24.30
Total

0.03
0.00
0.10
0.07
0.10
0.01
0.07
0.15
0.17
0.05

( x  x )2

0.0009
0.0000
0.0100
0.0049
0.0100
0.0001
0.0049
0.0225
0.0289
0.0025
0.0847

Table 9.16 Components of the standard deviation calculation for CT
values obtained for GeneA in hepatitis C virus-infected liver cells. The
mean value for this dataset (calculated previously) is 22.88.
GeneA CT in 
virus-infected 
liver cells (x)

(x  x)

23.15
22.89
22.58
23.05
22.64
22.78
23.21
22.92
22.84
22.73
Total

0.27
0.01
0.30
0.17
0.24
0.10
0.33
0.04
0.04
0.15

( x  x )2

0.0729
0.0001
0.0900
0.0289
0.0576
0.0100
0.1089
0.0016
0.0016
0.0225
0.3941
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Table 9.17 Components of the standard deviation calculation for
CT values obtained for -actin in hepatitis C virus-infected liver cells.
The mean value for this dataset (calculated previously) is 25.87.
-actin CT in virus-
infected liver cells (x)

(x  x)

( x  x )2

25.87
25.93
25.75
25.90
25.72
25.81
26.03
25.85
25.87
25.95
Total

0.00
0.06
0.12
0.03
0.15
0.06
0.16
0.02
0.00
0.08

0.0000
0.0036
0.0144
0.0009
0.0225
0.0036
0.0256
0.0004
0.0000
0.0064
0.0774

GeneA in uninfected liver cells:

s

∑ ( x  x )2
n 1



0.1748

10  1

0.1748
 0.0194  0.14
9

-actin in uninfected liver cells:
2

s

∑( x  x )



n 1

0.0847

10  1

0.0847
 0.0094  0.10
9

GeneA in virus-infected liver cells:
2

s

∑( x  x )
n 1



0.3941

10  1

0.3941
 0.0438  0.21
9

-actin in virus-infected liver cells:
2

s

∑( x  x )
n 1



0.0774

10  1

0.0774
 0.0086  0.09
9
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With the standard deviation values in hand, the margin of errors can be
calculated. We will use a confidence level of 99% (Z  2.58). The sample
size (n) for each dataset is 10.
GeneA in uninfected liver cells:
margin of error  Z 

s
0.14
0.14
 2.58 
 2.58 
 0.11
3.16
n
10

-actin in uninfected liver cells:
margin of error  Z 

0.10
s
0.10
 2.58 
 2.58 
 0.08
3.16
n
10

GeneA in virus-infected liver cells:
margin of error  Z 

0.21
s
0.21
 2.58 
 2.58 
 0.17
3.16
n
10

-actin in virus-infected liver cells:
margin of error  Z 

0.09
s
0.09
 2.58 
 2.58 
 0.07
3.16
n
10

We can now attach the margin of error values to the average C T values for
each dataset:
Average CT of GeneA in uninfected liver cells  31.61  0.11.
Average CT of -actin in uninfected liver cells  24.35  0.08.
Average CT of GeneA in hepatitis C-infected liver cells  22.88  0.17.
Average CT of -actin in hepatitis C-infected liver cells  25.87  0.07.
The CT of the calibrator sample is calculated as the average CT of Gene A
in uninfected liver cells minus the average CT of -actin in uninfected liver
cells. We will first calculate the margin of error for the calibrator CT. The
average CT value of Gene A in uninfected liver cells has a margin of error
of  0.11. The average CT of -actin in the uninfected liver cells has a margin of error of  0.08. Using propagation of errors (see Problem 9.12), the
margin of error of the difference between these two average CT values is
2

2

margin of error  (0.11)  (0.08)  0.0121 0.0064
 0.0185  0.14
Therefore, we will attach a margin of error of 0.14 to the CT value for
the calibrator. It is calculated as:
C T, calibrator  31.61 0.11 24.35  0.08  7.26  0.14
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The CT for the uninfected cells (the calibrator) is calculated as the
average CT for this dataset minus the average CT for the uninfected
cells. We are essentially subtracting this value from itself. The result will be
zero, by definition:
7.26  7.26  0.00
However, we perform this step because of the margin of error values
attached to those numbers. When we calculate the 2CT value for the
calibrator, the propagated margin of error will show us the range of normalized values. The CT for the uninfected cells has a margin of error of
0.14. To propagate the error, we have
(0.14 )2  (0.14 )2  0.0196  0.0196 0.0392  0.20
Therefore, our CT value for uninfected cells is expressed as 0.00  0.20.
The normalized GeneA amount relative to itself in uninfected cells using
2CT, by definition, is unity (equal to 1.0):
2( 0.00 )  1.0
However, we can calculate a range of normalized values using the propagated error of 0.20. We will take 2 to the exponent (0.2) (derived
from 0.00  0.20  0.2) and 2 to the exponent (0.2) (derived from
0.00  0.20  0.2). We have
2CT  2(0.2 )  20.2  1.1
and
2CT  2( 0.2 )  0.9
Therefore, the normalized GeneA amount in uninfected cells relative to
itself has a range of from 0.9 to 1.1.
The CT of the target (GeneA) in infected cells is calculated as the average CT of GeneA in hepatitis C-infected liver cells minus the average CT of
-actin in hepatitis C-infected liver cells. The average CT value of GeneA
in virus-infected cells (22.88) has a margin of error of 0.17. The average
CT value of -actin in virus-infected cells (25.87) has a margin of error of
0.07. The margin of error of the CT will be
margin of error  (0.17)2  (0.07)2
 0.0289  0.0049  0.0338  0.18
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Therefore, we will attach a margin of error of 0.18 to the value of CT
for the target gene. It is calculated as
C T. target  22.88  0.17  25.87  0.07  2.99  0.18
We can now calculate the CT as the average CT of the target minus
the average CT of the calibrator:
C T  2.99  7.26  10.25
We propagate the error as follows:
margin of error  (0.18)2  (0.14 )2
 0.0324  0.0196  0.0520  0.23
Therefore, we can report the CT value as 10.25  0.23.
We take the change in expression of GeneA in uninfected cells as 20,
which is equivalent to 1. The change in expression of our target gene in
hepatitis C-infected liver cells can now be calculated as 2C T where
CT is 10.25.
2CT  2(10.25)  1218
Therefore, there is a 1218-fold change in the expression of GeneA in hepatitis C-infected liver cells compared to its expression level in uninfected
liver cells. We still, however, need to account for the margin of error. We
can use the margin of error to determine a range of values for 2CT. In
this experiment, the CT values, based on the margin of error calculations, will range from 10.48 (10.25 minus the margin of error of 0.23)
to 10.02 (10.25 plus 0.23):
2CT  2(10.48 )  1428
2CT  2(10.02 )  1038
Therefore, we can report that GeneA is expressed 1218-fold more in
hepatitis C-infected liver cells than in uninfected cells with a range from
1038- to 1428-fold difference. Notice, however, that this range is not symmetrical about the average CT value of 1218 (1428 is 210-fold differences away from 1218 while 1038 is 180-fold differences away). Since CT
is related to copy number exponentially, the asymmetry of range is an
artifact of calculating a linear comparison of amounts from results derived
from an exponential process.
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Note: If the CT value is positive (4, for example), then
2CT  2( 4.0 )  0.0625
and we can say that the sample has 0.0625, or 1⁄16, the amount of target
RNA as the calibrator.

Problem 9.14 We are conducting an experiment to measure the
difference in expression of GeneA (the target gene) in two different tissue
types, liver and muscle. -actin will serve as the reference gene and
muscle cells will serve as the calibrator. Total RNA is recovered from both
types of tissue and 2 g of total RNA from each tissue type is converted to
cDNA by reverse transcriptase. Five replicate wells from each tissue type
contain cDNA derived from 20 ng total RNA. A probe for GeneA is labeled
with a FAM (blue) dye and a probe for -actin is labeled with VIC (a green
dye). Since each gene can be assayed for using their own distinguishable
reporter dyes, GeneA and -actin are amplified and assayed simultaneously
in each well. The results shown in Table 9.18 are obtained. Calculate the
fold difference in the expression of GeneA in liver cells as compared to the
expression of GeneA in muscle cells using the 2CT method.

Table 9.18 CT values for cDNA samples made from total RNA
isolated from liver and muscle cells. GeneA and -actin were
amplified and assayed in the same well for five replicate samples
from each tissue type.
Tissue

Well number

Liver

A1
B1
C1
D1
E1
F1
G1
H1
A2
B2

Muscle

GeneA CT

-actin CT

28.24
28.32
28.28
28.36
28.34
34.81
34.65
34.72
34.58
34.84

26.44
26.37
26.56
26.52
26.48
25.48
25.45
25.62
25.54
25.56
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Solution 9.14
In Problem 9.13, the target gene and the reference gene are amplified
and assayed in different wells of a microtiter plate in replicate. We therefore average the CT values of the target and reference before calculating
the CT. In this problem, however, the target and reference are amplified
and assayed in the same well in replicate. Because each well has the same
amount of cDNA (made from 20 ng of input RNA per well), we will calculate
the CT for each well separately. We will then take the average of these CT
values to calculate the CT and the value for 2CT. We will also calculate the standard error for each average CT and for the CT value.
The CT values are calculated as the GeneA CT minus the -actin CT for
each well. These results are shown in Table 9.19. This table also shows the
average CT for each tissue type.
To arrive at our margin of error for each dataset, we will first calculate their
standard deviations. Tables 9.20 and 9.21 show the calculations for the
‘(x  x )2’ component of the standard deviation calculations shown in
Table 9.22.
We can now calculate the standard deviations for the average CT values.
Each dataset has a sample size (n) of 5. With the standard deviation values in
hand, the margins of error can be calculated. We will use a confidence level
of 99% (Z  2.58). The sample size (n) for each dataset is 10 (Table 9.23).

Table 9.19 CT calculations for the Problem 9.14 data. The average
(mean) CT is calculated as the sum of the individual CT values
divided by five (the number of samples for each tissue type).
Tissue type

Well number

GeneA CT

-actin CT

Liver

A1
B1
C1
D1
E1

28.24
28.32
28.28
28.36
28.34

Muscle

F1
G1
H1
A2
B2

34.81
34.65
34.72
34.58
34.84

26.44
1.80
26.37
1.95
26.56
1.72
26.52
1.84
26.48
1.86
Average  1.83
25.48
9.33
25.45
9.20
25.62
9.10
25.54
9.04
25.56
9.28
Average  9.19

CT
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Table 9.20 Components of the standard deviation calculation for
CT values obtained for liver cells. The mean value for this dataset is
1.83 (calculated in Table 9.19).
CT from Liver Cell
Samples (x)

(x  x)

( x  x )2

1.80
1.95
1.72
1.84
1.86
Total

0.03
0.12
0.11
0.01
0.03

0.0009
0.0144
0.0121
0.0001
0.0009
0.0284

Table 9.21 Components of the standard deviation calculation for
CT values obtained for muscle cells. The mean value for this dataset
is 9.19 (calculated in Table 9.19).
CT from Muscle 
Cell Samples (x)

(x  x)

( x  x )2

9.33
9.20
9.10
9.04
9.28
Total

0.23
0.01
0.09
0.15
0.09

0.0529
0.0001
0.0081
0.0225
0.0081
0.0917

Table 9.22 Calculations for the standard deviation values for the
CT associated with the two different tissue types.
CT from Liver Cells:

s


CT from Muscle Cells:

s


∑ ( x  x )2
n 1
0.0284

5 1

0.0284
 0.0071  0.08
4

∑ ( x  x )2
n 1
0.0917

5 1

0.0917
 0.0229  0.15
4
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Table 9.23 Calculations for the margin of error for the CT values
associated with the two different tissue types.
CT from Liver Cells:

CT from Muscle Cells:

margin of error  Z 

s
n

 2.58 

0.08
5

 2.58 

0.08
 0.04
2.24

margin of error  Z 

s
n

 2.58 

0.15
5

 2.58 

0.15
 0.07
2.24

We can now attach the margin of error values to the average CT values
for each tissue type dataset:
Average CT for liver cells  1.83  0.04.
Average CT for muscle cells  9.19  0.07.
The CT value can now be calculated by subtracting the average CT
of the reactions from muscle (the calibrator) from the average CT value
associated with each tissue type. For liver, we have
1.83  9.19  7.36
and for muscle, we have
9.19  9.19  0.00
Since our average CT values, however, have associated margin of error
values, we must propagate those values and include them in the answer.
As described in Problem 9.12, we propagate the error for the CT liver
minus CT muscle as
margin of error  (0.04 )2  (0.07)2
 0.0016  0.0049  0.0065  0.08
The CT value for liver cells is therefore expressed as
7.36  0.08
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The margin of error associated with the CT for CT muscle minus CT
muscle is
margin of error  (0.07)2  (v )2
 0.0049  0.0049  0.0098  0.10
The CT value for muscle cells is therefore expressed as
0.00  0.10
We can now calculate the normalized GeneA amounts relative to their
expression level in muscle using the 2CT equation. For GeneA expression in liver cells, we have
2CT  2(7.36 )  27.36  164.3
Since we have included a margin of error measurement (0.08), we will
find the range of fold change that is bounded by this margin of error by
taking 2 to the exponent (7.44) (since (7.36  0.08)  (7.44))
and 2 to the exponent (7.28) (since (7.36  0.08)  (7.28)).
We have
2CT  2(7.44 )  27.44  173.6
and
2CT  2(7.28 )  27.28  155.4
Therefore, GeneA is expressed some 164.3-fold more in liver cells than in
muscle cells and has a range of from 155.4- to 173.6-fold more.
GeneA expression relative to itself in muscle cells (the calibrator) will have
a fold change of unity (20  1.0), by definition. However, since there is a
margin of error associated with this value, we will also calculate its range
by taking 2 to the exponent (0.1) (since (0.00  0.10)  (0.1))
and 2 to the exponent (0.1) (since (0.00  0.10)  (0.1)):
2(0.1)  20.1  1.1
and
20.1  0.9
Therefore, normalized GeneA amount in muscle relative to muscle has a
range of 0.9- to 1.1-fold.
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Problem 9.15 In an experiment similar to that described in Problem
9.14, the expression of GeneA in liver cells in response to hepatitis C
infection is measured. -actin serves as an endogenous control to
which GeneA activity is normalized. Triplicate samples of liver cells are
taken at times 0, 1, and 2 hr post infection and cDNA prepared. GeneA
is assayed in real-time PCRs using a FAM (blue)-labeled probe. By a
multiplex reaction for each sample (the reactions for each gene are
performed in the same well), -actin is assayed by real-time PCR using a
VIC (green)-labeled probe. The zero time point serves as the calibrator
sample. The data in Table 9.24 is collected. What is the fold change in the
expression of Gene A normalized to the expression of -actin and relative
to time zero for 1 and 2 hr post exposure to hepatitis C virus?

Solution 9.15
The calibrator for this experiment is the expression of GeneA normalized
to -actin at time zero. We therefore need to calculate the mean CT value
for GeneA at time zero and the mean C T value for -actin at time zero.
These values will be subtracted from each other to give the CT calibrator, which will be further subtracted from the CT of each sample to yield
the CT.
The Mean 2CT value calculated in the last column of Table 9.25 represents the mean fold change in gene expression. At 1 hr, therefore, GeneA is
expressed at a 28.8-fold increase over time zero. By 2 hr, GeneA expression
has increased by 2719.7-fold.

Table 9.24 Data collected for a real-time PCR experiment to
measure the effect of hepatitis C infection on the expression of
GeneA in liver cells.
Sample
1
2
3
4
5
6
7
8
9

Well number

Time

GeneA CT

-actin CT

A1
B1
C1
D1
E1
F1
G1
H1
A2

0
0
0
1 hr
1 hr
1 hr
2 hr
2 hr
2 hr

27.8
28.2
28.3
24.1
23.8
24.0
17.5
17.6
17.9

27.4
27.2
27.0
27.9
28.0
27.8
28.2
27.9
28.4
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Table 9.25 The CT of the target at t  n is calculated as (GeneA CT )  (-actin CT ) for each well at each
time point. The CT is calculated as ((GeneA CT )  (-actin CT )Time n)  ((mean CT of GeneA at time 0) 
(mean CT of -actin at time 0)).
Sample

1
2
3
4
5
6
7
8
9

Time

GeneA CT

Mean
GeneA CT
at t  0

-actin
CT

Mean
-actin CT
at t  0

0
0
0
1 hr
1 hr
1 hr
2 hr
2 hr
2 hr

27.8
28.2
28.3
24.1
23.8
24.0
17.5
17.6
17.9

28.1
28.1
28.1
28.1
28.1
28.1
28.1
28.1
28.1

27.4
27.2
27.0
27.9
28.0
27.8
28.2
27.9
28.4

27.2
27.2
27.2
27.2
27.2
27.2
27.2
27.2
27.2

CT of
the target
at t  n

CT

2CT

Mean
2CT

0.4
1.0
1.3
3.8
4.2
3.8
10.7
10.3
10.5

0.5
0.1
0.4
4.7
5.1
4.7
11.6
11.2
11.4

1.41
0.93
0.76
26.0
34.3
26.0
3104.2
2352.5
2702.4

1.03

28.8

2719.7

For completeness, we will calculate the standard deviations and the coefficient of variation.
Again, the standard deviation (s) is given by the formula
2

s

∑( x  x )
n 1

where the  symbol represents the sum, x is a sample, x is the average
(mean), and n is the number of measurements in the dataset. These standard deviations for the dataset are calculated in Table 9.26.
Therefore, the calculated zero time mean fold increase in gene expression
has a standard deviation (s) of 0.31. The values determined for 1 and 2 hr
have standard deviations of 4.79 and 376.15, respectively.
The coefficient of variation (cv) is a measure of the dispersion of the data
points around a mean and is given by the equation
CV 

standard deviation
s

mean
x

The CV is a dimensionless number in that it has no regard for the units of
the dataset. It can be useful, therefore, when comparing the degree of variation from one dataset to another when those datasets have different units.
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Table 9.26 Calculations of standard deviations for the Problem 9.15 dataset. The mean 2CT for zero
time is 1.03, for 1 hr is 28.8, and for 2 hours is 2719.7 (determined in Table 9.25).
Time

2CT

(x  x )

( x  x )2

∑ ( x  x )2

0

1.41
0.93
0.76
26.0
34.3
26.0
3104.2
2352.5
2702.4

0.38
0.01
0.27
2.8
5.5
2.8
384.5
367.2
17.3

0.1444
0.0100
0.0729
7.84
30.25
7.84
147 840
134 836
299

0.2273

1 hour

2 hours

282 975

141 488

0.34
 100  33%
1.03

For the 1 hr value, we have
4.79
 100  17%
28.8

For the 2 hr value, we have
CV 

0.1137

22.97

The CV values for this dataset are as follows. For the zero time fold increase,
we have

CV 

n 1

45.93

It is also useful when the different datasets have vastly different means, as
is the case here. The CV is often expressed as a percent. The higher the CV
value, the greater the dispersion of data about the mean. However, if a
mean is close to zero, the CV value can be disproportionately impacted by
small changes in the mean, and, under those circumstances, is a less valuable measure of dataset variation.

CV 

∑ ( x  x )2

376.15
 100  14%
2719.7

Therefore, these datasets have similar dispersions about the mean values
calculated for each time measurement: 0, 1, and 2 hr.

∑ ( x  x )2
n 1
0.34

4.79

376.15
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9.7 The relative standard curve method
9.7.1 Standard curve method for relative 
quantitation
In the Standard Curve method, the simplest method of quantitation, the
amount of transcript for each gene in each tissue type is first calculated
using a standard curve of a known nucleic acid at known concentrations.
The concentrations of the experimental samples are then expressed as fractions relative to a single calibrator (usually the transcript of a different gene
in some other tissue type). The concentration of the calibrator is arbitrarily set at one – at unity. The concentrations of the target transcripts are
expressed as a difference to the calibrator – the quantity of the target divided
by the quantity of the calibrator. That is, for example, the transcript of the
HGPRT gene is made at a two-fold greater amount than the calibrator.
In the previous section, we saw that absolute quantification of an unknown
sample is possible through the use of a standard curve in which the concentration of a quantified, serially diluted DNA sample is plotted against
each diluted sample’s CT. The CT value of an unknown sample can then
be used to determine that sample’s concentration by extrapolation from the
standard curve.
A standard curve can also be used to measure gene expression when the
exact concentration of the standard is not known. In this case, quantification of the target is measured relative to a reference. The reference can be
a calibrator such as a housekeeping gene (-actin, GAPDH, or a ribosomal
RNA gene) or it can be the study’s actual target gene but from untreated
or time zero cells. The reference’s concentration, by definition, is at 1X
and all target quantities from the treated samples are expressed as an n-fold
difference relative to the reference. A standard curve can be prepared from
a dilution series of any independent sample of RNA or DNA carrying the
desired target gene(s). The actual concentrations (in ng/L) of the standards need not be known, just their relative dilutions.
Standard curves should be prepared for both the target and the reference.
Each standard curve is then used to determine the quantities, respectively,
of the target and the reference gene. For all experimental samples, target
quantity (as determined from the standard curve) is divided by the target
quantity of the reference to yield a relative n-fold difference. The actual
nanogram amount of product generated for each gene is not important. It is
a relative comparison.
The Relative Standard Curve method for the analysis of relative gene expression is simpler to perform than the 2CT method because it requires the
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smallest amount of optimization and validation. The two methods, however,
can give very similar results.

Problem 9.16 We wish to determine the relative expression of GeneA in
several different tissue types. We will use the housekeeping gene HSKG
as a reference. GeneA and HSKG will be amplified in separate tubes.
Dilutions of cDNA prepared from a stock of total RNA (purchased from
a commercial source) are used to construct standard curves separately
for GeneA and HSKG. Fifty ng of cDNA prepared from the RNA stock is
diluted serially in two-fold increments. Aliquots of those dilutions are
distributed in triplicate into each of two 96-well optical plates (plates
A and B) such that, in each plate, three wells carry 2 ng of cDNA, three
wells carry 1 ng of cDNA, three wells carry 0.5 ng of cDNA, etc., down to
0.015 ng of cDNA per well in three wells. Samples of total RNA are isolated
from brain, muscle, and liver cells. That RNA is converted to cDNA by
reverse transcriptase, and 1 ng aliquots of the cDNA are dispensed into
three wells each of plate A and plate B. GeneA is amplified in plate A using
specific primers and a FAM-labeled probe in a real-time PCR instrument.
The HSKG gene is amplified and assayed in plate B. The results shown
in Tables 9.27 and 9.28 are obtained. Using the Relative Standard Curve
method, what are the relative levels of expression of GeneA in the three
tissue types: brain, muscle, and liver?

Solution 9.16
We will first construct standard curves for the dataset from plates A and
B. Using the equation for the curve’s regression line, we will calculate the
relative amounts of GeneA and HSKG and then compare them.
If the instrument software cannot construct a standard curve, one can be
made using Microsoft Excel using the following steps:
1. In an Excel workbook, add the information into columns of ‘ng,’ ‘log ng,’
and ‘CT,’ as shown in Figure 9.14.
2. Highlight a box in the ‘log ng’ column next to a value in the ‘ng’ column. Calculate the log (base 10) for that ng value by
a. Clicking open the Paste Function icon.
b. Highlighting ‘Math & Trig’ in the dialogue box that appears, highlighting ‘LOG10’ in the Function name, and clicking the OK button.
c. Entering the ng value in the Number field of the LOG10 dialog
box and clicking OK. This will enter the log value in the highlighted box in the log ng column.
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Table 9.27 Cycle threshold data for plate A as described in
Problem 9.16.

Plate A: GeneA standard curve and GeneA expression in brain, 
muscle, and liver
Sample

Well

CT

2 ng cDNA (standard)
2 ng cDNA (standard)
2 ng cDNA (standard)
1 ng cDNA (standard)
1 ng cDNA (standard)
1 ng cDNA (standard)
0.5 ng cDNA (standard)
0.5 ng cDNA (standard)
0.5 ng cDNA (standard)
0.25 ng cDNA (standard)
0.25 ng cDNA (standard)
0.25 ng cDNA (standard)
0.125 ng cDNA (standard)
0.125 ng cDNA (standard)
0.125 ng cDNA (standard)
0.06 ng cDNA (standard)
0.06 ng cDNA (standard)
0.06 ng cDNA (standard)
0.03 ng cDNA (standard)
0.03 ng cDNA (standard)
0.03 ng cDNA (standard)
0.016 ng cDNA (standard)
0.016 ng cDNA (standard)
0.016 ng cDNA (standard)
0.5 ng cDNA from Brain
0.5 ng cDNA from Brain
0.5 ng cDNA from Brain
0.5 ng cDNA from Muscle
0.5 ng cDNA from Muscle
0.5 ng cDNA from Muscle
0.5 ng cDNA from Liver
0.5 ng cDNA from Liver
0.5 ng cDNA from Liver

Al
Bl
Cl
Dl
El
Fl
Gl
HI
A2
B2
C2
D2
E2
F2
G2
H2
A3
B3
C3
D3
E3
F3
G3
H3
A4
B4
C4
D4
E4
F4
G4
H4
A5

25.43
25.56
25.58
26.52
26.59
26.44
27.38
27.48
27.50
28.43
28.34
28.50
29.36
29.38
29.43
30.28
30.29
30.39
31.30
31.32
31.27
32.21
32.31
32.39
25.78
25.69
25.84
30.74
30.68
31.02
24.98
25.12
25.26
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Table 9.28 Cycle threshold data for plate B as described in
Problem 9.16.

Plate B: HSKGa standard curve and HSKGa expression in brain, 
muscle, and liver
Sample

Well

CT

2 ng cDNA (standard)
2 ng cDNA (standard)
2 ng cDNA (standard)
1 ng cDNA (standard)
1 ng cDNA (standard)
1 ng cDNA (standard)
0.5 ng cDNA (standard)
0.5 ng cDNA (standard)
0.5 ng cDNA (standard)
0.25 ng cDNA (standard)
0.25 ng cDNA (standard)
0.25 ng cDNA (standard)
0.125 ng cDNA (standard)
0.125 ng cDNA (standard)
0.125 ng cDNA (standard)
0.06 ng cDNA (standard)
0.06 ng cDNA (standard)
0.06 ng cDNA (standard)
0.03 ng cDNA (standard)
0.03 ng cDNA (standard)
0.03 ng cDNA (standard)
0.016 ng cDNA (standard)
0.016 ng cDNA (standard)
0.016 ng cDNA (standard)
0.5 ng cDNA from Brain
0.5 ng cDNA from Brain
0.5 ng cDNA from Brain
0.5 ng cDNA from Muscle
0.5 ng cDNA from Muscle
0.5 ng cDNA from Muscle
0.5 ng cDNA from Liver
0.5 ng cDNA from Liver
0.5 ng cDNA from Liver

Al
Bl
Cl
Dl
El
Fl
Gl
HI
A2
B2
C2
D2
E2
F2
G2
H2
A3
B3
C3
D3
E3
F3
G3
H3
A4
B4
C4
D4
E4
F4
G4
H4
A5

23.98
24.04
24.02
25.01
25.02
24.96
26.01
26.04
25.92
27.01
27.05
26.89
28.02
28.04
27.92
29.03
29.05
29.01
30.03
29.90
30.03
31.04
31.07
31.09
27.48
27.02
27.28
25.38
25.27
25.41
31.48
31.55
31.61
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3. Perform the following steps to construct a standard curve:
a. Highlight all the values listed in the ‘ng’ and ‘log ng’ columns (do
not include the headers).
b. Click the Chart Wizard open and select ‘XY (Scatter)’ in the Chart
type list.
c. Click the Next button through the fields to format the chart to
your satisfaction. When done, click the Finish button. The chart of
the standard curve will appear on the spreadsheet.
d. Click on the chart to make sure it is selected (it will highlight along
its edges).
e. From the Chart pull-down menu in the top tool bar, select ‘Add
Trendline.’ In the dialogue box that appears, select ‘Linear’ for
the Trend/Regression type. In the Options window of the Add
Trendline box, make sure the checkboxes for ‘Display equation
on chart’ and ‘Display R-squared value on chart’ are checked. Click
the OK button. This will add the regression line’s equation on the
chart (Figure 9.15).
n Figure 9.14 Data for the GeneA standard

This process is repeated for plate B as shown in Figure 9.16.

curve obtained from plate A as it appears in a
Microsoft Excel spreadsheet.

n Figure 9.15 The regression line and its equation for the standard curve plotted using the dataset of Problem 9.16 and Microsoft Excel.
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n Figure
����������������
9.16 The CT data and HSKG standard curve for the plate B dataset.

We now use the equations for the regression lines determined for the
standard curves to calculate the input amounts for the unknown samples.
The equations are in the general form for a line y  mx  b, where y is
the CT value, m is equal to the slope of the line, x is the log of the input
amount of RNA in nanograms, and b is the y intercept at x equal to 0. This
equation can be rearranged to solve for x as follows.
y  mx  b
y b
x
m
By knowing the CT value (y), therefore, we can use the linear regression
equation to calculate the input amount of RNA. For example, the amount
of GeneA input RNA corresponding to the sample in well A4 of plate A (see
Table 9.26) is
x

25.78  26.492
0.712

 0.223
3.1908
3.1908
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This value, however, is the log of the ng amount. To convert it to ng, we
must take its antilog. On a calculator, that value is obtained by using the
10x function. In Microsoft Excel, the antilog is obtained by using the Paste
Function function and selecting ‘Math & Trig’ from the Function category
and ‘POWER’ from the Function name. After clicking OK, entering ‘10’
in the Number field and the x value in the Power field will give you the
x value’s antilog.
Antilog 0.223 = 1.67
Therefore, a CT value of 25.78 corresponds to an input amount of RNA
of 1.67 ng.
This protocol is used to determine the input amount of RNA for all
of the unknown samples. For the HSKG samples, however, the regression equation from the standard curve generated from the plate B dataset
is used for the calculation. These calculations yield the results shown in
Table 9.29.

Table 9.29 Calculation results for the equivalent amounts of total
RNA as determined by the linear regression equations from the
standard curves for genes GeneA and HSKG.
Gene/tissue

CT

GeneA/brain

25.78
25.69
25.84
30.74
30.68
31.02
24.98
25.12
25.26
27.48
27.02
27.28
25.38
25.27
25.41
31.48
31.55
31.61

GeneA/muscle

GeneA/liver

HSKGα/brain

HSKGα/muscle

HSKGα/liver

Log ng total RNA

Ng total RNA

0.223
0.251
0.204
1.331
1.313
1.419
0.474
0.430
0.386
0.748
0.609
0.712
0.117
0.108
0.126
1.949
1.970
1.988

1.67
1.78
1.60
0.047
0.049
0.038
2.98
2.69
2.43
0.179
0.246
0.194
0.764
0.780
0.748
0.011
0.011
0.010
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We will now calculate the standard deviation for each ng amount for each
gene and tissue type. Standard deviation (s) is given by the equation
s

∑ ( x  x )2
n 1

In calculating the standard deviation (see Table 9.30), we should average the GeneA and HSKG amounts separately because, even though we
are measuring the two genes in the same tissues, we have amplified and
assayed them in separate tubes.

Table 9.30 Calculations for the standard deviation values of the total RNA amounts as determined from
the standard curve described in Problem 9.16.

∑ ( x  x )2

∑ ( x  x )2

Gene/tissue

ng Total 
RNA

( x  x )2

∑ ( x  x )2

GeneA/brain

1.67
1.78
1.60
1.68
0.047
0.049
0.038
0.045
2.98
2.69
2.43
2.70
0.179
0.246
0.194
0.206
0.764
0.780
0.748
0.764
0.011
0.011
0010
0.011

0.0001
0.0100
0.0064

0.0165

0.0083

0.091

0.000004
0.000016
0.000049

0.00007

0.00004

0.006

0.0784
0.0001
0.0729

0.1514

0.0757

0.275

0.00073
0.00160
0.00014

0.00247

0.00124

0.035

0.00000
0.00026
0.00026

0.00052

0.0003

0.016

0.00000
0.00000
0.00000

0.00000

0.00000

0.000

Average
GeneA /muscle

Average
GeneA/liver

Average
HSKG/brain

Average
HSKG/muscle

Average
HSKG/liver

Average

n 1

n 1
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Table 9.31 The input RNA amounts with their standard
deviations for GeneA and HSKG in the different tissue types
described in Problem 9.16.
Gene/tissue

Ng input RNA

GeneA/brain
GeneA/muscle
GeneA/liver
HSKG/brain
HSKG/muscle
HSKG/muscle

1.68  0.091
0.045����  0.006
2.70����  0.275
0.206����  0.035
0.764����  0.016
0.011����  0.00

These standard deviation values (Table 9.30) will be attached as a ‘’
number to each average input RNA amount calculated from the C T values
(Table 9.31).
The average amount of GeneA is now divided by the average amount of
HSKG to give the normalized amount of GeneA for each tissue type. Since
there are standard deviation values associated with each ng amount of
input RNA, we will need to propagate that standard deviation in our quotient. We can do that through the coefficient of variation (cv) – a unitless
value that is a measure of variation (dispersion) of data points relative to
the mean. The cv is a useful number when you are interested in the magnitude of the dispersion relative to the size of the observation. The higher
the cv, the greater the dispersion. The cv is less useful to a statistical analysis, however, when the mean is close to zero and the cv becomes more
sensitive to small changes in the mean. It is given by the expression
cv 

standard deviation
s

mean
x

The cv of a quotient (as will be determined in this problem) is calculated as
cv  cv12  cv 22
For example, GeneA in brain tissue is equivalent, in ng of total input RNA,
to 1.68  0.091 and HSKG is equivalent to 0.206  0.035 (see Table 9.31).
In dividing 1.68  0.091 by 0.206  0.035 to give the normalized amount
of GeneA in brain tissue, we would calculate the quotient’s cv as
 0.0912  0.035 2
cv  
 
 0.003  0.029  0.032  0.179
 1.68 
 0.206 
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Table 9.32 The cv values for GeneA normalized to HSKG in the
three different tissue types described in Problem 9.16. Calculations
were performed as described in the text.
cv for each cell type

GeneA normalized to HSKG
Brain
Muscle
Liver

0.179
0.135
0.102

Table 9.33 GeneA values normalized to HSKG amounts in the
three different cell types. The GeneA amount is divided by the
HSKG amount. Errors are propagated as described in the text.
Tissue

GeneA

HSKG

GeneA normalized 
to HSKG

Brain
Muscle
Liver

1.68����  0.091
0.045����  0.006
2.70����  0.275

0.206����  0.035
0.764����  0.016
0.01����  10.00

8.16����  1.46
0.06����  0.008
245.45����  25

A cv value calculated in this manner for each tissue type is shown in
Table 9.32.
Since the cv equals the standard deviation divided by the mean, we can
rearrange and solve for s, the standard deviation, as
s
x
s  (cv )( x )

cv 

The standard deviation for the quotient for the example above, then, is
s  0.179  8.16  1.46
where the 8.16 value in this calculation is from 1.68 (the average ng total
RNA for GeneA in brain tissue; see Table 9.30) divided by 0.206 (the average ng total RNA for HSKG  in brain tissue; see Table 9.30). Therefore the
quotient (8.16) has a standard deviation of 1.46. In Table 9.33, showing
normalized GeneA values, the quotients’ standard deviations are calculated in this manner.
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The normalized GeneA amount has no units (the ng quantities cancel out
during the division step to obtain the normalized value). When we compare the values between cell types, therefore, we are examining them as
n-fold differences. To give the values a little more meaning, we can designate one of the samples as a calibrator – the sample to which the others
are directly compared. The decision as to which cell type should be the
calibrator is, for the most part, arbitrary since we are examining relative
differences between the different cell types. However, here, since muscle
cells show the lowest expression of GeneA, we will choose those cells as
the calibrator. To get an n-fold difference, then, we divide each GeneA
value by the muscle GeneA value.
Since the designation of the calibrator is arbitrary, the standard errors
should not change from those of the normalized values for each cell type.
We simply multiply each one by the new normalized value. For example,
the standard deviation for the sample from brain tissue has a standard
deviation of
136  0.179  24.34
The normalized values for the quotients shown in Table 9.34 are calculated in this manner.
Therefore, these results indicate that brain cells have roughly 136 times as
much GeneA mRNA as muscle cells. Likewise, liver cells carry some 4091
times as much GeneA mRNA as muscle cells.

Table 9.34 Calculations for the amounts of GeneA in each tissue
normalized to the amount of GeneA in muscle cells as described in
Problem 9.16. This includes a calculation in which GeneA in muscle
is normalized to itself.
Tissue

Normalized GeneA relative to muscle

Brain

8.16
 136  24.34
0.06

Muscle

0.06
 1.00  0.135
0.06

Liver

245.45
 4091 417
0.06
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Table 9.35 Results obtained for the experiment described in Problem 9.17.
Sample

Well

2 ng cDNA (standard)
2 ng cDNA (standard)
2 ng cDNA (standard)
1 ng cDNA (standard)
1 ng cDNA (standard)
1 ng cDNA (standard)
0.5 ng cDNA (standard)
0.5 ng cDNA (standard)
0.5 ng cDNA (standard)
0.25 ng cDNA (standard)
0.25 ng cDNA (standard)
0.25 ng cDNA (standard)
0.125 ng cDNA (standard)
0.125 ng cDNA (standard)
0.125 ng cDNA (standard)
0.06 ng cDNA (standard)
0.06 ng cDNA (standard)
0.06 ng cDNA (standard)
0.03 ng cDNA (standard)
0.03 ng cDNA (standard)
0.03 ng cDNA (standard)
0.016 ng cDNA (standard)
0.016 ng cDNA (standard)
0.016 ng cDNA (standard)
0.5 ng cDNA from Lung
0.5 ng cDNA from Lung
0.5 ng cDNA from Lung
0.5 ng cDNA from Heart
0.5 ng cDNA from Heart
0.5 ng cDNA from Heart
0.5 ng cDNA from Adipose
0.5 ng cDNA from Adipose
0.5 ng cDNA from Adipose

Al
Bl
Cl
Dl
El
Fl
Gl
HI
A2
B2
C2
D2
E2
F2
G2
H2
A3
B3
C3
D3
E3
F3
G3
H3
A4
B4
C4
D4
E4
F4
G4
H4
A5

CT GeneA (FAM)
24.38
24.65
24.67
25.60
25.55
25.48
26.43
26.52
26.61
27.54
27.39
27.62
28.69
28.43
28.53
29.62
29.42
29.42
30.55
30.42
30.51
31.52
31.37
31.65
25.12
24.89
24.96
28.33
28.42
28.36
30.67
30.56
30.61

CT HSKG (VIC)
23.57
23.44
23.68
24.40
24.60
24.78
25.74
25.64
25.56
26.49
26.81
26.68
27.72
27.68
27.76
28.71
28.62
28.83
29.72
29.78
29.85
30.84
30.71
30.98
28.57
28.69
28.52
30.67
30.63
30.59
24.03
24.11
24.07

Problem 9.17 We wish to measure the relative expression of GeneA
in lung, heart, and adipose tissue. We use a FAM (blue)-labeled probe
to assay for GeneA during real-time PCR. In the same wells of a 96-well
optical plate, we assay for the HSKG housekeeping gene using a VIC
(green)-labeled probe. We prepare a standard curve as described in
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Problem 9.16; however, we assay for GeneA and HSKG simultaneously
in each well of the diluted standard. RNA prepared from lung, heart,
and adipose tissue is converted to cDNA by reverse transcription. Ten
nanograms of the RNA sample (converted to cDNA) is placed in each of
three wells per tissue type and assayed for both GeneA and HSKG. The
results shown in Table 9.35 are obtained. What is the relative expression of
GeneA normalized to adipose tissue?

Solution 9.17
We will first construct standard curves for GeneA based on the FAM (blue)
signal and for HSKG based on the VIC (green) signal. These standard
curves and the equations for their regression lines (Figures 9.17 and 9.18)
are constructed using Microsoft Excel as described in Appendix A and in
Problem 9.16.
We now use the linear regression equations from the standard curves to
solve for the ng of total RNA equivalent to the amounts needed to generate
the CT values obtained for GeneA and HSKG in the RNA of the different
tissue types. From the standard curve for GeneA (Figure 9.17), we have the
equation
y  3.2889 x  25.542
where y is the CT value and x is the log of the total nanograms of RNA. We
can substitute CT for y and rearrange the equation to solve for x:
x

C T  25.542
3.2889

Placing the CT values obtained for GeneA in each tissue type and solving
for x gives us the log of the total nanograms of RNA. To get nanogram
values, we take the antilog of x as described in Problem 9.16. These calculations yield the results shown in Table 9.35.
From the standard curve for HSKG (Figure 9.18), we have the equation
y  3.4378 x  24.593
Substituting CT for y and rearranging the equation to solve for x gives
x

C T  24.593
3.4378

This equation is then used to calculate the log ng amounts of total RNA
equivalent to the amount giving the CT value for HSKG seen in the
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n Figure 9.17 The standard curve for GeneA constructed using Microsoft Excel and the dataset for Problem 9.17.

n Figure 9.18 The standard curve for HSKG constructed using Microsoft Excel and the dataset for Problem 9.17
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tissue samples. The antilog of these values gives the ng amounts shown
in Table 9.36).
We then normalize the amount of GeneA by dividing its amount by the
amount of HSKG (calculated in Tables 9.36 and 9.37). Since both GeneA
and HSKG are multiplexed (amplified in the same well), we normalize
within, rather than across, wells.
normalized GeneA 

ng GeneA
ng HSKG

Since the ng units cancel out, normalized GeneA has no units. The normalized values for GeneA are shown in Table 9.38.

Table 9.36 Nanograms of total RNA for GeneA calculated as
described in the text for Problem 9.17.
Tissue

Well

Lung

A4
B4
C4
D4
E4
F4
G4
H4
A5

Heart

Adipose

GeneA CT

Log ng

ng total RNA

25.12
24.89
24.96
28.33
28.42
28.36
30.67
30.56
30.61

0.128
0.198
0.177
0.848
0.875
0.857
1.559
1.526
1.541

1.344
1.579
1.503
0.142
0.133
0.139
0.028
0.030
0.029

Table 9.37 Nanograms of total RNA for HSKG calculated using
the equation for the linear regression line from the standard curve.
The antilog of x in that equation is equal to the total RNA amount.
Data is for Problem 9.17.
Tissue

Well

Lung

A4
B4
C4
D4
E4
F4
G4
H4
A5

Heart

Adipose

GeneA CT

Log ng

ng total RNA

28.57
28.69
28.52
30.67
30.63
30.59
24.03
24.11
24.07

1.157
1.192
1.142
1.768
1.756
1.744
0.164
0.141
0.152

0.070
0.064
0.072
0.017
0.018
0.018
1.458
1.382
1.419
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Table 9.38 GeneA normalized to HSKG. The normalized values
are obtained by dividing the amount of GeneA by the amount of
HSKG for each tissue type. Since the ng units cancel out during this
division step, normalized GeneA is a value without units. This data is
for Problem 9.17.
Tissue

Well

Lung

A4
B4
C4
D4
E4
F4
G4
H4
A5

Heart

Adipose

ng GeneA

ng HSKG

1.344
1.579
1.503
0.142
0.133
0.139
0.028
0.030
0.029

0.070
0.064
0.072
0.017
0.018
0.018
1.458
1.382
1.419

GeneA normalized
to HSKG
19.20
24.67
20.88
8.35
7.39
7.72
0.019
0.022
0.020

We will now determine the average normalized GeneA value for each
tissue type and assign a standard deviation (as a ‘’ number) to each of
those values. The standard deviation is given by the equation
s

∑ ( x  x )2
n 1

where n is the number of samples used to obtain data for each tissue
type. The averages and standard deviations for GeneA in the different tissue types are shown in Table 9.39.
We now have the normalized average GeneA values with their standard
deviations for each tissue type:
Lung: 21.58  2.80.
Heart: 7.82  0.48.
Adipose: 0.02  0.00.
We will now calculate the normalized GeneA values relative to a calibrator. In this case, we will designate GeneA activity in adipose tissue as
the calibrator to which GeneA activity in the other tissues (lung and
heart) will be compared. To obtain a relative value, we will divide each
number by the value associated with adipose tissue. We will also attach
a standard deviation to each relative gene expression value we calculate.
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Table 9.39 Mean normalized GeneA values and calculation of their standard deviations. Data is for Problem 9.17.
Tissue
Lung

Average
Heart

Average
Adipose

Average

Normalized
GeneA

(x  x)

( x  x )2

∑ ( x  x )2

19.20
24.67
20.ES
21.58
8.35
7.39
7.72
7.82
0.02
0.02
0.02
0.02

2.38
3.09
0.70

5.66
9.55
0.49

0.53
0.43
0.10
0.00
0.00
0.00

∑ ( x  x )2

∑ ( x  x )2

n 1

n 1

15.70

7.85

2.80

0.28
0.18
0.01

0.47

0.24

0.48

0.00
0.00
0.00

0.00

0.00

0.00

As in Problem 9.16, we will use the following relation of cv to standard
deviation:
s
cv 
x
Since the designation of which sample serves as the calibrator is an arbitrary decision and its value, therefore, is an arbitrary constant, we will use
the standard deviation of each normalized value from each respective tissue type for the calculation. The cv value we calculate is then multiplied
by each relative value (normalized GeneA in lung divided by normalized
GeneA in adipose, for example) to give us its standard deviation. In other
words, we already calculated standard deviations (above) but those numbers are for their specific means. We need to know the standard deviation
for the new mean value – the relative expression level value obtained by
comparing each GeneA level to the calibrator.
Since cv is equal to the standard deviation divided by the mean, it is also
true, by rearranging the equation, that
s  cv  x
The relative expression of GeneA in lung cells relative to its expression in
adipose is
relative GeneAlung to GeneAadipose 

21.58
 1079
0.02
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We calculate normalized GeneA’s cv as
cv 

2.80
 0.13
21.58

The relative amount of GeneA has a standard deviation, therefore, of
x  cv  s
1079  0.13  140
GeneA RNA, therefore, is 1079  140 times more abundant in lung cells
than it is in adipose cells.
Likewise, GeneA RNA amount in heart cells relative to its abundance in
adipose is calculated as
7.82
 391
0.02
This value’s standard deviation is calculated from the cv as
cv 

0.48
 0.06
7.82

and the standard deviation, therefore, is
391 0.06  24
By this experiment, GeneA RNA is 391  24 times more abundant in heart
cells than in adipose cells.
Since GeneA in adipose is the calibrator, its relative amount is one (unity).
0.02
 1.0
0.02
Its standard deviation is
cv 

0.00
 0.00 and 1.0  0.00  0.00
0.02

The expression of GeneA in adipose relative to its expression in adipose is
1.0  0.00.
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9.8 R
 elative quantification 
by reaction kinetics
Relative quantification by the standard curve method requires that a number
of wells carry a dilution series of a quantified nucleic acid independently
prepared from that isolated during the gene expression study. Although not
necessarily difficult to prepare, the standard curve does monopolize much
of the plate real estate and, because of the additional pipetting steps, can
potentially introduce additional error into the experiment as well as require
longer time spent in the lab.
The CT method requires a generous helping of up-front validation
work designed to convince the experimenter that the approach can yield
unambiguous results. It demands, for example, that the reference gene has
an amplification efficiency equal to that of the target and that both efficiencies are close to 100%. If this is not the case, the experimenter needs to
spend some effort on optimizing one or both of the reactions. In addition, a
validation experiment must be performed to see what effect the experimental treatment might have on the reference gene used for normalization.
In a method described by Liu and Saint (2002), the kinetic curve of the
amplification is used to calculate an amplification efficiency and that
number is used to derive the initial amount of transcript present in the reaction. That value can be normalized to a reference gene and relative levels
of RNA (gene expression) can be extrapolated. In this approach, there is
no need for a standard curve and the validation experiments that might discourage the use of the CT method.
We have seen that exponential amplification by PCR is described by the
equation
X n  X 0  (1  E )n
where Xn is the number of target molecules at cycle n, X0 is the initial
number of template molecules, E is the amplification efficiency of the target,
and n is the number of cycles.
The foundation of the real-time PCR assay is the assumption that Xn is proportional to the amount of reporter fluorescence, R. The equation for exponential amplification can be written, therefore, as
Rn  R0  (1  E )n
where Rn is the amount of reporter fluorescence at cycle n, R0 is the amount
of initial reporter fluorescence, E is the amplification of the target, and n is
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the number of cycles. The amplification efficiency, E, is equal to one when
the product is doubling with each cycle. If no product is generated at any
cycle, the amplification efficiency would be equal to zero.
Although, as we have seen earlier, we can calculate an overall amplification
efficiency for the reactions that generate a standard curve based on the slope
of the regression line for that curve (using the equation E  10(1/slope)  1),
the efficiency of amplification is not constant over all the cycles of the PCR.
In the latter stages of the reaction, components become limiting and exponential growth can no longer be sustained. The synthesis rate of new, fulllength products slows down and eventually ceases. The equations for Xn and
Rn shown above, therefore, can only actually apply to those cycles tucked
within the exponential phase of amplification.
We can derive E, the amplification efficiency, by rearranging the above
equation but with a focus on the logarithmic phase of the reaction. We will
arbitrarily assign two points, A and B, to the exponential section of the
amplification curve. E, then, is calculated as
1

 R CT ,A CT ,B
Eq. 9.1
E   n, A 
 1 	��������
 Rn, B 
where Rn,A and Rn,B represent Rn (reporter fluorescence at cycle n) at arbitrary thresholds A and B in the exponential part of the amplification curve,
respectively, and CT,A and CT,B are the threshold cycles at these arbitrary
thresholds.
For the amplification of any gene, we can write the amount of reporter
signal at any cycle n as
Rn  R0  (1  E )n
We can use this equation to normalize the amplification of a target gene to a
reference gene in a relative quantification experiment by using the equation
R0,Target
R0,Reference



Rn,Target  (1  EReference )n
Rn,Reference  (1  ETarget )n

Eq. 9.2

Likewise, since the amount of reporter signal at any cycle can be written as
Rn  R0  (1  E )CT
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normalizing one gene to another, a target to a reference, can be expressed as
R0,Target
R0,Reference

CT ,Reference



(1  EReference )

Eq. 9.3

CT ,Target

(1  ETarget )

In the following problem, we will use Equation 1 and Equation 3 to calculate the relative expression level of two genes in liver cells.

Problem 9.18 We wish to know to what level GeneA (the target) is
expressed in relation to the housekeeping gene HSKG (designated as the
reference) in liver cells. Total RNA is isolated from a cell sample, it is reverse
transcribed into cDNA, and aliquots dispensed into six separate wells of a
96-well optical microtiter plate. Primers and probes specific for GeneA and
HSKG in a PCR master mix are added to the six wells (and, of course, to
the usual controls (wells devoted to NTC and positive control samples)).
GeneA is assayed for using a blue dye-labeled probe and HSKG is assayed
for using a green dye-labeled probe. The plate is cycled in a real-time PCR
instrument and the results shown in Table 9.40 are obtained. Using the
Reaction Kinetics method for quantifying gene expression, calculate the
relative expression level of GeneA normalized to HSKG.

Solution 9.18
We first need to calculate the amplification efficiency (E) for the two reactions. In this experiment, all six wells give superimposable curves for the
Rn vs. cycle number plot. We will look at the curve generated for just one
of the wells (Figure 9.19) and, from that plot, derive the values needed to
calculate the amplification efficiency for the GeneA and HSKG reactions
using Equation 1.

Table 9.40 Real-time polymerase chain reaction (PCR) data for the
experiment described in Problem 9.18.
Well position
A1
B��
1�
C��
1�
D��
1�
E��
1�
F��
1�

GeneA CT (blue)

HSKGCT (green)

23.46
23.39
23.42
23.35
23.38
23.36

24.81
24.79
24.72
24.86
24.81
24.71
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Note: The values needed to calculate the amplification efficiency using
Equation 1 are not readily available through the software of most real-time
PCR instruments. Therefore, these values are read from the plot of Rn vs.
cycle number, as shown in Figure 9.19, which is an easily retrievable form
of the analyzed data.
From the plot shown in Figure 9.19, the values shown in Table 9.41 are
derived.
With the values in Table 9.41, we can calculate the efficiency of the GeneA
and the HSKG reactions using the following equation (Equation 1):
1

 R CT ,A  CT ,B
E   n , A 
1
 Rn , B 
Amplification efficiency of the reaction for the target, GeneA, is
1

1

 1.3 24  27
E   
 1  0.54 3  1  0.540.33  1  1.23  1  0.23
 2.4 

n Figure 9.19 Amplification plot for well C1 of
the experiment described in Problem 9.18. The plot
shows Rn (normalized reporter) vs. cycle number
with curves both for GeneA and HSKG shown on
the same plot. Two points, A and B, are arbitrarily
chosen within the exponential amplification part of
the curves. T denotes ‘target’ and R subscript denotes
‘reference.’ Values for Rn and CT are derived from this
plot for each gene (dashed lines).
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Table 9.41 Values for normalized reporter and CT derived for
GeneA and HSKG, extrapolated from Figure 9.19.
Gene

Rn,A

Rn,B

CT,A

CT,B

GeneA
HSKG

1.3
1.3

2.4
2.4

24.0
25.3

27.0
28.3

Amplification efficiency of the reaction for the reference, HSKG, is
1

1

 1.3 25.3  28.3
E   
 1  0.54 3  1  0.540.33  1  1.23  1  0.23
 2.4 
From these calculations, the amplification efficiencies of the two genes,
the target and the reference, appear to be equal.
We will now use this amplification efficiency in the following equation
(Equation 3) to determine a relative difference in the amount of mRNA of
the two genes within the cells being tested.
R0 , Target
R0 ,Reference



(1 EReference )CT ,Reference
CT , Target

(1 E Target )

We will do this calculation for each well and then average the results. For
well A1, as an example, we have
R0 , GeneA
(1 0.23)24.81 170.04


 1.32
R0 ,HSKG
128.58
(1 0.23)23.46
Therefore, in well A1, GeneA RNA is present in liver cells at a 1.32-fold
higher level than HSKG RNA. The fold difference values for the other
wells are calculated in this manner. They appear in Table 9.42.
Therefore, from Table 9.42, we see that, in the liver cells tested, GeneA is
expressed at a 1.33-fold higher level than HSKG. However, we should
also attach a standard deviation to this value. The standard deviation calculations for this problem are shown in Table 9.43.
Therefore, from Table 9.43, we can attach a standard deviation of 0.02
to the fold difference value of 1.33. We can say that GeneA RNA is
1.33  0.02-fold higher than HSKG RNA in the liver cells tested.

9.9 The R0 method of relative quantification 299

Table 9.42 Calculation results for the fold difference of GeneA to
HSKG, as determined using Equation 3 using the Problem 9.18
dataset.
Well 
position
A1
B1
C1
D1
E1
F1

GeneA CT
(target)

HSKGCT
(Reference)

23.46
23.39
23.42
23.35
23.38
23.36

Fold difference
GeneA to HSKG

24.81
24.79
24.72
24.86
24.81
24.71
Average

1.32
1.34
1.31
1.37
1.34
1.32
1.33

Table 9.43 Standard deviation for the average fold difference in GeneA expression
above HSKG. The mean of 1.33 was calculated in Table 9.41. Calculations are for the
Problem 9.18 dataset.
Well

Fold difference

(x  x)

( x  x )2

∑ ( x  x )2

A1
B1
C1
D1
E1
F1

1.32
1.34
1.31
1.37
1.34
1.32

0.01
0.01
0.02
0.04
0.01
0.01

0.0001
0.0001
0.0004
0.0016
0.0001
0.0001

0.0024

∑ ( x  x )2

∑ ( x  x )2

n 1

n 1

0.00048

Note: The designation of the A and B points on the amplification plot
as needed for the determination of an amplification efficiency, though
arbitrary, must be done within the exponential section of the plot. An
underestimation of the efficiency will be carried forward into an underestimation of the relative difference between the target and reference genes.

9.9 The R0 method of relative quantification
Polymerase chain reaction amplifies DNA at an exponential rate. With a
100% efficient reaction, product doubles every cycle. In real-time PCR, the

0.02
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increase in fluorescent signal generated during the amplification reaction
is proportional to the DNA concentration. The term R0 is used to designate the theoretical amount of initial fluorescence at time zero. It can be
expressed mathematically as
R0  Rn  2CT
where CT is the cycle threshold and Rn is the reporter signal at that threshold cycle.
Pierson (2006) describes the use of this equation for measuring relative
gene expression. Knowing the initial amount of fluorescence, it is a simple
matter to normalize a target to a reference by dividing the individual target
gene’s R0 value by its respective internal control reference gene’s R0 value.
Manually moving the threshold Rn value within the exponential region of
the amplification curve should not change the R0 value since, in so doing,
there will be a corresponding change in the CT.
An amplification efficiency (if it is known from a standard curve) can be
incorporated into the equation as follows
R0  Rn  (1  E )CT
The R0 method can be used in a manner similar to that described for the
CT method whereby a target gene, normalized to a reference, can be
compared to a calibrator sample.

Problem 9.19 Total RNA is isolated from a sample of lung cells and is
converted to cDNA. An aliquot of the cDNA reaction is placed into a well
of an optical microtiter plate. Within that well, a target gene, GeneA, and
a reference gene, HSKG, are assayed for using their own unique primers
and probes. GeneA is detected using a blue dye-labeled probe and HSKG
is detected using a green dye-labeled probe. When the run is completed,
the threshold is set at 1.5 Rn. At this level of fluorescent signal, GeneA has a
CT value of 25.0 and HSKG has a CT of 26.35 (Figure 9.20). What is the fold
difference in their amounts in this one well?

Solution 9.19
We will use the following equation to determine the R0 values for the two
genes:
R0  Rn  2CT
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n Figure 9.20 Amplification curve for GeneA and HSKG expression by the real-time PCR experiment

described in Problem 9.19.

For GeneA, we have
R0  1.5  225
 1.5  (2.98  108 )
 4.5  108
For HSKG, we have
R0  1.5  226.3  1.5  (1.21 108 )  1.8  108
Dividing the GeneA R0 value by the HSKG R0 value yields
R0 , GeneA
4.5  108

 2.5
R0,HSKG
1.8  108
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Therefore, within that sample of cDNA reaction, GeneA is present at a 2.5fold higher level than HSKG.

Problem 9.20 A one-well experiment similar to that described in
Problem 9.19 is conducted. However, this time, a standard curve is
generated for GeneA and HSKG using a dilution series of an independent
and quantified DNA sample. The regression line for the GeneA standard
curve yields the following equation:
y  3.026349 x  28.535219
The regression line from the standard curve for HSKG amplification
derived from the standard curve has the equation
y  3.056389 x  27.387451
Setting the threshold line at 1.5 Rn for data analysis yields a C T of 25.0
for GeneA and 26.35 for HSKG. What is the fold difference between the
amount of GeneA cDNA and HSKG cDNA in that well?

Solution 9.20
We will first calculate the amplification efficiency of each gene. The regression lines equation has the general formula of y  mx  b where m is
the line’s slope. Amplification efficiency is calculated using the following
equation:
E  10(1/ slope )  1
GeneA is therefore amplified with an efficiency of



1




E  103.026349   1  100.3304  1  2.14  1  1.14
HSKG is amplified with an efficiency of



1




E  103.056389   1  100.3272  1  2.12  1  1.12
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We now use the following equation to determine R0 for each gene:
R0  Rn  (1 E )CT
For GeneA, we have
R0  1.5  (1 1.14 )25
 1.5  (2.14 )25  1.5  (5.49  109 )  8.24  109
and for HSKG, we have
R0  1.5  (1 1.12)26.3
 1.5  (2.12)26.3  1.5  (2.61 109 )  3.92  109
The ratio of GeneA to HSKG is
R0 ,GeneA
8.24  109

 2.1
R0 , HSKG
3.92  109
Therefore, cDNA for GeneA is 2.1-fold more abundant in that sample than
cDNA for HSKG.

9.10 The pfaffl model
Pfaffl (2001) describes a method for measuring relative gene expression
based on the CT values and amplification efficiencies of the target and reference genes. Normalization of the target to the reference and consideration for differences in their amplification efficiencies are incorporated into
the calculation presented as a ratio of the change in expression of the target
to the change in the expression of the reference. This ratio is calculated as
CT , target

ratio 

( Etarget )

CT , reference

( Ereference )

where E is the amplification efficiency derived from the slope of a standard
curve and calculated as E  10(1/slope) and CT is calculated as the CT of
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the untreated sample minus the CT of the treated sample for either the target or the reference gene.
The E values for the target and reference genes are an integral part of the
calculation and so their real-time PCR amplification efficiencies should be
well characterized. Although this method does not require that a standard
dilution curve be run at the same time and under the same reaction conditions as those used for the amplification of the experimental samples, since
the equation has amplification efficiency as its central feature, running such
a set of reactions in parallel would help the experimenter sleep at night. It
should also be noted that efficiency is not a percentage. Rather, a 99% efficient reaction, for this method, should be expressed as 1.99 (see note in
Section 9.4).

Problem 9.21 An experiment is performed to access the relative
expression of GeneA (the target) to the housekeeping gene HSKG (the
reference) following 2 hr of heat-shock treatment (a shift from 37 to 44°C).
Total RNA isolated from liver cells incubated at 37°C (t0 for the untreated
samples) is reverse transcribed into cDNA. Ten nanograms of the cDNA
reaction are added to replicate wells of a 96-well optical plate. Following
the recovery of the total RNA sample, the liver cells are shifted to 44°C and
incubated for 2 hr at this elevated temperature. Total RNA isolated from
the heat-shocked cells is converted to cDNA and 10 ng of the reaction
is added to replicate wells of the microtiter plate. GeneA and HSKG are
assayed simultaneously in each well using their own unique primers and
dye-labeled probes. GeneA is determined from a standard dilution curve
to amplify with an efficiency of 1.97. HSKG is determined to amplify
with an efficiency of 1.99. Figure 9.21 shows the amplification curve for
the GeneA and HSKG genes from both untreated (37°C at t0) and treated
(44°C incubation for 2 hr) samples (one well each condition). Two wells
give the results shown in Table 9.43. Using the Pfaffl method, calculate the
relative gene expression of GeneA compared to HSKG.
Note: In any experiment of this kind, it is important to perform replicates
of each sample. In this experiment, like samples should be averaged (all
GeneA/untreated CT values averaged, all HSKG/untreated CT values averaged, etc.) and those averages used to calculate a relative expression ratio.
However, since this approach has been demonstrated in previous problems in this section, for this example and to demonstrate the math, we
will only examine a single set of CT values.
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n Figure 9.21 Amplification curve for the samples described in Problem 9.21. Rn represents the normalized reporter signal. Note that the expression of the

housekeeping gene HSKG is changed very little by the heat-shock treatment, as is desirable for a reference gene in a relative expression study.

Solution 9.21
We will first calculate the fold increase in GeneA. Untreated (before heat
shock) GeneA gives a CT of 32.54. After two hours at 44°C, GeneA gives a CT
of 23.41. With an amplification efficiency of 1.97, its fold increase is
increase  (E )CT , untreated CT , treated
 (1.97)32.5423.41
 (1.97)9.13  488-fold increase
HSKG amplifies with an efficiency of 1.99. Untreated, it generated a CT
value of 27.72. Treated (heat-shocked), it generates a CT value of 27.93. Its
fold increase is calculated as
increase  (1.99 )27.7227.93  (1.99 )0.21  0.87
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Table 9.44 Data for Problem 9.21 in which the expression of GeneA
and HSKG are monitored for their reaction to a heat-shock treatment.
Well 
position

Gene

Experimental
condition

CT

A1
A1
A6
A6

GeneA
HSKG
GeneA
HSKG

Untreated (37°C)
Untreated (37°C)
Treated (44°C)
Treated (44°C)

32.54
27.72
23.41
27.93

Our ratio is
ratio 

change in the target
488

 561
change in the reference
0.87

Therefore, GeneA expression is increased 561-fold relative to HSKG.

n

Chapter summary

Real-time PCR uses an increase in the intensity of a fluorescent signal
generated by an intercalating dye or from the breakdown of a dye-labeled
probe during amplification of a target sequence to detect nucleic acids
either for their presence or absence or for their amount. The PCR cycle
number at which fluorescent signal becomes discernible above background
noise is called the CT value. Between two samples, a decrease in a CT value
(CT) of one cycle represents a doubling of the amount of target. This
relationship can be expressed as
The fold increase in the amount of amplified product  2CCT
Standard deviation, a measure of the degree of variability in a dataset, is
calculated to determine to what amount the CT values of replicate real-time
PCRs vary from the mean. It is given by the equation

s

∑ ( x  x )2
n 1

DNA quantification using real-time PCR is performed by generating a standard curve from a dilution series of an independently quantified supply of reference DNA, plotting their CT values vs. the log of the DNA concentration,
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and determining the amount of DNA contained in the unknown sample from
the plot’s regression line.
Real-time PCR and the generation of fluorescent signal proceeds at a rate
defined by the equation
R f  Ri (1  E )n
where Rf is equivalent to the final fluorescence signal of the reporter dye, Ri
is equivalent to the reporter dye’s initial fluorescent signal, E is the amplification efficiency, and n is the number of cycles. Amplification efficiency
(E) is determined from a standard curve using the following formula:
EXPONENTIAL AMPLIFICATION  10(1/slope )

(

)

EFFICIENCY  10(1/slope )  1  100
where the slope in this equation is that of the standard curve’s regression
line. A 100% efficient reaction will have a slope of 3.32. During exponential amplification, a 100% efficient reaction will double every cycle and
will produce a 10-fold increase in PCR product every 3.32 cycles. In mathematical terms, that is
log2 10  3.3219
or
23.3219  10
A slope with a more negative value will represent a PCR having efficiency
less than 100% and in need of optimization. A slope having a more positive value can indicate a problem with the reaction.
Gene expression can be assessed using real-time PCR by converting a cell’s
mRNA into cDNA and using that as the reaction’s substrate. Most real-time
PCR gene expression studies involve comparing the amount of one gene’s
(the target’s) amount of transcript in a cell to another gene’s (the reference’s,
or calibrator’s) amount of transcript. A gene’s expression can be compared
across tissue types and in response to an experimental treatment. Several
methods have been reported for evaluating real-time PCR data. One of the
first is known as the CT or Comparative CT method. The change in the
target gene’s CT value relative to the change in a calibrator’s CT is given as
Relative Fold Change  2CT
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In the CT method, CT is equivalent to the change in the target relative
to the endogenous control (reference):
CT, target  CT, reference  CT
The CT value is calculated as the CT of each sample minus the CT
of the calibrator (the sample representing zero time or the untreated control
against which all samples are compared).
Use of the comparative CT method requires that the reference gene is
amplified at a similar efficiency to that of the target gene and that it is not
dramatically affected by the experimental treatment. An initial set of experiments should be conducted to test whether or not this is the case. ANOVA
(analysis of variance) can be used to compare differences in amplification
efficiencies between genes. It can assess the variability between a set of
samples within an individual group and between entire groups of samples.
Variance between samples within a group is calculated using the general
equation for variance:
variance  s2 

∑ ( x  x )2
n 1

where x is a sample’s CT value within a group, x is the average CT value
for all the samples within that individual group, and n is the number of
samples. The between-groups variance s*2 is calculated as
s*2 

(a  x )2  (b  x )2  (c  x )2  ...
m 1

where a , b , and c are the averages of each different group, x is the average
of all the averages from each group, and m is the number of groups. The
average of all sample variances is calculated as
s2 

sa 2  sb 2  sc 2  ...
m

These values are used to calculate an F statistic, the ratio of the betweengroups variance to the within-groups variance:
F

n  s*2
s2

where n is the number of measurements in each individual group. If the F
value is large, the variability between groups (the numerator) must be large
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in comparison to the variability within each group (the denominator). The
F statistic is used to determine whether the sample means of several groups
are equal. If they are, the null hypothesis, that the experimental treatment
has no effect on the expression of the reference gene, can be accepted. The
cutoff value where that determination can be made is found in an F distribution table. A p-value associated with the F statistic will indicate how
probable it is that you could get an F statistic more extreme than the one
you determined if the null hypothesis were true. The smaller the p-value,
the more likely it is that the null hypothesis can be rejected.
To test whether or not the target and reference genes have similar amplification efficiencies and can, therefore, be used with the CT method
involves preparing standard curves for each gene from a dilution series of
cDNA. The average CT values at each diluted concentration are found by
subtracting reference gene from target gene and these CT values are plotted
against the log of the input RNA used to make the diluted cDNA for the
standard curve. If the regression line to that plot has a slope less than 0.1,
then it can be assumed that the two genes have amplification efficiencies
similar enough that they can be paired target and reference.
The Standard Curve method for measuring relative gene expression uses the
equation for the regression lines derived from standard curves for the target
and reference genes to calculate the amount of the target gene’s transcript
in an unknown sample. The amount of target is normalized to the reference
gene and compared to the amount of reference RNA in a calibrator sample.
Real-time PCR kinetics can be used to calculate an amplification efficiency
and, from that, an initial amount of target. Efficiency is derived from the
equation
1

 R CT ,A  CT ,B
E   n, A 
1
 Rn, B 
where Rn,A and Rn,B represent Rn (reporter fluorescence at cycle n) at arbitrary thresholds A and B in the exponential part of the amplification curve,
respectively, and CT,A and CT,B are the threshold cycles at these arbitrary
thresholds. In a relative quantification experiment, one gene can be normalized to a reference by using the following equation:
R0,Target
R0,Reference

CT ,Reference



(1  EReference )

CT ,Target

(1  ETarget )

where R0 is the initial amount of fluorescence.
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In the R0 method for measuring relative gene expression, the following
equation can be used to determine an initial amount of fluorescence at zero
time (when the temperature is shifted, when cells are infected, when cells
are exposed to a drug, etc.):
R0  Rn  2CT
where CT is the cycle threshold and Rn is the reporter signal at that threshold cycle. When R0 is determined for a target gene and a reference gene,
the two can be compared relative to each other. If an amplification efficiency (E) is known, that value can be incorporated as follows:
R0  Rn  (1  E )CT
The Pfaffl Model is used to measure relative gene expression based on CT
values and amplification efficiencies according to the equation
ΔCT , target

ratio 

( Etarget )

ΔCT , reference

( Ereference )

where E is the amplification efficiency derived from the slope of a standard
curve and calculated as E  10(1/slope) and ΔCT is calculated as the CT of
the untreated sample minus the CT of the treated sample for either the target or the reference gene.
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Chapter

10

Recombinant DNA
n

Introduction

The development of recombinant DNA technology (also called gene cloning or gene splicing), the methodology used to join DNA from different
biological sources for the purpose of determining the sequence or for manipulating its expression, spawned an era of gene discovery and launched an
industry. In its simplest terms, gene cloning is achieved in four steps:
1. A particular DNA is first fragmented into smaller pieces.
2. A specific segment of the fragmented DNA is then joined to another
DNA, termed a vector, containing the genetic elements required for
intracellular replication.
3. The recombinant molecule is introduced into a host cell, where it can
replicate, producing multiple copies of the cloned DNA fragment.
4. Cells containing recombinant clones are identified and propagated.

10.1 Restriction endonucleases
Restriction endonucleases are enzymes that recognize a specific DNA
sequence, called a restriction site, and cleave the DNA within or adjacent
to that site. For example, the restriction endonuclease EcoR I, isolated from
the bacterium E. coli, recognizes the following sequence:
5

GAATTC3

3 CTTAAG 5

The broken strands of DNA depicted here should line up such that the C
and G are right across from each other as shown here:
5

---------G3

3 ---------CTTAA 5

and

5

AATTC--------3
3G--------5

Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00010-3
© 2010 Elsevier Inc. All rights reserved.
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The termini produced by EcoR I, since they are complementary at their
single-stranded overhangs, are said to be cohesive or sticky.
A number of restriction enzymes have been isolated from a variety of microbial sources. Recognition sites for specific enzymes range in size from 4
to 13 bp, and, for most restriction enzymes used in gene cloning, are palindromes: sequences that read in the 5-to-3 direction on one strand are the
same as those in the 5-to-3 direction on the opposite strand. Restriction
enzyme activity is usually expressed in terms of units, in which one unit is
that amount of enzyme that will cleave all specific sites in 1 g of a particular
DNA sample (usually  DNA) in one hour at 37°C.

Problem 10.1 A stock of human genomic DNA has a concentration
of 275 g/mL. You wish to cut 5 g with 10 units of the restriction
endonuclease Hind III. The Hind III enzyme has a concentration of
2500 units/mL. What volumes of DNA and enzyme should be used?

Solution 10.1
Restriction digests are typically performed in small volumes (20 to 100 L).
Such reactions are prepared with a micropipettor delivering L amounts.
The concentrations of both the human DNA and the enzyme stocks are
given as a quantity per mL. A conversion factor, therefore, must be used
to convert mL to L. The volumes needed for each reaction component
can be written as follows.
The amount of input DNA is calculated as follows:
275 g DNA
1 mL

 x L  5 g DNA
mL
1000 L
Solving the equation for x yields the following result:
(275 g DNA ) x
 5 g DNA
1000
(275 g DNA ) x  5000 g DNA
x

5000 g DNA
 18.2
275 g DNA

Therefore, 18.2 L of the human DNA stock contains 5 g of DNA.

10.1 Restriction endonucleases 315

The amount of Hind III enzyme is calculated as follows:
2500 units
1 mL

 x L  10 units
mL
1000 L
Solving this equation for x yields the following result:
(2500 units) x
 10 units
1000
(2500 units) x  10 000 units
x

10 000 units
4
2500 units

Therefore, 4 L of the enzyme stock is needed to deliver 10 units.

10.1.1 The frequency of restriction endonuclease
cut sites
The frequency with which a particular restriction site occurs in any DNA
depends on its base composition and the length of the recognition site. For
example, in mammalian genomes, a G base follows a C in a much lower
frequency than would be expected by chance. Therefore, a restriction endonuclease such as Nru I, which recognizes the sequence TCGCGA, cuts mammalian DNA less frequently than it does DNA from bacterial sources having
a more random distribution of bases. Also, as might be expected, restriction
sites that are 4 bp in length will occur more frequently than restriction sites
that are 6 bp in length. The average size of a restriction fragment produced
from a random sequence by a particular endonuclease can be estimated by
the method illustrated in the following problem.

Problem 10.2 The restriction endonuclease Hind III recognizes the
sequence AAGCTT. If genomic DNA of random sequence is cleaved with
Hind III, what will be the average size of the fragments produced?

Solution 10.2
The chance that any one base, A, C, G, or T, will occur at any particular
position in DNA of random sequence is one in four. The number of cutting sites in random DNA can be estimated by raising ¼ to the n ((¼)n),
where the exponent n is the number of bps in the recognition sequence.
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A ‘six-cutter’ such as the restriction enzyme Hind III, which recognizes a
6 bp sequence, will cut at a frequency of (¼)6:
 1 6
   1
 4 
4096
Therefore, in DNA of random sequence, a Hind III site might be expected,
on average, every 4096 bp along the molecule. (This value reflects only
an estimate, and actual sizes of restriction fragments generated from any
DNA may vary considerably. For example, bacteriophage  DNA, 48 502 bp
in length, generates Hind III fragments ranging in size from 125 to over
23 000 bp.)

10.2 Calculating the amount of
fragment ends
DNA is digested with restriction enzymes to create fragments for cloning,
for gene mapping, or for the production of genetic probes. For some applications, such as fragment end labeling, it is important for the experimenter
to estimate the amount of DNA fragment ends. For a given amount of a linear fragment having a certain length, the moles of fragment ends are given
by the following equation:
moles of DNA ends 

2  (grams of DNA )
 660 g/mol 

(number of bp)  


bp

(There is a 2 in the numerator of this equation because a linear DNA fragment has two ends.)

Problem 10.3 You have 4 g of a 3400 bp fragment. How many
picomoles of ends does this represent?

Solution 10.3
First, calculate the moles of DNA ends and then convert this amount to
picomoles. The amount of fragment is expressed in g. Use of the preceding equation requires that the fragment amount be converted to g. This is
done as follows:

10.2 Calculating the amount of fragment ends 317

4 g 

1g
 4  106 g
1 106 g

Substituting the given values into the equation for calculating moles of
DNA ends yields the following result:
moles of DNA ends 

moles of DNA ends 

2  (grams of DNA )
 660 g/mol 

(number of bp )  


bp

2  ( 4  106 g)
8  106 g

 660 g/mol  2.2  106 g/mol
(3400 bp)  


bp

 3.6  1012 mol
This value is converted to picomoles by multiplying by the conversion
factor 1  1012 pmol/mol.
3.6  1012 mol 

1 1012 pmol
 3.6 pmol
mol

Therefore, 4 g of a 3400 bp fragment is equivalent to 3.6 pmol of DNA ends.

10.2.3 The amount of ends generated by multiple cuts
The number of moles of ends created by a restriction digestion of a DNA
containing multiple recognition sites can also be determined. For a circular
DNA (such as a plasmid or cosmid), the moles of ends created by a restriction digest can be calculated using the following equation:
moles ends  2  (moles DNA)  (number of restriction sites)
The 2 multiplier at the beginning of this expression is necessary since each
restriction enzyme cut generates two ends.
The moles of ends created by multiple-site digestion of a linear DNA mole
cule are given by the following expression:

In this equation, the function at the end of the second expression in brackets is necessary to account for the two ends already on the linear molecule.
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Problem 10.4 A 4200 bp plasmid contains five sites for the restriction
endonuclease EcoR II. If 3 g are cut with this restriction enzyme, how
many picomoles of ends will be produced?

Solution 10.4
Since a circular plasmid is being digested, we will use the following
equation:
moles ends  2  (moles DNA )  (number of restriction sites)
This equation requires that we determine the number of moles of plasmid
DNA. To determine that value, the plasmid’s molecular weight must first
be determined. Moles of plasmid can then be calculated from the amount
of plasmid DNA to be digested (3 g). The molecular weight of the plasmid is calculated as follows:
4200 bp 

660 g/mol
 2.8  106 g/mol
bp

The number of moles of plasmid represented by 3 g is determined by
multiplying the amount of plasmid (converted g to g) by the plasmid’s
molecular weight:
3 g 

1g
1mol
3 mol


 1.1 1012 mol
1 106 g 2.8  106 g 2.8  1012

Therefore, 3 g of a 4200 bp plasmid are equivalent to 1.1  1012 moles.
Placing this value into the equation for moles of ends created from digestion of a circular molecule gives the following result:
moles of ends  2  (1.1 1012 mol)  5  1.1 1011 mol
Therefore, 1.1  1011 moles of ends are generated by an EcoR II digest of
the 4200 bp plasmid. This value is equivalent to 11 picomoles of ends, as
shown here:
1.1 1011 mol 

1 1012 pmol
 11pmol
mol
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Problem 10.5 Four micrograms of a purified 6000 bp linear DNA
fragment are to be cut with Alu I. There are 12 Alu I sites in this fragment.
How many picomoles of ends will be created by digesting the fragment
with this enzyme?

Solution 10.5
This problem will be approached in the same manner as Problem 9.4. The
molecular weight of the 6000 bp fragment is calculated first:
6000 bp 

660 g/mol
 4  106 g/mol
bp

The number of moles of 6000 bp fragment in 4 g is then determined:
4 g 

1g
1mol
4 mol


 1 1012 mol DNA
1 106 g 4  106 g
4  1012

Placing this value into the equation for calculating moles of ends created
from digestion of a linear molecule gives the following relationship:
moles of ends  [2  (moles DNA )  (number of restriction sites)]]
 [2  (moles DNA )]
moles of ends  [2  (1 1012 mol)  (12)]  [2  (1 1012 mol)]
 [2.4  1011 mol]  [2  1012 mol]  2.6  1011 mol
This value is converted to picomoles of ends in the following manner:
2.6  1011 mol 

1 1012 pmol
 26 pmol
mol

Therefore, digesting 4 g of the 6000 bp fragment with Alu I will generate
26 pmol of ends.

10.3 Ligation
Once the DNA to be cloned exists as a defined fragment (called the target or insert), it can be joined to the vector by the process called ligation.
The tool used for this process is DNA ligase, an enzyme that catalyzes
the formation of a phosphodiester bond between juxtaposed 5-phosphate
and 3-hydroxyl termini in duplex DNA. The desired product in a ligation
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reaction is a functional hybrid molecule that consists exclusively of the
vector plus the insert. However, a number of other events can occur in a
ligation reaction, including circularization of the target fragment, ligation
of vector without the addition of an insert, ligation of a target molecule to
another target molecule, and any number of other possible combinations.
Two vector types are used in recombinant DNA research: circular molecules
such as plasmids and cosmids, and linear cloning vectors such as those
derived from the bacteriophage . In either case, for joining to a target DNA
fragment, a vector is first cut with a restriction enzyme that produces compa
tible ends with those of the target. Circular vectors, therefore, are converted
to a linear form prior to ligation to target. The insert fragment is then ligated
to the prepared vector to create a recombinant molecule capable of replication once introduced into a host cell.
Dugaiczyk et al. (1975) described the events occurring during ligation of
Eco R I fragments, observations that can be applied to any ligation reaction. They identified the two factors that play the biggest role in determining the outcome of any particular ligation. First, the readiness with
which two DNA molecules join is dependent on the concentration of
their ends: the higher the concentration of compatible ends (those capable of being joined), the greater the likelihood that two termini will meet
and be ligated. This parameter is designated by the term i and is defined
as the total concentration of complementary ends in the ligation reaction.
Second, the amount of circularization occurring within a ligation reaction is dependent on the parameter j, the concentration of same-molecule
ends in close enough proximity to each other that they could potentially
and effectively interact. For any DNA fragment, j is a constant value
dependent on the fragment’s length, not on its concentration in the ligation reaction.
For a linear fragment of duplex DNA with self-complementary, cohesive
ends (such as those produced by Eco R I), i is given by the formula
i  2 N 0 M  103 ends/mL
where N0 is Avogadro’s number (6.023  1023) and M is the molar concentration of the DNA.
Some DNA fragments to be used for cloning are generated by a double
digest, say by using both Eco R I and Hind III in the same restriction reaction. In such a case, one end of the fragment will be cohesive with other
Eco R I-generated termini while the other end of the DNA fragment will be
cohesive with other Hind III-generated termini. For such DNA fragments
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with ends that are not self-complementary, the concentration of each end is
given by
i  N 0 M  103 ends/mL
Dugaiczyk et al. (1975) determined that a value for j, the concentration of
one end of a molecule in the immediate vicinity of its other end, can be
calculated using the equation
 3 3 / 2
j  
ends/mL
 2 lb 
where l is the length of the DNA fragment, b is the minimal length of DNA
that can bend around to form a circle, and  is the number pi, the ratio of
the circumference of a circle to its diameter (approximately 3.14, a number
often seen when performing calculations relating to measurements of the
area of a circle). The authors specifically determined the value of j for
bacteriophage  DNA.  DNA is 48 502 bp in length, and they assigned a
value of 13.2  104 cm to l. For  DNA in ligation buffer, they assigned
a value of 7.7  106 cm to b. With these values, the j value for  (j) is
calculated to be 3.22  1011 ends/mL.
The j value for any DNA molecule can be calculated in relation to j using
the equation
 MWλ 1.5
j  jλ 
 ends/mL
 MW 
where j is equal to 3.22  1011 ends/mL and MW represents molecular
weight. Since the  genome is 48 502 bp in length, its molecular weight
can be calculated using the conversion factor 660 g/mol/bp, as shown in the
following equation:
48 502 bp 

660 g/mol
 3.2  107 g/mol
bp

Therefore, the molecular weight of lambda (MW) is 3.2  107 g/mol.
Under circumstances in which j is equal to i (j  i, or j/i  1), the end of any
particular DNA molecule is just as likely to join with another molecule as it
is to interact with its own opposite end. If j is greater than i (j  i), intramol
ecular ligation events predominate and circles are the primary product.
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If i is greater than j (i  j), intermolecular ligation events are favored and
hybrid linear structures predominate.

10.3.1 Ligation using -derived vectors
The vectors derived from phage  carry a cloning site within the linear
genome. Cleavage at the cloning site by a restriction enzyme produces two
fragments, each having a  cohesive end sequence (cos) at one end and a
restriction enzyme-generated site at the other. Successful ligation of target
with  vector actually requires three primary events.
1. Joining of the target segment to one of the two  fragments.
2. Ligation of the other  fragment to the other end of the target fragment
to create a full-length  genome equivalent.
3. Joining of the cos ends between other full-length  molecules to create
a concatemer, a long DNA molecule in which a number of  genomes
are joined in a series, end-to-end. Only from a concatemeric structure
can individual  genomes be efficiently packaged into a protein coat
allowing for subsequent infection and propagation.
In ligation of a fragment to the arms of a  vector, both ends of the fragment
will be compatible with the cloning site of either  arm, but each arm has only
one compatible end with the insert. For the most efficient ligation, the reaction should contain equimolar amounts of the restriction enzyme-generated
ends of each of the three fragments, the  left arm, the insert, and the  right
arm. However, since there are two fragments of  and one insert fragment per
recombinant genome, when preparing the ligation reaction, the molar ratio of
annealed arms to insert should be 2 : 1 so that the three molecules have a ratio
of 2 : 1 : 2 (left arm : insert : right arm). Furthermore, since linear ligation pro
ducts need to predominate, the concentration of ends (i) and the molecule’s
length (j) must be manipulated such that j is less than i, thereby favoring the
production of linear hybrid molecules over circular ones.

Problem 10.6 You have performed a partial Sau3A I digest of human
genomic DNA, producing fragments having an average size of 20 000 bp.
You will construct a genomic library (a collection of recombinant clones
representing the entire genetic complement of a human) by ligating these
fragments into a EMBL3 vector digested with BamH I. (BamH I creates
ends compatible with those generated by Sau3A I; both enzymes produce
a GATC 5 overhang.) The EMBL3 vector is approximately 42 360 bp in
length. Removal of the 13 130 bp ‘stuffer’ fragment (the segment between
the BamH I sites, which is replaced by the target insert), leaves two arms,
which, if annealed, would give a linear genome of 29 230 bp.
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a) If you wish to prepare a 150 L ligation reaction, how many g of
insert and vector arms should be combined to give optimal results?
b) How many micrograms of EMBL3 vector should be digested with
BamH I to yield the desired amount of arms?

Solution 10.6(a)
Since we wish to ensure the formation of linear concatemers to optimize
the packaging/infection step, j should be less than i. The first step then is
to calculate the j values for the  arms ( jarms) and the inserts (jinserts). The
following equation can be used:
 MWλ 1.5
j  jλ 
ends/mL
 MW 
where j is 3.22  1011 ends/mL and, as calculated previously, MW 
3.2  107 g/mol.
The molecular weight of the EMBL3-annealed arms is calculated as follows:
29 230 bp 

660 g/mol
 1.93  107 g/mol
bp

The jarms value can now be calculated by substituting the proper values
into the equation for determining j:
 3.2  107 g/mol 1.5

jarms  (3.22  1011 ends/mL )
1.93  107 g/mol 
 1.8  1011 

jarms  (3.22  1011 ends/mL )
 8.48  1010 
jarms  (3.22  1011 ends/mL )(2.12)
jarms  6.83  1011 ends/mL
Therefore, j for the annealed arms is equal to 6.83  1011 ends/mL.
The molecular weight of a 20 000 bp insert is calculated as follows:
20 000 bp 

660 g/mol
 1.3  107 g/mol
bp

The jinserts value can now be calculated.
 3.2  107 g/mol 1.5

jinserts  (3.22  1011 ends/mL )
 1.3  107 g/mol 
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 1.8  1011 

jinserts  (3.22  1011 ends/mL )
 4.7  1010 
jinserts  (3.22  1011 ends/mL )(3.8 )
jinserts  1.22  1012 ends/mL
So that the production of linear ligation products can be ensured, j should
be decidedly less than i. Maniatis et al. (1982) suggested that j should be
10-fold less than i, such that
(i  10 j )
The j values for both the arms and the insert have now been calculated.
To further ensure that j will be less than i, we will use the larger of the
j values, which in this case is jinserts. If we use i  10j, we then have
i  (10 )(1.22  1012 ends/mL )  1.22  1013 ends/mL
Since i represents the sum of all cohesive termini in the ligation reaction
(i  iinserts  iarms), the following relationship is true:
i  (2N0 Minsert  103 ends/mL )  (2N0 Marms  103 ends/mL )
As discussed earlier, when using a -derived vector, the molar concentration of annealed arms should be twice the molar concentration of the
insert (Marms  2Minsert). The equation above then becomes
i  (2N0 Minsert  103 ends/mL )  (2N0 2Minsert  103 ends/mL )
This equation can be rearranged and simplified to give the following
relationship:
i  (2N0 Minsert  2N0 2Minsert )  103 ends/mL
i  (2N0 Minsert  4 N0 Minsert )  103 ends/mL
i  6N0 Minsert  103 ends/mL
The equation can be solved for Minsert by dividing each side of the equation by 6N0  103 ends/mL:
Minsert 

i
6N0  103 ends/mL
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Substituting the value we have previously calculated for i (1.22  1013 ends/
mL) and using Avogadro’s number for N0 gives the following relationship:
Minsert 

1.22  1013 ends/mL
6(6.023  1023 )  (1 103 ends/mL )

Minsert 

1.22  1013 ends/mL
 3.4  109 M
3.6  1021 ends/mL

By multiplying the molarity value by the average size of the insert (20 000 bp)
and the average molecular weight of a base pair (660 g/mol/bp), it is converted into a concentration expressed as g/mL. Conversion factors are
also used to convert liters to milliliters and to convert g to g. (Remember
also that molarity (M) is a term for a concentration given in moles/liter;
3.4  109 M  3.4  109 mol/L.)
x g insert/mL 

3.4  109moles 660 g/mol

 20 000 bp
liter
bp


x

1 106 g insert
liter

1000 mL
g

44 880 g insert
 44.9 g insert/mL
1000 mL

The ligation reaction, therefore, should contain insert DNA at a concentration of 44.9 mg/mL. To calculate the amount of insert to place in a 150 mL
reaction, the following relationship can be used. (Remember that one mL
is equivalent to 1000 L).
x g insert
44.9 g insert

150 L
1000 L
( 44.9 g insert)(150 L) 6735 g insert

1000 L
1000
 6.74 g insert

x g insert 

Therefore, adding 6.74 g of insert DNA to a 150 L reaction will yield a
concentration of 44.9 g insert/mL.
It was determined previously that the required molarity of  vector arms
should be equivalent to twice the molarity of the inserts (Marms  2Minsert).
The molarity of the insert fragment was calculated to be 3.4  109 M (as
determined earlier). The molarity of the arms, therefore, is
Marms  (2)(3.4  109 M )  6.8  109 M
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Therefore, the EMBL3 arms should be at a concentration of 6.8  109 M.
This value is converted to a g arms/mL concentration, as shown in the
following calculation. The 29 230 bp term represents the combined length
of the two  arms (see Problem 9.6):
x g arms/mL 

6.8  109 moles 660 g/mol

 29 230 bp
liter
bp


x g arms/mL 

1 106 g arms
liter

1000 mL
g

1.3  105 g arms
 130 g arms/mL
1000 mL

Therefore, the  arms should be at a concentration of 130 g/mL. The
amount of EMBL3 arms to add to a 150 L ligation reaction can be calculated by using a relationship of ratios, as follows:
x g λEMBL3 arms 130 g λEMBL3 arms

150 L
1000 L
(130 g λEMBL3 arms)(150 L )
1000 L
 19.5 g λEMBL3 arms

x g λEMBL3 arms 

Therefore, 19.5 g of EMBL3 arms should be added to 6.74 g of insert
DNA in the 150 L ligation reaction to give optimal results.

Solution 10.6(b)
The amount of EMBL3 vector DNA to yield 19.5 g of EMBL3 arms
can now be calculated. We will first determine the weight of a single 
genome made up of only the two annealed arms. We will then calculate
how many genomes are represented by 19.5 g of EMBL3 arms.
As stated in the original problem, EMBL3 minus the stuffer fragment is
29 230 bp, and this represents one genome. The weight of one 29 230 bp
genome is calculated as follows:
660 g/mol 1 106 g

bp
g
1mol

6.023  1023 genomes

x g/genome  29 230 bp 

x g/genome 

1.93  1013 g
 3.2  1011 g/genome
6.023  1023 genomes
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Therefore, each 29 230 bp genome weighs 3.2  1011 g.
The number of genomes represented by 19.5 mg can now be calculated:
19.5 g 

1 genome
 6.1 1011 genomes
3.2  1011 g

Since one genome of EMBL3 vector will give rise to one 29 230 bp
genome of  arms, we now need to know how many micrograms of uncut
EMBL3 DNA is equivalent to 6.1  1011 genomes.  EMBL3 is 42 360 bp
in length. We can determine how much each EMBL3 genome weighs by
the following calculation:
660 g/mol 1 106 g

bp
g
1mol

6.023  1023 genomes

x g/genome  42 360 bp 

x g/genome 

2.8  1013 g
 4.6  1011 g/genome
6.023  1023 genomes

Therefore, each EMBL3 genome weighs 4.6  1011 g. The amount of
EMBL3 DNA equivalent to 6.1  1011 genomes can now be calculated:
4.6  1011 g
 6.1 1011 genomes  28.1g λEMBL3
genome
Therefore, digestion of 28.1 g of EMBL3 vector DNA will yield 19.5 g of
vector arms.

10.3.2 Packaging of recombinant  genomes
Following ligation of an insert fragment to the arms of a  vector and concatemerization of recombinant  genomes, the DNA must be packaged
into phage protein head and tail structures, rendering them fully capable
of infecting sensitive E. coli cells. This is accomplished by adding ligated
recombinant  DNA to a prepared extract containing the enzymatic and
structural proteins necessary for complete assembly of mature virus particles. The packaging mixture is then plated with host cells that allow the
formation of plaques on an agar plate (see Chapter 4). Plaques can then
be analyzed for the presence of the desired clones. The measurement of
the effectiveness of these reactions is called the packaging efficiency and
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can be expressed as the number of plaques (PFUs) generated from a given
number of phage genomes or as the number of plaques per microgram of
phage DNA.
Packaging extracts purchased commercially can have packaging efficiencies for wild-type concatemeric  DNA of between 1  107 and
2  109 PFU/g DNA.
A method for calculating this value is demonstrated in the following problem.

Problem 10.7 The 150 L ligation reaction described in Problem 9.6
is added to 450 L of packaging extract. Following a period to allow
for recombinant genome packaging, 0.01 mL is withdrawn and diluted
to a total volume of 1 mL of  dilution buffer. From that tube, 0.1 mL is
withdrawn and diluted to a total volume of 10 mL. One mL is withdrawn
from the last dilution and is diluted further to a total volume of 10 mL
dilution buffer. One-tenth mL of this last tube is plated with 0.4 mL of
E. coli K-12 sensitive to  infection. Following incubation of the plate, 813
plaques are formed. What is the packaging efficiency?

Solution 10.7
The packaging reaction is diluted in the following manner:
0.01mL 0.1mL
1mL


 0.1mL plated
1mL
10 mL 10 mL
Multiplying all numerators together and all denominators together yields
the total dilution:
0.01 0.1 1 0.1 1 104 mL

 1 106 mL
1 10  10
100
The concentration of viable phage in the packaging mix (given as PFU/mL)
is calculated as the number of plaques counted on the assay plate divided
by the total dilution:
813 PFU
 8.13  108 PFU/mL
1 106 mL
Therefore, the packaging mix contains 8.13  108 PFU/mL.
The total number of PFU in the packaging mix is calculated by multiplying the foregoing concentration by the volume of the packaging reaction
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(packaging mix volume  150 L ligation reaction  450 L packaging
extract  600 L (equivalent to 0.6 mL)):
8.13  108 PFU
 0.6 mL  4.88  108 PFU total
mL
In Problem 10.6, it was determined that 6.1  1011 genomes could potentially be constructed from the EMBL3 arms placed in the reaction. The
percentage of these potential genomes actually packaged into viable virions can now be calculated by dividing the titer of the packaging mix by
the number of potential genomes and multiplying by 100:
4.88  108
 100  0.08%
6.1 1011
Therefore, 0.08% of the potential  genomes were packaged.
The packaging efficiency can be calculated as PFU per microgram of
recombinant  DNA. The average recombinant phage genome should
be the length of the EMBL3 arms (29 230 bp)  the average insert
(20 000 bp)  49 230 bp. The weight of each 49 230 bp recombinant
genome can be calculated by multiplying the length of the recombinant
by the molecular weight of each bp and a conversion factor that includes
Avogadro’s number, as follows:

49 230 bp 



660 g/mol 1 106 g
1mol


bp
g
6.023  1023 genomes

3.25  1013 g
 5.4  1011 g/genome
6.023  1023 genomes

Therefore, each 49 230 bp recombinant genome weighs 5.4  1011 g.
If all 6.1  1011 possible genomes capable of being constructed from the
EMBL3 arms were made into 49 230 bp genomes, the total amount of
recombinant genomes (in g) would be
6.1 1011 genomes 

5.4  1011 g
 32.9 g
genome

Therefore, if all possible genomes are made and are recombinant
with 20 000 bp inserts, they would weigh a total of 32.9 g. In the packaging mix, a total of 4.88  108 infective viruses were made. A PFU/g
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concentration is then obtained by dividing the total number of phage in
the packaging mix by the total theoretical amount of recombinant DNA:
4.88  108 PFU
 1.5  107 PFU/g
32.9 g
Therefore, the packaging efficiency for the recombinant genomes is
1.5  107 PFU/g.
Packaging extracts from commercial sources can give packaging efficiencies as high as 2  109 PFU/g. These efficiencies are usually determined
by using wild-type  DNA made into concatemers, the proper substrate for
packaging. There are any number of reasons why a packaging experiment
using recombinant DNA from a ligation reaction will not be as active. First,
the ligation reaction may not be 100% efficient because of damaged cohesive ends or reduced ligase activity. Second, not all ligated products can
be packaged; only genomes larger than 78% or smaller than 105% of the
size of wild-type  can be packaged. This means that EMBL3 can accommodate only fragments from about 8600 to 21 700 bp. Though ligation with
the EMBL3 arms may occur with fragments of other sizes, they will not be
packaged into complete phage particles capable of infecting a cell.

10.3.3 Ligation using plasmid vectors
Ligation of insert DNA into a bacteriophage -derived cloning vector requires
the formation of linear concatemers of the form  left arm : insert :  right
arm :  left arm : insert :  right arm :  left arm : insert :  right arm, etc. For this
reaction to be favored, i needs to be much higher than j (i  j). In contrast,
ligation using a plasmid vector requires that two types of event occur. First,
a linear hybrid molecule must be formed by ligation of one end of the target
fragment to one complementary end of the linearized plasmid. Second, the
other end of the target fragment must be ligated to the other end of the vector
to create a circular recombinant plasmid. The circularization event is essential
since only circular molecules transform E. coli efficiently. Ligation conditions
must be chosen, therefore, that favor intermolecular ligation events followed
by intramolecular ones.
It was suggested by Maniatis et al. (1982) that optimal results will be
achieved with plasmid vectors when i is greater than j by two- to threefold. Such a ratio will favor intermolecular ligation but will still allow
for circularization of the recombinant molecule. Furthermore, Maniatis
et al. recommend that the concentration of the termini of the insert (iinsert)
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be approximately twice the concentration of the termini of the linearized
plasmid vector (iinsert  2ivector). The following problem will illustrate the
mathematics involved in calculating optimal concentrations of insert and
plasmid vector to use in the construction of recombinant clones.

Problem 10.8 The plasmid cloning vector pUC19 (2686 bp) is to be cut
at its single EcoR I site within the polylinker cloning region. This cut will
linearize the vector. The insert to be cloned is a 4250 bp EcoR I-generated
fragment. What concentration of vector and insert should be used to give
an optimal yield of recombinants?

Solution 10.8
We will first calculate the values of j for both the vector and the vector 
insert. These are determined by using the following equation:
 MWλ 1.5
j  jλ 
ends/mL
 MW 
To use this equation for the vector, we must first calculate its molecular
weight. This is accomplished by multiplying its length (in bp) by the conversion factor 660 g/mol/bp, as shown in the following calculation:
2686 bp 

660 g/mol
 1.77  106 g/mol
bp

Therefore, the pUC19 vector has a molecular weight of 1.77  106 g/mol.
It was determined previously that j has a value of 3.22  1011 ends/mL and
that the molecular weight of lambda (MW) is equal to 3.2  107 g/mol.
Placing these values into the earlier equation for calculating j gives the
following result:
 MWλ 1.5
j  jλ 
ends/mL
 MW 
 3.2  107 g/mol 1.5

jvector  3.22  1011 ends/mL 
1.77  106 g/mol 
jvector  3.22  1011 ends/mL (18.1)1.5
 3.22  1011 ends/mL (77)  2.5  1013 ends/mL
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Therefore, the j value for this vector is 2.5  1013 ends/mL. The j value
for the linear ligation intermediate formed by the joining of one end
of the insert fragment to one end of the linearized plasmid vector can
also be calculated. The molecular weight of the ligation intermediate
(vector  insert) is calculated as follows:
(2686 bp  4250 bp) 

660 g/mol
 4.58  106 g/mol
bp

Using the molecular weight of the intermediate ligation product, the
j value for the intermediate can be calculated:
 3.2  107 g/mol 1.5

jinsertvector  3.22  1011 ends/mL 
 4.58  10 6 g/mol 
jvectorinsert  3.22  1011 ends/mL (6.99 )1.5
 3.22  1011 ends/mL (18.48 )  5.95  1012 ends/mL
Therefore, the ligation intermediate has a j value of 5.95  1012 ends/mL.
Note that the j value for the ligation intermediate ( j  5.95  1012 ends/mL)
is less than that for the linearized vector alone ( j  2.5  1013 ends/mL);
shorter molecules have larger j values and can circularize more efficiently
than longer DNA molecules.
For optimal results, we will prepare a reaction such that i is three-fold greater
than jvector (i  3jvector). jvector has been calculated to be 2.5  1013 ends/mL.
Therefore, we want i to equal three times 2.5  1013 ends/mL:
i  3  (2.5  1013 ends/mL )  7.5  1013 ends/mL
Furthermore, to favor the creation of the desired recombinant, iinsert should
be equal to twice ivector (iinsert : ivector  2, or iinsert  2ivector). Since i is the total
concentration of complementary ends in the ligation reaction, iinsert  ivector
must equal 7.5  1013 ends/mL. Since iinsert  2ivector, we have
2ivector  ivector  7.5  1013 ends/mL
which is equivalent to
3ivector  7.5  1013 ends/mL
ivector 

7.5  1013 ends/mL
 2.5  1013 ends/mL
3
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Therefore, ivector is equivalent to 2.5  1013 ends/mL. Since we want iinsert
to be two times greater than ivector, we have
iinsert  2  (2.5  1013 ends/mL )  5.0  1013 ends/mL
Therefore iinsert is equivalent to 5.0  1013 ends/mL. To calculate the molarity of the DNA molecules we require in the ligation reaction, we will use the
equation
i  2N0 M  103 ends/mL
This expression can be rearranged to give us molarity (M), as follows:
M

i
3

2N0  10

ends/mL

For the vector, M is calculated as follows:
Mvector 

2.5  1013 ends/mL
2(6.023 × 1023 )(1 103 ends/mL )

Mvector 

2.5  1013
 2.1 108 M
1.2  1021

Therefore, the molarity of the vector in the ligation reaction should be
2.1  108 M. Converting molarity to moles/liter gives the following result:
2.1 108 M  2.1 108 mol/L
An amount of vector (in g/mL) must now be calculated from the moles/
liter concentration.
x g vector/mL 

2.1 108 mol 660 g/mol

 2686 bp
L
bp



x g vector/mL 

1 106 g vector
L

1000 mL
g

3.7  10 4 g vector
 37 g vector/mL
1000 mL

Therefore, in the ligation reaction, the vector should be at a concentration
of 37 g/mL. The ligation reaction is going to have a final volume of 50 L.
A relationship of ratios can be used to determine how many micrograms
of vector to place into the 50 L reaction.
x g vector
37 g vector

50 L
1000 L
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x

(50 L )(37 g vector )
 1.9 g vector
1000 L

Therefore, in the 50 L ligation reaction, 1.9 g of cut vector should be added.
It has been calculated that iinsert should be at a concentration of
5.0  1013 ends/mL. This can be converted to a molarity value by the same
method used for ivector using the following equation:
M

i
2N0  103 ends/mL

Substituting the calculated values into this equation yields the following
result:
M


5.0  1013 ends/mL
2  (6.023  1023 )  (1 103 ends/mL )
5.0  1013
 4.2  108 M
1.2  1021

Therefore, the insert should have a concentration of 4.2  108 M. This is
equivalent to 4.2  108 moles of insert/L. Converting moles of insert/L to
g insert/mL is performed as follows:
x g insert/mL 

4.2  108 mol 660 g/mol

 4250 bp
liter
bp



x g insert/mL 

1 106 g insert
1L

1000 mL
g

1.2  105 g insert
 120 g insert/mL
1000 mL

This is equivalent to 120 g insert/1000 L. We can determine the amount
of insert to add to a 50 L reaction by setting up a relationship of ratios, as
shown here:
x g insert 120 g insert

50 L
1000 L
x

(50 L )  (120 g insert )
 6 g insert
1000 L

Therefore, 6 g of the 4250 bp fragment should be added to a 50 L ligation reaction.
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10.3.4 Transformation efficiency
Following ligation of a DNA fragment to a plasmid vector, the recombinant
molecule, in a process called transformation, must be introduced into a
host bacterium in which it can replicate. Plasmids used for cloning carry
a gene for antibiotic resistance that allows for the selection of transformed
cells. Transformation efficiency is a quantitative measure of how many
cells take up plasmid. It is expressed as transformants per g of plasmid
DNA. Its calculation is illustrated in the following problem.

Problem 10.9 A 25 L ligation reaction contains 0.5 g of DNA of an
ApR (ampicillin resistance) plasmid cloning vector. 2.5 L of the ligation
reaction is diluted into sterile water to a total volume of 100 L. Ten L
of the dilution are added to 200 L of competent cells (cells prepared for
transformation). The transformation mixture is heat shocked briefly to
increase plasmid uptake, and then 1300 L of growth medium are added.
The mixture is incubated for 60 min to allow for phenotypic expression
of the ampicillin resistance gene. Twenty L are then spread onto a plate
containing 50 g/mL ampicillin and the plate is incubated overnight at
37°C. The following morning, 220 colonies appear on the plate. What is
the transformation efficiency?

Solution 10.9
The first step in calculating the transformation efficiency is to determine
how many micrograms of plasmid DNA were in the 20 L sample spread
on the ampicillin plate. The original 25 L ligation reaction contained
0.5 g of plasmid DNA. We will multiply this concentration by the dilutions
and the amount plated to arrive at the amount of DNA in the 20 L used
for spreading.
0.5 g plasmid DNA 2.5 L

25 L
100 L
10 L
 20 L

1500 L

x g plasmid DNA 

x g plasmid DNA 

250 g plasmid DNA
3 75 0000

 6.7  105 g plasmid DNA
Therefore, the 20 L volume spread on the ampicillin plate contained
6.7  105 g of plasmid DNA. Transformation efficiency is then calculated
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as the number of colonies counted divided by the amount of plasmid
DNA contained within the spreading volume:

Transformation efficiency 


220 transformants
6.7  105 g DNA
3.3  106 transformants
g DNA

Therefore, the transformation efficiency is 3.3  106 transformants/g
DNA. Competent cells prepared for transformation can be purchased from
commercial sources and may exhibit transformation efficiencies greater
than 1  109 transformants/g DNA, as measured by using supercoiled
plasmid. It should be noted that adding more than 10 ng of plasmid to
an aliquot of competent cells can result in saturation and can actually
decrease the transformation efficiency.

10.4 Genomic libraries – how many clones
do you need?
The haploid human genome is approximately 3  109 bp, contained on
23 chromosomes. The challenge in constructing a recombinant library
from a genome of this size is in creating clones in large enough number
that the experimenter will be provided with some reasonable expectation
that that library will contain the DNA segment carrying the particular gene
of interest. How many clones need to be created to satisfy this expectation?
The answer depends on two properties: (1) the size of the genome being
fragmented for cloning and (2) the average size of the cloned fragments.
Clark and Carbon (1976) derived an expression based on the Poisson distribution that can be used to estimate the likelihood of finding a particular
clone within a randomly generated recombinant library. The relationship
specifies the number of independent clones, N, needed to isolate a specific
DNA segment with probability P. It is given by the equation
N

ln (1  P )

 I 
ln 1   
 G 



where I is the size of the average cloned insert, in bp, and G is the size of
the target genome, in bp.
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Problem 10.10 In Problem 9.6, EMBL3 is used as a vector to clone
20 000 bp fragments generated from a partial Sau3A1 digest of the
human genome (3  109 bp). We wish to isolate a gene contained
completely on a 20 000 bp fragment. To have a 99% chance of isolating
this gene in the EMBL3 recombinant genomic library, how many
independent clones must be examined?

Solution 10.10
For this problem, P  0.99 (99% probability), I  20 000 bp, and G  3  109 bp.
Placing these values into the preceding equation yields the following result:
N

N

ln (1 0.99 )
  2  10 4 bp 

ln 1 

9
  3  10 bp 

4.61
ln (0.01)
ln 0.01


 688 000
6
ln
0
.
9999933
6.7  106
ln (1 6.7  10 )

Therefore, there is a 99% chance that the gene of interest will be found in
688 000 independent EMBL3 clones of the human genome.
This estimation, of course, is a simplification. It assumes that all clones
are equally represented. For this to occur, the genome must be randomly
fragmented into segments of uniform sizes, all of which can be ligated to
vectors with equal probability, and all of which are equally viable when
introduced into host cells. When using restriction endonuclease to generate the insert fragments, this is not always possible; some sections
of genomic DNA may not contain the recognition site for the particular
enzyme being used for many thousands of bps.

10.5 c DNA libraries – how many clones
are enough?
Different tissues express different genes. There are over 500 000 mRNA
molecules in most mammalian cells, representing the expression of as many
as 34 000 different genes. The mRNA present in a particular tissue type can
be converted to cDNA copies by the actions of reverse transcriptase (to convert mRNA to ssDNA) then by DNA polymerase (to convert the ssDNA to
double-stranded molecules). Preparing a recombinant library from a cDNA
preparation provides the experimenter with a cross section of the genes
expressed in a specific tissue type.
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Some genes in a cell may be expressed at a high level and be responsible for
as much as 90% of the total mRNA in a cell. It can be fairly straightforward
to isolate cDNA clones of the more abundant mRNA species. Up to 30% of
some cells’ mRNA, however, may be composed of transcripts made from
genes expressed at only a very low level, such that each type may be present at
quantities less than 14 copies per cell. A cDNA library is not complete unless
it contains enough clones that each mRNA type in the cell is represented.
The number of clones that need to be screened to obtain the recombinant
of a rare mRNA at a certain probability is given by the equation
N

ln (1  P )

 n 
ln 1   
 T 



where N is the number of cDNA clones in the library; P is the probability
that each mRNA type will be represented in the library at least once (P is
usually set to 0.99; a 99% chance of finding the rare mRNA represented in
the cDNA library); n is the number of molecules of the rarest mRNA in a
cell; and T is the total number of mRNA molecules in a cell.

Problem 10.11 The rarest mRNA in a cell of a particular tissue type
has a concentration of five molecules per cell. Each cell contains 450 000
mRNA molecules. A cDNA library is made from mRNA isolated from
this tissue. How many clones will need to be screened to have a 99%
probability of finding at least one recombinant containing a cDNA copy
of the rarest mRNA?

Solution 10.11
For this problem, P  0.99, n  5, and T  450 000. Placing these values
into the preceding equation gives
N

N

ln (1 0.99 )
  5 

ln 1 

  450 000 
4.61
ln (0.01)

 420 000
ln (1 1.1 105 ) 1.1 105

Therefore, in a cDNA library of 420 000 independent clones, one clone
should represent the rarest mRNA in that particular cell type.
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10.6 Expression libraries
A number of cloning vectors have been designed with genetic elements that
allow for the expression of foreign genes. These elements usually include the
signals for transcription and translation initiation. For many expression vectors, the cloning site is downstream from an ATG start signal. For example,
a truncated version of the beta-galactosidase gene from E. coli is often used
as a source for translation signals. Insertion of a target fragment in the proper
orientation and translation frame results in the production of a fusion protein
between the truncated gene on the vector and the foreign inserted gene.
Expression libraries can be made directly from bacterial genomic DNA since
microbial genes characteristically lack introns. Mammalian gene expression
libraries, however, are best constructed from cDNA, which, since it is made
from processed mRNA, is free of intron sequences.
No matter what the source of target fragment, expression relies on the
positioning of the insert in the correct orientation and the correct reading
frame with the vector’s expression elements. The probability of obtaining
a recombinant clone with the insert fragment positioned correctly in the
expression vector is given by the equation
P

coding sequence size (in kb)
genome size (in kb)  6

The denominator in this equation contains the factor 6 since there are six
possible positions the target fragment can insert in relation to the vector’s
open reading frame. The target fragment can be inserted in either the sense
or antisense orientation and in any one of three possible reading frames.
One of the six possible positions should be productive.
The proportion of positive recombinants expressing the gene on the target
fragment is given by the expression 1/P.
This equation provides only an estimate. For randomly sheared genomic
fragments, optimal results will be achieved if the cloning fragments are
roughly ½ the size of the actual gene’s coding sequence, because smaller
fragments are less likely to carry upstream termination signals. For the
cloning of fragments from large genomes containing many introns, such as
those from humans, a large number of clones must be examined.

Problem 10.12 An E. coli gene has a coding sequence spanning
2000 bp. It is to be recovered from a shotgun cloning experiment in
which sheared fragments of genomic DNA are inserted into an expression
vector. What proportion of recombinants would be expected to yield a
fusion protein with the vector?
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Solution 10.12
Two thousand bp is equivalent to 2 kb:
2000 bp 

1kb
 2 kb
1000 bp

The E. coli genome is 4 640 000 bp in length. This is equivalent to 4640 kb.
Placing these values into the equation gives
P

2 kb
2

 7.1 105
( 4640 kb)  6
2.8  10 4

Taking the reciprocal of this value gives the following result:
1
1

 1.4  10 4
P
7.1 105
Therefore, one out of approximately 14 000 clones will have the desired
insert in the proper orientation to produce a fusion protein.

10.7 Screening recombinant libraries
by hybridization to DNA probes
Either plaques on a bacterial lawn or colonies spread on an agar plate can
be screened for the presence of clones carrying the desired target fragment
by hybridization to a labeled DNA probe. In this technique, plaques or colonies are transferred to a nitrocellulose or nylon membrane. Once the DNA
from the recombinant clones is fixed to the membrane (by baking in an
oven or by UV cross-linking), the membrane is placed in a hybridization
solution containing a radioactively labeled DNA probe designed to anneal
specifically to the sequence of the desired target fragment. Following incubation with probe, the membrane is washed to remove any probe bound
nonspecifically to the membrane and X-ray film is placed over the membrane to identify those clones annealing to probe.
Annealing of probe to complementary sequence follows association/dissociation kinetics and is influenced by probe length, G/C content, temperature, salt
concentration, and the amount of formamide in the hybridization solution.
These factors affect annealing in the following way: Lower G/C content,
increased probe length, decreased temperature, and higher salt concentrations all favor probe association to target. Formamide is used in a hybridization solution as a solvent. It acts to discourage intrastrand annealing.
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The stability of the interaction between an annealing probe and the target
sequence as influenced by these variables is best measured by their effect
on the probe’s melting temperature (Tm), the temperature at which half of
the probe has dissociated from its complementary sequence. Estimation
of a probe’s melting temperature is important to optimizing the hybridization reaction. Davis et al. (1986) recommend that the temperature at which
hybridization is performed (Ti) should be 15°C below Tm:
Ti  Tm  15°C
Tm is calculated using the equation
Tm  16.6 log [ M ]  0.41[ PGC ]  81.5  Pm  B/L  0.65[ Pf ]
where M is the molar concentration of Na, to a maximum of 0.5 M (1X SSC
contains 0.165 M Na); PGC is the percent of G and C bases in the oligonucleotide probe (between 30% and 70%); Pm is the percent of mismatched
bases, if known (each percent of mismatch will lower Tm by approximately
1°C); Pf is the percent formamide; B is 675 (for synthetic probes up to
100 nts in length); and L  probe length in nts.
For probes longer than 100 bases, the following formula can be used to
determine Tm:
Tm  81.5°C  16.6(log[ Na ])  0.41(% GC)
0.63(% formamide)  600 /L
For these longer probes, hybridization is performed at 10 to 15°C
below Tm.

Problem 10.13 A labeled probe has the following sequence:
5- GAGGCTTACGCGCATTGCCGCGATTTGCCC
ATCGCAAGTACGCAATTAGCAC-3
It will be used to detect a positive clone from plates of EMBL3
recombinant plaques transferred to a nitrocellu lose membrane
filter. Hybridization will take place in 1X SSC (0.15 M NaCl, 0.015 M
Na3Citrate • 2H2O) containing 50% formamide. At what temperature
should hybridization be performed? (Assume no mismatches between
the probe and the target sequence.)
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Solution 10.13
The probe is 52 nts in length. It contains a total of 29 G and C residues. Its
PGC value, therefore, is
PGC 

29 nucleotides
 100  56%
52 nucleotides

Both sodium chloride (0.15 M) and sodium citrate (0.015 M) in the hybridization buffer contribute to the overall sodium ion concentration. The
total sodium ion concentration is
0.15 M  0.015 M  0.165 M
Using these values, the equation for Tm of the 52-mer probe is calculated
as follows:
Tm  16.6 log[0.165]  0.41[56]  81.5°  0  675 / 52  0.65 [50]
Tm  16.6[0.783]  22.96  81.5°  12.98  32.5
Tm  46°C
The hybridization temperature (Ti) is calculated as follows:
Ti  46°C  15°C  31°C
Therefore, the hybridization should be performed at 31°C.

10.7.1 Oligonucleotide probes
Either synthetic oligonucleotides or amplified DNA fragments can be used
as probes against membrane-bound DNA from a recombinant library. If the
exact gene sequence of the target fragment is known, a synthetic oligonucleotide can be made having a perfect match to the sought-after clone.
The number of sites on a genome to which an oligonucleotide probe will
anneal depends on the genome’s complexity and the number of mismatches between the probe and the target. A mismatch is a position within
the probe/target hybrid occupied by noncomplementary bases. Complexity
(C) is the size of the genome (in bp) represented by unique (single copy)
sequence and one copy of each repetitive sequence region. The genomes
of most bacteria and single-celled organisms do not have many repetitive sequences. The complexity of such organisms, therefore, is similar to
genome size. Mammalian genomes, however, from mice to men, contain
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repetitive sequences in abundance. Although most mammalian genomes
are roughly 3  109 bp in size, Laird (1971) has estimated their complexity
to be approximately equivalent to 1.8  109 bp.
The number of positions on a genome having a certain complexity to which
an oligonucleotide probe will hybridize is given by the equation
 1 L
P0     2C
 4 
where P0 is the number of independent perfect matches, L is the length of
the oligonucleotide probe, and C is the target genome’s complexity (this
value is multiplied by two to represent the two complementary strands of
DNA, either of which could potentially hybridize to the probe) (Maniatis
et al., 1982).

Problem 10.14 An oligonucleotide probe is 12 bases in length. To how
many positions on human genomic DNA could this probe be expected to
hybridize?

Solution 10.14
Using the preceding equation, L is equal to 12 and C is equivalent to
1.8  109. Placing these values into the equation gives the following result:
 1 12
P0     2(1.8  109 )  (6  108 )  (3.6  109 )  216
 4 
Therefore, by chance, an oligonucleotide 12 bases long should hybridize
to 216 places on the human genome.

Problem 10.15 What is the minimum length an oligonucleotide should
be to hybridize to only one site on the human genome?

Solution 10.15
In Problem 10.14, it was assumed that the term 2C for the human genome is
equivalent to 3.6  109. We want P0 to equal 1. Our equation then becomes
 1 L
1     3.6  109
 4 
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Convert the fraction 1/4 into a decimal and
divide each side of the equation by 3.6  109.

1
 (0.25)L
3.6  109
2.8  1010  (0.25)L
log 2.8  1010  log 0.25L

Take the common logarithm of both sides of
the equation.

log 2.8  1010  L(log 0.25)

Use the Power Rule for Logarithms (for
any positive numbers M and a (where a is
not equal to 1) and any real number p, the
logarithm of a power of M is the exponent
times the logarithm of M: logaMp  p logaM).

log 2.8  1010
L
log 0.25

Divide each side of the equation by log 0.25.

9.6
 16
0.6

Take the log values.

Therefore, an oligonucleotide 16 bases in length would be expected to
hybridize to the human genome at only one position.

10.7.2 Hybridization conditions
Determination of an oligonucleotide probe’s melting temperature (Tm)
can help the experimenter decide on a temperature at which to perform a
hybridization step. Hybridization is typically performed at 2–5°C below the
oligonucleotide’s Tm. However, the length of time that the probe is allowed
to anneal to target sequence is another aspect of the reaction that must be
considered. For an oligonucleotide probe, the length of time allowed for
the hybridization reaction to achieve half-completion is given by the equation described by Wallace and Miyada (1987):
t1/ 2 

ln 2
kC

where k is a first-order rate constant and C is the molar concentration of the
oligonucleotide probe (in moles of nucleotide per liter). This equation should
be used only as an approximation. The actual rate of hybridization can be
three to four times slower than the calculated rate (Wallace et al., 1979).
The rate constant, k, represents the rate of hybridization of an oligonucleo
tide probe to an immobilized target nucleic acid in 1 M sodium ion. It is
given by the following equation:
k

3  105 L0.5 L/mol/s
N

10.7 Screening recombinant libraries by hybridization to DNA probes 345

where k is calculated in liter/mole of nt per second, L is the length of the
oligonucleotide probe in nucleotides, and N is the probe’s complexity.
Complexity, as it relates to an oligonucleotide, is calculated as the number
of different possible oligonucleotides in a mixture. The following oligonucleotide, an 18-mer, since it has only one defined sequence (no redundancies), has a complexity of one:
5-GGACCTATAGCCGTTGCG-3
When oligonucleotides are constructed by reverse translation of a protein
sequence, as might be the case when probing for a gene for which there
exists only protein sequence information, a degenerate oligonucleotide
might be synthesized having several possible different sequences at the
wobble base position. For example, reverse translation of the following
protein sequence would require the synthesis of an oligonucleotide with
three possible sequences:
MetTrpMetIleTrpTrp
ATGTGGATGATATGGTGG
C
T
Methionine (Met) and tryptophan (Trp) are each encoded by a single triplet.
Isoleucine (Ile), however, can be encoded for by three possible triplets: ATA,
ATC, and ATT. The oligonucleotide is synthesized as a mixed probe containing either an A, a C, or a T at the 12th position. Since there are three possible
sequences for the oligonucleotide, it has a complexity of 3.
When designing a probe based on protein sequence, the experimenter should
choose an area to reverse translate that has the least amount of codon redundancy. Nevertheless, since most amino acids are encoded for by two or more
triplets (see Table 10.1), most mixed probes will contain a number of redundancies. The total number of different oligonucleotides in a mixture (its
complexity) is calculated by multiplying the number of possible nts at all
positions. For example, here is a protein sequence reverse translated using all
possible codons:
ArgProLysPheTrpIleCysAla
AGACCAAAATTCTGGATATGCGCA
C C C G T
C T C
G G
T
G
T T
T
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To determine how many different sequences are possible in such a mixture,
the number of possible nts at each position are multiplied together. In this
example, the total number of different sequences is calculated as
2 1 4 11 4 11 2 11 2 11
 1  1  1  3  1  1  2  1  1  4  3072
Therefore, there are 3072 possible different oligonucleotides in this
mixture.

Table 10.1 The genetic code. Codons are shown as DNA sequence
rather than RNA sequence (Ts are used instead of Us) to facilitate their
conversion to synthetic oligonucleotide probes.
Amino acid

Abbreviation

Codons

Alanine
Arginine

Ala
Arg

Asparagine
Aspartic acid
Cysteine
Glutamine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine

Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu

Lysine
Methionine
Phenylalanine
Proline
Serine

Lys
Met
Phe
Pro
Ser

Threonine
Tryptophan
Tyrosine
Valine

Thr
Trp
Tyr
Val

GCA GCC GCG GCT
AGA AGG
CGA CGC CGG CGT
AAC AAT
GAC GAT
TGC TGT
CAA CAG
GAA GAG
CGA GGC GGG GGT
CAC CAT
ATA ATC ATT
CTA CTC CTG CTT
TTA TTG
AAA AAG
ATG
TTC TTT
CCA CCC CCG CCT
TCA TCC TCG TCT
AGC AGT
ACA ACC ACG ACT
TGG
TAC TAT
GTA GTC GTG GTT
TAA TAG TGA
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Problem 10.16 An oligonucleotide probe 21 nts in length is used
for hybridization to a colony filter containing recombinant clones.
The oligonucleotide probe is a perfect match to the target gene to be
identified. The hybridization is be performed in 1 M sodium chloride at 2°C
below the probe’s Tm. The hybridization solution contains oligonucleotide
probe at a concentration of 0.02 g/mL.
a) When will hybridization be half complete?
b) How long should hybridization be allowed to proceed?

Solution 10.16(a)
We will first calculate the value for k, the rate constant, using the following
expression:
k

3  105 L0.5 L / mol / s
N

For this problem, L, the oligonucleotide length, is 21. Since the probe is
an exact match, N, the complexity of the oligonucleotide, is equal to 1.
Placing these values into the equation for k gives
k

(3  105 )(21)0.5 L / mol / s
 (3  105 )( 4.58 )  1.37  106 L / mol / s
1

So that this k value can be used in the equation for calculating the halfcomplete hybridization reaction, a value for C, the molar concentration of
the oligonucleotide probe, must also be calculated. In this problem, the
probe has a concentration of 0.02 g/mL. To convert this to a molar concentration (moles/liter), we must first determine the molecular weight
(grams/mole) of the probe. Since the oligonucleotide probe is 21 nt in
length, we can determine its molecular weight by multiplying the length
in nts by the molecular weight of a single nt:
21 nt 

330 g/mol
 6930 g/mol
1 nt

Therefore, the molecular weight of a 21-mer is approximately 6930 g/mol.
This value can then be used to calculate the molarity of the probe in the
hybridization solution by the use of several conversion factors, as shown
in the following equation.
0.02 g 1000 mL
1mol
1g



 C mol/L
mL
L
6930 g 1 106 g
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20 mol
 C mol/L
6.93  109 L
C  2.89  109 mol/L
The values calculated for k and C can now be used in the expression for
half-complete hybridization:
t1/ 2 
t1/ 2 

ln 2
kC

ln 2
(1.37  10 L / mol / s)(2.89  109 mol / L )       	
6

t1/ 2 

0.693
 175 s
3.96  103
1s

Therefore, hybridization is half complete in 175 sec.

Solution 10.16(b)
Since the actual rate of hybridization can be approximately four times
slower than the calculated value (Wallace et al., 1979), the value determined in Solution 10.16(a) can be multiplied by four:
175 sec  4  700 sec
Converting this to minutes gives the following result:
700 sec 

1min
 11.7 min
60 sec

Therefore, the hybridization reaction described in this problem is half complete in about 11 min, 42 sec and should be allowed to proceed for 23 min,
21 sec.

Problem 10.17 A small amount of a novel protein is purified and
sequenced. A region of the protein is chosen from which an oligonucleotide
probe is to be designed. The sequence of that region is as follows:
TrpTyrMetHisGlnLysPheAsnTrp
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The mixed probe synthesized from this protein sequence will be added
at a concentration of 0.02 g/mL to a hybridization solution containing
1 M sodium chloride for the purpose of identifying a recombinant clone
within a library. Hybridization will be performed at a temperature several
degrees below the average Tm of the mixed probe. When will the hybridization be half complete?

Solution 10.17
The first step in solving this problem is to determine the complexity, N, of
the reverse-translated mixed probe that would be extrapolated from the
protein sequence. Using Table 10.1, the protein fragment is reverse translated as follows:
TrpTyrMetHisGlnLysPheAsnTrp
TGGTACATGCACCAAAAATTCAACTGG
T
T G G T T
The number of possible oligonucleotides in the mixed oligo pool is calculated by multiplying all possible codons at each amino acid position (we
will include here only those positions having greater than one possibility).
This gives
2  2  2  2  2  2  64
Therefore, the mixed oligonucleotide synthesized as a probe has a complexity, N, equal to 64. The oligonucleotide probe, no matter which base is
at any position, has a length, L, of 27 nt.
The value for k, the hybridization rate, for this oligonucleotide is calculated as follows:

k

3  105 L0.5 L/mol/s
N

Substituting the given values for N and L into the equation yields the following result:
(3  105 )(27)0.5 L/mol/s
64
5
(3  10 )(5.2) L/mol/s 1.6  106 L//mol/s
 2.5  10 4 L/mol/s
k

64
64
k
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The probe has a molecular weight, calculated as follows:
27 nucleotides 

330 g/mol
 8910 g/mol
nucleotide

The molarity of the probe, when at a concentration of 0.02 g/mL in the
hybridization solution, is calculated as follows:
0.02 g probe 1000 mL
1mol
1g



 C mol/L
mL
L
8910 g 1 106 g
20 mol probe
 C mol/L
8.91 109 L
C  2.24  109 mol/L
Placing the calculated values for k and C into the equation for halfcomplete hybridization gives the following result:
t1/ 2 
t1/ 2 

ln 2
(2.5  10 4 L / mol / s)(2.24  109 mol / L )
0.693
 12 375 s
5.6  105
s

Since, as discussed previously, the actual half-complete hybridization
reaction can be as many as four times longer than the calculated value,
we will allow for maximum chances for hybridization between probe and
target to proceed by multiplying our value by four:
12 375 sec  4  49 500 sec
Converting this answer into hr gives the following result:
49 500 sec 

1min
1hr

 13.75 hr
60 sec 60 min

 	

Therefore, using this mixed probe and the appropriate hybridization temperature, the hybridization reaction should be half complete in 13.75 hr.

10.7.3 Hybridization using double-stranded
DNA (dsDNA) probes
Hybridization can also be performed using a dsDNA probe prepared by nick
translation. When using a hybridization temperature of 68°C in aqueous
solution or 42°C in 50% formamide, Maniatis et al. (1982) recommend the
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use of the following equation to estimate the amount of time to achieve halfcomplete hybridization:
t1/ 2 

Z
1 Y
  2
X
5 10

where X is the amount of probe added to the hybridization reaction (in g);
Y is probe complexity, which for most probes is proportional to the length of
the probe in kb; and Z is the volume of the hybridization reaction (in mL).
Nearly complete hybridization is achieved after three times the t½ period.

Problem 10.18 Filters prepared for plaque hybridization are placed in
a plastic bag with 15 mL of an aqueous hybridization buffer and 0.5 g
of a nick-translated probe 7500 bp in length. Hybridization is allowed to
proceed at 68°C. How long should the hybridization reaction continue for
nearly complete hybridization of probe to target?

Solution 10.18
Using the preceding equation, X is 0.5 g, Y is 7.5 kb (7500 bp  7.5 kb),
and Z is 15 mL. Placing these values into the equation for half-complete
hybridization gives
t1/ 2 

1
7.5 15
225

 2 
9
0.5
5
10
25

Therefore, the hybridization reaction is half complete in 9 hr. The reaction
can be allowed to proceed for three times as long (27 hr) to ensure nearly
complete hybridization.

10.8 Sizing DNA fragments by gel
electrophoresis
Once a candidate recombinant clone has been identified by either colony
hybridization to an allele-specific probe or by expression of a desired protein, it should be adequately characterized to ensure it contains the expected
genetic material. One of the most straightforward and essential characterizations of a nucleic acid is the determination of its length. Fragment sizing is
usually performed after a PCR amplification or in the screening of recombinant clone inserts that have been excised by restriction digestion.
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Fragment sizing is accomplished by electrophoresing the DNA fragments in
question on an agarose or acrylamide gel in which one lane is used for the
separation of DNA fragments of known size (molecular weight or size markers). Following gel staining, the migration distance of each band of the size
marker is measured. These values are plotted on a semilog graph. The rate
at which a DNA fragment travels during electrophoresis is inversely proportional to the log10 of its length in bp. The graph generated for the size markers
should contain a region represented by a straight line where this relationship is most pronounced. Larger DNA fragments show this relationship to a
lesser degree, depending on the concentration of the gel matrix. Agarose is an
effective gel matrix to use for separation of DNA fragments ranging in length
between 50 and 30 000 bp. The experimenter, however, should use a percentage of agarose suitable for the fragments to be resolved. Low-molecularweight fragments should be run on higher-percentage gels (1 to 4% agarose).
High-molecular-weight fragments are best resolved on low-percentage gels
(0.3 to 1% agarose). The best resolution of low-molecular-weight fragments
can be achieved on a polyacrylamide gel. No matter what type of gel matrix
is used, the method for determining fragment size is the same.
100 bp
ladder

1500 bp –

Restriction digests of recombinant clones

—– Vector
fragment

1000 bp –
600 bp –
500 bp –
400 bp –
300 bp –

Insert
fragments

200 bp –
100 bp –

n Figure 10.1 Representation of an agarose gel used to size cDNA insert fragments. DNA of cDNA clones is

digested with restriction endonucleases at unique sites on both sides of the insert. The digests are electrophoresed
to separate the vector fragment from the insert fragment. The 100 bp ladder loaded in lane 1 is a size marker in
which each fragment differs in size by 100 bp from the band on either side of it. For this size marker, the 600 and
1000 bp bands stain more intensely than the others.
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Figure 10.1 shows a depiction of an agarose gel run to determine the sizes
of cDNA fragments inserted into a plasmid vector. On this gel, a 100 bp
ladder is run in the first lane as a size marker.
In Problem 10.19, the fragment size of a cDNA insert will be determined
by two methods. In the first approach, a semilog graph and a standard
curve will be used to extrapolate the fragment size. In the second approach,
linear regression performed in Microsoft Excel will be used to derive a
best-fit line from a standard curve and the line’s equation will be used to
calculate the fragment’s size.
To determine fragment sizes on an agarose gel, a ruler is placed on the
gel photograph along the size markers such that the 0 cm mark is aligned
with the bottom of the well (Figure 10.2). The distance from the bottom of
the well to the bottom of each band is then measured and recorded (Table
10.2). The distance from the well to each band is then plotted on a semilog
graph and a straight line is drawn on the plot, connecting as many points as
possible (Figure 10.3).

100 bp
ladder

Restriction digests of recombinant clones

1
— Vector fragment

4
5

600 bp –
500 bp –
400 bp –
300 bp –

3

1000 bp –

2

1500 bp –

200 bp –

6

100 bp –

7
8
9
10

n Figure 10.2 Measuring the distance of each band in the 100 bp ladder size marker from the well.

Insert fragments
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Table 10.2 Migration distances for fragments of the
100 bp ladder shown in Figure 10.2.
Size marker band (bp)
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100

Distance from well (cm)
2.3
2.35
2.45
2.55
2.7
2.85
3.0
3.2
3.5
3.9
4.15
4.55
5.1
5.85
7.0

Fragment length (bp)

10 000

1000

100
0

2

4
Distance from well (cm)

6

8

n Figure 10.3 Plotting the distance of each band of the 100 bp ladder from the well on a semilog graph.
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Problem 10.19 What is the size of the insert shown in lane four of the
gel in Figure 10.1? Determine the fragment’s size,
a) using a semilog plot.
b) by linear regression using Microsoft Excel.

Solution 10.19(a)
Place a ruler on lane four of the photograph and measure the distance
from the well to the bottom of the band representing the insert fragment
(Figure 10.4).
The band measures 4.2 cm from the well. On the semilog plot of the standard curve (Figure 10.5), 4.2 cm on the x axis corresponds to 470 bp on the
y axis.

Solution 10.19(b)
The Microsoft Office software package is one of the most popular computer applications for home and business use. Included in this software

100 bp
ladder

Restriction digests of recombinant clones

1
— Vector fragment

4
5

600 bp –
500 bp –
400 bp –
300 bp –

3

1000 bp –

2

1500 bp –

200 bp –

6

100 bp –

7
8
9
10

n Figure 10.4 Measuring the distance of the insert band from the well for lane 4.

Insert fragments

356 CHAPTER 10 Recombinant DNA

Fragment length (bp)

10 000

1000

100
0

2

4
Distance from well (cm)

6

8

n Figure 10.5 Extrapolating the size of the DNA fragment in lane 4 of Figure 10.1. A vertical

line is drawn from 4.2 cm on the x axis to the curve, and then a horizontal line is drawn to the y axis
to determine the fragment’s size in base pairs. A band 4.2 cm from the well corresponds to a size of
approximately 470 bp.
package is the Excel program. Although designed for inventory maintenance and for creating spreadsheets to track financial transactions, it is
equipped with math functions that the molecular biologist might find
useful. In particular, it can perform linear regression, which can be used to
calculate fragment sizes.
Linear regression is a mathematical technique for deriving a line of
best fit, as well as the equation that describes that line, for points on
a plot showing the relationship between two variables. A line of best
fit, or regression line, is a straight line drawn through points on a plot
such that the line passes through (or as close to) as many points as possible. Linear regression, therefore, is used to determine whether a direct
and linear relationship exists between two variables. In this case, the two
variables are fragment size and distance migrated from the well during
electrophoresis.
DNA fragments migrate through an agarose gel at a rate that is inversely
proportional to the logarithm (base 10) of their length. This means, in
practical terms, that a straight-line relationship exists between the distance a fragment has migrated on a gel and the log of the fragment’s
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size (in bp). This can be seen graphically if a plot of migration distance
vs. bp size is drawn on a semilog graph (as shown in Solution 10.19(a))
or if migration distance vs. log of fragment size is graphed on a standard plot. By either technique, a straight line describes the relationship
between these two variables.
A straight line is defined by the general equation
y  mx  b
For use of this equation to calculate fragment sizes by linear regression,
y is the log of the fragment size (plotted on the vertical (y) axis); m is the
slope of the regression line; x is the distance (in cm) from the well (plotted on the horizontal (x) axis); and b is the point where the regression line
intercepts the y axis.
A measure of how closely the points on a plot fall along a regression line
is given by the correlation coefficient (represented by the symbol R2). R2
will have a positive value if the slope of the regression line is positive (i.e.,
increases from left to right) and a negative value if the slope of the regression line is negative (i.e., decreases from left to right). The correlation coefficient will always have a value between 1 and 1. The closer the R2 value is
to 1 or 1, the better is the correlation between the two variables being
graphically compared. If all the points of a plot fall exactly on a regression
line having a positive slope, R2 will have a value of 1. If all the points of a
plot fall exactly on a regression line having a negative slope, R2 will have a
value of 1. If there is no correlation between the two variables (i.e., if the
points on a graph appear random), R2 will be close to 0.
In the following procedure, Microsoft Excel will be used to convert the
lengths of the 100 bp size marker fragments into log values. These values will be graphed on the y axis against their migration distance on the
x axis. Using linear regression, a line of best fit will be drawn through
these points and an equation describing that line will be derived. The
unknown fragment’s migration distance will be placed into the equation for the regression line to determine a log value for the fragment’s
size. Taking the antilog of this value will yield the unknown fragment’s
size in bp.
The protocol for using Microsoft Excel to graph the data for this problem
is found in Appendix A. It yields the result shown in Figure 10.6.
The equation for the regression line is y  0.2416x  3.7009. The
line has an R2 value of 0.998. All the points on the graph, therefore, lie
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n Figure 10.6 The regression line for Solution 10.19(b) as determined using Microsoft Excel. The

equation for the regression line is y  0.2416x  3.7009.
very close to or exactly on the regression line; there is a strong linear
relationship between the distance from the well and the log of fragment size.
The unknown fragment is measured to be 4.2 cm from the well. This represents the x variable in the regression equation. The equation for calculating y, the log of fragment size, is then
y  0.2416( 4.2)  3.7009
y  2.6862
Therefore, the y value for the regression equation is 2.6862. This value is
the logarithm of the fragment size (log bp). The size of the unknown fragment in bp is equal to the antilog of this value.
Antilog 2.6862  485.5
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Therefore, the fragment is 485.5 bp in length. Note that linear regression
gave a size of 485.5 bp whereas graphing on a semilog plot gave a size of
470 bp. Given the possible error involved in measuring bands on a photograph and possible migration anomalies due to salt or base sequence
effects, neither answer is necessarily more accurate.

10.9 Generating nested deletions
using nuclease BAL 31
Once a recombinant clone carrying the sought-after gene has been identified, it is often desirable to create deletions of the insert fragment. This can
facilitate at least three objectives:
1. Creation of a deletion set of the insert fragment can assist in the
construction of a restriction map.
2. DNA sequencing of the entire insert fragment can be achieved by
preparing a series of deletions that stretch further and further into the
insert.
3. The beginning of the inserted gene (if working from a genomic source)
can be brought closer to the control elements of the vector.
BAL 31 is an exonuclease that degrades both 3 and 5 termini of duplex
DNA. The enzyme also has endonuclease activity and cleaves at nicks,
gaps, and single-stranded sections of duplex DNA and RNA. Digestion of
linear DNA with BAL 31 produces truncated molecules having blunt ends
or ends having short overhanging 5 termini.
The most frequently used method for generating deletion mutants using BAL
31 in a recombinant plasmid is first to cut it at a unique restriction site and then
to digest nts away from the ends. The enzyme’s activity is dependent on the
presence of calcium. The addition of ethylene glycol tetraacetic acid (EGTA)
will chelate the calcium and stop the reaction. The extent of digestion, therefore,
can be controlled by adding the chelating agent after defined intervals of time.
The incubation time required to produce the desired deletion can be estimated using the equation of Legersky et al. (1978):
Mt  M0 

2 M nVmax t
[ K m  ( S )0 ]

where Mt is the molecular weight of the duplex DNA after t minutes of incubation; M0 is the original molecular weight of the duplex DNA; Mn is the
average molecular weight of a mononucleotide (taken as 330 Da); Vmax is the
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maximum reaction velocity (in moles of nt removed/L/min); t is the length of
time of incubation, in min; Km is the Michaelis–Menten constant (in moles of
dstDNA termini/L); and S0 is moles of dsDNA termini/L at t  0 min.
Maniatis et al. (1982) recommend using a Vmax value of 2.4  105 moles
of nt removed/L/min when the reaction contains 40 units of BAL 31/mL.
They also make the assumption that the value of Vmax is proportional to the
amount of enzyme in the reaction. For example, if 0.8 units are used in a
100 L reaction, the concentration, in units/mL, becomes
0.8 units 1000 L

 8 units/mL
100 L
mL
The Vmax value is proportional to this amount, as follows:
8 units/mL
x mol/L/min

40 units/mL
2.4  105 mol/L/min
Solving for x yields
(8 units/mL)(2.4  105 mol/L/min)
x
40 units/mL
1.92  104 mol/L/min
 x  4.8  106 mol/L/min
40
Therefore, if using a BAL 31 concentration of 8 units/mL in the reaction,
the new Vmax value you should used is 4.8  106 mol/L/min.
Maniatis et al. (1982) also recommend using a Km value of 4.9  109 mol
of dsDNA termini/L.

Problem 10.20 Into a 100 L reaction you have placed 1 unit of BAL 31
nuclease and 5 g of a 15 000 bp fragment of DNA. You wish to digest
5000 bp from the termini. How many minutes should you allow the
reaction to proceed before stopping it with EGTA?

Solution 10.20
We need to determine values for M0 (the initial molecular weight of the
15 000 bp fragment); Mt (the molecular weight of the 10 000 bp fragment
made by removing 5000 bp from the 15 000 bp original fragment); Vmax (the
new value for this enzyme concentration); and S0 (the number of doublestranded termini present in 5 g of a 15 000 bp fragment).
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The molecular weight of a 15 000 bp fragment of duplex DNA can be cal
culated as follows (assuming an average molecular weight of 660 g/mol/bp):
15 000 bp 

660 g/mol
 9.9  106 g/mol
bp

Therefore, a 15 000 bp fragment has a molecular weight of 9.9  106 g/mol.
This is equivalent to 9.9  106 Da. This is the M0 value.
The Mt value, the molecular weight of the 10 000 bp desired product, is then
10 000 bp 

660 g/mol
 6.6  106 g/mol
bp

Therefore, the desired 10 000 bp product has a molecular weight of
6.6  106 g/mol, which is equivalent to 6.6  106 Da.
To calculate the new Vmax value for the enzyme amount used in this
problem, we first need to determine the concentration of BAL 31 in the
reaction in units/mL. We have 1 unit in a 100 L reaction. This converts to
units/mL as follows:
1unit
1000 L 10 units


100 L
mL
mL
The new Vmax value can then be calculated by a relationship of ratios:
10 units/mL
x mol/L/min

40 units/mL
2.4  105 mol/L/min
Solving for x gives
x mol/L/min 

(10 units/mL )(2.4  105 mol/L/min)
40 units/mL

 6  106 mol/L/min
Therefore, the Vmax value for this problem is 6  106 mol/L/min.
The S0 value (the number of double-stranded termini present in 5 g of
a 15 000 bp fragment) is calculated in several steps. We have determined
that a 15 000 bp fragment has a molecular weight of 9.9  106 g/mol. We
can now determine how many moles of this 15 000 bp fragment are in
5 g (the amount of DNA added to our reaction):
5 g 

1g
1mol
5 mol


 5.1 1013 mol
1  106 g 9.9  106 g 9.9  1012
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Since we are using a 15 000 bp linear fragment, there are two termini per
fragment, or 1  1012 mol of dsDNA termini:
2  (5.1  1013 mol)  1  1012 mol termini
To obtain the S0 value, we need to determine how many moles of termini
there are per liter. Since our reaction has a volume of 100 L, this converts
to moles per liter as follows:
1  1012 mol termini 1  106 L 1  108 mol termini


100 L
L
L
Therefore, the S0 value is 1  108 moles termini/L. We now have all the
values needed to set up the equation. The original expression is
Mt  M0 

2MnVmax t
[K m  ( S )0 ]

Substituting the given and calculated values yields the following equation:
6.6  106 Da  9.9  106 Da


2(330 Da)(6  106 mol/L/min)t min
 4.9  109 mol termini  1  108 mol termini 

  


 

L
L

Simplifying the equation gives the following result:
6.6  106 Da  9.9  106 Da 

(3.96  103 Da)t
1.49  108

6.6  106 Da  9.9  106 Da  (2.66  105 Da)t
Subtracting 9.9  106 from each side of the equation yields
3.3  106 Da  (2.66  105 Da)t
Dividing each side of the equation by 2.66  105 yields the following
result:
3.3  106 Da
t
2.66  105 Da
t  12.4 min
Therefore, to remove 5000 bp from a 15 000 bp linear fragment in a 100 L
reaction containing 1 unit of BAL 31 and 5 g of 15 000 bp fragment, allow
the reaction to proceed for 12.4 min before adding EGTA.
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Chapter summary

Recombinant DNA is the method of joining two or more DNA molecules to
create a hybrid. The technology is made possible by two types of enzymes,
restriction endonucleases and ligase. A restriction endonuclease recognizes
a specific sequence of DNA and cuts within, or close to, that sequence. By
chance, a restriction enzyme’s recognition sequence will occur every (¼)n
bases along a random DNA chain.
The amount of fragment ends (in moles) generated by cutting DNA with a
restriction enzyme is given by the equation
moles of DNA ends 

2  (grams of DNA )
 660 g/mol 

(number of bp)  


bp

The amount of ends generated by a restriction enzyme digest of circular
DNA is given by the equation
moles ends  2  (moles DNA)  (number of restriction sites)
When a linear molecule is digested with a restriction endonuclease, the
amount of ends generated is calculated by the following equation.
moles ends  [2  (moles DNA)  (number of restriction sites)]
 [2  (moles DNA)]
DNA fragments generated by digestion with a restriction endonuclease
can be joined together again by the enzyme ligase. The likelihood that two
DNA molecules will ligate to each other is dependent on the concentration
of their ends; the higher the concentration of compatible ends, the greater
the likelihood that two termini will meet and be ligated. This parameter is
designated by the term i and is defined as the total concentration of complementary ends in the ligation reaction. For a linear fragment of duplex
DNA with cohesive ends, i is given by the formula
i  2 N 0 M  103 ends/mL
where N0 is Avogadro’s number (6.023  1023) and M is the molar concentration of the DNA.
Ligation of DNA molecules can result in their circularization. The amount
of circularization is dependent on the parameter j, the concentration of
same-molecule ends in close enough proximity to each other that they can
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effectively interact. For any DNA fragment, j is a constant value dependent
on the fragment’s length. It can be calculated as
 3 3 / 2
j  
ends/mL
 2 lb 
where l is the length of the DNA fragment, b is the minimal length of DNA
that can bend around to form a circle, and  is the number pi. For bacterio
phage  DNA, j has a value of 3.22  1011 ends/mL. The j value for any
DNA molecule can be calculated in relation to j by the equation
 MWλ 1.5
j  jλ 
 ends/mL
 MW 
where j is equal to 3.22  1011 ends/mL and MW represents molecular
weight. Under circumstances in which j is equal to i (j  i or j/i  1), the
end of any particular DNA molecule is just as likely to join with another
molecule as it is to interact with its own opposite end. If j is greater than
i (j  i), intramolecular ligation events predominate and circles are the
primary product. If i is greater than j (i  j), intermolecular ligation events
are favored and hybrid linear structures predominate.
Ligation of fragments to plasmid vectors may be most efficient when i is
greater than j by two- to three-fold – a ratio that will favor intermolecular
ligation but will still allow for circularization of the recombinant molecule.
In addition, the concentration of the termini of the insert (iinsert) should be
approximately twice the concentration of the termini of the linearized plasmid vector (iinsert  2ivector).
Transformation efficiency is a measure of how many bacteria are able to
take in recombinant plasmids. It is expressed as transformants/g DNA.
The likelihood of finding a particular clone within a randomly generated
recombinant library can be estimated by the following equation:
N

ln (1  P )

 I 
ln 1   

 G 

where I is the size of the average cloned insert, in bp; G is the size of the
target genome, in bp; N is the number of independent clones; and P is the
probability of isolating a specific DNA segment.
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The number of clones that need to be screened to obtain the recombinant of a
rare mRNA in a cDNA library at a certain probability is given by the equation
N

ln (1  P )

 n 
ln 1   
 T 



where N is the number of cDNA clones in the library; P is the probability
that each mRNA type will be represented in the library at least once (P is
usually set to 0.99; a 99% chance of finding the rare mRNA represented in
the cDNA library); n is the number of molecules of the rarest mRNA in a
cell; and T is the total number of mRNA molecules in a cell.
When constructing an expression library, the probability of obtaining a
recombinant clone with the insert fragment positioned correctly within the
vector is given by the equation
P

coding sequence size (in kb)
genome size (in kb)  6

Hybridization of a probe to a recombinant library should be carried out at a
temperature (Ti) 15°C below the probe’s Tm:
Ti  Tm  15°C
Tm is calculated using the equation
Tm  16.6 log[ M ]  0.41[ PGC ]  81.5  Pm  B/L  0.65[ Pf ]
where M is the molar concentration of Na, PGC is the percent of G and C
bases in the oligonucleotide probe, Pm is the percent of mismatched bases,
Pf is the percent formamide, B is equal to 675 (for probes up to 100 nt in
length), and L is the probe length in nt. The Tm of probes longer than 100
bases can be calculated using the following formula
Tm  81.5°C  16.6(log[ Na ])  0.41(% GC)
 0.63(% formamide)  600 /L
where M is the molar concentration of Na, to a maximum of 0.5 M (1X SSC
contains 0.165 M Na); PGC is the percent of G and C bases in the oligonucleotide probe (between 30 and 70%); Pm is the percent of mismatched
bases, if known (each percent of mismatch will lower Tm by approximately
1°C); Pf is the percent formamide; B is 675 (for synthetic probes up to 100 nt
in length); and L is the probe length in nts.
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The number of positions on a genome having a certain complexity to which
an oligonucleotide probe will hybridize is given by the equation
 1 L
P0     2C
 4 
where P0 is the number of independent perfect matches, L is the length of
the oligonucleotide probe, and C is the target genome’s complexity.
Hybridization of an oligonucleotide probe to the DNA of a recombinant
library is typically performed at 2–5°C below the oligonucleotide’s Tm.
The approximate length of time allowed for the hybridization reaction to
achieve half completion is given by the equation
t1/ 2 

ln 2
kC

where k is a first-order rate constant and C is the molar concentration of
the oligonucleotide probe (in moles of nt per L).
The rate constant, k, represents the rate of hybridization of an oligonucleo
tide probe to an immobilized target nucleic acid in 1 M sodium ion and is
given by the equation
k

3  105 L0.5 L/mol/s
N

where k is calculated in L/M of nt per second, L is the length of the oligonucleotide probe in nts, and N is the probe’s complexity.
Complexity, as it relates to an oligonucleotide, is calculated as the number
of different possible oligonucleotides in a mixture. The total number of different oligonucleotides in a mixture, its complexity, is calculated by multiplying the number of possible nts at all positions.
Hybridization to recombinant clone DNA can be performed using a dsDNA
probe prepared by nick translation. If using a hybridization temperature of 68°C
in aqueous solution or 42°C in 50% formamide, the following equation to estimate the amount of time to achieve half-complete hybridization can be used:
t1/ 2 

Z
1 Y
  2
X
5 10

where X is the amount of probe added to the hybridization reaction (in g); Y
is the probe complexity, which for most probes is proportional to the length
of the probe in kb; and Z is the volume of the hybridization reaction (in mL).
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Nearly complete hybridization is achieved after three times the t½ period.
Recombinant clones can be identified by a restriction digest that removes
the insert (or a characterized piece of it). The generated fragments are sized
by electrophoresis on a gel also carrying a size ladder. The ladder is used
to generate a standard curve and regression line equation that can be used
to determine the size of the fragments from the recombinant clones.
Deletions of dsDNA can be prepared by the BAL 31 nuclease. The incubation time required to produce the desired deletion can be estimated using
the equation
Mt = M0 

2 M nVmax t
[ K m  ( S )0 ]

where Mt is the molecular weight of the duplex DNA after t minutes of
incubation; M0 is the original molecular weight of the duplex DNA; Mn
is the average molecular weight of a mononucleotide (taken as 330 Da);
Vmax is the maximum reaction velocity (in moles of nt removed/L/min); t is
the length of time of incubation, in min; Km is the Michaelis–Menten constant (in moles of dsDNA termini/L); and S0 moles of dsDNA termini/L at
t  0 min.
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Protein

n

Introduction

There are a number of reasons for creating recombinant DNA clones. One
is to test the activity of a foreign promoter or enhancer control element.
This is accomplished by placing the control element in close proximity
to a reporter gene encoding an easily assayed enzyme. The most popular
genes for this purpose are the lacZ gene encoding -galactosidase, the cat
gene encoding chloramphenicol acetyltransferase (CAT), and the luc gene
encoding the light-emitting protein luciferase.
The amount of enzyme produced in a reporter gene system is usually
expressed in terms of units. For most proteins, a unit is defined as the
amount of enzyme activity per period of time divided by the quantity of
protein needed to give that activity under defined reaction conditions in a
specified volume. A unit of the restriction endonuclease EcoR I, for example, is defined as the amount of enzyme required to completely digest 1 g
of double-stranded substrate DNA in 60 min at 37°C in a 50 L reaction
volume. Calculation of units of protein, therefore, requires the assay of
both protein activity and protein quantity.
This chapter addresses the calculation needed to quantify protein and, for
the cases of several examples, to assess protein activity.

11.1 C
 alculating a protein’s molecular
weight from its sequence
Knowing the molecular weight of a protein can assist in its characterization,
assay, or purification. If you know the amino acid sequence of a protein or if
you know the DNA sequence of the gene that encodes that protein and can
thereby extrapolate its amino acid sequence, you can determine the protein’s
molecular weight by adding up the molecular weights of the individual amino
acids. Since the amino acids are bound within the protein chain all linked
by peptide bonds between them, and since peptide bonds are formed by the
removal of water, when doing this calculation, you should use the molecular
weight value of each amino acid minus that contributed by H2O (18.02 Da),
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00011-5
© 2010 Elsevier Inc. All rights reserved.

369

370 CHAPTER 11 Protein

as shown in Table 11.1. You should not use the molecular weights of the free
amino acids as this would overestimate the protein’s true molecular weight
value. Once all the individual amino acid molecular weights have been
summed, you need to add an additional 18.02 Da to account for the extra H
on the amino-terminal amino acid and the extra OH on the amino acid at the
carboxyl end. The general expression for this operation is
Val

MWprotein 

∑ (naa  MWaa )  18.02
Ala

where MWprotein is the protein’s molecular weight,  is the sum of the
molecular weights in the protein, naa is the number of times that amino
acid appears in the protein, and MWaa is the molecular weight of each
amino acid appearing in the protein.

Table 11.1 The 20 amino acids, their symbols, and their molecular
weights. The molecular weights are calculated as the nonionized
species minus water.
Amino acid
Alanine
Arginine
Asparagine
Aspartic Acid
Cysteine
Glutamic Acid
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine
Weighted Average

Three-letter
abbreviation

Single-letter
abbreviation

Ala
Arg
Asn
Asp
Cys
Glu
Gln
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

A
R
N
D
C
E
Q
G
H
I
L
K
M
F
P
S
T
W
Y
V

Molecular
weight
71.09
156.19
114.11
115.09
103.15
129.12
128.14
57.05
137.14
113.16
113.16
128.17
131.19
147.18
97.12
87.08
101.11
186.21
163.18
99.14
119.40
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Problem 11.1 A protein fragment has the following amino acid
sequence. What is its molecular weight?
MGLKPCERVWFIIQHDDCYAARP

Solution 11.1
We find the sum of all the individual amino acid molecular weights (from
Table 11.1) and add the molecular weight of one water molecule (18.02):
Molecular weight  131.19  57.05  113.16  128.17  97.12  102.15
 129.12  156.19  99.14  186.21 147.18
 113.16  113.16  128.14  137.14  115.09
 115.09  103.15  163.18  71.09  71.09
 156.19  97.12  18.02
 2749.3
Therefore, this protein has a molecular weight of 2749.3 Da.

Problem 11.2 What is a quick estimate of the molecular weight of the
protein described in Problem 11.1?

Solution 11.2
A simple and quick calculation of the protein’s molecular weight is made
by multiplying the number of amino acids in the protein fragment (in
this case, 23 residues) by the average molecular weight of an amino acid
(119.4 Da; Table 11.1):
23  119.4  2746.2 Da
To this value, we add the molecular weight of one water molecule:
2746.2  18.02  2764.22 Da
Therefore, as a rough estimate, the protein fragment described in
Problem 11.1 has a molecular weight of 2764 Da.
As calculating the molecular weight of large proteins can be cumbersome, a search of the internet will provide links to a number of sites that
will calculate a protein’s molecular weight automatically (such as the site
maintained by the University of Delaware and the Georgetown University
Medical Center; Figures 11.1 and 11.2).
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n Figure 11.1 Molecular weight calculators are available on the internet. On this site, found at

http://pir.georgetown.edu/pirwww/search/comp_ms.shtml, the experimenter enters the name of
the protein (in UniProtKB format) or the protein’s single letter amino acid code and a molecular weight
is calculated automatically.

n Figure 11.2 The molecular weight of a protein is automatically calculated when its amino acid

sequence is entered into the field shown in Figure 11.1. The protein’s molecular weight is calculated as
the sum of each amino acid’s molecular weight minus the contribution from the molecular weight of
water, which has been multiplied by one less than the number of amino acids in the chain.
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11.2 P
 rotein quantification by measuring
absorbance at 280 nm
There are a number of methods for estimating protein concentration. One of
the simplest is to measure absorbance at 280 nm. Proteins absorb UV light
at 280 nm primarily because of the presence of the ringed (aromatic) amino
acids tyrosine and tryptophan and because of disulfide bonds between
cysteine residues (phenylalanine, also an aromatic amino acid, absorbs at
260 nm much more efficiently than at 280 nm). Since different proteins have
different amounts of the amino acids with aromatic side chains, there will be
variability in the degree to which different proteins absorb light at 280 nm.
In addition, conditions that alter a protein’s tertiary structure (buffer type,
pH, and reducing agents) can affect its absorbance. Despite the variability,
reading absorbance at 280 nm is often used because few other chemicals
also absorb at this wavelength.
As a very rough approximation, one absorbance unit at 280 nm is equal to
1 mg protein/mL. The protein solution being assayed should be diluted if
its absorbance at 280 nm is greater than 2.0.

Problem 11.3 A solution of a purified protein is diluted 0.2 mL
into a total volume of 1.0 mL in a cuvette having a 1 cm light path. A
spectrophotometer reading at 280 nm gives a value of 0.75. What is a
rough estimate of the protein concentration?

Solution 11.3
This problem can be solved by setting up a relationship of ratios as follows:
1 mg/mL
x mg/mL

1 absorbance unit
0.75 absorbance units
Solving for x yields the following result:
(1 mg/mL )  (0.75)
 x  0.75 mg protein/mL
1
Since the protein sample is diluted 0.2 mL/1.0 mL, to determine the protein concentration of the original sample this result must be multiplied by
the inverse of the dilution factor:
0.75 mg 1.0 mL

 3.75 mg protein/mL
mL
0.2 mL
Therefore, the purified protein solution has an approximate concentration
of 3.75 mg/mL.
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11.3 U
 sing absorbance coefficients 
and extinction coefficients to 
estimate protein concentration
The absorbance coefficient of a protein is its absorbance for a certain concentration at a given wavelength in a 1 cm cuvette. Absorbance coefficients
are usually determined for convenient concentrations, such as 1 mg/mL,
1%, or 1 molar. In the CRC Handbook of Biochemistry and Molecular
Biology (CRC Press, Boca Raton, FL), absorbance coefficients are given
for 1% solutions (A1%). The absorbance coefficient of a 1% protein solution is equivalent to the absorbance of a 1% solution of a given protein
at a given wavelength in a 1 cm cuvette. The absorbance coefficient of a
1 mg/mL protein solution (written A1mg/mL) is equivalent to the absorbance of a 1 mg/mL solution of a given protein at a given wavelength in a
1 cm cuvette. Since absorbance coefficients are dependent on pH and ionic
strength, it is important when using the published values to duplicate the
protein’s environment under which the coefficients were determined.
The molar extinction coefficient (EM; also called molar absorptivity and
designated with the symbol ) of a protein is equivalent to the absorbance of a
1 M solution of a given protein at a given wavelength in a 1 cm cuvette. It has
units of M1cm1. However, since it is standard practice to use a cuvette with a
1 cm width, the units are usually just dropped. Although most extinction coefficients are determined at 280 nm, this is not always the case and so close attention should be paid to the wavelength of light used to make the measurement.
Using the coefficients, protein concentration can be determined using the
following relationships (Stoscheck, 1990):
Protein concentration (in mg/mL) 

Absorbance
mg/mL
A11cm

Protein concentration (in %) 

Absorbance
A11%
cm

Protein concentration (in molarity) 

Absorbance
EM

A 1% solution used to determine the percent solution extinction coefficient,
A1%, is equivalent to 1 g/100 mL. Since 1 g/100 mL is equivalent to 10 mg/mL,
if the concentration of the protein is to be reported as a mg/mL concentration, the absorbance/A1% value must be multiplied by a factor of 10:
Protein concentration (in mg/mL) 

Absorbance
 10
A11%
cm
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Problem 11.4 Acetylcholinesterase from E. electricus has an absorbance
coefficient (A1%) of 22.9 in 0.1 M NaCl, 0.03 M sodium phosphate, pH 7.0
at 280 nm. A solution of this protein gives a reading at 280 nm of 0.34 in a
1 cm cuvette. What is its percent concentration?

Solution 11.4
The following equation will be used:
Protein concentration 

Absorbance
1%
A1cm

Substituting the values provided gives the following result:
0.34
22.9
 0.015%

% protein concentration 

Therefore, a solution of acetylcholinesterase having an absorbance of 0.34
has a concentration of 0.015%.

Problem 11.5 What is the concentration of acetylcholinesterase from
Problem 11.4 in mg/mL?

Solution 11.5
The following equation will be used:
Protein concentration (in mg/mL) 

Absorbance
 10
A11%cm

Inserting the values from Problem 11.2, we have
0.34
 10
22.9
 0.15 mg/mL

Protein concentration 

Therefore, the acetylcholinesterase solution from Problem 11.4 has a concentration of 0.15 mg/mL.
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Problem 11.6 Acetylcholinesterase has a molar extinction coefficient
(EM) of 5.27  105. In a 1 cm cuvette, a solution of the protein has an A280
of 0.22. What is its molar concentration?

Solution 11.6
The following equation will be used:
Protein concentration (in molarity) 

Absorbance
EM

Substituting the values provided gives the following result:
M

0.22
 4.2  107 M
5.27  105

Therefore, the solution of acetylcholinesterase has a concentration of
4.2  107 M.
Software tools for calculating protein concentration based on its absorbance and extinction coefficient can be found on the web. An example
is the Protein Concentration Calculator maintained by the University of
Oxford (Figure 11.3).

n Figure 11.3 A software tool maintained by the University of Oxford for determining a protein’s

concentration based on its molar extinction coefficient and absorbance: http://www.ccmp.ox.ac.uk/
ocallaghan/webtools/protein_-concentration_calculator.htm.
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11.3.1 R
 elating absorbance coefficient to molar
extinction coefficient
The absorbance coefficient for a 1% protein solution (A1cm1%) is related to the
molar extinction coefficient (EM) in the following way (Kirschenbaum, 1976):
EM 

(A11%
cm )(molecular weight)
10

A 0.1% protein solution is equivalent to 1 mg protein/mL. Its absorbance
can be written as A0.1%. It can be calculated by dividing the molar extinction coefficient by the molecular weight:
1%
A10.cm


EM
Molecular Weight

Problem 11.7 -galactosidase from E. coli has a molecular weight of
750 000. Its absorbance coefficient for a 1% solution is 19.1. What is its
molar extinction coefficient?

Solution 11.7
Substituting the values provided into the preceding equation gives the
following result:
EM 

(19.1)(750 000 ) 1.4  107

 1.4  10 6
10
10

Therefore, -galactosidase has a molar extinction coefficient of 1.4  106.

Problem 11.8 The molar extinction coefficient of a protein you are
studying is 6.0  104. On an SDS PAGE gel, the protein shows a molecular
weight of 75 000. What absorbance should be expected for a 1 mg/mL
solution of this protein?

Solution 11.8
We will use the following relationship to solve this problem:
1%

A10.cm

EM
Molecular Weight
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Substituting in our values yields
.1%
A10cm


6.0  10 4
 0.8
75 000

Therefore, a 1 mg/mL solution of this protein should have an absorbance
of 0.8.

11.3.2 Determining a protein’s extinction coefficient
A protein’s extinction coefficient at 205 nm can be determined using the
following formula (Scopes, 1974):
 A 
1 mg/mL
 280 
E205
nm  27  120 
 A 
205
This equation can be used when the protein has an unknown concentration.
Once a concentration has been determined, the extinction coefficient at
280 nm can be determined using the following equation:
E280 nm 

mg protein/mL
A 280

Note: This equation will not give an accurate result for proteins having an
unusual phenylalanine content.

Problem 11.9 A solution of protein having an unknown concentration
is diluted 30 L into a final volume of 1 mL. At 205 nm, the diluted solution
gives an absorbance of 0.648. Absorbance at 280 nm is 0.012. What is the
molar extinction coefficient at 205 nm and at 280 nm?

Solution 11.9
The given values are substituted into the equation for determining a protein’s extinction coefficient:
 A280 
1mg/mL


E205
nm  27  120 
 A 
205
 0.012 
E205 nm  27  120 
 27  120(0.019)  27  2.28  29.28
 0.648 
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Therefore, the extinction coefficient at 205 nm is 29.28 for the diluted
sample. To obtain the extinction coefficient for the undiluted sample, this
value is multiplied by the dilution factor:
29.28 

1000 L
 976
30 L

Therefore, the molar extinction coefficient at 205 nm is 976.
The protein concentration can now be determined using the earlier equation relating molarity, absorbance, and the molar extinction coefficient:
Molarity 

A205
E205

Since the molar extinction coefficient, E205nm, was calculated for the sample (not the diluted sample), the A205 value must be multiplied by the dilution factor so that all terms are determined from equivalent data:
A205  0.648 

1000 L
 21.6
30 L

The equation for calculating molarity is then written as follows:
Molarity 

21.6
 0.22 M
976

The molar extinction coefficient at 280 nm (E280nm) is now calculated using
the following relationship:
E280 nm 

Molarity
A280

To use this equation for this problem, the A280 value must first be multiplied by the dilution factor so that all terms are treated equivalently:
A280  0.012 

1000 L
 0.4
30 L

The molar extinction coefficient at 280 nm can now be calculated:
E280 nm 

0.022 M
 0.055
0.4

Therefore, the molar extinction coefficient for this protein at 205 nm is 976
and at 280 nm is 0.4.
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A protein’s absorbance at 280 nm is dictated by its content of tryptophan,
tyrosine, and cystine (the molecule formed by two cysteines linked by a
disulfide bond); Pace et al. (1995) have shown that a protein’s molar extinction coefficient at 280 nm can be estimated by adding the number of times
each of these occurs in the protein times their own extinction coefficients
(5500 M1cm1 for tryptophan (W), 1490 M1cm1 for tyrosine (Y), and
125 M1cm1 for cystine (C)) according to the following relationship:
EM  (nW  5500 )  (nY  1490 )  (nC  125)
where n is the number of times that residue occurs in the protein.

Problem 11.10 A protein has four tryptophan residues, six tyrosine
residues, and three cysteines. What is its estimated molar extinction
coefficient?

Solution 11.10
We will use the following relationship:
EM  (nW  5500 )  (nY  1490 )  (nC  125)
Substituting in our values, we have
EM  ( 4  5500 )  (6  1490 )  (3  125)
EM  (22000 )  (8940 )  (375)
EM  31315
5
Therefore, this protein has a predicted molar extinction coefficient of
31 315 M1cm1.

11.4 R
 elating concentration in milligrams
per milliliter to molarity
Protein concentration in milligrams per milliliter is related to molarity in
the following way:
Concentration (in mg/mL)  Molarity  Protein molecular weight
This relationship can be used to convert a concentration in milligrams per
milliliter to molarity, and vice versa. Note that this equation will actually
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give a result in grams per liter. However, this is the same as milligrams per
milliliter. For example, 4 g/L is the same as 4 milligrams per milliliter as
shown by the following relationship:
4g
1L
1000 mg
4 mg



L
1000 mL
g
mL

Problem 11.11 A protein has a molecular weight of 135 000 g/mol.
What is the concentration of a 2  104 M solution in mg/mL?

Solution 11.11
Using the relationship between concentration in mg/mL and molarity we
have
2  104 mol 135 000 g 1000 mg
1L
mg/mL 



L
mol
g
1000 mL
 27 mg/mL
Therefore, a 2  104 M solution of a protein having a molecular weight of
135 000 has a concentration of 27 mg/mL.

Problem 11.12 A protein has a molecular weight of 167 000. A solution
of this protein has a concentration of 2 mg/mL. What is the molarity of the
solution?

Solution 11.12
To solve for molarity, the equation for converting molarity and molecular
weight to mg/mL must be rearranged as follows:
Molarity 

Concentration (in mg/mL)
Protein molecular weight

Substituting the given values into this equation gives the following result:
Molarity 

2 mg/mL
 1.2  105 M
167000 g/mol

Therefore, the protein solution has a concentration of 1.2  105 M.
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11.5 P
 rotein quantitation using a280 
when contaminating nucleic acids 
are present
Although nucleic acids maximally absorb UV light at 260 nm, they do
show strong absorbance at 280 nm. Measuring protein concentration of
crude extracts also containing nucleic acids (RNA and DNA) will give
artificially high protein estimates. The reading at 280 nm must therefore be
corrected by subtracting the contribution from nucleic acids. This relationship is given by the following equation (Layne, 1957):
Protein concentration (in mg/mL)  (1.55  A280 )  (0.76  A260 )

Problem 11.13 An experimenter is to determine the concentration of
protein in a crude extract. She zeros the spectrophotometer with buffer at
260 nm, dilutes 10 L of the extract into a total volume of 1.0 mL in a 1 cm
quartz cuvette, and then takes a reading of the crude extract. She obtains
an A260 reading of 0.075. She zeros the spectrophotometer with buffer at
280 nm and reads the diluted extract at that wavelength. She obtains an
A280 value of 0.25. What is the approximate concentration of protein in the
crude extract?

Solution 11.13
Using the preceding equation and substituting in the values the experimenter obtained on the spectrophotometer gives the following result:
mg/mL  (1.55  0.25)  (0.76  0.075)
 0.39  0.06  0.33 mg/mL
Therefore, the protein in the 1 mL cuvette has an approximate concentration of 0.33 mg/mL. The experimenter, however, dilutes her sample 10 L/1000 L to take a measurement. To determine the protein
concentration of the undiluted sample, this value must be multiplied by
the inverse of the dilution factor:
0.33 mg/mL 

1000 L
 33 mg/mL
10 L

Therefore, the original, undiluted sample has an approximate protein concentration of 33 mg/mL.
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11.6 Protein quantification at 205 nm
Proteins also absorb light at 205 nm and with greater sensitivity than at
280 nm. Absorbance at this wavelength is due primarily to the peptide bonds
between amino acids. Since all proteins have peptide bonds, there is less
variability between proteins at the 205 nm wavelength than at the 280 nm
wavelength. Whereas quantification using 280 nm works best for protein in
the range of 0.02 to 3 mg in a 1 mL cuvette, absorbance at 205 nm is more
sensitive and works for 1 to 100 g of protein per milliliter.
Protein concentration at 205 nm can be estimated using the equation from
Stoscheck (1990):
Protein concentration (in mg/mL)  31  A205

Problem 11.14 A sample of purified protein is diluted 2 L into a final
volume of 1.0 mL in a quartz cuvette. A reading at 205 nm gives a value
of 0.0023. What is the approximate protein concentration of the original
sample?

Solution 11.14
Using the preceding equation with these values gives
mg/mL  31 0.146  4.53 mg/mL
Therefore, the concentration of protein in the cuvette is 0.07 mg/mL.
However, this represents the concentration of the diluted sample. To
obtain the protein concentration of the original, undiluted sample, we
must multiply this value by the inverse of the dilution factor:
4.53 mg/mL 

1000 L
 2265 mg/mL
2 L

Therefore, the undiluted sample has a concentration of 2265 mg protein/mL.

11.7 P
 rotein quantitation at 205 nm when
contaminating nucleic acids are present
Nucleic acids contribute very little to an absorbance reading at 205 nm.
However, they do contribute more substantially at the other wavelength at
which proteins absorb: 280 nm. To correct for the contribution from RNA
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and DNA to protein estimation in crude extracts, the following equation is
used (Peterson, 1983):
Protein concentration (in mg/mL) 

A205


27  (120) A280 

A 
205

Problem 11.15 A crude extract is diluted 2.5 L into a final volume of
1000 L in a 1 cm cuvette. Absorbency readings at 205 and 280 nm are
taken, with the following results. What is the concentration of protein in
the crude extract?
A205  0.648
A280  0.086

Solution 11.15
Using the preceding formula and substituting the values provided gives
the following result:
mg/mL 



0.648

0.086 
27  (120 )


0.648 
0.648
27  (120 )0.13

0.648
27  15.6
0.648

 0.015 mg/mL
42.6



Therefore, the concentration of protein in the cuvette is 0.015 mg/mL.
However, since this is a diluted sample, to obtain the protein concentration in the original, undiluted sample, this value must be multiplied by the
inverse of the dilution factor:
0.015 mg/mL 

1000 L
 6 mg/mL
2.5 L

Therefore, the crude extract has a protein concentration of approximately
6 mg/mL.
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11.8 M
 easuring protein concentration 
by colorimetric assay – 
the bradford assay
There are several published methods for measuring protein concentration
by colorimetric assay. Each of these relies on an interaction between the
protein and a chemical reagent dye. This interaction leads to a color change
detectable by a spectrophotometer. The absorbance of an unknown protein
sample is compared to a standard curve generated by a protein diluted in a
series of known concentrations. The concentration of the unknown sample
is interpolated from the standard curve.
One of the most popular methods for quantifying proteins by a dye reagent
is called the Bradford Assay (after its developer, Marion Bradford (1976)).
The method uses Coomassie Brilliant Blue G-250 as a protein-binding
dye. When protein binds to the dye, an increase in absorbance at 595 nm
occurs. The dye-binding reaction takes only a couple of minutes and the
color change is stable for up to an hour. The assay is sensitive down to
approximately 200 g protein/mL.
Note: Replicates (at least two, preferably three) of each standard should be
used to construct a standard curve. Only one of each concentration is used
here to simplify the math.

Problem 11.16 An experimenter prepares dilutions of bovine serum
albumin (BSA) in amounts ranging from 10 g to 100 g in a volume of
0.1 mL (adjusted to volume with buffer where necessary). Five mL of
dye reagent (Bradford, 1976) is added to each tube, and the mixture
is vortexed and allowed to sit for at least 2 min at room temperature.
The absorbance at 595 nm is then read on a spectrophotometer. The
results shown in Table 11.2 are obtained. A purified protein of unknown
concentration is diluted 2 L into a total volume of 100 L and reacted
with the Bradford dye reagent in the same manner as the protein
standard. Its absorbance at 595 nm is 0.44. What is the concentration of
protein in the original, undiluted sample, in mg/mL?

Solution 11.16
The data is plotted as a standard curve (Figure 11.4) using Microsoft Excel
(see Appendix A). Linear regression analysis for the standard curve yields
the following equation:
y  0.0087 x  0.0396
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Table 11.2 Absorbance at 595 nm for
samples of bovine serum albumin (BSA)
having known protein amounts.
g BSA

A595

10
20
30
40
50
60
75
100

0.11
0.21
0.30
0.39
0.48
0.58
0.71
0.88

n Figure 11.4 Data plot for Problem 11.16.
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In this equation, y represents the absorbance at 595 nm and x represents the g amount of protein. Since we have the y value (0.44), we can
solve for x:
0.44  0.0087 x  0.0396
0.44  0.0396  0.0087 x
0.4004  0.0087 x
0.4004
 x  46
0.0087
Therefore, in the assay reaction tube, there are 46 g of protein, or, thought
of another way, the 2 L taken from the protein prep and placed in the
assay tube contains 46 g of protein. This represents a concentration of
23 mg/mL in the original sample, as shown in the following conversion:
46 g 1000 L
1mg
23 mg



2 L
1mL
1000 g
mL
Therefore, the original, undiluted protein preparation has a concentration
of 23 mg protein/mL.

11.9 U
 sing -galactosidase to monitor
promoter activity and gene expression
The sugar lactose is a disaccharide of galactose and glucose joined by a
-galactoside bond. The enzyme -galactosidase, the product of the lacZ
gene, breaks the -galactoside bond to release the galactose and glucose
monosaccharides. A compound known as ONPG (o-nitrophenol--Dgalactopyranoside) has a structure that mimics lactose and can be cleaved
by -galactosidase (Figure 11.5). O-nitrophenol--D-galactopyranoside,
however, carries an o-nitrophenol (ONP) ring group rather than glucose.
When ONPG, a colorless compound, is cleaved, ONP, a yellow compound,
is released. O-nitrophenol absorbs light at 420 nm. This provides a convenient assay for -galactosidase activity. In the presence of excess ONPG,
the amount of yellow color (i.e., the amount of ONP released) is directly
proportional to the amount of -galactosidase in the assay and to the time
allowed for the reaction. As -galactosidase is so easily assayed, the lacZ
gene can be placed downstream from a promoter to determine its activity under different conditions. The lacZ gene can also be fused in reading
frame to the gene of another protein under the control of its natural promoter to monitor expression of that promoter.

388 CHAPTER 11 Protein

NO2
CH2OH
O

O

HO

β-Galactosidase
+ H2O

H
OH
H

H
H

NO2

OH

ONPG
(Colorless)

CH2OH

–

O

HO

OH

+

H
OH
H

H
H

O
ο –Nitrophenol
(Yellow)

OH

β-D-Galactose
n Figure 11.5 -galactosidase splits o-nitrophenol--D-galactopyranoside (ONPG), a colorless compound,
into galactose and o-nitrophenol (ONP). The ONP released is yellow and absorbs light at 420 nm.

11.9.1 Assaying -galactosidase in cell culture
-galactosidase is typically assayed from E. coli cells growing in culture. Cells are grown to log phase (2  5  108 cells/mL; OD600 of 0.28 to
0.70), the culture is cooled on ice for 20 min to prevent further growth, and
1 mL is withdrawn for an OD600 reading. An aliquot of the culture is added
to a phosphate buffer (Z buffer) containing KCl, magnesium sulfate, and
-mercaptoethanol such that the final volume of the assay reaction is 1 mL. To
make the cells permeable to ONPG, a drop of toluene is added to the reaction
tube and it is then vortexed for 10 sec. The toluene is allowed to evaporate
and the assay tube is then placed in a 28°C waterbath for 5 min. The reaction
is initiated by adding ONPG. The reaction time is monitored, and when sufficient yellow color has developed, the reaction is stopped by the addition of
sodium carbonate to raise the pH to a level at which -galactosidase activity is
inactivated. The reaction should take between 15 min and 6 hr to produce sufficient yellow color. The OD is then measured at 420 and 550 nm. The optimal 420 nm reading should be between 0.6 and 0.9. If it does not fall within
this range, the sample should be diluted appropriately.
Both the ONP and the light scatter from cell debris contribute to the
absorbance at 420 nm. Light scatter is corrected for by taking an absorbance measurement at 550 nm, a wavelength at which there is no contribution from ONP. The amount of light scattering at 420 nm is proportional to
the amount at 520 nm. This relationship is described by the equation
OD 420 light scattering  1.75  OD550
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The absorbance of only the ONP component at 420 nm can be computed
by using this relationship as a correction factor and subtracting the OD550
multiplied by 1.75 from the 420 nm absorbance reading. Units of galactosidase are then calculated using the formula of Miller (1972):
Units  1000 

OD 420  1.75  OD550
t  v  OD600

where OD420 and OD550 are read from the reaction mixture, OD600 is the
absorbance of the cell culture just before assay, t is equal to the reaction time
(in min), and v is the volume (in mL) of aliquoted culture used in the assay.

Problem 11.17 The lacZ gene (-galactosidase) has been cloned
adjacent to an inducible promoter. Recombinant cells are grown to log
phase and a sample is withdrawn to measure -galactosidase levels
during the uninduced state. Inducer is then added and the cells are
allowed to grow for another 10 min before being chilled on ice. A 1 mL
aliquot of the culture has an OD600 of 0.4. A 0.2 mL aliquot of the culture
is added to 0.8 mL of Z buffer, toluene, and ONPG. After 42 min, Na2CO3 is
added to stop the reaction. A measurement at 420 nm gives a reading of
0.8. Measurement at 550 nm gives a reading of 0.02. How many units of
-galactosidase are present in the 0.2 mL of induced culture?

Solution 11.17
Using the equation
Units  1000 

OD420  1.75  OD550
t  v  OD600

and substituting our values gives the following result:
Units  1000 


(0.8 )  (1.75  0.02)
42  0.2  0.4

765
3.36

 228 units enzyme
Therefore, there are 228 units of -galactosidase in 0.2 mL of culture, or
228 units/0.2 mL  1140 units -galactosidase/mL.
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11.9.2 Specific activity
It may sometimes be desirable to calculate the specific activity of galactosidase in a reaction. Specific activity is defined as the number of
units of enzyme per milligram of protein. Protein quantification was covered earlier in this chapter. However, even without directly quantifying the
amount of protein in an extract, an amount can be estimated by assuming
that there are 150 g of protein per 109 cells and that, for E. coli, an OD600
of 1.4 is equivalent to 109 cells/mL.

Problem 11.18 If it is assumed that 1 mL of cells described in Problem
11.17 contains 43 g of protein, what is the specific activity of the
-galactosidase for that problem?

Solution 11.18
It was calculated in Problem 11.17 that 1 mL of culture contains 1140 units of
-galactosidase/mL. The specific activity can now be calculated as follows:
1140 units
1000 g

 26512 units/mg protein
43 g protein
mg
Therefore, the -galactosidase in the cell culture has a specific activity of
26 512 units/mg protein.

11.9.3 A
 ssaying -galactosidase from purified 
cell extracts
For some applications, -galactosidase might be assayed from a more purified source than that described in Problem 11.12. For example, if the cells
are removed by centrifugation prior to assay or if the protein (or fusion protein) is being purified by biochemical techniques, then the OD600 value that
is part of the calculation for determining -galactosidase units is irrelevant.
In a protocol described by Robertson et al. (1997), -galactosidase activity
(Za) is calculated as the number of micromoles of ONPG converted to ONP
per unit time and does not require a cell density measurement at 600 nm. It
is given by the equation

Za 

 A 
 410 V
 E 
410

t
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where A410 is the absorbance at 410 nm; E410 is the molar extinction coefficient of ONP at 410 nm (3.5 mL/mol), assuming the use of a cuvette
having a 1 cm light path; V is reaction volume; and t is time, in minutes,
allowed for the development of yellow color.
To perform the -galactosidase assay, 2.7 mL of 0.1 M sodium phosphate,
pH 7.3; 0.1 mL of 3.36 M 2-mercaptoethanol; 0.1 mL of 30 mM MgCl2; and
0.1 mL of 34 mM ONPG are combined in a spectrophotometer cuvette and
mixed. The reaction mix is zeroed in the spectrophotometer at 410 nm. Ten
L of the sample to be assayed for -galactosidase activity are added to the
3 mL of reaction mix, and the increase in absorbance at 410 nm is monitored.
Monitoring is discontinued when A410 has reached between 0.2 and 1.2.

Problem 11.19
a) A gene having an in-frame lacZ fusion is placed under control of the
SV40 early promoter on a recombinant plasmid that is transfected
into mammalian cells in tissue culture. After 48 hr, 1 mL of cells is
sonicated and centrifuged to remove cellular debris. After blanking
the spectrophotometer against reagent, 10 L of sample are added
to 3 mL of reagent mix prepared as described earlier and the increase
in absorbance at 410 nm is monitored. After 12 min, an absorbance of
0.4 is achieved. What is the -galactosidase enzyme activity, in micromoles per minute, for the reaction sample?
b) A 20 L sample of cleared cell lysate is used in the Bradford protein
assay to measure protein quantity. It is discovered that this aliquot
contains 180 g of protein. What is the specific activity of the sample?

Solution 11.19(a)
The assay gives the following results:
A410  0.4,
t  12 min, and
V  3.01 mL (3 mL of reaction mix  10 L sample).
These values are placed into the equation for calculating -galactosidase
activity:

Za 

Za 

 A410 


 E V
410

t


0.4


 3.5 mL/mol 3.01mL
12 min
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Za 

(0.114 mol)(3.01) 0.343 mol

 0.03 mol/min
12 min
12 min

Therefore, the 3.01 mL reaction produces 0.03 mol of ONP per minute.

Solution 11.19(b)
The Bradford assay for protein content gives 180 g of protein in the 20 L
sample. This is converted to micrograms per milliliter as follows:
180 g protein
 9 g/L
20 L
The amount of protein in the 10 L sample used in the -galactosidase
assay is calculated as follows:
10 L 

9 g protein
 90 g protein
L

The specific activity of the 10 mL sample in the enzyme assay is the activity divided by the amount of protein in that sample:
Specific activity 

0.03 mol/min 0.0003 mol/min

90 g
g

Therefore, the sample has a specific activity of 3  104 mol/min/g.

11.10 T
 hin layer chromatography (tlc) 
and the retention factor (rf)
Thin layer chromatography (TLC) is a method of separating compounds
by their rate of movement through a thin layer of silica gel (the stationary
phase) coated on a glass plate. A protein sample is applied to a spot at the
bottom of the plate (about 1 cm from the bottom edge) along a line marked
in pencil perpendicular to the long axis of the plate. This spot is designated
as the origin. The TLC plate, spotted with sample, is then placed upright in
a sealed developing chamber containing a small volume of solvent (such
as ethyl acetate or an alcohol). The solvent (known as the stationary phase)
should not be of a volume that will submerge the origin. When the TLC
plate is in the solvent, capillary action draws the solvent mobile phase up
the plate. The sample compounds, as they dissolve in the ascending solvent,
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also move up the plate and separate at a rate that is based on their polarity,
their solubility, and their interaction with the stationary phase.
When the solvent has almost reached the top, the plate is removed from the
developing chamber and the solvent front is marked with pencil. The plate
can then be developed with a reagent (iodine or ninhydrin) that aids in the
visualization of the separated molecules, which produce roughly circular
spots on the plate. The spots are outlined in pencil and their distances from
the origin are measured with a ruler. The distance from the origin to the geometric center of a spot divided by the distance from the origin to the solvent
front is called the retention factor (Rf). The larger an Rf value, the further the
compound will have traveled from the origin.
Rf 

Distance compound traveled
Distance solvent traveled

The Rf value is a physical constant for an organic molecule and can be
used to corroborate the identity of a molecule. If two molecules have different Rf values under identical run conditions – if they are run on the same
TLC plate – they are different compounds. If two molecules have the same
Rf value, they may be the same compound.
Since it is difficult to exactly match the chromatography conditions (solvent concentration, temperature, silica gel thickness, amount spotted, etc.)
between runs, relative Rf (Rrel) values are often used and reported. A Rrel
value is calculated as a relationship to the Rf of a known standard run on
the same plate at the same time. The Rrel values in a given solvent should
remain a constant.
R rel 

R f of unknown
R f of standard

Problem 11.20 A sample of purified protein discovered in the
laboratory freezer has lost its label. It is run on a TLC plate to see if it can
be quickly identified. When the TLC plate is taken from the developing
chamber, the solvent front is marked and the plate is treated with
ninhydrin spray. Measurements reveal that the solvent front traveled
7.3 cm from the origin, the unidentified sample ran 4.1 cm, and a standard
ran 5.4 cm (Figure 11.6). What is the Rf value of the unknown sample and
what is its Rrel compared with the standard?
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Solvent front

7.3 cm
5.4 cm
4.1 cm
Origin
Standard

Unknown

n Figure 11.6 The thin layer chromatography (TLC) experiment described in Problem 11.20.

Solution 11.20
The Rf of the unknown sample is calculated as the distance it traveled
from the origin (4.1 cm) divided by the distance traveled by the solvent
front (7.3 cm). This yields a Rf value of 0.56:
Rf 

4.1 cm
 0.56
7.3 cm

The standard ran 5.4 cm. It has an Rf value, therefore, of 0.74 (5.4 cm divided
by 7.3 cm). The Rrel is the unknown’s Rf divided by the standard’s Rf:
Rrel 

0.56
 0.76
0.74

The Rrel, therefore, is 0.76.

11.11 E
 stimating a protein’s molecular
weight by gel filtration
Gel filtration chromatography (also called size exclusion chromatography) is a method of separating molecules on the basis of their size. By
this technique, a protein sample is suspended in an aqueous solution (the
mobile phase) and applied to the top of a chromatography column filled
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with a matrix of porous beads (the stationary phase). The smaller molecules within the sample will enter into the pores of the beads and, by gravity, will travel down the column, taking a long and circuitous route through
the bead matrix. As a consequence of the complicated path they take in
and out of the beads, their movement through the column is slowed. Any
molecules within the sample mixture too large to enter into the pores of the
beads take a more simple and direct route through the column. They will
elute quickly. Molecules of intermediate size may diffuse into the beads to
varying extents – smaller molecules more so than larger ones. The molecules of the sample elute from the column, therefore, in order of decreasing
size – the largest molecules (those completely excluded) elute first while
the smallest molecules (those able to diffuse into the pores of the beads)
elute last. A UV monitor detects the different molecules as they come off
the column.
The matrix selected for sample fractionation and molecular size determination depends on the size range of the molecules within the experimental
sample. Most commercial suppliers offer an assortment of column matrix
materials having their own unique pore sizes, recommended fractionation
ranges, and exclusion limits – the molecular weight of the smallest molecule too large to pass through the beads’ pores. Some of the more widely
used column materials include Sephacryl®, Sephadex®, and Sepharose®.
No matter what beads are used, however, the column must first be calibrated. A molecule having a size smaller than that of the pores is passed
through the column and the volume of liquid it takes to completely elute
the molecule is measured. This volume is referred to as the ‘total volume’
and is designated Vt. Likewise, a molecule having a size in large excess
to the gel’s exclusion limit – a molecule sure to be excluded from entering the pores of the beads – is passed through the column and the volume
it takes to elute the molecule is measured. This volume is referred to as
void volume. It represents the amount of liquid in the column between the
beads. It is designated V0. The total volume, Vt, is usually about 90% or
so of the bed volume – the volume taken up by the hydrated beads packed
within the column. (The bed volume is calculated as r2h where r is
the inner radius of the column and h is the height of the packed column
material.) The void volume, V0, is in the range of roughly 40% or so of
the bed volume.
To determine the molecular size of a molecule, the gel filtration column
is then calibrated with a set of standards of known molecular size. The
volume taken to elute each molecule of the standard from the column is
recorded. This volume is designated Ve and is unique to each molecule
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within the standard. To provide consistency in reporting, a distribution
coefficient (KD) for each molecule is determined. It is calculated as
KD 

(Ve  V0 )
(Vt  V0 )

Plotting the log10 of the molecular weights of the standards vs. the KD values generates a straight-line standard curve. An unknown protein can then
be run through the column and its molecular weight extrapolated from the
standard curve as shown in Problem 11.21 below.
Note: Proteins have different shapes. They can be globular, linear, or
twisted into any of an infinite array of configurations. The shape of a molecule will affect how it interacts with the pores of the beads in the column.
Elution, therefore, is more strictly related to molecular size and shape than
to molecular weight. The proteins used to make the standard curve should
have, as close as possible, the same overall shape as the unknown protein.
Nevertheless, this method gives a fair approximation of a protein’s size in
Da and therefore has value as a means to aid in its characterization.

Problem 11.21 Gel filtration chromatography is being used to give an
estimate of a protein’s molecular weight. A column having a fractionation
range of 5000 to 250 000 is calibrated and gives a void volume, V0, of
40 mL and a total volume, Vt, of 90 mL. Molecular weight standards are
applied to the column and their elution volumes (Ve values) are measured
with the results shown in Table 11.3. 1.1 A purified protein has an elution
volume of 60 mL. What is its approximate molecular weight?

Table 11.3 Dataset for Problem 11.21, showing the molecular
weights of the standards and their elution volumes.
Protein
Standard A
Standard B
Standard C
Standard D
Standard E
Standard F
Standard G
Standard H
Standard I
Standard J
Standard K

Molecular weight
12 500
15 300
22 000
25 100
28 700
33 300
45 200
74 500
96 800
120 000
244 000

Elution volume (Ve) in mL
82.5
81.25
77.5
75
70
68.75
67.5
55
52.5
50
41.25
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Solution 11.21
We will first calculate the distribution coefficient, KD, for each standard.
Since the V0 for this column has been measured to be 40 mL and the Vt
has been measured to be 90 mL, the KD is calculated as
KD 

(Ve  V0 )
(Vt  V0 )

KD 

(Ve  40 )
(V  40 )
 e
(90  40 )
50

For standard sample A, we have
KD 

(82.5  40 )
42.5

 0.85
50
50

The � KD values for the other standards are calculated in a similar manner
and are shown in Table 11.4.
We can now plot these values into Microsoft Excel (see Appendix A)
against the log values of the molecular weight of each standard; linear
regression analysis will give us the equation for the line that best fits,
which, for this example, is y  0.6824x  3.6742 (Figure 11.7).
The unknown protein has a Ve value of 60 mL. Its KD, therefore, is 0.4:
KD 

(60  40 ) 20

 0.4
50
50

Table 11.4 Dataset for Problem 11.21, showing the elution
volumes for each standard and their KD values.
Protein
Standard A
Standard B
Standard C
Standard D
Standard E
Standard F
Standard G
Standard H
Standard I
Standard J
Standard K

Elution volume (in mL)
82.5
81.25
77.5
75
70
68.75
67.5
55
52.5
50
41.25

KD
0.85
0.825
0.75
0.7
0.6
0.575
0.55
0.3
0.25
0.2
0.025
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n Figure 11.7 The standard curve generated by gel filtration of proteins of known molecular weight.

This KD value represents the y value in the equation for the linear regression line. Using this equation and substituting our y value, we can solve
for the log of the protein’s molecular weight:
y  0.6824 x  3.6742
0.4  0.6824 x  3.6742
0.4  3.6742  0.6824 x
2742  0.6824 x
3.2
3.2742
 x  4.798
0.6824
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Therefore, the log of the molecular weight of the unknown protein is
4.798. To find its molecular weight, we must take the antilog of this value:
antilog 4.798  62800
Therefore, the unknown protein has an approximate molecular weight of
62 800 Da.

11.12 T
 he chloramphenicol
acetyltransferase (cat) assay
The cat gene, encoding chloramphenicol acetyltransferase (CAT), confers
resistance to the antibiotic chloramphenicol to those bacteria that carry and
express it. The cat gene, having evolved in bacteria, is not found naturally
in mammalian cells. However, when introduced into mammalian cells by
transfection and when under the control of an appropriate promoter, the
cat gene can be expressed. It has found popularity, therefore, as a reporter
gene for monitoring transfection and for studying gene expression within
transfected cells.
Chloramphenicol acetyltransferase transfers an acetyl group (—COCH3)
from acetyl coenzyme A to two possible positions on the chloramphenicol
molecule. To assay for CAT activity, an extract from cells expressing CAT
is incubated with [14C]-labeled chloramphenicol. Transfer of the acetyl
group from acetyl coenzyme A to chloramphenicol alters the mobility of
the antibiotic on a TLC plate. The amount of acetylated chloramphenicol
is directly proportional to the amount of CAT enzyme.
Protocols for running a CAT assay have been described by Gorman et al.
(1982) and by Kingston (1989). Typically, 1  107 mammalian cells are
transfected with a plasmid carrying cat under a eukaryotic promoter. After
two to three days, the cells are resuspended in 100 L of 250 mM Tris,
pH 7.5. The cells are sonicated and centrifuged at 4°C to remove debris.
The extract is incubated at 60°C for 10 min to inactivate endogenous acetyl
ases and spun again at 4°C for 5 min. Twenty L of extract is added to a
reaction containing 1 Ci [14C] of chloramphenicol (50 Ci/mmol), 140 mM
Tris-HCl, pH 7.5, and 0.44 mM acetyl coenzyme A in a final volume of
180 L. The reaction is allowed to proceed at 37°C for 1 hr. Four hundred
L of cold ethyl acetate are added and mixed in, and the reaction is spun for
1 min. The upper organic phase is transferred to a new tube and dried under
vacuum. The dried sample is resuspended in 30 L of ethyl acetate, and a
small volume (5–10 L) is spotted close to the edge of a silica gel TLC
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plate. The TLC plate is placed in a chromatography tank pre-equilibrated
with 200 mL of chloroform : methanol (19 : 1). Chromatography is allowed
to proceed until the solvent front is 2⁄3 of the way up the plate. The plate
is air-dried, a pen with radioactive ink is used to mark the plate for orientation, and the plate is exposed to X-ray film. Since chloramphenicol has
two potential acetylation sites, two acetylated forms, running faster than
the unacetylated form, are produced by the CAT reaction (Figure 11.8).
A third, higher spot, corresponding to double acetylation, can be seen
under conditions of high CAT activity when single-acetylation sites have
been saturated. When this third spot appears, the assay will be out of its
linear range and the extract should be diluted or less time allowed for the
assay. The area on the TLC plate corresponding to the chloramphenicol
spot and the acetylated chloramphenicol spots are scraped off and counted
in a liquid scintillation counter. Chloramphenicol acetyltransferase activity
is then calculated as follows:

CAT activity  % chloramphenicol aceylated


Counts in acetylated species

Counts in
 Nonacetylated


acetylated species  chloramphenicol counts

 100

ascending chromatography

1,3-diacetate
chloramphenicol
3-acetate
chloramphenicol
1-acetate
chloramphenicol

chloramphenicol

1

2

3

origin

n Figure 11.8 Thin layer chromatography (TLC) plate assay of CAT activity. Spot 1 contains only labeled

chloramphenicol. Spot 2 shows the two spots created by single-chloramphenicol-acetylation events. Spot 3
shows the spot toward the top of the plate representing double-acetylation events.
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Problem 11.22 A transfection experiment using CAT as a reporter is
conducted as just described. The acetylated species of chloramphenicol
gives 3  105 cpm. The unacetylated chloramphenicol spot gives
1.46  106 cpm. What is the CAT activity?

Solution 11.22
The values obtained in the liquid scintillation counter are placed into the
formula for calculating CAT activity, as follows:
CAT activity  % chloramphenicol aceylated


% CAT activity 

Counts in acetylated species
 100

Counts in
 Nonacetylated


  
acetylated species chloramphenicol counts
3  105 cpm
 100  17%
3  105 cpm  1.46  106 cpm

Therefore, 17% of the chloramphenicol is acetylated by CAT.

11.12.1 C
 alculating molecules of chloramphenicol
acetyltransferase (CAT)
Purified CAT protein has a specific activity of 153 000 nmol/min/mg of protein (Shaw and Brodsky, 1968) and has a molecular weight of 25 668 g/mol
(Shaw et al., 1979). These values can be used to calculate the number of
molecules of CAT in an assay, as shown in the next problem.

Problem 11.23 For Problem 11.22, how many molecules of CAT are
contained in the extract?

Solution 11.23
The CAT assay contains 1 Ci of [14C] chloramphenicol having a specific
activity of 50 Ci/mmol. The amount of chloramphenicol in the reaction is
then calculated as follows:
1Ci 

mmol
 0.02 mmol
50 Ci
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Seventeen percent of the [14C] chloramphenicol is converted to the acetylated
forms during the assay. The number of millimoles of chloramphenicol acetyl
ated by CAT is then calculated by multiplying 0.02 mmol by 17/100 (17%):
0.02 mmol 

17
 0.0034 mmol
100

The reaction in the assay is incubated at 37°C for 60 min. The amount of
[14C] chloramphenicol acetylated per minute is calculated as follows:
0.0034 mmol
 5.7  105 mmol/min
60 min
Since the specific activity of CAT is given in units of nanomoles, a conversion
factor must be used to convert millimoles to nanomoles. Likewise, since it
also contains a ‘milligram’ term and since molecular weight is defined as
grams/mole, another conversion factor will be used to convert milligrams to
grams. Avogadro’s number (6.023  1023 molecules per mole) will be used
to calculate the final number of molecules. The expression for calculating
the number of molecules of CAT in the assay can be written as follows:
5.7  105 mmol 1 106 nmol
mg


min
mmol
153000 nmol/min


1mo
ol
6.023  1023 molecules
g


3
mol
1 10 mg 25668 g

Note that the term
mg
153000 nmol/min
in the equation is the same as
mg 

min
153000 nmol

All units cancel, therefore, except ‘molecules,’ the one term desired.
Multiplying numerator and denominator values gives the following result:


3.4  1025 molecules
 8.7  1012 molecules
3.9  1012

Therefore, the reaction in Problem 11.15 contains 8.7  1012 molecules
of CAT.
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11.13 Use of luciferase in a reporter assay
The luc gene encoding the enzyme luciferase from the firefly Photinus
pyralis has become a popular reporter for assaying gene expression.
Luciferase from transformed bacterial cells or transfected mammalian
cells expressing the luc gene is assayed by placing cell extract in a reaction
mix containing excess amounts of luciferin (the enzyme’s substrate), ATP,
MgSO4, and molecular oxygen (O2). ATP-dependent oxidation of luciferin
leads to a burst of light that can be detected and quantitated (as light units
(LUs)) at 562 nm in a luminometer. The amount of light generated in the
reaction is proportional to luciferase concentration. The luciferase assay is
more sensitive than that for either -galactosidase or CAT.
Because the luminometer used for assaying luciferase activity provides a
reading in LUs, very little math is required to evaluate the assay. In the following problem, however, the number of molecules of luciferase enzyme
in a reporter gene assay will be determined.

Problem 11.24 To derive a standard curve, different amounts of
purified firefly luciferase are assayed for activity in a luminometer. A
consistent peak emission of 10 LU is the lower level of activity reliably
detected by the instrument, and this corresponds to 0.35 pg of enzyme.
How many molecules of luciferase does this represent?

Solution 11.24
Luciferase has a molecular weight of 60 746 g/mol (De Wet et al., 1987).
The number of molecules of luciferase is calculated by multiplying the
protein quantity by its molecular weight and Avogadro’s number. A conversion factor is used to convert pg to g. The calculation is as follows:

0.35 pg 

1g
1 1012 pg



1mol
6.023  1023 molecules

60746 g
mol


2.11 1023 molecules
6.075  1016

 3.47  106 molecules
Therefore, 0.35 pg of luciferase corresponds to 3.47  106 molecules.
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11.14 I n vitro translation – determining
amino acid incorporation
In vitro translation can be used to radiolabel a protein from a specific gene.
A small amount of the tagged protein can then be added as a tracer to follow the purification of the same protein from a cell extract. As for any
experiment using radioactive labeling, it is important to determine the efficiency of its incorporation into the target molecule.
To prepare an in vitro translation reaction, the gene to be expressed should
be under the control of an active promoter (lacUV5, tac,  PL, etc.). The
DNA carrying the desired gene is placed in a reaction containing S30 or
S100 extract freed of exogenous DNA and mRNA (Spirin et al., 1988).
The reaction should also contain triphosphates, tRNAs, ATP, GTP, and a
mixture of the amino acids in which one of them (typically Met) is added
as a radioactive compound.
To determine the amount of incorporation of the radioactive amino acid, an
aliquot of the reaction is precipitated with cold TCA and casamino acids
(as carrier). The precipitate is collected on a glass fiber filter, rinsed with
TCA several times, and then rinsed a final time with acetone to remove
unincorporated [35S] Met. The filter is dried and counted in a liquid scintillation counter.

Problem 11.25 A gene is transcribed and translated in a 100 L
reaction. Into that reaction is added 2 L of 20 mCi/mL [35S] Met
(2000 Ci/mmol). After incubation at 37°C for 60 minutes, a 4 L aliquot
is TCA-precipitated to determine incorporation of radioactive label. In
the liquid scintillation counter, the filter gives off 1.53  106 cpm. A 2 L
aliquot of the reaction is counted directly in the scintillation counter to
determine total counts in the reaction. This sample gives 2.4  107 cpm.
What percent of the [35S] Met has been incorporated into polypeptide?

Solution 11.25
To solve this problem, the total number of counts in the reaction must be
determined. The number of counts in the aliquot from the reaction precipitated by TCA will then be calculated and the number of counts expected
in the entire translation reaction will be determined. The percent [35S] Met
incorporated will then be calculated as a final step.
Two L of the reaction is placed directly into scintillation fluid and
counted. Since 2 L gives 2.4  107 cpm and there is a total of 100 L in
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the reaction, the total number of counts in the reaction is calculated as
follows:
2.4  107 cpm
 100 L  1.2  109 cpm
2 L
Therefore, a total of 1.2  109 cpm is in the 100 L reaction.
Four L are treated with TCA. On the filter, 1.53  106 cpm are precipitated. The total number of counts expected in the 100 L reaction is then
determined as follows:
1.53  106 cpm
 100 L  3.83  107 cpm
4 L
Therefore, a total of 3.83  107 cpm would be expected to be incorporated in the reaction.
The percent total radioactivity incorporated into protein is then calculated
as the total number of counts incorporated divided by the total number
of counts in the reaction, multiplied by 100:
3.83  107 cpm
 100  3.2%
1.2  109 cpm
Therefore, by this TCA-precipitation assay, 3.2% of the [35S] Met is incorporated into polypeptide.

11.15 The isoelectric point (pi) of a protein
In the method of isoelectric focusing, proteins are separated on a polyacryl
amide gel having a pH gradient. A protein will stop migrating at the point
in the gradient at which it has no net charge. The pH at which this occurs
is called the protein’s isoelectric point (pI). At that point, the protein has
neither a positive nor negative charge – its anion and cation charges are
balanced.
A protein is made from a string of many amino acids, each one able to give
or accept protons. Each individual amino acid has both a carboxyl group
(—COOH), which can be ionized to the unprotonated form (—COO), and

406 CHAPTER 11 Protein

an amino group (—NH2), which can be ionized to the protonated —NH3
form. The readiness with which these groups become ionized depends
on the local pH. Since, however, in a protein chain of amino acids, the
amino and carboxyl groups are engaged in the formation of peptide bonds
between the amino acids along the chain (except those on the two ends), a
protein’s overall level of ionization – its charge – depends on other molecular groups capable of being ionized. These are the R groups found on the
amino acids arginine (Arg, R), aspartic acid (Asp, D), cysteine (Cys, C),
glutamic acid (Glu, E), histidine (His, H), lysine (Lys, K), and tyrosine
(Tyr, Y). Each protein, therefore, will have its own unique pI depending
on its amino acid content. Basic proteins (those having a preponderance of
basic R groups) will have a high pI while acidic proteins (those having a
preponderance of acidic R groups) will have a low pI.
The pKa of a molecule describes the readiness with which it can become
protonated or deprotonated. A protein’s pI, therefore, depends on the pKa
values of the amino acids it contains; more specifically and primarily, on
the pKa values of the seven amino acids described above whose R groups
can be ionized. This, in turn, depends on the pH. In a buffer having a pH
below the protein’s pI (if the buffer is more acidic), the protein carries a
net positive charge and, during electrophoresis, will migrate to the cathode
(the negative pole). In a buffer having a pH above the pI, the protein carries
a net negative charge and will migrate to the anode (positive pole). At a pH
equivalent to the protein’s pI, the protein will not migrate at all. Separating
proteins by isoelectric focusing is the first step in two-dimensional gel
electrophoresis – the second step taking advantage of the mass differences
between the proteins being separated.
The readiness with which the specified R groups become ionized is influenced not only by the pH but also by the local topography – what amino
acids are in the vicinity when the protein is folded into its three-dimensional
structure. As we do not yet have a complete understanding of protein folding, the pKa values of the amino acids a protein contains can, at
best, be only estimated. Further, as most proteins are hundreds of amino
acids in length, the calculation of pI is best left to a computer program.
Several can be found on the web. The one maintained by the European
Molecular Biology Laboratory (EMBL) is an example (Figure 11.9).
Using this program, the protein’s amino sequence is entered (by its single letter code) and its pI as determined by a method that ‘zeroes in’ on
the pI value by calculating the protein’s net charge over a wide pH range
(Figure 11.10).
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n Figure 11.9 The website maintained by EMBL

that can be used to calculate a protein’s isoelectric
point (pI) value.

n Figure 11.10 The EMBL isoelectric point

(pI) calculator program zeroes in on a protein’s pI by
determining the protein’s net charge incrementally
over a wide pH range.
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Chapter summary

Protein concentration within a solution can be estimated by measuring its
absorbance at 280 nm. An absorbance of 1.0 at 280 nm is equivalent to 1 mg
protein/mL. Protein concentration can also be estimated by using its absorbance
coefficient – its absorbance at a certain concentration at a given wavelength in
a 1 cm light path. The concentration of a protein in mg/mL is equivalent to the
absorbance divided by it absorbance coefficient for a 1 mg/mL solution:
Protein concentration (in mg/mL) 

Absorbance
mg/mL
A11cm

Protein concentration in molarity can be estimated using absorbance and
the protein’s molar extinction coefficient (EM) (the absorbance of a 1 M
solution of a given protein at a given wavelength in a 1 cm cuvette):
Protein concentration (in molarity) 

Absorbance
EM

The absorbance coefficient for a 1% protein solution (A1cm1%) is related to
the molar extinction coefficient (EM) as follows:
EM 

(A11%
cm )(molecular weight )
10

A protein’s extinction coefficient at 205 nm can be determined using the
following formula:
 A 
1 mg/mL
 280 
E205
nm  27  120 
 A 
205
This equation can be used when the protein has an unknown concentration. Once a concentration has been determined, the extinction coefficient
at 280 nm can be determined using the following equation (except for those
proteins having a high phenylalanine content):
E280 nm 

mg protein/mL
A280

A protein’s molar extinction coefficient can be estimated from its content
of typtophan, tyrosine, and cystine residues using the following relationship (where n is the number of each residue type in the protein):
EM  (nW  5500)  (nY  1490)  (nC  125)
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Protein concentration in mg/mL is related to molarity in the following way:
Concentration (in mg/mL)  Molarity  Protein molecular weight
This relationship can be used to convert a concentration in mg/mL to
molarity, and vice versa.
When contaminating nucleic acids are present in the protein solution, you
must correct the reading at 280 nm by subtracting the contribution from
DNA or RNA. This relationship is given by the following equation:
Protein concentration (in mg/mL)  (1.55  A280 )  (0.76  A260 )
When quantifying proteins at lower concentrations (1 to 100 g protein/mL),
measuring their absorbance at 205 nm can give more accurate results than
those estimated from a reading at 280 nm. Protein concentration at 205 nm
can be estimated using the following equation:
Protein concentration (in mg/mL)  31  A205
If estimating protein concentration by its absorbance at 205 nm, contamination from nucleic acids can be corrected using the following equation:
Protein concentration (in mg/mL) 

A205


27  (120) A280 

A 
205

Protein concentration can be determined by reaction with a reagent such
as Coomassie Brilliant Blue G-250, as employed in the Bradford Assay,
whereby a standard curve is used to extrapolate the concentration of an
unknown sample.
The characterization of genetic elements involved in transcription (promoters, repressors, silencers, etc.) can be monitored in recombinant constructs
by positioning them adjacent to the -galactosidase gene. -galactosidase
protein, which converts the colorless chemical ONPG into the yellowish
compound ONP, can be quantified by the amount of yellow color generated
in the presence of ONPG. Units of -galactosidase are calculated as
Units  1000 

OD 420  1.75  OD550
t  v  OD600

where OD420 and OD550 are read from the reaction mixture, OD600 is the
absorbance of the cell culture just before assay, t is equal to the reaction
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time (in min), and v is the volume (in mL) of aliquoted culture used in the
assay. The specific activity of -galactosidase is defined as the number of
units of enzyme per milligram of protein.
-galactosidase activity (Za) can also be calculated as the number of micromoles of ONPG converted to ONP per unit time, as shown in the following
relationship:

Za 

 A 
 410 V
 E 
410

t

where A410 is the absorbance at 410 nm; E410 is the molar extinction coefficient of ONP at 410 nm (3.5 mL/M), assuming the use of a cuvette having a 1 cm light path; V is the reaction volume; and t is the time, in min,
allowed for the development of yellow color.
Thin layer chromatography (TLC) can be used to separate compounds
based on their solubility in a solvent phase and their mobility dictated by
their affinity for a silica gel stationary phase layered on a glass plate. The
compound’s Rf is a physical characteristic of a specific compound and can
be used to help in its identification. It is calculated as
Rf 

Distance compound traveled
Distance solvent traveled

A protein’s molecular weight can be estimated by gel filtration chromatography from a standard curve.
The cat gene, encoding CAT, has also been used as a reporter for gene
expression in mammalian cells. To assay for CAT activity, an extract from
cells expressing CAT is incubated with [14C]-labeled chloramphenicol.
Transfer of the acetyl group from acetyl coenzyme A to chloramphenicol alters the mobility of the antibiotic on a TLC plate. The area on the
TLC plate corresponding to the chloramphenicol spot and the acetylated
chloramphenicol spots are scraped off and counted in a liquid scintillation
counter. The amount of acetylated chloramphenicol is directly proportional
to the amount of CAT enzyme and CAT activity is then calculated as

CAT activity  % chloramphenicol aceylated


Counts in acetylated species

Counts in
 Nonacetylated


acetylated species  chloramphenicol counts

 100
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The luc gene encoding the enzyme luciferase from the firefly Photinus
pyralis has become a popular reporter for assaying gene expression.
Luciferase from transformed bacterial cells or transfected mammalian
cells expressing the luc gene is assayed by placing cell extract in a reaction
mix containing excess amounts of luciferin (the enzyme’s substrate), ATP,
MgSO4, and molecular oxygen (O2). ATP-dependent oxidation of luciferin
leads to a burst of light that can be detected and quantitated (as LUs) at
562 nm in a luminometer. The amount of light generated in the reaction is
proportional to luciferase concentration.
Translation in vitro can be monitored by following the amount of radioactive amino acids incorporated into protein in the form of TCA-precipitable
counts collected on a glass fiber filter.
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Centrifugation
n

Introduction

Centrifugation is a method of separating molecules having different densities by spinning them in solution around an axis (in a centrifuge rotor) at
high speed. It is one of the most useful and frequently employed techniques
in the molecular biology laboratory. Centrifugation is used to collect cells,
to precipitate DNA, to purify virus particles, and to distinguish subtle differences in the conformation of molecules. Most laboratories undertaking active
research will have more than one type of centrifuge, each capable of using a
variety of rotors. Small tabletop centrifuges can be used to pellet cells or to
collect strands of DNA during ethanol precipitation. Ultracentrifuges can be
used to band plasmid DNA in a cesium chloride gradient or to differentiate
various structures of replicating DNA in a sucrose gradient.

12.1 R
 elative centrifugal force (RCF) 
(g force)
During centrifugation, protein or DNA molecules in suspension are forced
to the furthest point from the center of rotation. The rate at which this
occurs depends on the speed of the rotor (measured as rpm (revolutions
per minute)). The force generated by the spinning rotor is described as the
relative centrifugal force (RCF), also called the g force, and is proportional to the square of the rotor speed and the radial distance (the distance
of the molecule being separated from the axis of rotation). The RCF is calculated using either of the following equations (they are equivalent):
 rpm 2
RCF  11.18(rcm )
1000 
RCF  1.118  105 rcm (rpm)2
where r is equal to the radius from the centerline of the rotor to the point
in the centrifuge tube at which the RCF value is needed (in cm) and rpm is
equal to the rotor speed in rpm.
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00012-7
© 2010 Elsevier Inc. All rights reserved.
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rminimum

As the RCF increases with the square of the rotor speed, doubling the rpm
will increase the RCF four-fold.

Rotor axis

The RCF is usually expressed in units of gravitational force written as ‘ g’
(times the force of gravity). One g is equivalent to the force of gravity. Two
g is twice the force of gravity. An RCF of 12 500 is 12 500 times the force
of gravity and is written as 12 500   g.

rmaximum
n Figure 12.1 Cross section of a typical

centrifuge rotor showing the minimum and
maximum radii as measured from the rotor axis.

As the distance from the center of the rotor increases, so does the centri
fugal force. Most rotor specifications from the manufacturer will give the
rotor’s radius (r) in three measurements. The minimum radius (rmin) is
the distance from the rotor’s centerline to the top of the liquid in the centrifuge tube when placed in the rotor at its particular angle (see Figure 12.1).
The maximum radius (rmax) is the distance from the rotor centerline to the
furthest point in the centrifuge tube away from the axis of rotation (Figure
12.1). The average radius (ravg) is equal to the minimum radius plus the
maximum radius divided by two:
rave 

rmin  rmax
2

Since the minimum radius and the average radius will vary depending on
the volume of liquid being centrifuged, RCF is usually calculated using the
maximum radius value.

Problem 12.1 E. coli cells are to be pelleted in an SS-34 rotor (maximum
radius of 10.7 cm) by centrifugation at 7000 rpm. What is the RCF (g force)?

Solution 12.1
We will use the following equation:
 rpm 2
RCF  11.17(rcm )
1000 
Substituting the values provided gives the following result:
 7000 2
RCF  11.17(10.7)
1000 
RCF  (119.52)(7)2  (119.52)( 49 )  5856
Therefore, 7000 rpm in an SS-34 rotor is equivalent to 5856   g.
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12.1.1 C
 onverting g force to revolutions 
per minute (rpm)
The majority of protocols written in the ‘Materials and Methods’ sections
of journal articles will give a description of centrifugation in terms of the
g force. This allows other researchers to reproduce the laboratory method
even if they have a different type of centrifuge and rotor. To solve for rpm
when the g force (RCF) is given, the equation
 rpm 2
RCF  11.18(rcm )
1000 
becomes
rpm  1000

RCF
11.18(rcm )

which can also be written as
rpm 

RCF
(1.118  105 )(rcm )

Problem 12.2 A protocol calls for centrifugation at 6000  � g. What
rpm should be used with an SS-34 rotor (maximum radius of 10.7 cm) to
attain this g force?

Solution 12.2
Placing our values into the preceding equation gives
rpm  1000

6000
11.17(10.7)

rpm  1000

6000
 1000 50.2  1000(7.1)  7100
119.52

Therefore, an SS-34 rotor should be spun at 7100 rpm to obtain 6000  � g.
A search of the internet will turn up a number of RCF calculators, such
as the one maintained by DJB Labcare, Buckingham, UK (Figure 12.2), by
which RCF or rpm are calculated automatically.
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n Figure 12.2 A relative centrifugal force (RCF) calculator found at centrifuge.org.uk/page.

p?prcfrpmcalc.
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12.1.2 D
 etermining g force and revolutions 
per minute (rpm) by use of a nomogram
We have determined g force and rpm values using the following equation:
 rpm 2
g  11.18(rcm )
1000 
If a large number of g values are calculated using a large number of different values for rpm and spinning radii, a chart approximating Figure 12.3
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is generated. This chart, called a nomogram, is a graphical representation
of the relationship between rpm, g force, and a rotor’s radius. If any two
values are known, the third can be determined by use of a straightedge.
The straightedge is lined up such that it intersects the two known values on
their respective scales. The third value is given by the intersection of the
line on the third scale.

Problem 12.3 A rotor with a 7.5 cm spinning radius is used to pellet a
sample of cells. The cells are to be spun at 700  � g. What rpm should be
used?

Solution 12.3
Using the nomogram in Figure 12.3, a straight line is drawn connecting the
three scales such that it passes through both the 7.5 cm mark on the ‘radius’
scale and the 700 mark on the ‘g’ scale. This line will intersect the ‘rpm’ scale
at 3000 (Figure 12.4). Therefore, the rotor should be spun at 3000 rpm.
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n Figure 12.4 Solution to Problem 12.3.
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12.2 Calculating sedimentation times
The time (in hours) required to pellet a particle in water at 20°C through
the maximum rotor path length (the distance between rmin and rmax) is
given by the equation
t

k
s

where t is the sedimentation time in hours, k is the clearing factor for the
rotor, and s is the sedimentation coefficient of the particle being pelleted in
water at 20°C as expressed in Svedberg units (see below).
The clearing factor, k, is defined by the equation
  r 
(253 000)  ln  max 
  rmin 
k
 rpm 2

1000 
The k factor is a measure of the pelleting efficiency of the rotor. Its value
decreases with increasing rotor speed. The lower the k factor, the more
efficient is the rotor’s ability to pellet the desired molecule. The k factor
for any rotor, as provided by the manufacturer, assumes that the fluid being
centrifuged has the density of water at 20°C. The k factor will increase if
the medium has a higher density or viscosity than water. For example, at
the same rotor speed, the k factor is higher for a sucrose gradient than for a
water medium.
Several factors will affect the rate at which a particular biological molecule will pellet during centrifugation. Its size, shape, and buoyancy
all influence the rate at which a molecule passes through the medium.
A molecule having a high molecular weight will sediment faster than
one having a low molecular weight. A Svedberg unit describes the sedimentation rate of a molecule and is related to its size. It is expressed as
a dimension of time such that 1 Svedberg unit is equal to 1013 sec.
For most biological molecules, the Svedberg unit value lies between
1 S (1 Svedberg unit; 1  1013 sec) and 200 S (200 Svedberg units;
200  1013 sec). The names of the ribosomal subunits 30S and 50S
from E. coli, for example, derive from their sedimentation rates as
expressed in Svedberg units. The same is true for the bacterial ribosomal
RNAs 5S, 16S, and 23S.
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Problem 12.4 An SS-34 rotor has an rmin of 3.27 cm and an rmax of
10.70 cm for a sealed tube containing the maximum allowable volume.
If a 120 S molecule is to be spun in an aqueous medium at 20 000 rpm at
20°C, how long will it take to pellet the molecule?

Solution 12.4
The k factor must first be calculated. Substituting the given values into the
given equation yields the following result:
 10.70 

(253000 ) ln
  3.27 

k

 20 000 2

 1000 

k

(253000 )[ln(3.27)]
(20 )2



(253000 )(1.18 )
400



298540
400

 746
Therefore, an SS-34 rotor spinning at 20 000 rpm has a k factor value of
746. Placing this value into the equation for calculating sedimentation
time gives
t

749
120 S

 6.24 hr
 6 hr , 14 min
Therefore, to pellet the 120 S molecule, it must be spun in an SS-34 rotor
at 20 000 rpm for 6 hr and 14 min.

Software can be found on the internet that will automatically calculate
k values. An example is that constructed by the Hu Laboratory at Texas
A&M University, College Station, TX, USA (Figure 12.5).
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n Figure 12.5 A relative centrifugal force (RCF), revolutions per minute (rpm), and k calculator found at

hulab.tamu.edu/rcfcalc.html.

n

Chapter summary

Relative centrifugal force (RCF), or g force, is proportional to the square
of the rotor speed (in rpm) and the radial distance (r):
 rpm 2
RCF  11.18(rcm )
1000 
A nomogram can be used to determine g force or rpm for any rotor radius.
The time (t) required to pellet a particle in water at 20°C through the maximum rotor path length is given by the relationship
t

k
s

where k is the rotor’s clearing factor and s (Svedberg unit) is the particle’s
sedimentation coefficient. The value for k is calculated as

k

  r 
(253000)  ln  max 
  rmin 
 rpm 2

1000 
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13

Forensics and paternity
■

Introduction

In almost all crimes of violence, whether murder, rape, or assault, there is
usually some type of biological material left at the scene or on the victim.
This material may be hair, saliva, sperm, skin, or blood. All of these con
tain DNA – DNA that may belong to the victim or to the perpetrator. The
application of PCR to these samples has revolutionized law enforcement’s
capabilities in providing evidence to the courtroom when a suspect’s guilt
or innocence is disputed.
In forensics, PCR is used for the amplification of polymorphic sites, those
regions on DNA that are variable among people. Some polymorphisms
result from specific point mutations in the DNA, others from the addition
or deletion of repeat units. A number of polymorphic sites have been identi
fied and exploited for human identification. There are also a number of
different techniques by which PCR products can be assayed and polymor
phisms identified.
If the suspect’s DNA profile and that of the DNA recovered from the crime
scene do not match, then it can be said that the suspect is excluded as a
contributor of the sample. If there is a match, then the suspect is included
as a possible contributor of DNA evidence and it becomes important to
determine the significance of the match. A lawyer involved in the case will
want to know the probability that someone other than the suspect left the
DNA evidence at the scene. The question is one of population statistics,
and that is the primary focus of this chapter.
Concomitantly with its development as a tool in forensics, PCR also found
application in paternity testing. In fact, the same polymorphic sites used
by criminalists to explore the involvement of a suspect in a criminal act
are also used by testing laboratories to identify the father of a child whose
parentage is in dispute. The recovery and isolation of DNA samples as well
as their amplification are essentially the same in forensics and paternity
testing. The math used to calculate the significance of a match, however, is
handled slightly differently between the two applications.
Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00013-9
© 2010 Elsevier Inc. All rights reserved.
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13.1 Alleles and genotypes
An allele is one of two or more alternate forms of a genetic site (or locus).
Some sites may have many different alleles. This is particularly true for sites
carrying tandem repeats, where the DNA segment may be repeated a number of
times, each different repeat number representing a different allele designation.
A genotype is an organism’s particular combination of alleles. For any one
polymorphic site, an individual will carry two possible alleles – one obtained
from the mother, the other from the father. For an entire population, however,
any possible combination of alleles is possible for the individuals within that
population. For a locus having three possible alleles, A, B, and C, there are
six possible genotypes. An individual may have any of the following allele
combinations: AA, AB, AC, BB, BC, and CC.
The number of possible genotypes can be calculated in two ways. It can be
calculated by adding the number of possible alleles to each positive integer
below that number. For example, for a locus having three possible alleles,
the number of possible genotypes is
3  2 1  6
Likewise, for a five-allele system, there are 15 possible genotypes:
5  4  3  2  1  15
The number of genotypes can also be calculated using the equation
number of genotypes 

n(n  1)
2

where n is equal to the number of possible alleles.
The first method is easier to remember but becomes cumbersome for
systems having a large number of alleles.

Problem 13.1 A VNTR (variable number of tandem repeats) locus has
14 different alleles. How many genotypes are possible in a population for
this VNTR?

Solution 13.1
Using the preceding equation, we have
number of genotypes 

14(14  1) (14 )(15) 210


 105
2
2
2

Therefore, for a locus having 14 different alleles, 105 different genotypes
are possible.
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13.1.1 Calculating genotype frequencies
The genotype frequency is the proportion of the total number of people
represented by a single genotype. For example, if the genotype AA (for a
locus having three different alleles) is found to be present in six people out
of 200 sampled, the genotype frequency is 6/200  0.03. The sum of all
genotype frequencies for a single locus should be equal to 1.0. If it is not,
the frequency calculations should be checked again.

Problem 13.2 A locus has three possible alleles, A, B, and C. The
genotypes of 200 people chosen at random are determined for the
different allele combinations, with the results shown in the following
table. What are the genotype frequencies?
Genotype
AA
AB
AC
BB
BC
CC
Total

Number of individuals
6
34
46
12
60
42
200

Solution 13.2
Genotype frequencies are obtained by dividing the number of individuals
having each genotype by the total number of people sampled.
Genotype frequencies for each genotype are given in the right column of
the following table.
Genotype
AA
AB
AC
BB
BC
CC
Total

Number of
individuals

Ratio of individuals
to total

6
34
46
12
60
42
200

6/200 
34/200�� �
46/200�� �
12/200�� �
60/200�� �
42/200�� �

Note that the genotype frequencies add up to 1.00.

Genotype
frequency
0.03
0.17
0.23
0.06
0.30
0.21
1.00
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13.1.2 Calculating allele frequencies
The allele frequency is the proportion of the total number of alleles in a
population represented by a particular allele. For any polymorphism other
than those present on the X or Y chromosome, each individual carries two
alleles per locus, one inherited from the mother, the other from the father.
Within a population, therefore, there are twice as many total alleles as there
are people. When calculating the number of a particular allele, homozygous
individuals each contribute two of that allele to the total number of that par
ticular allele. Heterozygous individuals each contribute one of a particular
allele to the total number of that allele. For example, if there are six individu
als with the AA genotype, they contribute 12 A alleles. Thirty-four AB hetero
zygous individuals contribute a total of 34 A alleles and 34 B alleles to the
total. The frequency of the A allele in a three-allele system is calculated as
A allele frequency 

[2(# of AAs)  (# of ABs)  (# of ACs)]
2n

where n is the number of people in the survey. The frequencies for the
other alleles are calculated in a similar manner. The sum of all allele fre
quencies for a specific locus should equal 1.0.

Problem 13.3 What are the frequencies for the A, B, and C alleles
described in Problem 13.2?
Solution 13.3
We will assign a frequency of p to the A allele, q to the B allele, and r to the
C allele. We have the following genotype data.
Genotype
AA
AB
AC
BB
BC
CC
Total

Number of individuals
6
34
46
12
60
42
200

The allele frequencies are then calculated as follows:
pA 

[2(6 )  34  46]
92

 0.230
2(200 )
400
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qB 

[2(12)  34  60] 118

 0.295
2(200 )
400

rC 

[2( 42)  46  60] 190

 0.475
2(200 )
400

Therefore, the allele frequency of A is 0.230, the allele frequency of B is
0.295, and the allele frequency of C is 0.475. Note that the allele frequencies add up to 1.000 (0.230  0.295  0.475  1.000).

13.2 The hardy–weinberg equation and
calculating expected genotype
frequencies
Gregor Mendel demonstrated by crossing pea plants with different char
acteristics that gametes combine randomly. He used a Punnett square
to predict the outcome of any genetic cross. For example, if he crossed
two plants both heterozygous for height, where T represents a dominant
tall phenotype and t represents the recessive short phenotype, the Punnett
square would have the following appearance:
Pollen

Ovules

T

t

T

TT

Tt

t

Tt

tt

From the Punnett square, Mendel predicted that the offspring of the cross
would have a phenotypic ratio of tall to short plants of 3 : 1.
G.H. Hardy, a British mathematician, and W. Weinberg, a German physician,
realized that they could apply a similar approach to predicting the outcome
of random mating, not just for an individual cross but for crosses occur
ring within an entire population. After all, random combination of gametes,
as studied by Mendel for individual crosses, is quite similar in concept to
random mating of genotypes. In an individual cross, it is a matter of chance
which sperm will combine with which egg. In an infinitely large, randomly
mating population, it is a matter of chance which genotypes will combine.
Determining the distribution of genotype frequencies in a randomly mating
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population can also be accomplished using a Punnett square. However, rather
than a single cross between two parents, Hardy and Weinberg examined
crosses between all mothers and all fathers in a population.
For a locus having two alleles, A and B, a Punnett square can be con
structed such that an allele frequency of p is assigned to the A allele and an
allele frequency of q is assigned to the B allele. The allele frequencies are
multiplied as shown in the following Punnett square:
Fathers
pA

qB

Mothers pA

pApA

pAqB

qB

pAqB

qBqB

If AA represents the homozygous condition, then its frequency in the popu
lation is p2 (p  p  p2). The frequency of the BB homozygous individuals
is q2. Since heterozygous individuals can arise in two ways, by receiving
alternate alleles from either parent, the frequency of the AB genotype in
the population is 2pq since (p  q)  (p  q)  2pq.
The sum of genotype frequencies is given by the expression
p2  2 pq  q 2  1.0
This relationship is often referred to as the Hardy–Weinberg equation. It
is used to determine expected genotype frequencies from allele frequencies.
Punnett squares can be used to examine any number of alleles. For exam
ple, a system having three alleles A, B, and C, with allele frequencies p, q,
and r, respectively, will have the following Punnett square:
Fathers

Mothers

pA

qB

rC

pA

pApA

pAqB

pArC

qB

pAqB

qBqB

qBrC

rC

pArC

qBrC

rCrC
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The sum of genotype frequencies for this three-allele system is
p2  q 2  r 2  2 pq  2 pr  2qr  1.0
This demonstrates, that no matter how many alleles are being examined, the
frequency of the homozygous condition is always the square of the allele
frequency (p2), and the frequency of the heterozygous condition is always
two times the allele frequency of one allele times the frequency of the other
allele (2pq).
The Hardy–Weinberg equation was derived for a strict set of conditions. It
assumes that the population is in equilibrium – that it experiences no net
change in allele frequencies over time. To reach equilibrium, the following
conditions must be met:
1.
2.
3.
4.
5.

Random mating,
An infinitely large population,
No mutation,
No migration into or out of the population, and
No selection for genotypes (all genotypes are equally viable and
equally fertile).

In reality, of course, there are no populations that meet these requirements.
Nevertheless, most reasonably large populations approximate these con
ditions to the extent that the Hardy–Weinberg equation can be applied to
estimate genotype frequencies.

Problem 13.4 What are the expected genotype frequencies for
the alleles described in Problem 13.3? (Assume the population is in
Hardy–Weinberg equilibrium.)

Solution 13.4
From Problem 13.3, we have the following allele frequencies:
pA  0.230
qB  0.295
rC  0.475
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The Hardy–Weinberg equation gives the following values:
Genotype

Multiplication

Mathematics

Expected
genotype
frequency

AA
AB
AC
BB
BC
CC

(freq. of A)2
2(freq. of A)(freq. of B)
2(freq. of A)(freq. of C)
(freq. of B)2
2(freq. of B)(freq. of C)
(freq. of C)2

(0.230)2
2(0.230)(0.295) 
2(0.230)(0.475) 
(0.295)2 
2(0.295)(0.475) 
(0.475)2 

0.053
0.136
0.218
0.087
0.280
0.226

Note that the total of all genotype frequencies is equal to 1.000, as would
be expected if the mathematics were performed correctly.

13.3 The chi-square test – comparing
observed to expected values
In Problem 13.4, genotype frequencies were calculated from allele fre
quencies using the Hardy–Weinberg equation. These genotype frequencies
represent what should be expected in the sampled population if that popu
lation is in Hardy–Weinberg equilibrium. In Problem 13.2, the observed
genotype frequencies found within that population were calculated. It can
now be asked: Do the observed genotype frequencies differ significantly
from the expected genotype frequencies? This question can be addressed
using a statistical test called chi-square.
Chi-square is used to test whether or not some observed distributional
outcome fits an expected pattern. Since it is unlikely that the observed
genotype frequencies will be exactly as predicted by the Hardy–Weinberg
equation, it is important to look at the nature of the differences between the
observed and expected values and to make a judgment as to the ‘goodness
of fit’ between them. In the chi-square test, the expected value is subtracted
from the observed value in each category and this value is then squared.
Each squared value is then weighted by dividing it by the expected value
for that category. The sum of these squared and weighted values, called
chi-square (denoted as 2), is represented by the following equation:
χ2 

∑

(observed  expected )2
expected
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In the chi-square test, two hypotheses are tested. The null hypothesis (H0)
states that there is no difference between the two observed and expected val
ues; they are statistically the same and any difference that may be detected
is due to chance. The alternative hypothesis (Ha) states that the two sets of
data, the observed and expected values, are different; the difference is statis
tically significant and must be due to some reason other than chance.
In populations, a normal distribution of values around a consensus fre
quency should be represented by a bell-shaped curve. The degree of distri
bution represented by a curve is associated with a value termed the degrees
of freedom (df). The smaller the df value (the smaller the sample size), the
larger is the dispersion in the distribution, and a bell-shaped curve will be
more difficult to distinguish. The larger the df value (the larger the sam
ple size), the closer the distribution will come to a normal, bell-shaped
curve. For most problems in forensics, the degrees of freedom is equal to
one less than the number of categories in the distribution. For such prob
lems, the number of categories is equal to the number of different alleles
(or the number of different genotypes, depending upon which is the object
of the test). Statistically significant differences may be observed in chisquare if the sample size is small (less than 100 individuals sampled from
a population) or if there are drastic deviations from the Hardy–Weinberg
equilibrium.
A chi-square test is performed at a certain level of significance, usually
5% (  0.05; p  0.95). At a 5% significance level, we are saying that
there is less than a 5% chance that the null hypothesis will be rejected even
though it is true. Conversely, there is a 95% chance that the null hypothesis
is correct; that there is no difference between the observed and expected
values. A chi-square distribution table (see Table 13.1) will provide the
expected chi-square value for a given probability and df value. For exam
ple, suppose a chi-square value of 2.3 is obtained for some dataset having
eight degrees of freedom and we wish to test at a 5% significance level.
From the chi-square distribution table, we find a value of 15.51 for a proba
bility value of 0.95 and eight degrees of freedom. Therefore, there is a
probability of 0.95 (95%) that the chi-square will be less than 15.51. Since
the chi-square value of 2.3 is less than 15.51, the null hypothesis is not
rejected; the data do not provide sufficient evidence to conclude that the
observed data differ from the expected.
The chi-square test can be used in forensics to compare observed geno
type frequencies with those expected from Hardy–Weinberg analysis and
to compare local allele frequencies (observed) with those maintained in a
larger or national database (expected values).
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Table 13.1 The chi-square distribution table. At eight degrees of
freedom, for example, there is a probability of 0.95 (95%) that the chisquare value will be less than 15.51. If the chi-square value obtained
is less than 15.51, then there is insufficient evidence to conclude that
the observed values differ from the expected values. Below 15.51, any
differences between the observed and expected values are merely
due to chance.
df
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
30
40
50
60
70
80
90
100

p  0.75

p  0.90

p  0.95

p  0.975

p  0.99

1.32
2.77
4.10
5.38
6.62
7.84
9.04
10.22
11.39
12.5
13.7
14.8
16.0
17.1
18.2
19.4
20.5
21.6
22.7
23.8
24.9
26.0
27.1
28.2
29.3
34.8
45.6
56.3
67.0
77.6
88.1
98.7
109.1

2.71
4.60
6.24
7.77
9.23
10.64
12.02
13.36
14.68
15.9
17.3
18.6
19.8
21.1
22.3
23.5
24.8
26.0
27.2
28.4
29.6
30.8
32.0
33.2
34.4
40.3
51.8
63.2
74.4
85.5
96.6
107.6
118.5

3.84
5.99
7.80
9.48
11.07
12.59
14.07
15.51
16.92
18.3
19.7
21.0
22.4
23.7
25.0
26.3
27.6
28.9
30.1
31.4
32.7
33.9
35.2
36.4
37.7
43.8
55.7
67.5
79.1
90.5
101.9
113.2
124.3

5.02
7.37
9.33
11.14
12.83
14.44
16.01
17.54
19.02
20.5
21.9
23.3
24.7
26.1
27.5
28.8
30.2
31.5
32.9
34.2
35.5
36.8
38.1
39.4
40.7
47.0
59.3
71.4
83.3
95.0
106.6
118.1
129.6

6.64
9.21
11.31
13.27
15.08
16.81
18.48
20.09
21.67
23.2
24.7
26.2
27.7
29.1
30.6
32.0
33.4
34.8
36.2
37.6
38.9
40.3
41.6
43.0
44.3
50.9
63.7
76.2
88.4
100.4
112.3
124.1
135.8
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Problem 13.5 In Problems 13.2 and 13.4, observed and expected
genotype frequencies were calculated for a fictitious population. These
are shown in the following table. Using the chi-square test at a 5% level
of significance (95% probability), determine whether the observed
genotype frequencies are significantly different from the expected
genotype frequencies.
Genotype

Observed frequency

AA
AB
AC
BB
BC
CC

Expected frequency

0.03
0.17
0.23
0.06
0.30
0.21

0.053
0.136
0.218
0.087
0.280
0.226

Solution 13.5
A table is prepared so that the steps involved in obtaining the chi-square
value can be followed. So that we are not dealing with small decimal
numbers, the frequencies given in the table will each be multiplied by 100
to give a percent value.
Genotype

AA
AB
AC
BB
BC
CC
Total

Observed
frequency
(O)
3
17
23
6
30
21

Expected
frequency
(E)
5.3
13.6
21.8
8.7
28
22.6

Difference
(O  E)
2.3
3.4
1.2
2.7
2.0
1.6

Square of
difference
(O  E)2
5.3
11.6
1.4
7.3
4
2.6

(O  E)2/E

1.00
0.85
0.06
0.84
0.14
0.12
2  3.01

Therefore, a chi-square value of 3.01 is obtained. The degrees of freedom
is equal to the number of categories (six, because there are six genotypes)
minus 1:
df  6  1  5
At five degrees of freedom and 0.95 probability, a chi-square value of
11.07 is obtained from Table 13.1. Therefore, there is a probability of 95%
that 2 will be less than 11.07 if the null hypothesis is true, if there is not
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a statistically significant difference between the observed and expected
genotype frequencies. Since our derived chi-square value of 3.01 is less
than 11.07, we do not reject the null hypothesis; there is insufficient evidence to conclude that the observed genotype frequencies differ from
the expected genotype frequencies. This suggests that our population
may be in Hardy–Weinberg equilibrium.

13.3.1 Sample variance
Sample variance (s2) is a measure of the degree to which the numbers in
a list are spread out. If the numbers in a list are all close to the expected
values, the variance will be small. If they are far away, the variance will be
large. Sample variance is given by the equation
s2 

∑ (O  E )2
n 1

where n is the number of categories.
A sample variance calculation is at its most powerful when it is used to
compare two different sets of data, say genotype frequency distributions in
New York City as compared with those in Santa Fe, New Mexico. A popu
lation that is not in Hardy–Weinberg equilibrium is more likely to have a
larger variance in genotype frequencies than one that is in Hardy–Weinberg
equilibrium. Populations far from Hardy–Weinberg equilibrium may have
a sample variance value in the hundreds.

Problem 13.6 What is the sample variance for the data in Problem 13.5?
Solution 13.6
The sum of the (O  E)2 column in Problem 13.5 is
5.3  11.6  1.4  7.3  4  2.6  32.2
The value for n in this problem is 6 since there are six possible genotypes.
Placing these values into the equation for sample variance gives the following result:
s2 

32.2
32.2

 6.44
6 1
5

This value is relatively small, indicating that the observed genotype frequencies do not vary much from the expected values.
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13.3.2 Sample standard deviation
The sample standard deviation (s) is the square root of the sample vari
ance and is also a measure of the spread from the expected values. In its
simplest terms, it can be thought of as the average distance of the observed
data from the expected values. It is given by the formula
s

∑ (O  E )2
n 1

If there is little variation in the observed data from the expected values, the
standard deviation will be small. If there is a large amount of variation in
the data, then, on average, the data values will be far from the mean and
the standard deviation will be large.

Problem 13.7 What is the standard deviation for the dataset in
Problem 13.5?

Solution 13.7
In Problem 13.6, it was determined that the variance is 6.44. The standard
deviation is the square root of this number:
s  6.44  2.54
Therefore, the standard deviation is 2.54. The average observed genotype
frequency is within one standard deviation (2.54 percentage points) from
each expected genotype frequency. The AB and BB genotype frequencies
are greater than one standard deviation from the expected frequencies
(AB is 3.4 percentage points away from the expected value; BB is 2.7 percentage points away from the expected value; see Solution 13.5).

13.4 The power of inclusion (Pi)
The power of inclusion (Pi) gives the probability that, if two individuals are
chosen at random from a population, they will have the same genotype. The
smaller the Pi value, the more powerful is the genotyping method for dif
ferentiating individuals. The power of inclusion is equivalent to the sum of
the squares of the expected genotype frequencies. For example, a Pi value of
0.06 means that, 6% (0.06  100  6%) of the time, if two individuals are
chosen at random from a population, they will have the same genotype.
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Problem 13.8 What is the power of inclusion for the genotypes in
Problem 13.4?

Solution 13.8
The expected genotype frequencies for the fictitious population are as
follows:
Genotype
AA
AB
AC
BB
BC
CC

Expected frequency
0.053
0.136
0.218
0.087
0.280
0.226

Pi is the sum of squares of the expected genotype frequencies. These are
calculated as follows:
Pi  (exp. freq. of AA)2  (exp. freq. of AB )2  (exp. freq. of AC )2
 (exp. freq. of BB )2  (exp. freq. of BC )2  (exp . freq. of CC )2
Placing the appropriate values into this equation gives the following
result:
Pi  (0.053)2  (0.136 )2  (0.218 )2  (0.087)2  (0.280 )2  (0.226 )2
 0.003  0.018  0.048  0.008  0.078  0.051
 0.206
Therefore, 20.6% of the time, if two people are chosen at random from the
population, they will have the same genotype.

13.5 The power of discrimination (Pd)
The power of discrimination (Pd) is equivalent to 1 minus the Pi:
Pd  1  Pi
Pd gives a measure of how likely it is that two individuals will have differ
ent genotypes. For example, if a DNA typing system has a Pd of 0.9997, it
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means that, 99.97% of the time, if two individuals are chosen at random
from a population, they will have different genotypes that can be discrimi
nated by the test.
A combined Pd is equivalent to 1 minus the product of Pi of all markers. It
is used when multiple loci are being used in the typing assay. The Pi value
for a single genetic marker is equivalent to 1 minus the Pd value for that
marker. The more loci used in a DNA typing test, the higher will be the
combined Pd.

Problem 13.9 What is the power of discrimination for the genotypes in
Problem 13.8?

Solution 13.9
In Problem 13.8, a Pi value of 0.206 was calculated. Pd is 1 minus Pi. This
yields
Pd  1 0.206  0.794
Therefore, 79.4% of the time, if two individuals are chosen at random from
a population, they will have different genotypes at that locus.

13.6 DNA typing and weighted average
Genotype frequency is derived by using the Hardy–Weinberg equation and
the observed allele frequencies. Many crime laboratories obtain allele fre
quency values from national databases. These databases may have allele
frequencies for the major population groups (Caucasian, African American,
and Hispanic).
A crime occurring within a city is usually perpetrated by one of its inhabit
ants. For this reason, most major metropolitan areas will develop an allele
frequency database from a random sample of its own population. Even
without this data, however, a city can still derive a fairly good estimate of
frequencies for the genotypes within its boundaries. This can be done using
census data. For example, the proportion of Caucasians within the city’s
census area can be multiplied by a national database genotype frequency to
give a weighted average for that population group. The weighted averages
for each population group are then added to give an overall estimate of the
frequency of a particular genotype within the census area.
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Problem 13.10 A blood spot is typed for a single STR (short tandem
repeat) locus. It is found that the DNA contains five repeats and six
repeats (designated 5, 6; read ‘five comma six’) for this particular STR. The
FBI database shows that this heterozygous genotype has a frequency of
0.003 in Caucasians, 0.002 in African Americans, and 0.014 in Hispanic
populations. The city in which this evidence is collected and typed has
a population profile of 60% Caucasians, 30% African Americans, and
10% Hispanic. What is the overall weighted average frequency for this
genotype?

Solution 13.10
Each genotype frequency will be multiplied by the fraction of the population made up by each ethnic group. These values are then added together
to give the weighted average. The calculation is as follows:
weighted average  (0.60  0.003)  (0.30  0.002)  (0.10  0.014 )
 0.0018  0.0006  0.0014  0.0038
Therefore, the weighted average genotype frequency for a 5, 6 STR type
for the city’s population is 0.0038. This can be converted to a ‘1 in’ number
by dividing 1 by 0.0038:
1
 263
0.0038
Therefore, 1 in approximately 263 randomly chosen individuals in the city
would be expected to have the 5, 6 STR genotype.

13.7 The multiplication rule
The more loci used for DNA typing, the better the typing is able to distin
guish between individuals. Most DNAs are typed for multiple markers and
then the genotype frequencies are multiplied together to give the frequency
of the entire profile. This is called the Multiplication Rule. For its use to
be valid, the loci must be in linkage equilibrium. That is, the markers are
on different chromosomes or far enough apart on the same chromosome
that they segregate independently; they are not linked.
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Problem 13.11 A DNA is typed for five different, unlinked loci. The
following genotype frequencies for each locus are determined. What is
the genotype frequency for the entire profile?
Locus

Genotype frequency

1
2
3
4
5

0.021
0.003
0.014
0.001
0.052

Solution 13.11
To determine the genotype frequency for the complete profile, the genotype frequencies are multiplied together:
Overall frequency  0.021 0.003  0.014  0.001 0.052  4.6  1011
Therefore, the genotype frequency for the entire profile is 4.6  1011.
This can be converted to a ‘1 in’ number by dividing 1 by 4. 6  1011:
1
 2.2  1010
4.6  1011
Therefore, from a randomly sampled population, 1 in 2.2  1010 individuals might be expected to have this particular genotype combination.

13.8 The paternity index (PI)
The Paternity Index (PI) describes the probability of paternity. It is calcu
lated as
PI 

X
Y

where X is the probability that the alleged father is, in fact, the father and Y is
the probability that any randomly selected man of the same race is the father.
The PI calculation depends on the pattern of inheritance – which alleles were
contributed by the mother and which by the alleged father (Table 13.2).
The PI can be interpreted to mean that there is a one chance in the PI value
that a random, unrelated man of the same race is the biological father.
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Table 13.2 The genotypes of the mother, child, and alleged father
and the numerator (X) and denominator (Y) values for the calculation
of the paternity index (PI) (PI  X/Y). A, B, C, and D are the possible
alleles and p denotes probability (allele frequency). For example, pA
denotes the frequency for the A allele within the population data for
the race of the alleged father.
Genotypes
Mother

Child

Numerator

Denominator

Alleged
father

AA

AA

AA

1

pA

AA

AA

AB

1/2

pA

AA

AA

BC

0

pA

AB

AA

AA

1/2

pA/2

AB

AA

AB

1/4

pA/2

AB

AA

AC

1/4

pA/2

AB

AA

BC

0

pA/2

AA

AB

AB

1/4

pB/2

AA

AB

BB

1

pB

AA

AB

BC

1/2

pB

AA

AB

CD

0

PA

AB

AB

AA

1/2

(pA  pB)/2

AB

AB

AB

1/2

(pA  pB)/2

AB

AB

BC

1/4

(pA  pB)/2

AB

AB

AC

1/4

(pA  pB)/2

AB

AC

AC

1/2

pC

AB

AC

CD

1/4

pC/2

AB

AC

BC

1/4

pC/2

AB

BC

CC

1/2

pC/2

AB

BB

AB

1/4

pB/2

AB

BC

BC

1/2

pC

AB

BC

CD

1/4

pC/2

AB

AB

CD

0

(pA  pB)/2

AC

AB

BB

1/2

pB/2

AC

AB

BD

1/4

pB/2

AC
AC

AB
AB

BC
CD

1/4
0

pB/2
pB/2
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Problem 13.12 The locus D1S80 is being used to do a quick test
for paternity. D1S80 is a VNTR that, within the human population, can
carry anywhere from 14 to 41 copies of a 16 bp DNA sequence. The
mother carries 18 and 21 repeats, the child carries 18 and 31 repeats,
and the alleged father, an African American, carries the 24 and 31 repeat
alleles. Within the African American population, 24 repeats has an allele
frequency of 0.234 and 31 repeats has an allele frequency of 0.054
(Budowle et al., 1995). What is the PI?

Solution 13.12
We first identify the pattern of allele distribution:
Individual

Mother

Child

Alleged father

D1S80 Alleles
Allele Pattern

18,21
AB

18,31
AC

24,31
CD

Table 13.2 shows that, for this pattern of inheritance, ¼ should be used
as the numerator and pC/2 as the denominator. The frequency for the 31repeat allele is 0.054. The PI is calculated as

PI 


1/ 4
pC / 2
0.25
0.25

 9.259
0.054 / 2
0.027

Therefore, the PI for this example is 9.259 and we can say that there is a
one chance in 9.259 that a random, unrelated man of the same race is the
biological father.

13.8.1 Calculating the paternity index (PI)
when the mother’s genotype is not
available
A PI can still be calculated if the mother’s genotype is not known. The
pattern of inheritance and the corresponding PI calculation are shown in
Table 13.3.
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Table 13.3 Calculation of the paternity index (PI) when the mother’s
genotype is unavailable.
Child’s genotype

Alleged father’s
genotype

Paternity index
calculation

AA
AA

AA
AB

1/pA
1/2pA

AB
AB
AB

AB
BB
BC

(pA  pB)/4(pA  pB)
1/2pB
1/4pB

Problem 13.13 A Caucasian woman has been raised as an orphan. Her
mother died giving birth to her and she never knew her father. Through
some detective work, she has tracked down and made contact with a
Caucasian man she suspects of being her biological father. He agrees to a
quick genetic test that would exclude him as her father. D1S80 alleles are
amplified. She has a genotype of 22,32 (22 repeats and 32 repeats). The
alleged father has a genotype of 20,32. These alleles have the following
frequency in the Caucasian population (Budowle et al., 1995). What is the PI?
Allele

Allele frequency

20
22
32

0.018
0.038
0.006

Solution 13.13
Since the woman and the alleged father share an allele, he cannot be
excluded as the biological father. The allele pattern is as follows (Note:
B is the 32 repeat allele and C is the 20 repeat allele):
Individual

Child’s genotype

Alleged father’s genotype

Genotype
Allele Pattern

22,32
AB

20,32
BC

For this pattern of allele inheritance and from Table 13.3, we should use
the following PI calculation:
PI  1/ 4 pB
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Placing the frequency of the 32-repeat allele into the calculation gives us
PI  1/4pB  1/ 4  0.006  1/ 0.024  41.67
Therefore, the PI is 41.67 and there is a one chance in 41.67 that a
Caucasian man chosen at random is the actual biological father.

13.8.2 The combined paternity index (CPI)
If multiple loci are used to determine paternity (and this is almost always
the case because it increases the discriminating power), then the product
of all the individual PI values for each locus is the combined paternity
index (CPI). It can be interpreted to mean that there is a one chance in the
CPI value that a random, unrelated man of the same race is the biological
father.
With the CPI, we can also determine a probability of paternity – the
probability that the alleged father is, in fact, the biological father. It is
calculated as
Probability of Paternity  (CPI/CPI  1)  100
The probability of paternity assumes that the prior probability in a pater
nity test is, without any testing, 0.50. In other words, there is a 50% chance
that any untested man is the father and a 50% chance that he is not the father.

Problem 13.14 Short tandem repeats are evaluated in a paternity case.
A total of nine loci give the following PI values. What is the CPI and what is
the probability of paternity?
STR Locus
D3S1358
vWA
FGA
D8S1179
D21S11
D18S51
D5S818
D13S317
D7S820

Paternity index
2.76
4.15
1.37
3.52
1.94
2.89
3.68
2.12
5.38
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Solution 13.14
The CPI is obtained by multiplying all the PI values together:
CPI  2.76  4.15  1.37  3.52  1.94  2.89  3.68  2.12  5.38
 12998
Therefore, the CPI is 12 998. The odds in favor of paternity are 12 998 to 1.
Or, there is a one chance in 12 998 that a randomly selected Caucasian is
the actual biological father.
The probability of paternity is
Probability of Paternity  (12998 / 12999 )100  99.9923%
Therefore, all else being equal, the probability of paternity is 99.9923%.

■

Chapter summary

The number of possible genotypes from n alleles is calculated as
number of genotypes 

n(n  1)
2

Genotype frequency is calculated as the number of individuals with a par
ticular genotype divided by the number of individuals sampled. Allele
frequency is calculated as the number of times an allele appears within
sampled homozygous and heterozygous individuals divided by twice the
number of individuals sampled.
The Hardy–Weinberg equation allows the conversion of allele frequencies
into genotype frequencies. A homozygous genotype frequency is calcu
lated as the square of the allele frequency. A heterozygous genotype fre
quency is calculated as two times the products of the two different alleles.
The chi-square test can be used to compare two datasets having observed
and expected values using the equation
χ2 

∑

(observed  expected )2
expected

The sample variance, the degree to which a dataset is spread out, is calcu
lated using the equation
s2 

∑ (O  E )2
n 1
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The sample standard deviation, the square root of the sample variance and
another way to look at data spread from expected values, is calculated as
the square root of the sample variance:
s

∑ (O  E )2
n 1

The power of inclusion (Pi) gives the probability of two people chosen
at random having the same genotype. It is calculated as the sum of the
squares of the expected genotype frequencies. The power of discrimination
(Pd) gives a measure of how likely it is that two individuals will have dif
ferent genotypes. It is calculated as 1 minus the Pi.
A weighted average for genotype frequencies is calculated to get an idea of
how frequent a particular genotype is given the race makeup of the location
in which the DNA evidence was collected. It is calculated as the product of
the genotype frequency (from the database) and the percent of a particular
race within the population under study.
The Multiplication Rule allows for the determination of an overall geno
type frequency by multiplying all the individual genotype frequencies
together.
Paternity testing is used to determine whether an alleged man is the biolo
gical father of a child. A PI, calculated in a way that accounts for the possi
ble contribution of alleles from the mother and alleged father, gives an idea
of the chance that the alleged father is, in fact, the biological father. The
combined PI is the product of all the individual PI values for each locus
tested. The probability of paternity is calculated as
Probability of Paternity  (CPI/CPI  1)  100
It is the probability that the alleged man is the biological father.
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More Problems
More problems – Chapter 1
1. How many significant digits are there in the following measurements?
a) 4 521 000 bp
b) 0.000 237 g
c) 3.40 Ångstroms
d) 0.0038 centimorgans
2. Round off your answers to the following problems.
a) 0.3778  37.4
b) 42.7  36.9825
c) 0.2339  4.7
382
d)
0.13
0.0003728
0.000297
3. Write the following numbers in scientific notation.
a) 48 360 000 000
b) 2
c) 0.000 003 5
d) 2834.7  105
e) 373  106
4. Write the following numbers in decimal form.
a) 7.63  105
b) 28.57  106
c) 31  100
d) 7.34  107
e) 583.6  108
5. Perform the following calculations and express your answers in
scientific notation.
a) 3  106  4  105
b) 3  105  2  104
c) 4  105  9  104
d) 3  105  4  104
e)

Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00021-8
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e)
f)
g)
h)

7  103  2  104
(4  105)  (3  103)
(3  103)  (3  102)
(6  103)  (3  104)

i)

4  103
2  102

j)

6  10 4
2  103

k)

8  107
2  105

l)

7  107
2  105

6. Write the following numbers using an appropriate metric prefix.
a) 2000 bases
b) 4.5  106 bp
c) 2000 milliseconds
d) 0.035 mL
e) 4  109 g

More problems – chapter 2
1. How do you prepare 750 mL of 0.5X gel running buffer from a 5X
stock solution?
2. How do you prepare 25 mL of a 0.4X solution of SDS from a 20X stock?
3. How do you prepare 50 mL of a 0.25X solution of Tris,
ethylenediaminetetraacetic acid (TE) buffer from a 100X stock?
4. How do you prepare 75 mL of 25% (w/v) sodium chloride?
5. How do you prepare 25 mL of 0.4% (w/v) cesium chloride?
6. How do you prepare 150 mL of 25% (v/v) glycerol?
7. If 30 g of NaCl are dissolved in water to a final volume of 400 mL,
what is the percent (w/v) concentration of NaCl in the solution?
8. If 20 mL of distilled water are added to 5 mL of 70% glycerol, what is
the concentration of the diluted glycerol solution?
9. What volume of 10% NaCl is required to bring 5 mL (initial volume)
of water to 0.25%?
10. What is the molecular weight of MgCl2? (The atomic weight of Mg is
24.305. Chlorine has an atomic weight of 35.453.)
11. What is the molecular weight of ribose sugar (C5H10O5)? (The atomic
weight of carbon is 12.01. Hydrogen has an atomic weight of 1.01
and oxygen has an atomic weight of 16.00.)

More problems – Chapter 3 e

12. How do you prepare 500 mL of 250 mM Tris base? (The molecular
weight of Tris base is 121.14 g/mole.)
13. How much water is contributed by calcium chloride dihydrate (CaCl2 •
2H2O; FW 147.02) when making 2000 mL of a 300 mM solution?
14. How much water is contributed by sodium citrate dihydrate (FW
294.10) when making 400 mL of a 2 M solution?
15. How can 2 L of 35 mM NaOH be prepared? (Sodium hydroxide has a
molecular weight of 40.)
16. How many moles of NaCl are present in 350 mL of a 2 M solution?
17. How many millimoles of NaCl are present in 75 mL of a 0.025 M
solution?
18. You have a 250 mM stock of Tris. What volume of this stock solution
should be added to water to prepare 500 mL of 7.5 mM Tris?
19. How do you prepare 1 mL of 25 mM Tris from a 500 mM stock?
20. Express 50 mM NaOH as a percent solution.
21. What is the molar concentration of a 15% glycerol solution?
(Glycerol has a molecular weight of 92.1.)
22. What is the molarity of a 2 N H2SO4 solution?
23. How do you prepare 500 mL of 2 N HCl from a 5 M stock?
24. What is the pH of a 0.02 N solution of HCl?
25. What is the H ion concentration of a 10 mM solution of HCl?
26. What is the pH of a 0.5 M solution of NaOH?
27. A solution of HCl has a pH of 2.8. What is the concentration of the
HCl solution?
28. How can you prepare 100 mL of 200 mM sodium phosphate buffer
(pH 7.6) from stocks of 500 mM monobasic sodium phosphate
(NaH2PO4) and 500 mM dibasic sodium phosphate (Na2HPO4)?

More problems – chapter 3
1. A culture of bacteria is diluted in the following manner:
0.1 mL 0.1 mL 0.5 mL


10 mL
10 mL
10 mL
and 0.1 mL is spread onto an agar plate. What is the dilution of cells
spread onto the plate?
2. Using no volume larger than 10 mL or smaller than 0.1 mL, how
can you dilute a bacterial culture such that you spread 0.1 mL of a
3  106 mL final dilution of cells? (Use the smallest number of
dilution tubes and take 0.1 mL from the original culture.)

e More problems

3. A 3  106 dilution of cells spread on an agar plate gives rise, after
overnight incubation, to 270 colonies. What is the concentration of
cells in the original culture?
4. A 2  105 dilution from a 50 mL culture yields 175 colonies when
spread on an agar plate. How many total cells are in the original culture?
5. A culture of E. coli has a concentration of 3.2  107 cells/mL. A
0.75 mL aliquot is withdrawn from the culture, the cells are pelleted
by centrifugation, and the pellet is resuspended in 1.5 mL of Luria
Broth (LB). What is the concentration of the resuspended cells?
6. A culture of E. coli has a concentration of 2.8  107 cells/mL. You
want 0.5 mL (final volume) of cells in LB at a concentration of
4.2  108 cells/mL. What do you do?
7. A culture of E. coli has a concentration of 7.8  108 cells/mL. How
would you dilute the culture such that 0.1 mL spread on an agar plate
will yield 250 colonies? (Use the smallest number of dilutions and no
volumes smaller than 0.1 mL or larger than 10 mL. Withdraw 0.1 mL
from the original culture for the dilution series.)
8. At 2 hr after inoculation (and during the exponential phase of growth),
a culture of E. coli has a concentration of 2.5  108 cells/mL. The
initial cell concentration of the culture was 3.0  107 cells/mL. What
is the culture’s K value?
9. What is the generation time of the cell culture described in Problem 8?
10. A culture of bacteria has a growth constant, K, of 0.0055/minute and
an initial concentration of 1.5  107 cells/mL. What is the culture’s
cell concentration at 1 hr, 20 min?
11. A bacterial cell culture is monitored for OD550 and cell concentration
and yields the following data:
Hours after
Inoculation

OD550

Cells/mL

0
1
2
3
4
5
6
7
8

0.005
0.017
0.060
0.209
0.724
1.148
1.660
2.400
3.802

1.0  107
3.4  107
1.2  108
4.2  108
1.4  109
2.3  109
3.3  109
4.8  109
7.6  109

a) What is the K value for this dataset?
b) What is the generation time for the cells in this culture?
c) What is the cell concentration one and a half hours after inoculation?
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d) Using Microsoft Excel, plot cell concentration vs. hours after
inoculation and, from the graph, determine the generation time.
(See Appendix A for help using the Excel graphing utility. You
should use an ‘XY (Scatter)’ chart type. The y axis should be
displayed in the logarithmic scale. To change the y axis, click on it
and choose ‘Scale: Logarithmic Scale’ and ‘Number: Scientific.’)
12. A bacterium’s rate of mutation to antibiotic resistance is to be
determined using the plate spreading technique. One-tenth mL
aliquots of bacterial culture having a concentration of 1  105 cells/mL
are spread onto 35 LB agar plates without antibiotic and onto 30
LB agar plates containing the selective antibiotic. Under the growth
conditions employed here, the bacterium has a generation time of
45 min. The 65 plates are incubated for 7 hr 30 min, after which time
an aerosol of antibiotic is sprayed onto 30 of the 35 plates not initially
containing antibiotic. These sprayed plates are allowed to incubate
for another 14 hr to allow for the appearance of antibiotic-resistant
colonies. Cells from the five untreated plates (of the original 35 LB
agar plates containing no antibiotic) are collected and assayed for the
total number of cells per plate. It is found that each plate of the five
contained 1  108 cells. The 30 plates initially containing antibiotic
gave rise to two antibiotic-resistant colonies. Following incubation of
the plates sprayed with the selective antibiotic, 20 antibiotic-resistant
colonies appear. What is the rate of mutation to antibiotic resistance?
13. A suspension of Chinese hamster ovary cells is diluted 50 L into
a total volume of 5 mL of culture media. A drop of this dilution is
placed on the grid of a hemocytometer. In a total of 20 squares, 250
cells are counted. What is the concentration of the cell suspension?

More problems – chapter 4
1. A 0.2 mL aliquot of a phage stock having a concentration of
6  108 phage/mL is added to 0.75 mL of cells having a concentration
of 1  108 cells/mL. What is the moi?
2. A phage stock having a concentration of 5  109 phage/mL is diluted
0.1 mL/10 mL and 0.1 mL of the dilution is added to 0.5 mL of cells
taken from a 0.2 mL/10 mL dilution of a bacterial culture having a
concentration of 2  108 cells/mL. What is the moi?
3. A 0.5 mL aliquot of an E. coli culture having a concentration of
5  107 cells/mL is placed into a sterile tube. What volume of
bacteriophage stock having a concentration of 4  108 phage/mL
should be added to the aliquot of cells to give an moi of 0.7?
4. A culture of E. coli is infected with phage at an moi of 0.5. What
percentage of the cells will be infected by four phage?
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5. A 0.2 mL aliquot of an E. coli culture having a concentration of
2  108 cells/mL is infected with a 0.1 mL aliquot of a phage stock
having a bacteriophage concentration of 1.2  108 phage/mL. How
many cells will be infected by three phage?
6. A culture of E. coli is infected by a lytic phage at an moi of 4. What is
the probability that any particular cell will not be initially infected?
7. In Problem 6, what ratio of cells will be uninfected?
8. A culture of bacteria is infected with phage at an moi of 0.3. Two
1000-cell aliquots of the infected culture are withdrawn. How many
phage-infected cells should be expected in each aliquot?
9. In a 200-cell aliquot from a culture infected at an moi of 0.03, what is
the probability that no cells in that aliquot will be infected?
10. In a 40-cell aliquot from a culture infected at an moi of 0.3, what is
the probability of finding 10 infected cells?
11. What is the probability that an aliquot of 40 cells taken from a culture
infected at an moi of 0.3 will have five or more infected cells?
12. In a 40-cell aliquot from a culture infected with phage at an moi of 0.3,
what is the probability of finding zero and one phage-infected cells?
13. If, in a culture of infected cells, 20% of the cells did not produce a
burst of phage, what was the moi?
14. A phage stock is diluted as follows:
0.1 mL 0.1 mL 0.1 mL 0.2 mL



10 mL
10 mL
10 mL
10 mL
A 0.1 mL aliquot of the final dilution is combined with an aliquot of
bacterial cells, plated with top agar, and incubated overnight. Eightyfive plaques appear on the plate after incubation. What is the titer of
the phage stock?
15. A phage stock has a concentration of 5.56  109 PFU/mL. How
can this phage stock be diluted such that a 0.1 mL aliquot of the last
dilution will give rise to 200 plaques when plated? (Use the smallest
number of dilutions. When diluting, use no volume greater than
10 mL or smaller than 0.1 mL. Take 0.1 mL from the original phage
stock for the first dilution.)
16. A sample of 4  108 cells is infected at an moi of 0.1 and the
infecting phage are allowed to adsorb for 15 min. Unadsorbed phage
are removed by dilution and centrifugation. Infective centers are
assayed by diluting an aliquot of the infected cells as follows:
0.1 mL 0.2 mL

 0.1 mL plated
10 mL
10 mL
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Following incubation of the plate, 120 plaques appear.
The infected cells are incubated for 90 min and assayed for phage titer
by diluting as follows:
0.1 mL 0.1 mL 0.1 mL


 0.1 mL plated
10 mL
10 mL
10 mL
Thirty plaques appear on the plate after overnight incubation. What is
the burst size?

More problems – chapter 5
1. You dilute 15 L from a 350 L DNA prep into 985 L of water and
measure its absorbance in a UV spectrophotometer. It gives an A260
reading of 0.236 and an A280 reading of 0.127.
a) What is the DNA concentration of the DNA prep?
b) How much total DNA is isolated?
c) What is the 260/280 ratio?
2. A plasmid DNA prep diluted 20 L into a final volume of 1 mL gives
an A260 reading of 0.354. Using Beer’s Law, calculate the sample’s
DNA concentration in g/mL.
3. A DNA sample has an absorbance at 260 nm of 0.182. What is the
concentration of the sample expressed as a millimolar amount?
4. A solution of DNA has a concentration of 0.022 mM. What is its
concentration in pmoles/L?
5. A DNA prep diluted 20 L into water to a final volume of 1000 L has
an absorbance at 260 nm of 0.124. What is the concentration of the
DNA prep in pmoles/L?
6. A standard curve is generated using PicoGreen. The DNA
concentrations of the standard and their measured fluorescence are
given in the table below.
DNA standards
(g/mL)

Fluorescent
units

0
1
2.5
5
10
15
20
25

0
2485
5125
9850
19 920
28 034
38 108
48 022
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7.

8.
9.

10.

11.

12.

An unknown sample gives a fluorescence reading of 22 842. What is
the sample’s concentration in g/mL?
A DNA prep of the bacteriophage M13 diluted 15 L into a final
volume of 1000 L gives an A260 of 0.156. What is the concentration
of the M13 DNA prep?
A DNA prep of a recombinant derivative of phage M13 has a
concentration of 848 g/mL. What is its concentration in pmol/L?
A sample of phage M13 DNA diluted 50 L into 1000 L gives an
absorbance at 260 nm of 0.112. What is the concentration of the M13
DNA prep in M?
A 20 L aliquot from a 2 mL stock of an oligonucleotide is diluted
with water to a total volume of 1 mL. The diluted sample gives an
absorbance of 0.184 at 260 nm. How many OD units of oligonucleotide
are in the stock solution?
An oligonucleotide stock is diluted 10 L into 1000 L. The dilution
gives an A260 reading of 0.124. What is the concentration of the oligo
stock in ng/L?
An oligonucleotide has the following sequence:
ACCGATATCGCGGATCGCGCA

13.

14.

15.

16.

17.

A 30 L aliquot of a stock solution of this oligonucleotide is diluted
with water into a final volume of 1 mL. The diluted sample gives an
A260 of 0.173. Use the extinction coefficients of the oligo’s bases to
calculate the concentration of the stock solution in pmol/L.
An oligo stock has a concentration of 50 pmol/L. You want to use
an aliquot of this stock as a primer in a PCR such that, in a 50 L
reaction, it has a concentration of 2 M. How much of the oligo stock
do you pipette into the 50 L PCR to obtain the desired concentration?
Twenty L of an RNA stock is diluted with water to a final volume
of 1 mL. The diluted sample yields an absorbance of 0.202 at 260 nm.
What is the concentration of the RNA stock in g/mL?
The genome of a strain of E. coli is 4 639 221 bp in length. Assuming
one genome per cell, how many E. coli cells are required to yield
0.5 ng of DNA at 100% recovery?
How many g of DNA can be recovered from 8 mL of phage 
(48 502 bp/genome) having a titer of 4  1010 phage/mL and assuming
90% recovery?
The human genome is approximately 3 100 000 000 bps in length. How
many grams of the human genome will you find in 1 mole of human
genomes?
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18. If you weigh 154 pounds and assume that your body is made up of
100 trillion cells, what percent of your weight is made up of nuclear
DNA? (1 kg is equivalent to 2.2 lbs.)
19. Phage  is 48 502 bp in length. How many pmoles of  phage are
represented by 20 g of  DNA?
20. How many molecules of the  genome (48 502 bp in length) are
present in 50 g of  DNA?
21. How many g of a plasmid 4328 bp in length are present in 50 pmoles
of a DNA prep of that plasmid?
22. What is the molecular weight of a phosphorylated oligonucleotide
having the following sequence?
AGATGCATCGCATTAGGCA
23. Two hundred nanograms of  DNA cut with HindIII are used as a size
marker for agarose gel electrophoresis in which you are looking for
the presence of a 750 bp PCR product band. The PCR product band
on the gel you are running has the same intensity after staining with
ethidium bromide as the 2322 bp band of the  size marker. What is
the approximate amount of DNA in the PCR product band?

More problems – chapter 6
1. How many dpm will be released from 2 mCi of 32P?
2. If a liquid scintillation counter can detect 30% of the disintegration
events, how many cpm would be expected from 500 Ci of radioactive
material?
3. A 4280 bp plasmid is grown in E. coli to log phase in the presence of
[3H]-thymidine, at which point the DNA is isolated and fractionated
in an ethidium bromide–cesium chloride gradient. The plasmidcontaining fraction produces 42 500 cpm. The fraction corresponding
to the E. coli chromosome produces 398 000 cpm. The strain of E. coli
used in this study has a genome size 4 648 000 bp in length. What is
the copy number of the plasmid?
4. Five hundred ng of plasmid DNA is nick translated using 15 Ci
of [-32P]dATP in a 30 L reaction. A 1 L aliquot is withdrawn
and diluted with 49 L TE buffer. Ten L is spotted onto a filter
to determine total cpm. It generates 3.2  105 cpm in a liquid
scintillation counter. Another 10 L aliquot from the diluted sample is
TCA-precipitated and collected on a filter. It generates 2.3  105 cpm.
a) What is the percent incorporation?
b) What is the specific activity of the labeled product?
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5. Fifty Ci of [-32P]dCTP (specific activity 3000 Ci/mmol) is used
in a random-primer labeling protocol with 50 ng of denatured DNA
template in a 100 L reaction. Following the extension reaction, a
1 L aliquot is diluted into 49 L of TE. Ten L from this dilution is
spotted on a filter, dried, and counted as a measure of total activity in
the reaction. It yields 8.2  105 cpm. A second 10 L aliquot from the
diluted sample is spotted onto a filter and TCA-precipitated to detect
labeled nucleic acid. It yields 6.3  105 cpm.
a) What is the percent incorporation?
b) What is the theoretical yield of labeled DNA (in nanograms)?
c) What is the actual yield of labeled product?
d) What is the specific activity of the labeled product (in cpm/ng DNA)?
6. A terminal transferase reaction for 3-end labeling uses 140 g of a
500 bp DNA fragment in a 100 L reaction with 200 Ci of [-32P]
cordycepin-5-triphosphate (3000 Ci/mmol). Following 3-end addition,
1 L of the reaction is diluted into 99 L buffer. A 10 L aliquot of the
diluted sample is spotted on a filter and counted for total cpm. It generates
3.4  105 cpm. A second 10 L aliquot from the diluted reaction is TCAprecipitated to measure incorporated label. It yields 2.3  105 cpm.
a) What is the percent incorporation?
b) What is the specific activity of the labeled product?
7. In a cDNA synthesis experiment, 20 g of mRNA in a 110 L reaction
is combined with 4 mM each dNTP (final concentration) and the
reagents required for synthesis of the first strand. Ten L of the reaction
is transferred to a new microcentrifuge tube containing 1 L of
[-32P]dCTP (3000 Ci/mmol; 20 Ci/L). The reaction is allowed to
proceed for 30 min, after which time 1 L is diluted into 100 L of buffer
(final volume). Ten L of this dilution is spotted on a filter and measured
for total cpm. It yields 5.2  105 cpm. Another 10 L aliquot from the
diluted sample is TCA-precipitated onto a filter and counted. It yields
3.7  103 cpm.
a) How much cDNA is synthesized in this reaction?
b) What percent of the input mRNA is converted into cDNA?
c) How much of the synthesized cDNA will be available for second
strand synthesis?
d) How many nanomoles of dNTP are incorporated into cDNA in the
primary reaction?
8. The 100 L primary, first strand cDNA synthesis reaction described
in Problem 7 is diluted into a 210 L (final volume) second strand
cDNA synthesis reaction. Ten L is removed and placed into a new
tube containing 10 Ci [-32P]dCTP. This tracer reaction is allowed to
proceed for 1 hr, after which time 90 L of stop solution is added to the
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10 mL tracer reaction. The primary reaction is killed by heat treatment.
Five L of the diluted tracer reaction is spotted on a filter and is counted.
It generates 1.2  105 cpm. Another 5 L aliquot is TCA-precipitated to
measure label incorporation. This sample yields 800 cpm.
a) How many ng of second strand cDNA are synthesized?
b) What percentage of the first strand is converted into second strand
cDNA?
9. You cut 5 g of a 4276 bp plasmid at its single Hind III site. Two L
of a 500 M stock of dGTP is added to a 50 L reaction containing the
cut plasmid DNA and 2 Ci of 3H-dGTP (0.01 M final concentration)
as a reporter molecule. One L of the reaction is spotted on a filter
and counted for total cpm. It yields 6.5  104 cpm. Following the
terminal transferase reaction, 2.5 L is TCA-precipitated on a filter to
measure incorporation of dGTP. This filter yields 9260 cpm.
a) How many picomoles of 3 ends are available as substrate for
terminal transferase?
b) What is the M concentration of dGTP in the reaction?
c) How many picomoles of dGTP are spotted on the filter used to
measure total cpm?
d) What is the specific activity of the sample spotted for total cpm (in
cpm/pmol dGTP)?
e) How many picomoles of dGTP are incorporated into a
homopolymeric tail?
f) How many G residues are added to each 3 end?
10. An in vitro transcription experiment is performed in which 1 mCi of
[-35S]UTP (2000 Ci/mmol) is added to a 50 L reaction containing
2 mM each ATP, CTP, and GTP, RNA polymerase, and 2 g of DNA.
After the reaction is allowed to complete, 1 L is diluted into 99 L
TE and a 5 L aliquot of this dilution is spotted on a filter to determine
total cpm. This sample gives 6.2  107 cpm. Another 5 L aliquot of
the dilution is TCA-precipitated on a filter to determine the amount of
label incorporated into nucleic acid. This filter gives 1.2  107 cpm.
a) How much RNA is synthesized in this reaction? (Assume the
transcript carries an equal representation of all four nts.)
b) What is the specific activity of the RNA product?

More problems – chapter 7
1. Assuming 100% efficiency, how many micromoles of oligonucleotide
26 bases in length will be synthesized on 0.2 mol column?
2. Assuming 100% efficiency, how many micromoles of oligo 26 bases
in length will be synthesized from a 40 nmol column?
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3. A 26-mer is synthesized on a 40 nmol column. Assuming 100%
synthesis efficiency, what is the maximum theoretical yield of crude
oligo (in OD units)?
4. An 18-mer is synthesized on a 1 mol column. Assuming 100%
synthesis efficiency, what is the maximum theoretical yield of crude
oligo (in OD units)?
5. Assuming an optimized synthesis, what range of approximate yield
(in OD units) can be expected for an 18-mer on a 40 nmol column?
6. A 24-mer is synthesized on a 40 nmol column. Assay of the trityl
fraction at 498 nm for the first base addition gives a reading of 0.122.
The A498 trityl reading for the 24th base addition is 0.069. What is the
percent overall yield?
7. What is the stepwise yield for the synthesis described in Problem 6
above?
8. Assuming a 98% stepwise yield, what percent overall yield can be
expected for the synthesis of a 32-mer?
9. Assuming a stepwise yield of 97%, what percent overall yield can be
expected for the synthesis of a 32-mer?
10. A fourth nt addition trityl fraction from a 40 nmol synthesis is brought
to 5 mL with 0.1 M toluene sulfonic acid monohydrate in acetonitrile.
It yields a reading of 0.195 at 498 nm. How many micromoles of
nucleoside couple at that step?

More problems – chapter 8
1. You require 50 ng of human DNA for PCR amplification. The DNA
stock has a concentration of 333 g/mL.
a) What volume of the stock solution should be used for a 50 L
reaction?
b) Assume you are using a pipette that delivers from 0.5 to 10 L.
How would you dilute the stock solution such that you remove
2 L into dilution buffer and then, from the diluted sample, deliver
2 L into the PCR?
2. Assuming 100% reaction efficiency and starting with one template
molecule, how many molecules of PCR product will be generated
after 36 cycles of amplification?
3. Assuming 100% amplification efficiency and starting with 10 250
template DNA molecules, how many amplicons will be produced
after 32 cycles of PCR?
4. Seventy-five ng of an 800 bp amplicon is generated in a PCR.
Fifty ng of human DNA is used as template. What fold amplification
occurs?
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5. Five thousand copies of target DNA are amplified in a 95% efficient
PCR. How many cycles are required for the generation of 4  1012
copies?
6. A PCR carrying 5000 copies of starting target generates 5  1011
copies of amplicon after 28 cycles. What is the reaction’s efficiency?
7. A 540 bp PCR product having a 48% GC content is amplified
in a PCR containing 50 mM KCl and 2 mM MgCl2. What is the
amplicon’s Tm?
8. A 500 bp PCR product is found by denaturation kinetics to have a Tm
of 84°C in a solution of 20 mM NaCl, 5 mM MgCl2. What is its GC
content?
9. A primer stock containing both primers needed for a PCR
amplification reaction has a concentration of 20 M. What volume of
the primer stock should be added to a 20 L reaction to give a final
concentration of 1.5 M?
10. A 20 L PCR contains 0.5 M of forward primer 21 nts in length. How
many molecules of that primer are in the PCR?
11. A 50 L PCR containing 0.5 M primer generates a 700 bp product.
Assuming a 100% efficient reaction and that none of the other
reagents are limiting, how many g of product can be made?
12. One hundred ng of human genomic DNA in a 50 L PCR generates
5 g of an 800 bp product after 32 cycles. The reaction contains 1 M
primer.
a) What percentage of the primer is incorporated into PCR product?
b) How many cycles would be required to completely incorporate all
primer molecules into PCR product?
13. A PCR primer has the following sequence:
AGTACTCGGACACGATCAG
It is used at a concentration of 0.5 M in a PCR containing 40 mM
KCl and 2 mM MgCl2.
a) Using the equation Tm  2°C(A  T)  4°C (G  C), what is the
primer’s Tm?
b) What is the primer’s Tm using the following equation?


[SALT]
500
  0.41(%G  C) 
Tm  81.5  16.6 log 
1.0  0.7[SALT] 
L
c) What is the primer’s Tm using nearest-neighbor interactions?
14. How much of a 10 mM dNTP stock should be added to a 40 L PCR
(final volume) to give a concentration of 200 M each dNTP?
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15. A 20 L PCR using forward and reverse primers that are each 25 nts
in length generates a 500 bp product. The reaction contains 250 M
each dNTP.
a) Assuming the reaction is 100% efficient and that no other
components within the reaction are limiting, how much product
can be produced?
b) How many copies of the 500 bp product are generated?
16. A stock of Taq DNA polymerase has a concentration of 5 units/L.
How much of the stock should be added to a 50 L reaction such that
it contains 2.5 units?
17. A thermoresistant DNA polymerase from Pyrococcus has an error rate
of one misincorporation per 800 000 nts polymerized. A 95% efficient
PCR generates a 700 bp product. After 32 cycles of amplification,
what percent of the product will contain a misincorporated base?
18. Transcription of c-myc mRNA is being studied in heat-shocked cells.
Ten L of cell extract from treated cells is placed in each of six PCR
tubes. A competitor RNA having the same primer binding sites and an
equivalent amplification efficiency to that of the c-myc target is placed
into each of the six tubes at 0, 50, 100, 250, 500, and 1000 copies.
Reverse transcriptase is used to generate cDNA in each tube and then
the components needed for PCR amplification are added. The c-myc
PCR product is 400 bp in length. The product generated from the
competitor template is 380 bp in length. After 20 cycles, the products
are electrophoresed on an agarose gel. The gel is stained with dye and
a photograph of the gel is scanned for the number of pixels present in
each band. The following results are obtained. How many copies of
c-myc mRNA are present in each 10 L aliquot of cell extract from
the treated cells?

Reaction

1
2
3
4
5
6

Copies of
competitor
template

0
50
100
250
500
1000

Pixels
associated with
the gel band
of competitor
product
0
2820
6460
12 220
16 850
25 270

Pixels associated
with the gel
band of c-myc
target product
15 630
13 870
7650
4320
1490
410
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More problems – chapter 9
1. A TaqMan assay is optimized to yield an efficient reaction for
the amplification and detection of Gene A. Under the first set of
conditions, a CT value of 26.7 is obtained. Under a second set of
conditions using the same initial template amount, a CT value of 23.6
is obtained. What is the fold increase in the amount of amplified
target generated by the second set of conditions compared with that
generated by the first set of conditions?
2. How many copies of a diploid single-copy gene are present in the last
dilution tube (having a concentration of 0.023 ng/L) described in
Problem 9.2?
3. A plasmid carrying the tissue plasminogen activator (tPA) gene
is 4956 bp in length. How many pg of this recombinant molecule
represent one tPA gene?
4. What amount of the recombinant plasmid described in Problem 3 is
equivalent to 400 000 copies of the tPA gene?
5. You aliquot 5 L of the recombinant plasmid described in Problem 3
into a real-time PCR such that you deliver the 400 000 copies of the
tPA gene described in Problem 4. Your stock solution of recombinant
plasmid has a concentration of 5 g/L. Your dilutions should have
final volumes of 800 L. What dilutions can you make such that the
last one has the concentration you will need (contains 400 000 copies
of the tPA gene in a 5 L aliquot)?
6. A real-time PCR assay running four replicate samples yields CT
values shown below. What is the standard deviation for this dataset?
Replicate sample number

CT

1
2
3
4

32.84
32.68
32.76
33.04

7. Unknown DNA samples are going to be quantified by real-time PCR
using a standard curve. Dilutions of human DNA standard are prepared
and assayed for a single-copy gene. The results shown in the table
below are obtained. An unknown DNA sample yields a CT of 29.36.
Generate a standard curve of log DNA concentration (on the x axis)
vs. CT (on the y axis) and determine the unknown sample’s DNA
concentration from the equation for the standard curve’s regression
line. (See Appendix A for how to use Excel to plot the standard curve.)
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DNA concentration (ng/mL)
50
16.7
5.56
1.85
0.62
0.21
0.068
0.023

Average CT*
23.61
25.08
26.22
27.51
28.85
30.12
31.51
32.70

*These values represent the average of three replicates for each dilution.

8. A real-time PCR is 80% efficient. If you start with 500 molecules of
target, how many molecules of product will be generated after 40 cycles?
9. The regression line for a standard curve used for DNA quantification
has a slope of 3.483. What is the amplification efficiency of the
reactions used to generate the standard curve?
10. For a 90% efficient reaction used to generate a standard curve, how
many CT values should there be between two dilution samples having
concentrations of 1.85 ng/L and 16.7 ng/L?
11. You are going to test the effect that infection by a newly discovered
retrovirus has on the expression of the transcription factor GATA3 in
T lymphocytes. You will need a housekeeping gene as a reference the
expression of which will not be affected by growth of the virus. You
prepare 24 cell cultures of T lymphocytes. At time zero, you prepare total
RNA from six of those cultures. You then infect the cell cultures with
the retrovirus and at 1, 2, and 4 hr you isolate total RNA from six of the
cultures, convert the RNA to cDNA, and assay three samples from each
time point for GAPDH and three samples at each time point for RNaseP.
The results shown in the table below are obtained. Use one-way ANOVA
and the F statistic to determine which gene, GAPDH or RNaseP, is
least affected by viral infection and would, therefore, serve as a better
reference gene for this study. Determine a p value for each F statistic.
Sample

Gene
assay

Well
position

CT

Uninfected, t0

GAPDH

A1
B1
C1
D1
E1
F1

32.1
32.5
31.8
32.3
32.4
31.9

1 hour post infection

(Continued)
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Sample

Gene
assay

2 hours post infection

4 hours post infection

Uninfected, t0

RNaseP

1 hour post infection

2 hours post infection

4 hours post infection

Well
position

CT

G1
H1
A2
B2
C2
D2
E2
F2
G2
H2
A3
B3
C3
D3
E3
F3
G3
H3

32.3
32.2
32.6
32.5
32.4
32.3
28.7
28.9
29.1
27.8
27.6
27.9
26.3
26.1
26.5
25.4
25.8
25.5

12. Prior to performing an analysis of p53 gene expression in response to a
new drug designed to boost its expression in lung cells, the expression
of the housekeeping gene TOP1 will be assessed for its usefulness as a
reference (calibrator) gene. Since you will be using the CT method,
TOP1 must have an amplification efficiency similar to that of p53 under
the experimental conditions employed. Total RNA is isolated from
cultured lung cells, converted to dDNA, and amounts ranging from 2
down to 0.05 ng are assayed in triplicate for p53 and TOP1 by real-time
PCR. The results shown in the table below are obtained. Determine
whether or not these two genes have similar amplification efficiencies
under the experimental conditions used and whether or not TOP1
would make a good reference gene for the planned experiment.

Total input RNA (ng)
2.00
2.00
2.00
1.00

p53 CT values

TOP1 CT values

26.40
26.36
26.42
27.40

25.22
25.18
25.26
26.42
(Continued)
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Total input RNA (ng)
1.00
1.00
0.05
0.05
0.05
0.02
0.02
0.02
0.01
0.01
0.01
0.05
0.05
0.05

p53 CT values

TOP1 CT values

27.42
27.44
28.36
28.34
28.34
29.84
29.81
29.83
30.85
30.81
30.86
31.84
31.81
31.78

26.36
26.35
27.64
27.62
27.64
29.02
29.00
29.04
30.42
30.44
30.30
31.43
31.60
31.65

13. A study is performed to test the effect of elevated temperature on
the expression of the c-myc gene in the presence of a new drug. A
set of 10 samples are brought to 43°C and, after 1 hr of incubation at
this temperature, total RNA is extracted and converted to cDNA by
reverse transcriptase. As a control, another 10 samples are incubated
at 37°C. Total RNA is processed in the same way as the heat-treated
samples. Both sets of samples are grown in the presence of the new
drug. RNaseP is used as an endogenous reference. RNaseP and
c-myc are assayed for in separate wells. The results shown in the
table below are obtained. Using the 2CT method, determine
the relative fold change in the expression of c-myc in the elevated
temperature samples. (Calculate the margins of error at a 99%
confidence level.)
Treatment

Well

37°C

A1
B1
C1
D1
E1
C2
D2
E2
F2
G2

43°C

c-myc CT
27.4
28.1
27.6
27.8
27.7
32.3
32.5
32.4
32.7
32.6

Well
F1
G1
H1
A2
B2
H2
A3
B3
C3
D3

RNaseP CT
26.4
26.7
26.2
26.5
26.2
25.9
26.1
26.5
26.0
26.6
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14. You are measuring the expression of c-myc in heart and brain cells.
RNaseP serves as the reference gene and heart cells serve as the
calibrator. cDNA is prepared from total RNA isolated from both
cell types. Four replicate wells for each cell type are assayed using a
blue dye-labeled probe for c-myc and a green dye-labeled probe for
RNaseP. The results shown in the table below are obtained. Calculate
the fold change in gene expression of c-myc in brain cells compared
to its expression in heart cells using the 2CT method. (Calculate
the margin of error using a 99% confidence level.)
Cell type

Well

c-myc CT

RNaseP CT

Heart

A1
B1
C1
D1
E1
F1
G1
H1

32.8
32.4
32.6
32.7
24.5
24.4
24.6
24.2

28.4
28.6
28.3
28.2
28.5
28.7
28.1
28.4

Brain

15. The response of the TNF- gene to a new drug is assayed in tissue culture.
RNaseP expression serves as an endogenous control. Samples are taken at
0, 2, and 4 hr post drug exposure, at which time total RNA is converted to
cDNA by reverse transcriptase. TNF- is assayed by real-time PCR using
a blue dye-labeled probe. RNaseP is assayed using a green dye-labeled
probe. The results shown in the table below are obtained. Using the zero
time as the calibrator and the 2CT method, determine the fold change
in expression of the TNF- gene normalized to RNaseP expression and
relative to time zero for 2 and 4 hr post drug exposure. Determine the
standard deviation and the cv for the three time points.
Sample

Well

1
2
3
4
5
6
7
8
9
10
11
12

A1
B1
C1
D1
E1
F1
G1
H1
A2
B2
C2
D2

Time (hrs)
0
0
0
0
2
2
2
2
4
4
4
4

TNF-a CT
23.2
23.6
23.3
23.4
25.6
25.4
25.5
25.4
34.6
34.8
34.7
34.6

RNaseP CT
28.2
28.0
28.4
28.1
28.3
28.2
28.3
28.5
28.3
28.1
28.2
28.4
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16. You are going to determine the relative expression of c-myc in three
different tissue types: adipose, lung, and muscle. RNaseP will be
used as a reference. RNA (from a commercial source) is converted to
cDNA, serially diluted, and c-myc and RNaseP are assayed separately
in two different optical microtiter plates for the generation of standard
curves for each gene. One nanogram samples of total RNA from the
three tissue types are converted to cDNA by reverse transcriptase
and aliquots are dispensed into the same plates used to generate the
standard curves. One plate is assayed for c-myc and the other for
RNaseP by real-time PCR. These samples are assayed in triplicate.
Wells A1 through F2 in each plate hold the diluted RNAs to generate
the standard curves for each gene. Wells G2 through G3 hold the
cDNAs from the three different tissue types. The results shown in the
table below are obtained. Using the Relative Standard Curve method,
determine the relative levels of c-myc transcript in adipose, lung, and
muscle cells. What are the levels of c-myc gene transcript relative to
its amount in adipose? Be sure to calculate the standard deviations for
each normalized fold change in the amount of c-myc.
ng RNA*

Well plate
1 (c-myc
assays)

2
2
1
1
0.5
0.5
0.2
0.2
0.1
0.1
0.05
0.05
0.025
0.025
1 ng cDNA in Adipose
1 ng cDNA in Adipose
1 ng cDNA in Adipose
1 ng cDNA in Lung
1 ng cDNA in Lung
1 ng cDNA in Lung

A1
B1
C1
D1
E1
F1
G1
H1
A2
B2
C2
D2
E2
F2
G2
H2
A3
B3
C3
D3

c-myc CT

25.5
25.6
26.5
26.6
27.6
27.7
28.8
29.2
29.8
30.1
31.0
31.2
31.9
32.2
26.2
26.0
26.3
23.1
23.3
23.5

Well plate
2 (RNaseP
assays)
A1
B1
C1
D1
E1
F1
G1
H1
A2
B2
C2
D2
E2
F2
G2
H2
A3
B3
C3
D3

RNaseP
CT
23.3
23.5
24.4
24.5
25.5
25.7
26.9
27.0
28.0
27.8
28.9
29.1
29.8
29.9
29.5
29.3
29.1
29.5
29.4
29.4
(Continued)
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ng RNA*

Well plate
1 (c-myc
assays

1 ng cDNA in Muscle
1 ng cDNA in Muscle
1 ng cDNA in Muscle

E3
F3
G3

c-myc CT

29.4
29.5
29.3

Well plate
2 (RNaseP
assays)
E3
F3
G3

RNaseP
CT
29.3
29.6
29.5

*The author is aware that each dilution for the standard curve should be assayed at least in
triplicate. For reasons of space, however, only two samples of each dilution are recorded here.

17. You are examining the level of expression of the tPA gene relative to
that of RNaseP (your reference gene for this experiment) in muscle cells
grown in an experimental medium. Total RNA is isolated from cultured
muscle cells and converted to cDNA by reverse transcription. The tPA and
RNaseP genes are assayed simultaneously by real-time PCR using their
own primers and dye-labeled probes in each of four wells of an optical
microtiter plate. The results shown in the table below are obtained.
Well
A1
B1
C1
D1

tPA CT

RNaseP CT

29.3
29.4
29.2
29.3

26.2
26.0
25.9
25.8

The amplification curves for each gene in all four wells are superimposable. The figure below shows the amplification curve for well A1.
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Using the reaction kinetics approach of Liu and Saint (2002, p. X),
determine the relative expression of tPA compared to RNaseP (see
pages 294–296).
18. The expression of two genes, TNF- (the target) and RNaseP (the
reference), is being studied in white blood cells in culture in a new
type of growth medium. Total RNA is isolated and converted to
cDNA, and the two genes are assayed simultaneously in the same
well using their own unique sets of primers and probes. At a threshold
set at 1.34 Rn, TNF- has a CT value of 30.5 and RNaseP has a CT
value of 26.2 (see the figure below).

Use the R0 method to determine the fold difference in the relative levels of expression of these two genes.
19. The experiment described in Problem 18 is repeated but this time
standard curves for TNF- and RNaseP are generated using a
commercial source of human DNA. The regression line’s equation
for the TNF- standard curve is y  3.34x  24.63. The regression
line’s equation for the RNaseP standard curve is y  3.42x  26.28.
Setting the threshold line at 1.34 Rn for the amplification curve of a
well in which both TNF- and RNaseP are assayed simultaneously
yields a CT value of 31.2 for TNF- and 27.7 for RNaseP. Using the
R0 method incorporating amplification efficiencies, determine the fold
difference in the amounts of cDNA for the two genes.
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20. The effect of viral infection on the expression of the IL-12 gene in lung
cells cultured in an experimental broth is being studied. The expression
of -actin serves as a reference. Samples of RNA prior to infection
(time t0) are converted to cDNA and dispensed into wells of a microtiter
plate. Virus is allowed to infect the cultured lung cells and, 3 hr later
(t3 hours), total RNA is extracted and converted to cDNA. The cDNA
samples, IL-12 and -actin prior to and 3 hr post infection, are assayed
simultaneously in the same wells using their own unique primers and
probes. The amplification profiles from two wells, one representing t0
and another representing t3 hours are shown in the figure below.
From a standard curve, IL-12 is determined to amplify with an efficiency of 1.95. From a second standard curve, -actin is determined
to amplify with an efficiency of 1.98. Averaging several parallel wells
yields the results shown in the table below.
Gene

Experimental condition

Average CT

IL-12
IL-12
-actin
-actin

Prior to viral infection (t0)
3 hours post infection (t3 hours)
Prior to viral infection (t0)
3 hours post infection (t3 hours)

26.18
33.15
30.45
30.47
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Use the Pfaffl Model to determine the effect of viral infection on the
expression of the IL-12 gene.

More problems – chapter 10
1. You have purified the DNA of a plasmid cloning vector that you will
cut with the restriction endonuclease EcoR I. The plasmid prep has a
concentration of 320 g/mL. The EcoR I enzyme has a concentration
of 2000 units/mL. You want to cut 2 g of plasmid DNA with 3.5 units
of EcoR I in a 50 L reaction. What volumes of plasmid and EcoR I
should be used?
2. How frequently would you expect to find the Mbo I cutting site GATC
in a random sequence of DNA?
3. Two g of a 450 bp fragment contains how many picomoles of ends?
4. The bacteriophage , a linear, dsDNA molecule (when the cohesive
termini are not base-paired) has seven recognition sites for the Hind III
restriction enzyme. The  genome is 48 502 bp in length. If 2 g of  DNA
are cut with Hind III, how many picomoles of ends will be generated?
5. Six g of a circular cosmid 45 000 bp in length is cut at eight sites with
the restriction enzyme Pst I. How many picomoles of ends are generated?
6. You have isolated BamHI fragments from a digest of Bos taurus
DNA. The purified fragments have an average size of 15 000 bp and a
concentration of 500 g/mL. You are going to ligate these fragments into
the EMBL3 cloning vector in a 100 L reaction. The EMBL3 arms
are at a concentration of 750 g/mL. What volume of BamHI fragments
and what volume of EMBL3 vector arms should be placed in the
ligation reaction to give a molar ratio of 2 : 1 annealed arms to insert?
7. How much EMBL3 vector should be cut to generate the amount of
arms needed in Problem 6?
8. The 100 L ligation reaction described in Problem 6 is added to 300 L
of packaging extract. Following incubation, 5 L is withdrawn and
diluted to 500 L with dilution buffer. That diluted sample is further
diluted 10 L into 10 mL and 10 L of that dilution is plated with
log phage E. coli cells. Following incubation overnight at 37°C, 270
plaques are formed. What is the packaging efficiency?
9. A 3 682 bp plasmid is cut at its single Hind III site. The digested
plasmid has a concentration of 200 g/mL. A 6 976 bp DNA fragment is
to be ligated with the cut plasmid in a final volume of 100 L. The DNA
fragment has a concentration of 500 g/mL. What volumes of plasmid
and fragment should be combined for an optimal yield of recombinants?
(In this reaction, i should be three-fold greater than the j vector.)
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10. A 100 L ligation reaction contains 250 ng of cloning vector carrying
the gene for kanamycin resistance. Two L of the ligation reaction is
added to 100 L of competent cells. Following heat shock, 898 L of
Luria broth is added and the culture is incubated for 60 min prior to
plating 25 L onto a kanamycin plate. After overnight incubation, 315
colonies appear on the plate. What is the transformation efficiency (in
transformants per g DNA)?
11. A cosmid vector is used to clone fragments of the rice genome
(3.9  108 bp). You would like to isolate the SNORKEL2 gene in a
library of 45 000 bp fragments. How many independent clones must
be examined to have a 99% chance of isolating the desired gene?
12. A cDNA library representing 300 000 mRNA molecules is prepared
from lung cells. A particular gene has a concentration of 25
transcripts per cell. How many clones must be screened to have a 99%
chance of finding at least one recombinant containing that gene?
13. A Vibrio cholerae gene involved in its virulence spans 1700 bp.
Sheared fragments from the bacterium are cloned into an expression
vector. What proportion of recombinants will carry the virulence gene
in phase with the vector’s protein coding sequence? (Vibrio cholerae
has a genome size of 4 Megabases (Mb).)
14. A probe has the following sequence:
CTAATCGCATCCGATCGATTCATGAGAT

15.

16.

17.

18.

If the probe is used to detect a pseudogene in a recombinant clone by
hybridization in 1X SSC (0.15 M NaCl, 0.015 M Na3Citrate) and 24%
formamide, what temperature should be used for the reaction? (The
probe carries two mismatched bases with the pseudogene.)
A denatured PCR fragment 340 bp in length will be used as a probe
to identify a recombinant clone by hybridization in 1X SSC and 40%
formamide. The PCR fragment has a G/C content of 58%. At what
temperature should the hybridization be performed?
An oligonucleotide probe 10 nt in length is to be used to identify a
recombinant clone from a library of a bacterium having a genome
size of 4 Mb. To how many positions might this probe be expected to
anneal?
What length of oligonucleotide would be expected to hybridize to the
human genome at five sites by chance? Assume the human genome
has a complexity of 1.8  109 bp.
An oligonucleotide probe to be used for hybridization to a colony
filter of recombinant clones is 25 nt in length and is a perfect match
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to the gene it is designed to target. Hybridization will be conducted
in 0.5 M NaCl at an appropriate temperature. In the hybridization
solution, the oligo has a concentration of 50 ng/mL. When will
hybridization be half complete? (Assume that, in practice, the reaction
will be half complete in a length of time that is four times that of its
calculated value.)
19. A gene is being identified from a recombinant library by
hybridization to a mixed probe designed from a segment of the gene’s
protein having the amino acid sequence
GluAsnCysPheIleTrpTyrHis

800 bp, 4.4 cm
750 bp, 4.55 cm
700 bp, 4.7 cm
650 bp, 4.9 cm
600 bp, 5.1 cm
550 bp, 5.3 cm
500 bp, 5.53 cm
450 bp, 5.75 cm
400 bp, 6.03 cm
350 bp, 6.4 cm

Hybridization of the recombinant library to 50 ng/mL of probe will be
performed in 0.5 M sodium chloride at a temperature several degrees
below the mixed probe’s Tm. When will hybridization be half complete? (Assume actual hybridization takes four times longer than the
calculated t1/2.)
20. 250 ng of a 2500 bp nick-translated, dsDNA probe in 20 mL of
aqueous hybridization buffer will be used to hybridize to a filter
prepared by colony transfer. Hybridization will be performed at 68°C.
When will the hybridization reaction be half complete?
21. Two PCR products to be cloned into a plasmid vector
have been combined and run on a polyacrylamide gel
to assess their integrity and to make sure they are of
the correct size. A 50 bp ladder is run in an adjacent
lane (see figure on left). The bands of the 50 bp
ladder are marked and their migration distances from
the well are noted. One PCR product (band 1)
migrates 5.9 cm from the well. The other CR product
(band 2) migrates 5.45 cm from the well. Use
Microsoft Excel to determine the equation for the
line of best fit for the 50 bp ladder plot (log bp vs. cm
from well) and use that equation to calculate the bp
sizes of band 1 and band 2.
22. You will use BAL 31 to create a 6000 bp deletion
(3000 bp taken from each termini) from within a
43 500 bp cosmid clone. Ten g of cosmid is cut once
Band 2, 5.45 cm
within the center of the DNA segment to be deleted. In
Band 1, 5.9 cm
a 100 L reaction, you add 0.5 units of BAL 31. How
many minutes should the reaction be allowed to proceed
before adding EGTA to stop it? (See figure below.)
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More problems – chapter 11
1. A DNA fragment has the following sequence:
5-ATGTATCTAGCCTTCATTAATGACAAGGAGCTGCCC-3

2.

3.

4.

5.

6.

7.

8.

9.
10.

What is the molecular weight of the polypeptide encoded by this DNA
sequence?
A solution of protein is diluted 0.1 mL into 1 mL (final volume)
and 0.1 mL of this dilution is placed into 900 L of water in a 1 cm
light path cuvette. It gives a reading at 280 nm of 0.42. Assuming a
1 mg/mL solution of protein has an absorbance of 1.0, what is the
concentration of protein in the undiluted sample?
Bovine serum albumin has an absorbance coefficient (A1%) of 6.61
at 280 nm. A solution of BSA gives a reading at 280 nm of 0.23 in a
1 cm-wide cuvette. What is its percent concentration?
A BSA protein standard has a concentration of 5 mg/mL. Assuming
an absorbance coefficient (A1%) of 6.61, what should be its
absorbance (A) at 280 nm in a cuvette having a width of 1 cm?
Bovine serum albumin has a molar extinction coefficient of
approximately 43 600 M1 cm1. A solution of BSA in a 1 cmwide cuvette gives a reading at 280 nm of 1.07. What is its molar
concentration?
A protein you are studying has a molecular weight of 65 000 on an
SDS PAGE gel. You make a 1% solution of the purified protein and,
in a 1 cm light path at 280 nm, it gives a reading of 19.2. What is its
molar extinction coefficient?
Bovine serum albumin has a molar extinction coefficient of
approximately 43 600 M1 cm1. A 1% solution of BSA in a
1 cm light path gives an absorbance of 6.61 at 280 nm. What is its
molecular weight?
A protein solution is diluted 50 L into a final volume of 0.1 mL
and read at 205 and 280 nm in a cuvette having a 1 cm width. The
following results are obtained:
A205 nm  0.472
A280 nm  0.056
What is the protein’s molar extinction coefficient at 280 nm?
A protein contains 7 tryptophan, 5 tyrosine, and 2 cystine residues.
What is its predicted molar extinction coefficient?
You prepare a dilution series of BSA as standards for a Bradford
protein assay. They give the following readings at 595 nm:

e28 More problems

11.
12.

13.

14.

15.

16.

17.

g of BSA in cuvette

A595 nm

0
5
10
20
30
40
50
60

0.05
0.12
0.26
0.48
0.65
0.88
1.07
1.26

A protein sample of unknown concentration gives an absorbance at
595 nm of 0.52 using the Bradford reagent. How many g of protein
are in that assay tube?
A protein with a molecular weight of 40 000 Da is in solution at a
concentration of 8  105 M. What is its concentration in mg/mL?
A protein with a molecular weight of 68 000 is in solution at
a concentration of 10 mg/mL. What is the solution’s molarity
concentration?
A crude extract of protein gives a reading at 260 nm of 0.035 and at
280 nm of 0.85. What is the approximate concentration of protein (in
mg/mL) in the crude extract?
A stock of purified protein is diluted 10 L into a final volume of
0.5 mL. This sample, at 205 nm, gives a reading of 0.066. What is the
protein concentration of the protein stock in mg/mL?
A crude extract of protein is diluted 10 L into a final volume of 1 mL.
At 205 nm, a reading of 0.527 is obtained. At 280 nm, the solution
reads an absorbance of 0.045. What is the protein concentration in the
extract in mg/mL?
You want to assay for baseline -galactosidase activity in a strain
of E. coli. A 1 mL aliquot of a culture in log phase has an OD600 of
0.25. A 0.1 mL aliquot of the culture is added to Z buffer, toluene,
and ONPG. After 45 min, the reaction is stopped by the addition of
sodium carbonate. Readings of 0.43 and 0.03 are obtained at 420 and
550 nm, respectively. How many units of -galactosidase are present
in the 0.1 mL aliquot?
One mL of cells described in Problem 16 is lysed and its absorbance
is measured at 260 and 280 nm, with the following results:
260 nm  0.052
280 nm  0.422
What is the specific activity of the -galactosidase assayed in
Problem 16?
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18. Twenty L of a cell extract is added to 2 mL of -galactosidase assay
reagent and the absorbance at 410 nm is monitored over a period of
20 min, at which time an absorbance of 0.56 is obtained. What is the
-galactosidase activity of the sample in micromoles per minute?
19. If the 20 L aliquot in Problem 18 contains 50 g of protein, what is
its specific activity?
20. Thin layer chromatography is used to characterize a protein. When
the run is stopped, the solvent front travels 9.5 cm. The protein travels
7.4 cm. What is its Rf value?
21. Gel filtration chromatography is used to estimate the molecular weight
of an unknown protein. Calibration of the column to be used reveals a
void volume (V0) of 32 mL and a total volume (Vt) of 72 mL. Protein
standards are run through the column with the following results:
Protein standard
Standard 1
Standard 2
Standard 3
Standard 4
Standard 5
Standard 6
Standard 7
Standard 8
Standard 9
Standard 10
Standard 11

Molecular weight
10 200
15 400
18 600
27 400
32 800
48 200
76 000
110 000
142 300
180 000
220 000

Elution volume (Ve) in mL
65
60
59
58
56
51
49
44
42
40
38

An unknown protein run through the column has an elution volume of
53 mL. What is its approximate molecular weight?
22. CAT is being used in an experiment as a reporter gene to test a
heat-shock promoter in transfected cells. The acetylated form of
chloramphenicol from a TLC plate gives off 2.3  104 cpm. The
unacetylated chloramphenicol spot gives off 4.7  105 cpm. What is
the CAT activity?
23. If the CAT assay described in Problem 20 contains 5 Ci of [14C]
chloramphenicol having a specific activity of 100 Ci/mmol and the
assay reaction is allowed to proceed for 40 min at 37°C, how many
CAT molecules are present in the extract?
24. A gene is transcribed and translated in a 200 L reaction containing
5 L of 10 mCi/mL [35S] Met having a specific activity of 5000 Ci/
mmol. After incubation at 37°C for 60 min, a 10 L aliquot is
TCA-precipitated to collect molecules that have incorporated the
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radioactive label. The filter yields 2.8  107 cpm. A 5 L aliquot of
the reaction is counted for total counts. It yields 5.4  109 cpm. What
percent of the radio-labeled Met is incorporated into polypeptide?

More problems – chapter 12
1. DNA is precipitated in ethanol by spinning the sample at 12 500   g
for 10 min at 4°C in a microfuge. If the rotor has a radius of 7.3 cm,
what rpm should be used to pellet the DNA?
2. A rotor having a maximum radius of 14.4 cm is spun at 5000 rpm.
What is the g force?
3. Using the nomogram in the below figure, determine the rpm needed
to obtain 2000   g with a rotor having a radius of 14 cm.
radius

spinning radius in cm

50

g

relative centrifugal
force in g

20 000

45

15 000

40
35
30

30 000
20 000

20

10 000
5000
4000
3000
2000

18

1000

16

500
400
300
200

25

14
12
10
9
8
7
6

rpm

revolutions
per minute

10 000
8000
6000
4000
3000
2000

1000

100
50
20
10
5

500

200

5

4. The mitochondrial DNA polymerase from Crithidia fasciculate
has a sedimentation coefficient of 4.1 S (Torri and Englund, 1992).
You want to pellet the enzyme in an aqueous solution at 20°C in a
Beckman Coulter Type 30 rotor having a rmin of 4.91 cm and a rmax of
10.48 cm. You will centrifuge the sample at the maximum rotor speed
of 30 000 rpm. How long do you need to spin the sample to pellet the
polymerase?
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More problems – chapter 13
1. The STR locus D8S1179 has 12 different alleles. How many genotypes
are possible for this locus?
2. A VNTR locus has three possible alleles, 14, 15, and 16 repeats. The
genotypes of 900 randomly chosen people are determined for the
different allele combinations with the following results:

Genotype
14, 14
14, 15
14, 16
15, 15
15, 16
16, 16

Number of individuals
197
96
268
46
127
166

What are the genotype frequencies?
3. What are the allele frequencies for the 14, 15, and 16 repeat alleles
described in Problem 2?
4. Assuming Hardy–Weinberg equilibrium, what are the expected
genotype frequencies for the alleles described in Problem 3?
5. In a population of 900 randomly chosen individuals, how many
people would be expected to have each possible genotype described
in Problem 3?
6. Using the chi-square test at a 5% level of significance, determine
whether the observed and expected genotype frequencies described in
Problem 2 and determined in Problem 4 are significantly different.
7. What is the sample variance for the data in Problem 6?
8. What is the standard deviation for Problem 6?
9. What is the power of inclusion for the expected genotypes in
Problem 4?
10. What is the power of discrimination for the genotypes in
Problem 4?
11. A murder suspect carries the 10, 12 genotype for the D13S317
STR locs. In the CODIS database, this genotype has a frequency of
0.0486 for African Americans, 0.0315 for Caucasians, and 0.0438 for
Hispanics (Budowle et al., 1999). The city in which the murder was
committed is made up of 35% African Americans, 25% Caucasians,
and 40% Hispanics. What is the overall weighted average frequency
for this genotype?
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12. A suspect’s DNA is typed for eight different, unlinked loci with the
following results:
STR locus

Genotype frequency

vWA
FGA
D3S1358
D8S1179
D21S11
D18S51
D5S818
D13S317

0.071
0.004
0.013
0.022
0.006
0.017
0.023
0.002

What is the overall genotype frequency?
13. A paternity test is performed with the following results:
STR markers

Genotype of
mother

Genotype of
child

Genotype of
alleged father

vWA
FGA
D8S1179
D21S11

15, 16
22, 22
10, 12
27, 32.2

15, 16
22, 24
12, 14
30, 32.2

15, 15
22, 24
14, 16
30, 33.2

The alleged father is a Caucasian. The alleles discovered in this test
have the following frequencies (Budowle et al., 1999):
STR marker

Allele

Frequency

vWA

15
16
22
24
25
10
12
14
16
27
30
32.2
33.2

0.11224
0.20153
0.18878
0.13776
0.06888
0.10204
0.14541
0.20153
0.01276
0.04592
0.23214
0.11224
0.03061

FGA

D8S1179

D21S11

What are the CPI and the probability of paternity?

Answers to practice problems

  

Chapter 1
1. a)
b)
c)
d)
2. a)
b)
c)
d)
e)
3. a)
b)
c)
d)
e)
4. a)
b)
c)
d)
e)
5. a)
b)
c)
d)
e)
f)
g)
h)
i)
j)
k)
l)

4 (they are 4, 5, 2, and 1)
3 (they are 2, 3, and 7)
2 (they are 3 and 4)
2 (they are 3 and 8)
37.8
5.7
1.1
2900
1.26
4.836  1010
2  100
3.5  106
2.8347  102
3.73  108
0.000 076 3
0.000 028 57
31
73 400 000
58 360 000 000
3.4  106
3.2  105
9.4  104
2.6  105
6.8  103
1.2  109
9  101
1.8  106
2  101
3  107
4  1012
3.5  102
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6. a)
b)
c)
d)
e)

2 kb
4.5 Mbp
2 sec
35 L
4 pg

Chapter 2
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

Combine 75 mL of 5X gel running buffer with 675 mL distilled water.
Combine 0.5 mL of 20X stock plus 24.5 mL distilled water.
Combine 125 L of 100X stock plus 49.875 mL of distilled water.
Add 18.75 g NaCl to water and bring the final volume to 75 mL with
distilled water.
Add 0.1 g CsCl to water and bring the final volume to 25 mL.
Combine 37.5 mL glycerol and 112.5 mL distilled water.
7.5%
14%
128 L of 10% NaCl added to 5 mL of water gives a 0.25% NaCl
solution with a final volume of 5.128 mL.
95.211 g/mole
150.15 g/mole
Dissolve 15.14 g Tris base in water to a final volume of 500 mL.
21.6 mL of water.
38.8 mL of water.
Add 2.8 g NaOH to 2000 mL of distilled water.
0.7 moles of NaCl
1.875 millimoles of NaCl
Combine 14 mL of 250 mM Tris and 485 mL distilled water.
Add 50 L 500 mM Tris to 950 L distilled water.
0.2% NaOH
1.63 M glycerol
1 M H2SO4
To 300 mL of water, add 200 mL 5 M HCl.
pH 1.7
0.01 M HCl
pH 13.7
1.58  103 M HCl
Combine 86 mL of Na2HPO4 and 14 mL of NaH2PO4.

Chapter 3
1. (1  102 )(1  102 )(5  102 )  0.1  5  107 mL
0.1 mL 0.1 mL
3 mL
2.


 0.1 mL
10 mL
10 mL 10 mL
3. 9  107 cells/mL
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4. 3.5  108 cells
5. 1.6  107 cells/mL
6. Centrifuge to pellet 7.5 mL of cells and resuspend the pellet to 0.5 mL
with LB.
7. You will need a 3.2  107 dilution. Here is one way to get that:
0.1 mL 0.1 mL 0.32 mL


 0.1 mL spread
10 mL
10 mL
10 mL
8.
9.
10.
11.

0.0077/min
39.1 min
4.2  107 cells/mL
a) K  0.009/minute
b) 33 min
c) 6.5  107 cells/mL
d) To determine generation time, two points on the graph that
represent a doubling of cell number within the log phase of growth
should be chosen. Here, generation time is determined using
2  108 and 4  108 cells/mL concentrations. These concentrations
correspond to 2.4 and 2.95 hr after inoculation, respectively.
2.4 hr 

60 min
 144 min
h

60 min
 177 min
h
177 min  144 min  33 min
2.95 hr 

Therefore, the generation time is 33 min.
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12. 8.7  109 mutations/bacterium/cell division
13. 1.25  107 cells/mL

Chapter 4
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

moi  1.6 phage/cell
moi  2.5 phage/cell
0.044 mL of phage stock
6.25% of cells will be infected by 4 phage.
1.08  106 cells will be infected by 3 phage.
0.0183
1 in 55 cells will be uninfected.
600 infected cells per 2000-cell aliquot.
2.48  103, or, there is a 1 in 403 chance that a 200-cell aliquot will
contain no infected cells.
0.1, or, a 1 in 10 chance.
There is a 99.24% chance of finding 5 or more infected cells in the
40-cell aliquot.
8  105, or, 1 in 12 500 40-cell aliquots will contain zero or one
infected cell.
moi  1.61
4.25  1010 PFU/mL
One possible dilution series is
0.1 mL 0.1 mL 0.1 mL 3.6 mL



 0.1 mL plated
10 mL
10 mL
10 mL
10 mL

16. Burst size  50 PFUs/IC

Chapter 5
1. a) 787 g/mL
b) 275 g
c) 1.86
2. 885 g DNA/mL
3. 0.027 mM
4. 22 pmol/L
5. 925.4 pmol/L
6. Plotting the data in Excel gives the following curve and equation for
the line of best fit. Using this equation, the unknown sample has a
concentration of 11.9 g/mL.
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7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

343.2 g DNA/mL
0.32 pmol/L
263.5 M
18.4 OD units
409.2 ng/L
25.4 pmol/L
Use 2 L of the oligonucleotide stock.
404 g RNA/mL
98 039 cells
15.4 g  DNA
Approximately 2  1012 grams per mole.
Approximately 1%
0.625 pmoles
9.4  1011  genomes
143 g
6356.8 Da
9.6 ng

Chapter 6
1.
2.
3.
4.

4.44  109 dpm
3.33  108 cpm
116 plasmid copies
a) 72% incorporation
b) 6.9  107 cpm/g
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5. a)
b)
c)
d)
6. a)
b)
7. a)
b)
c)
d)
8. a)
b)
9. a)
b)
c)
d)
e)
f)
10. a)
b)

76.8% incorporation
22 ng DNA
16.9 ng DNA
4.7  107 cpm/ng DNA
67.6% incorporation
1.6  106 cpm/g DNA
4066 ng cDNA synthesized
20.3% of the mRNA is converted to cDNA.
3696 ng cDNA
11.2 nmol dNTP is incorporated into cDNA in the main reaction.
3504 ng cDNA is synthesized in the second strand cDNA
synthesis reaction.
94.8% conversion into second strand cDNA.
3.6 pmol 3 ends
20 M dGTP
20 pmol dGTP
3250 cpm/pmol dGTP
58.8 pmol of dGTP incorporated
16 G residues added to each 3 end
213 ng RNA synthesized
9.4  1010 cpm/mg RNA

Chapter 7
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

5.2 mol
1.04 mol
10.4 OD units
180 OD units
4.5 OD units to 9 OD units
58% overall yield
97.7% stepwise yield
53.5% overall yield
38.9% overall yield
0.014 mol of nucleoside added

Chapter 8
1. a) 0.15 L of DNA stock solution
b) Take 2 L of the DNA stock solution plus 23.2 L of dilution
buffer (total dilution volume  25.2 L) and place 2 L from
this dilution into the PCR to give you 50 ng human DNA in the
reaction.
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2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

14.
15.
16.
17.
18.

6.9  1010 copies
4.4  1013 amplicons
A 5.6  106-fold increase in the amount of target.
31 cycles
93% efficient
88.6°C
33.1% GC
1.5 L primer stock
6  1012 molecules of forward primer
11.6 g of 700 bp PCR product
a) 19% of the primer will be incorporated into the 800 bp PCR product.
b) 35 cycles
a) 58°C
b) 65°C
c) 60.9°C
0.8 L dNTP stock
a) 6.6 g PCR product
b) 1.3  1013 copies
0.5 L Taq DNA polymerase stock
1.4% of the PCR product will carry misincorporated bases.
The equation for the linear regression line is y  1.8357x  3.8043:

The cell extract contains 118 copies of c-myc mRNA per 10 L aliquot.
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Chapter 9
1. An 8.6-fold increase in amplified target is obtained with the second set
of conditions.
2. About 200 copies of the gene.
3. 5.43  106 pg
4. 400 000 copies of the tPA gene is equivalent to 2.2 pg of the
recombinant plasmid.
5. We want to end up with a tube containing 800 L of DNA with a
concentration of 0.44 pg/L. That can be obtained using the following
dilutions (the concentration of each dilution, in pg/L, is written below
each dilution):
5  106 pg
7 L
8 L
8 L
80 L




L
800 L 800 L 800 L 800 L
stock

44000

440

4.4

0.444

Therefore, 5 L taken from the last dilution in this series will contain 400 000
copies of the cloned tPA gene. (There are a number of possible variations to
the dilution series shown here.)
6. 0.15 cycles
7.   

The unknown sample has a concentration of 0.38 ng/L.
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8. 8.13  1012 molecules of product
9. 93.7% efficient
10. 3.43 CT values between samples having concentrations of 1.85 ng/L
and 16.7 ng/L in a 90%-efficient reaction.
11. The null hypothesis being tested is that there is no difference in the
mean CT values for samples taken at 0, 1, 2, and 4 hr post infection.
Any difference that is seen is the result of chance.
The F statistic for GAPDH is 0.8408. The F statistic for RNaseP is
72.4354. The F statistic critical value for a numerator degrees of freedom of three and a denominator degrees of freedom of eight is 4.07.
Since the F statistic for GAPDH of 0.8408 is less than the critical
value of 4.07, the null hypothesis can be accepted and it can be concluded that viral infection has no effect on the expression of GAPDH
up to 4 hr post viral infection. However, since the F statistic for
RNaseP of 72.4354 is greater than the critical value, we should reject
the null hypothesis and conclude that viral infection does have an
effect on RNaseP expression. The F statistic for GAPDH has a p-value
of 0.5088, meaning that there is a 50.88% chance that random sampling would yield a difference between
sample means as large or larger than
were observed. The F statistic for the
RNaseP dataset has a p-value of less
than 0.0001, meaning that there is only
a 0.01% chance that an experiment like
this would yield an F statistic greater
than 72.4354 if there were really no
effect of viral expression on RNaseP
expression. GAPDH therefore, since it
is relatively unaffected by viral infections, would serve as the better choice
for use as a reference gene.
12. Since the slope of this line (0.5488;
see below) is greater than 0.1 (as
described in the text as being the
guideline cutoff value), we can
conclude that p53 and TOP1 have
sufficiently different amplification
efficiencies under the conditions of
this experiment and that TOP1 would
not be a wise choice for use as a
reference gene.
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13. The normalized amount of c-myc in the cells incubated at 37°C relative
to itself has a range of 0.7 to 1.5. In the heat-treated cells, the c-myc gene
is expressed at a level from 22- to 47-fold less than that of the calibrator.
14. The c-myc gene is expressed 315-fold more in brain cells than in heart
cells with a range from 208- to 478-fold more. Normalized c-myc in
heart relative to heart has a range of 0.7- to 1.5-fold.
15. At t  0, the mean 2CT value is 1.02 with a standard deviation of 0.21
and a CV of 20.9. At 2 hr post drug exposure, the expression of TNF-
is 3.9-fold less than at t0 (with a standard deviation of 0.47 and a CV of
12.1). At 4 hr post drug exposure, the expression of TNF- is 2415-fold
less than at t0 (with a standard deviation of 377 and a CV of 15.6).
16. The dilution series, when plotted, should have the following
curves. The c-myc assays should yield a line with the equation
y  3.4292x  26.581. The RNaseP standard curve should yield a
line with the equation y  3.4136x  24.491.
Standard curve for c-myc

Standard curve for RNaseP

The levels of c-myc expression normalized to RNaseP in the three different cell types have the following values:
Cell type

c-myc

RNaseP

Adipose
Lung
Muscle

1.32  0.14
9.11  1.22
0.15  0.01

0.04  0.01
0.04  0.01
0.03  0.01

c-myc normalized
to RNaseP
33  8.91
228  63.84
5  1.7
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When the normalized amounts of c-myc are compared relative to muscle, the following values are obtained:
Cell type

Normalized c-myc relative to adipose

Adipose
Lung
Muscle

1.0  0.27
6.9  1.9
6.6  2.2

Therefore, when normalized to RNaseP, the c-myc gene is transcribed
6.9-fold more in lung cells and 6.6-fold less in muscle cells relative to
its expression in adipose tissue.
17. The answer to this problem may show some variation depending upon
where on the curve you choose to assign your ‘A’ and ‘B’ positions.
Here, in this example of a solution to the problem, positions 1.84
and 2.84 on the Rn axis were chosen as convenient values and they
lie within the exponential section of the curves. Reading down from
where these horizontal dashed lines intersect the curves, we obtain the
following cycle number (CT) values:
Gene

Rn,A

Rn,B

CT,A

CT,B

tPA
RNaseP

1.84
1.84

2.84
2.84

31.1
27.5

33.0
29.5
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Using these values, tPA is expressed at a level 3.3  0.12-fold less
than RNaseP.
18. TNF- is expressed at a level 19.3-fold lower than RNaseP.
19. TNF- cDNA is 17-fold less abundant than that for RNaseP.
20. IL-12 expression is decreased 104-fold relative to -actin.

Chapter 10
1. Use 6.25 L of plasmid DNA and 1.75 L of EcoR I enzyme.
2. On average, there should be an Mbo I site every 256 bases along the
DNA molecule.
3. 13.5 picomoles of DNA ends
4. 1 picomole of ends is generated by digesting 2 g of  with Hind III.
5. 3.2 picomoles of ends
6. Add 10.3 L of BamHI fragment (to give 5.15 g of insert) and 26.8 L
of EMBL3 arms.
7. 29 g of EMBL3 should be digested with BamHI.
8. The packaging efficiency is 3.5  107 PFU/g.
9. 15.8 L of cut plasmid plus 23.9 L of the 6976 bp DNA fragment.
10. 2.52  106 transformants/g
11. 39 950 independent clones must be examined.
12. 55 340 independent recombinant clones must be examined.
13. 1 out of 14 000 clones
14. 23.7°C
15. From 51.9 to 56.9°C
16. 8 positions
17. 15 nt in length
18. Hybridization is half complete in 76.2 seconds. In practice, since
the actual rate can be up to four times longer than the calculated t1/2
value, the reaction is half complete at 5 min, 5 sec.
19. 15 hr, 56 min
20. The reaction is half complete in 8 hours.
21. The equation for the line of best fit is y  0.1814x  3.7004. Band 1
has a length of 427 bp. Band 2 has a length of 515 bp.
22. 23 min, 48 sec

Chapter 11
1. 1453.75 Da
2. 42 mg protein/mL
3. 0.035%
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4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

A  3.31
2.5  105 M
1.25  105 M1 cm1
66 000 Da
0.098 M1 cm1
46 200 M1 cm1
23 g protein
3.2 mg/mL
1.47  104 M
1.3 mg/mL
102.3 mg/mL
1.4 mg/mL
336 units of -galactosidase
5472 units/mg protein
0.032 moles ONP/min
6.4  104 mol ONP/min/g
Rf  0.78.

The unknown protein has an approximate molecular weight of 40,5000 Daltons

22. 4.7% of chloramphenicol was converted to the acetylated form.
23. 9  1012 molecules of CAT
24. 0.25% of [35S] Met incorporated into polypeptide.
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Chapter 12
1.
2.
3.
4.

12 376 rpm
4025  g
Approximately 3600 rpm
52 hr

Chapter 13
1. 78 different genotypes
2.

  
Genotype

Number of individuals

14, 14
14, 15
14, 16
15, 15
15, 16
16, 16

Genotype frequency

197
96
268
46
127
166

0.22
0.11
0.30
0.05
0.14
0.18

3. p14  0.42, p15  0.18, and p16  0.40.
4.

Genotype
14, 14
14, 15
14, 16
15, 15
15, 16
16, 16

5.

Expected genotype
frequency
0.1764
0.1512
0.3360
0.0324
0.1440
0.1600

  
Genotype
14, 14
14, 15
14, 16
15, 15
15, 16
16, 16

Expected number of
people with this genotype
159
136
302
29
130
144
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6. A 2 value of 4.01 is calculated. At five degrees of freedom, the table
of chi-square values shows 11.07. Since the calculated value is less
than that derived from the chi-square table, it can be concluded that
the observed genotype frequencies do not significantly differ from
those expected.
7. s2  5.2
8. s  2.28
9. Pi  0.2142
10. Pd  0.7858
11. One in 24 randomly chosen individuals in the city of the murder
would be expected to have this genotype.
12. Overall genotype frequency  3.81  1016. One in 2.6  1015
individuals might be expected to have this particular overall genotype.
13. CPI  61.82. The odds in favor of paternity are 62 to 1. The
probability of paternity is 98.4%.

Appendix

A

Using Microsoft Excel’s
graphing utility
Excel, from Microsoft, is a software program that allows the user to create
and format spreadsheets as typically employed in business accounting. The
program also includes, however, an excellent chart and graphing utility that
can be easily applied to data collected from any number of different types
of experiments performed in the biotechnology laboratory.
Provided here is an example of how Excel can be used to plot a standard
curve for a 100 bp ladder of DNA fragments the sizes of which are converted to log values vs. the distance those fragments migrated during agarose gel electrophoresis. Linear regression analysis is also used to determine
a line of best fit along with the equation describing that line from which the
sizes of DNA fragments of unknown length can be determined.

1. On a computer equipped with Microsoft Office, open the Excel

program by clicking on its icon. On machines with Microsoft Windows,
you may have to navigate to the program through Start  Programs 
Microsoft Excel.

Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00020-6
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2. Open the Excel Workbook.

3. In column A, row 1, enter ‘bp.’ In column B, row 1, enter ‘Distance

(x).’ In column C, row 1, enter ‘log bp (y).’
4. In column A, beneath the ‘bp’ heading, enter the size of each fragment

of the 100 bp ladder, starting with the 1500 bp fragment (entered into
box A2). In the rows in column B beneath the ‘Distance (x)’ heading,
enter the distance, in cm, that each fragment band of the 100 bp ladder
migrated from the well.

5. Click on the first box under the ‘log bp (y)’ heading to highlight it.

Click the fx function icon in the toolbar at the top of the spreadsheet to
bring up the Paste Function box. In the Function category: list, select
‘Math & Trig.’ In the Function name: list, select ‘LOG 10.’ Click OK.
The LOG 10 dialogue box will appear.
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6. Click anywhere within the LOG 10 dialogue box and drag it out onto

the spreadsheet workspace so that the column entries are visible. Click
on ‘1500’ in box A2. ‘A2’ will then appear in the Number box. Click
OK. The log value of 1500 will appear in the highlighted box in the
‘log bp (y)’ column.
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7. Highlight the entire C column from position C2 to the last entry in the

column.

8. On the keyboard, press the Control and D keys. This action will fill

down all remaining log values in Column C.
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9. Without selecting row 1 (the column heading row) or column 1 (the

‘bp’ column), highlight the values in the ‘Distance (x)’ and ‘log bp (y)’
columns.

10. In the menu bar, click on the Chart Wizard icon button (it has the

appearance of a bar graph) to bring up the Chart Wizard-Chart Type
window.

11. In the Chart Wizard-Chart Type window, select the ‘XY (Scatter)’

chart type and then click Finish. A chart will appear over the
spreadsheet showing the data plotted on a graph.
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12. From the menu bar at the top of the page, pull down the Chart list and

select Add Trendline…

13. In the Add Trendline popup window that appears, make sure the

‘Linear’ Trend/Regression type is selected.
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14. Click on the Options tab in the Add Trendline window. In the

Options window that appears, check the boxes next to ‘Display
equation on chart’ and ‘Display r-squared value on chart.’ Click OK.
The line of best fit will be drawn on the graph. The regression line
equation and the r-squared value will also appear.
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15. You can use Chart Options under the Chart pull-down menu to label

the chart axes, remove or modify the legend, add or remove gridlines,
and to attach a chart title. (Note: The chart must be selected on the
spreadsheet to gain access to the Chart pull-down menu.)

16. The appearance of the graph can be altered in several ways. Click

along the x or y axes to change the numbering scheme and their
minimum and maximum values. Clicking on the points or the line
through those points will allow you to alter their qualities. The
regression equation can be moved by clicking and dragging.
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Henderson–Hasselbach equation, 41
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Levels of significance, 241
Ligation, see Recombinant DNA
Log phase, bacterial growth, 53
Logarithm, 35, 38, 54
Luciferase, assay, 403

M
Margin of error, 252, 256–257, 262,
265, 272
Maximum radius, centrifugation, 414
Melting temperature (Tm)
DNA probe hybridization, 341–342
polymerase chain reaction
primer
nearest-neighbor interactions,
183–188
quick calculation, 181–182
salt concentration, G/C content,
and DNA length as variables,
182–183
target sequence, 173–176
Method of least squares, quantitative
polymerase chain reaction, 198,
200
Metric prefixes
conversion factors and canceling terms,
10–12

types and values, 10–11
Microsoft Excel, see Excel
Minimum radius, centrifugation, 414
moi, see Multiplicity of infection
Molarity
dilutions, 30–32
mole, 24
normality relationship, 34
percent solution conversion
molarity to percent, 32
percent to molarity, 33
solution preparation
dry compounds, 25–28
hydrated compounds, 28–30
Molecular weight
DNA concentration calculations,
115–119
overview, 24
protein from sequence, 369–373
Multiplex reaction, real-time polymerase
chain reaction, 237
Multiplication property of equality,
18
Multiplicity of infection (moi),
bacteriophage, 83–85

N
Natural logarithm, 71
Nick translation, see Radiolabeling
Nomogram, centrifugation, 416–417
Normality, molarity relationship, 34
Nucleic acids
dATP extinction coefficient, 113
DNA typing, see Forensics; Paternity
testing
double-stranded DNA concentration
determination
A260, 100–102
extinction coefficient, 102–104
millimolarity calculations, 104–105
PicoGreen analysis, 105–108
ethidium bromide-stained gel and DNA
quantification, 120
molecular weight, molarity, and length
relation to quantity, 115–119
oligonucleotide quantification
optical density units, 111
g/mL, 111–112
pmol/L, 112–115
radiolabeling, see Radiolabeling
RNA concentration determination, 115
single-stranded DNA concentration
determination
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high-molecular-weight DNA, 109–110
g/mL, 108–109
millimolarity calculations, 110
ultraviolet spectroscopy, 99
Null hypothesis, 239, 431

O
Oligonucleotide synthesis
dimethoxytrityl cation assay, 158
micromoles of nucleoside added at each
step, 161–162
probe design for hybridization screening,
342–344
steps, 155
yield calculations
overall yield, 158–159
stepwise yield, 158, 160–161
theoretical yield, 156–158
Optical density, see Bacterial growth

P
Passive reference, real-time polymerase
chain reaction, 215
Paternity testing
allele frequency, 426–427
chi-square test, 430–434
DNA typing and weighted average,
436–438
genotype frequency, 425, 427–430
Hardy–Weinberg equation, 428–430
multiplication rule, 438–439
paternity index
combined paternity index, 443–444
mother’s genotype not available,
441–443
overview, 439–441
polymerase chain reaction, 423
power of discrimination, 436–437
power of inclusion, 435–436
sample standard deviation, 435
sample variance, 434
PCR, see Polymerase chain reaction
Percent solutions, see Concentration;
Molarity
Pfaffl model, see Real-time polymerase
chain reaction
pH, 35–40
Phage, see Bacteriophage
pI, see Isoelectric point
PicoGreen, double-stranded DNA
concentration determination,
105–108
pKa, 40–43

Plaque, phage, 66
Plasmid, see Nucleic acids; Radiolabeling
pOH, 37
Poisson distribution, mutation rate
calculation for bacteria, 71–73
Polyacrylamide gel, see Gel electrophoresis
Polymerase chain reaction (PCR), see also
Real-time polymerase chain
reaction
amplification
calculations, 167–170
potential, 1
competitive polymerase chain reaction
for quantitative analysis, 195–206
deoxynucleotide concentrations, 189–191
DNA polymerase
error rate, 192–194
requirements, 191–192
efficiency, 170–173
forensics, 423
melting temperature
primer
nearest-neighbor interactions,
183–188
quick calculation, 181–182
salt concentration, G/C content,
and DNA length as variables,
182–183
target sequence, 173–176
paternity testing, 423
primer requirements, 176–181
reverse transcriptase polymerase chain
reaction, 195
steps, 165
template requirements, 166–167
Power of discrimination, DNA typing,
436–437
Power of inclusion, DNA typing, 435–436
Power rule for logarithms, 171
Primer, see Polymerase chain reaction
Product rule
exponent law, 7
logarithms, 38, 171
Propagation of errors, 256
Protein, see also specific enzymes
amino acid incorporation for in vitro
translation, 404–405
Bradford assay, 385–387
concentration from absorbance
A205, 383
A280, 373
absorbance coefficient relationship to
extinction coefficient, 377–378

extinction coefficients, 374–376
nucleic acid contamination corrections
A205, 383–384
A280, 382
extinction coefficient determination,
378–380
gel filtration chromatography, 394–399
isoelectric point, 405–407
mg/mL conversion to molarity, 380–381
molecular weight from sequence,
369–373
thin-layer chromatography, 392–394
Punnet square, 427–428
p-value, 243, 249

Q
Quotient rule, exponent law, 8

R
Radiolabeling
complementary DNA synthesis
first strand, 135–138
second strand, 139–141
curie, 123–124
homopolymeric tailing, 141–147
nick translation of DNA
label incorporation determination, 127
overview, 126–127
specific radioactivity of products, 128
plasmid copy number estimation,
124–126
random primer labeling of DNA
actual yield, 131–132
overview, 128–129
percent incorporation, 129
specific activity, 132
theoretical yield, 130–131
terminal deoxynucleotidyl transferase
end labeling of DNA
percent incorporation, 133–134
specific activity, 134
transcription, in vitro, 147–149
Random primer labeling, see Radiolabeling
Real-time polymerase chain reaction
amplification efficiency, 232–236
controls, 215–216, 237–238
cycle threshold
CT method for relative
quantification, 238–239
22CT method
amplification efficiency, 250–259
endogenous reference selection,
239–250
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Real-time polymerase chain reaction
(Continued)�
reference gene and effects of
experimental treatment, 259–276
fold increase calculations, 214
gene expression measurement, 236–238
normalization, 215
principles, 212–214
relative quantification
Pfaffl model, 303–306
R0 method, 299–303
reaction kinetics analysis, 294–299
relative standard curve method,
276–293
SYBR green assay, 211
TaqMan assay
overview, 211–212, 216
standard deviation, 227–229
standards
curve, 220–227
preparation, 216–220
regression analysis, 230–232
Recombinant DNA
clone number requirements
complementary DNA libraries,
337–338
genomic libraries, 336–337
codon table, 346
expression libraries and insert
orientation, 339–340
fragment sizing with gel electrophoresis,
351–358
gene cloning steps, 313
hybridization screening
double-stranded DNA probes, 350–351
incubation conditions, 344–350
melting temperature calculation,
341–342
overview, 340–341
probe design, 342–344
ligation
-derived vectors, 322–327
overview, 319–320
packaging of -derived genomes,
327–330
plasmid vectors, 330–335
probability, 320–321
nested deletion generation with BAL 31
exonuclease, 358–362
restriction endonuclease

fragment end quantification, 316–319
frequency of cut sites, 315–316
overview, 313–314
quantity requirements, 314–315
transformation efficiency, 335–336
Regression analysis
quantitative polymerase chain reaction,
198, 200–206
TaqMan assay, 230–232
Relative centrifugal force, see
Centrifugation
Reporter genes, see Chloramphenicol
acetyltransferase;
-Galactosidase; Luciferase
Restriction endonuclease, see Recombinant
DNA
Retention factor, thin-layer
chromatography, 393–394
Reverse transcriptase
complementary DNA synthesis, 135
polymerase chain reaction for RNA
quantification, 195
Revolutions per minute, see Centrifugation
RNA, see Nucleic acids; Radiolabeling;
Real-time polymerase chain
reaction

S
Sample standard deviation, DNA typing, 435
Sample variance, DNA typing, 434
Scatter plot, quantitative polymerase chain
reaction, 198, 200
Scientific notation
addition and subtraction, 6–7
conversion to decimal notation, 5–6
expression, 3–5
multiplication and division, 7–10
Sedimentation time, centrifugation,
418–420
Serial dilution, cells, 46–48
Significant digits
overview, 1–2
rounding off in calculations, 2–3
Size exclusion chromatography, see Gel
filtration chromatography
Southern blot, see Recombinant DNA
Specific radioactivity, see Radiolabeling
Squared correlation, quantitative
polymerase chain reaction,
204–205

Standard deviation
real-time polymerase chain reaction,
227–229, 252, 254–255,
263–264, 274
sample standard deviation in DNA
typing, 435
TaqMan assay, 227–229
Standard error, 252
Stationary phase, bacterial growth, 53–54
Sum of squared errors, quantitative
polymerase chain reaction, 204
Svedberg unit, 418
SYBR green, see Real-time polymerase
chain reaction

T
TaqMan, see Real-time polymerase chain
reaction
Target, polymerase chain reaction, 167
Terminal deoxynucleotidyl transferase, end
labeling of DNA
percent incorporation, 133–134
specific activity, 134
Thin-layer chromatography (TLC)
proteins, 392–394
retention factor, 393–394
TLC, see Thin-layer chromatography
Tm, see Melting temperature
Transcription, in vitro, 147–149
Transformation, see Recombinant DNA
T-test, 239

V
Variable number of tandem repeats
(VNTR), 424
Variance
between-groups variance, 240
fluctuation test, 69–70
real-time polymerase chain reaction,
239–241, 246
sample variance in DNA typing, 434
within-groups variance, 240
VNTR, see Variable number of tandem
repeats

Z
Z-value, 253

