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ABSTRACT Molecular dynamics simulations are used to
calculate the incoherent neutron scattering spectra of myoglo-
bin between 80 K and 325 K and compared with experimental
data. There is good agreement over the entire temperature
range for the elastic, quasi-elastic, and inelastic components of
the scattering. This provides support for the accuracy of the
simulations of the internal motions that make the dominant
contributions to the atomic displacements on a time scale of
0.3-100 ps (100-0.3 cm-'). Analysis of the simulations shows
that at low temperatures a harmonic description of the mole-
cule is appropriate and that the molecule is trapped in localized
regions of conformational space. At higher temperatures the
scattering arises from a combination of vibrations within wells
(substates) and transitions between them; the latter contribute
to the quasi-elastic scattering.

Experimental and theoretical studies ofthe internal dynamics
of proteins can provide insight into the atomic interactions
determining their structure and function (1). In heme proteins
such as myoglobin, the internal motions have been shown to
have an essential role in ligand binding (1-9). Two extreme
models for the internal motions have been considered. In one
the fluctuations are assumed to occur within a single multi-
dimensional well that is harmonic or quasiharmonic (10). The
other model assumes that there exist multiple minima or
substates on the protein potential surface (2, 5, 11, 12); the
internal motions correspond to a superposition of oscillations
within the wells and transitions among them (11). Photolysis
rebinding studies (2, 5, 12) and simulations (11) of myoglobin
provide strong evidence for the substate model, which may
be generally applicable to globular proteins (12). The simu-
lations have shown that structures associated with different
substates are similar but differ in detail; for myoglobin the
differences can be described in terms of rigid body displace-
ments of the helices with rearrangements of the connecting
loops and reorientation of the side chains involved in helix
contacts. At low temperatures individual protein molecules
are trapped in local regions of conformational space and
static disorder, corresponding to an inhomogeneous macro-
scopic system, results; at higher temperatures transitions
between the substates, which involve the crossing of energy
barriers, are possible. Such behavior is analogous to that
found in other complex systems (13).
Although much has been learned about protein motions

from simulations, detailed experimental tests have been
limited by the accessible time scales. Comparisons with
x-ray, NMR, and fluorescence depolarization data have
provided evidence that supports the simulation results (1),
although it was suggested on the basis of the Mossbauer
spectrum of myoglobin that the time scale of the simulated
atomic fluctuations is two orders of magnitude too short (14);
a reinterpretation of the results shows there is no inconsis-
tency between the Mossbauer and simulation dynamics (15).

Incoherent neutron scattering, which arises from self corre-
lations in the atomic motions, is of particular interest because
the experimental time scale of about 0.3-100 ps (100-0.3
cm-') falls in the range most commonly probed by molecular
dynamics simulations (16-18). The incoherent neutron scat-
tering from proteins is dominated by contributions from
(nonexchangeable) hydrogen atoms. As about half of the
atoms in a protein are hydrogens and as they are distributed
throughout the molecule (mainly in the side chains), such
scattering experiments provide a good test ofthe simulations.

In this paper we present calculations of the neutron scat-
tering of myoglobin calculated from molecular dynamics
simulations over the temperature range 80-325 K. The mag-
nitude and temperature dependence of the theoretical elastic,
quasi-elastic, and inelastic neutron scattering are in general
agreement with recently obtained experimental results for
myoglobin powder hydrated to 0.38 g of 2H20 per g protein
(19). The comparison is of general interest because the
protein powder is fully hydrated and is expected to have a
structure corresponding to that in solution and to be biolog-
ically active (20-22). Use ofa hydrated powder in the neutron
scattering experiments yields better data than a solution
study due to the higher concentration of the protein and the
lower background from 2H20. The comparison provides
direct evidence for the accuracy of the molecular dynamics
simulations over the entire temperature range and for a
normal mode description at low temperatures. Further, anal-
ysis of the simulation permits us to interpret the dynamical
phenomenona that underlie the experimental observations in
terms of the quasi-harmonic and substate models.

Theoretical Method

The molecular dynamics simulations of myoglobin were
performed using the polar hydrogen model and program
CHARMM (23). A fuller description of the simulations will be
published elsewhere (24). They consist of a 120-ps trajectory
at 325 K and 50-ps trajectories at 240 K, 160 K, and 80 K;
shorter simulations are sufficient at low temperatures be-
cause the displacements converge in the time period em-
ployed. The protein was studied in isolation and no attempt
was made to mimic explicitly the interactions in the powder
system used in the experiments. The utility of comparing
vacuum simulations with experiments on powder and crystal
systems has been demonstrated previously (1, 25, 26). The
neutron spectral profiles and absolute intensities from dry
powders have been shown to be similar to those from vacuum
harmonic dynamic calculations with the CHARMM energy
function (25, 26).
To compare with the neutron scattering, the molecular

dynamics trajectories were used to compute the incoherent
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dynamic structure factor, S(q, w), where ico is the energy
transferred between the sample and the incident neutron, and
tiq is the momentum transfer. The function S(q, t) is the time
Fourier transform of the intermediate scattering function,
F(q, t), given by (17)

F(q, t) =Eb'(e-q'rL(°)eiq-rL())T [1
L

where the sum is over the nonexchangeable hydrogen atoms
in the protein, rL(t) is the position vector of the Lth hydrogen
atom at time t, b is the incoherent scattering length of
hydrogen, and ( ...)T represents an ensemble average that is
replaced by a time average over the molecular dynamics
trajectory. The function F(q, t) was calculated directly from
the protein trajectories and numerically Fourier transformed
to obtain S(q, w). For comparison with the experimental
results, S(q, w) was averaged over three orientations of the
scattering wave vector (parallel to the molecular x, y, and z
axes). Details of the method are given elsewhere (26, 27).

Results

In what follows we compare the calculated and experimental
results for the elastic, quasi-elastic, and inelastic neutron
scattering and use the simulation to provide an understanding
of the motions that contribute to the various components of
the scattering.
The elastic incoherent scattering, S(q, o = 0), can be

related to the mean-squared displacement, (AX2) for the
nonexchangeable hydrogen atoms. In the Gaussian approx-
imation, we have

S(q, w = 0) b e [2]
L

Eq. 2 is exact in the limit as q -- 0 and we can write

(Ax2) = 2 (AX2) 1 SS(q, 0)

L N Nb2 sq2[3
The measured (AX2) is directly comparable with the corre-
sponding quantity obtained from the simulations. It has an
advantage over the more widely studied x-ray temperature
factors in that there is no direct static disorder contribution
(28). It should be noted, however, that the low-temperature
(Ax2) measured by inelastic neutron scattering is affected by
inhomogeneity-i.e., for a macroscopic system composed of
molecules in different substates the experimental value is an
average ofthe molecular (Ax2) values. Comparisons oftwo 80
K simulations with different average structures indicate that
this effect is small (24). Fig. 1 shows the temperature depen-
dence of the experimental (Ax2) values and those calculated
from the simulations. Good agreement between experiment
and theory is evident over the entire temperature range. Both
the measured and calculated values indicate that there is a
transition above which (Ax2) increases more rapidly with
temperature. The experimental results show a (glass) transi-
tion between 180 K and 200 K. The theoretical transition is
less well defined because of a lack of points in the interme-
diate temperature range; additional simulations are necessary
to better characterize the form of the theoretical curve. The
(Ax2)Fe of the iron calculated from the simulations has a
temperature dependence similar to that of the nonpolar
hydrogens, but the magnitude is about a factor of 3 smaller
(24). This is in agreement with estimates from Mossbauer
spectroscopy (29).
More information concerning the atomic motion can be

obtained from the q dependence of the elastic scattering. Fig.
2 shows In S(q, 0) as a function of q2 obtained from the cal-
culated atomic fluctuations. The solid lines were determined
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FIG. 1. Temperature dependence of the isotropically averaged
mean squared displacements of myoglobin, '/3(Ar2), averaged over
the exchangeable hydrogens. n, From the neutron experiment; 0,

from molecular dynamics simulations.

using Eq. 2 and the dashed lines show the q -O 0 limiting

behavior of In S(q, 0). Good agreement is seen between the
form of the theoretical and experimental curves (see figure 1
of ref. 19). For the low-temperature simulation (80 K) the
scattering is Gaussian (linear in q2), but at higher temperatures
a non-Gaussian component is evident. The non-Gaussian
component appears in Fig. 2, although the scatteringfrom each
atom is modeled as a Gaussian. This is due to the fact that the
hydrogen atoms in the protein are nonequivalent and have a
distribution of (AxL) values, as shown previously in simula-
tions and x-ray analyses (1, 30). This nonequivalence, which
increases with temperature in the simulations (24), becomes
apparent when q2(AXLx) terms are too large for the expansion of
the exponential to O(q2), as in Eq. 2, to be valid. Thus, in
contrast to the conclusion based on experiment alone (19), it
is not necessary to invoke non-Gaussian atomic dynamics to
explain the non-Gaussian high-temperature behavior of the
measured elastic scattering. The high-temperature experimen-
tal results were interpreted as being Gaussian in q at high q and
non-Gaussian at low q (19). If the atomic motions are Gaussian
with a distribution of (Ax2) values, one expects the reverse to
be the case-i.e., non-Gaussian elastic scattering would be-
come significant at higher q values. This is what gives the
nonlinear form of the theoretical curves in Fig. 2, which
correspond to the experimental results. High-temperature
anharmonic contributions to the dynamics introduce an addi-
tional non-Gaussian component in the elastic scattering (19,
31). The kurtosis from 300 K simulations of myoglobin and
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FIG. 2. Temperature dependence of the elastic intensity calcu-
lated from the simulations, using Eq. 2 (solid lines). The four solid
lines and associated dashed lines (limiting slopes as q -> 0) are from
the simulations at 80, 160, 240, and 325 K in order from top to bottom.
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lysozyme indicate that for proteins at room temperature this
contribution may be significant (32).
The quasi-elastic and inelastic neutron scattering spectra

arise from the transfer of energy between the neutrons and
the hydrogen atoms of the protein. This is described by
structure factor, S(q, c)), for w $ 0. Fig. 3 shows S(q, w) as
a function of w obtained from the Fourier transform of Eq. 1
calculated from the simulation; the elastic scattering has not
been included and the low-energy cutoffs in the calculated
curves are determined by the length of the simulations. The
curves in Fig. 3, shown as a log-log plot, can be compared
with the experimental data in figure 3 of ref. 19. Quasi-elastic
scattering is normally associated with long time scale sto-
chastic dynamics and typically consists of one or more
Lorentzians centered at zero frequency (17, 31). In small
molecules inelastic scattering consists of vibrational peaks
well separated from the quasi-elastic frequency region. For
proteins the quasi-elastic and inelastic scattering can arise
from processes with similar time scales, so that there is some
overlap of the spectral profiles. From Fig. 3, the smooth
curve that comprises the 325 K scattering of o less than 0.7
meV (6 cm-') is quasi-elastic and the inelastic scattering
causes the peaks visible at higher frequencies. The form and
temperature dependence ofthe calculated spectra are in good
agreement with those obtained experimentally (19). At low
temperatures the scattering profile is mainly inelastic,
whereas at temperatures above 160 K, the quasi-elastic
component is more important. The inelastic peaks are due to
vibrations in the protein. Similar peaks in the same frequency
range are seen in the scattering calculated from normal mode
analyses of myoglobin and other proteins (refs. 25-27, 33,
and 34; B. Tidor and M.K., unpublished); the modes in the
frequency range under consideration are generally delocal-
ized over the molecule.
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FIG. 3. A log-log plot of quasi-elastic and inelastic neutron

spectra obtained from molecular dynamics simulations of myoglobin
as a function of temperature. The spectra were derived by numerical
Fourier transformation ofF(q, t) (Eq. 1) at a constant scattering wave
vector of q = 1 A-i and an energy resolution of 0.5 cm-'. The
experimental spectra in figure 3 of ref. 19, which are to be compared
with the present results, comprise data at varying q values; for the
low-frequency range plotted here the form of the spectrum is only
slightly dependent on the value of q. In addition, the experimental
spectrum in ref. 19 was modified by subtracting an approximation to
the vibrational scattering, assuming the frequencies and forms of the
modes are invariant with temperature (see text). No such subtraction
was made in the present figure. (Inset) The correlation function, F(q,
t), from the simulations.

The experimental scattering was analyzed in terms of a
slow quasielastic "a" process and a ",8" region of scattering
at higher energy transfers (19). The a process corresponds to
the calculated smooth quasielastic curve. Analysis of this
curve shows that over the frequency range of the smooth a
curve (between 0.04 and 0.9 meV or 0.3 and 7.0 cm-1) can be
approximated by a Lorentzian,

S(q, t) = A/(1 + r2W2) [4]

where at 325 K, A = 9 + 1 and X = 5.5 + 0.7 ps; these results
are in agreement with the experimental estimates.

Shorter time scale (J3) scattering appears at frequencies
above 0.7 meV (6 cm-') in both the calculated and experi-
mental spectra as a deviation from the extrapolated a line. In
the experimental analysis (19) the 80 K experimental vibra-
tional contribution was scaled to higher temperatures and
subtracted from the observed scattering. The remaining
scattering in the 1 region was identified as an additional
quasi-elastic process. Fig. 3 shows that the form of the
vibrational contribution changes with temperature in a man-
ner consistent with increased frictional damping of modes at
higher temperatures-i.e., at higher temperatures the vibra-
tional peaks are smoothed. Scaling of the calculated 80 K
results to 325 K, assuming harmonic dynamics, yields scat-
tering slightly larger in magnitude than that obtained from the
325 K simulation and shows that the modes shift to lower
frequencies with increasing temperature. This is in accord
with the heme group results (see below and Fig. 5). A
quantitative determination of the vibrational contribution to
the 1 region scattering by simple subtraction of the scaled 80
K scattering, thus, appears difficult. In any case, the simu-
lations do not provide clear evidence for an additional, 1,
quasi-elastic process, although it is possible that the calcu-
lated magnitudes are somewhat in error.

Fig. 3 Inset shows the time correlation functions obtained
from Eq. 1. In all cases there is an initial fast decay. The time
constant for this decay is 0.3 ps ± 0.1 ps for the 80 K, 160 K,
and 240 K simulations. The fast relaxation process is asso-
ciated with the dephasing of the vibrational modes. Similar
rapid decay behavior is seen generally in molecular dynamics
simulations of proteins (15) and in F(q, t) calculated from a
protein normal mode analysis (27). For the three low tem-
peratures a plateau in the time correlation function is
reached, the level of which is determined by the mean
squared displacements (17). At 325 K the time constant of the
initial decay is 0.5 ps ± 0.1 ps, which is somewhat longer than
the lower temperature value. This is in agreement with the
measured results (inset of figure 3, ref. 19). The change in
time constant is consistent with the modifications to the
vibrational dynamics seen in Fig. 3 and/or the presence of
additional anharmonic processes. Also visible in the 325 K
correlation function is a slower relaxation that is associated
with the a quasi-elastic scattering and was also seen in the
experiment. A slow decay was seen experimentally at 240 K
but is not found in the calculations. This fact, taken together
with the relatively intense 240 K vibrational scattering in Fig.
3, suggests that certain aspects of the 240 K calculated
dynamics are more similar to 160 K and 80 K than to 325 K.
Thus, the transition range in the dynamics may be at a
somewhat higher temperature in the vacuum simulations than
in the experiment.

In general, the experimental spectra, particularly those at
higher temperatures, are smoother than the calculated re-
sults. Possible contributing factors are instrumental resolu-
tion broadening (33) and solvent frictional damping (27). An
additional effect arises as inhomogeneous broadening asso-
ciated with the averaging over different substates, which is
expected to be important at the lower temperatures. Such
averaging can be explored by comparing spectra from the two
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FIG. 4. The function S(q, w) calculated at q = 1 A-1 from two
molecular dynamics simulations ofmyoglobin at 80 K. The scattering
curves have been convoluted with the experimental instrumental
resolution function.

different 80 K myoglobin molecular dynamics trajectories,
which sample different regions of conformational space (24).
The results are shown in Fig. 4, in which the spectra are

calculated at the instrumental resolution of the experiments.
In each of these two regions the dynamics is vibrational. As
the molecule has a different average geometry in the two
trajectories, the distribution of normal mode frequencies
changes. This is manifested in the scattering profiles shown
in Fig. 4. In an experimental sample, many such profiles
would be averaged and a smoothed spectrum would result.
To provide more detailed information on the origin of the

observed spectrum, we focus on a specific region of the
protein. In Fig. 5 the scattering profiles calculated from the
molecular dynamics simulations at 80 K and 325 K are shown
for the heme group. This particular region is chosen for its
functional interest and because the difference spectrum of a

fully deuterated globin and one with a protonated heme group
should be accessible experimentally. The 80 K spectrum
shows clear peaks arising from low-frequency vibrational
modes with no appreciable quasi-elastic scattering. At 325 K,
corresponding vibrational peaks are still present, but they are
superposed on a quasi-elastic background. Also, certain of
the peaks are shifted to somewhat lower frequencies. In the
calculated spectra from the entire protein at 80 K and 325 K
(Fig. 3), there are certain similarities to the heme group
results. For example, the three most intense peaks at 80 K
(between 10 and 20 cm-') are also present at 325 K and they
are shifted to lower frequencies by about 3 cm-'. Since the
vibrational spectrum from the heme group is simpler than that
of the whole molecule (fewer modes contribute significantly
to the scattering) an experimental study to test this analysis
would clearly be of great interest. Calculations for atoms in
other parts of the protein (e.g., specific side chains) are in
accord with these results.

Concluding Discussion

The results described here have shown that molecular dy-
namics simulations of myoglobin over a wide range of tem-
peratures yield incoherent neutron scattering spectra in gen-
eral agreement with experiment. This is true in spite of the
fact that vacuum simulations are being compared with ex-

periments on hydrated powder samples. Since the calculated
results depend on the model [e.g., dielectric function, cut-off
for long-range interactions (35)], it is possible that environ-
mental effects are included implicitly in the simulation pro-
cedure (24). Given the observed agreement one can use the
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FIG. 5. The function S(q, w) calculated at q = 1 A-' at 0.5 cm-
resolution for the heme group in myoglobin. (A) The 80 K spectrum.
(B) The 325 K spectrum.

simulation to determine the types of motions that contribute
to the spectrum as a function of temperature. Of particular
importance are the side chain motions [temperature-
dependent oscillations and transitions of the dihedral angles
(11, 19, 24)], since the only main chain contributions to the
scattering come from the CO hydrogens.
At low temperature (below 100 K), the atomic motions in

proteins can be described in terms of harmonic vibrations.
Each molecule is trapped in a region of conformational space
for times (>100 ps) long compared to the neutron time scale.
The average mean square fluctuation in such a well at 80 K
is equal to about 0.025 A2, and the distribution of fluctuation
magnitudes is very narrow (the average deviation is +0.014
A2 at 80 K). The time decay of the intermediate scattering
function is dominated by vibrational dephasing. There is
some inhomogeneous broadening of the neutron spectra due
to the fact that a macroscopic sample is made up of protein
molecules trapped in different substates. As the temperature
is raised, there is a slight softening of a few modes (shift to
lower frequencies) and the time for transitions between wells
is reduced so that a larger region of conformational space is
explored by the molecule on the time scale of the neutron
scattering experiment. Thus, (AX2) increases more rapidly
with temperature than expected from the harmonic approx-
imation and the distribution of fluctuation magnitudes broad-
ens significantly. The softening of vibrational modes is con-
sistent with a quasi-harmonic model for the dynamics (10) in
which the atomic motions at any given temperature are

essentially harmonic but the force constants decrease with
increasing temperature. Within the quasi-harmonic approx-
imation, the incoherent elastic scattering from individual
atoms is Gaussian in q and the calculated total elastic
scattering is in agreement with experiment.
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The increased importance of quasi-elastic scattering at
higher temperatures suggests that additional anharmonicity is
present. The simulations show that anharmonic contributions
arise from transitions among substates that are on the time
scale of the quasi-elastic scattering (11, 24). At room tem-
perature the transition times range from 0.1 ps to 100 ps
depending on the distances between wells and the barriers
between them (11). As mentioned in the Introduction, the
calculated transitions are complex in nature and involve
significant backbone as well as side chain displacements;
torsional angle transitions play only a minor role. Another
contribution to quasi-elastic scattering within the quasi-
harmonic model would arise from overdamped harmonic
modes (27). The elastic scattering from individual atoms
described by such Langevin oscillators would be Gaussian in
q. Although the simulation results are consistent with in-
creased damping of the vibrational modes at higher temper-
atures, most of the low-frequency protein modes remain
underdamped at 325 K.
The inclusion of explicit environmental effects (e.g., aque-

ous solvation, powder neighbor interactions) in the simula-
tion would introduce additional damping and modify the
effective potential experienced by the individual atoms. It is
of interest that the effects on the neutron spectra of hydrating
a protein are rather similar to increasing the temperature.
Measured room temperature spectra from proteins at low
hydration can be approximately reproduced by harmonic
models of the internal dynamics (25). At higher hydrations
there is a quasi-elastic component to the scattering (36).
The present comparison of vacuum simulation and hydrated

powder experiments is suggestive concerning the effect of the
environment on the atomic potentials ofmean force. It appears
that the form of the individual wells in which the atoms vibrate
at low temperatures is not sensitive to solvent for many of the
atoms in the protein interior. However, the nature of the
barriers between the wells may be more perturbed by the
environment. It is the latter that determine the transition in the
temperature dependence of (Ax2) and the quasi-elastic contri-
bution to the scattering. The variation of the myoglobin tran-
sition temperature with solvent is in accord with this conclusion
(37).
The possible role of selective protonation of the deuterated

protein as a technique for obtaining more detailed data has been
illustrated by the heme group results. For such a study a neutron
source of higher flux would be desirable. It is encouraging that
a powerful neutron source is planned for the near future (38).
As has been pointed out recently (39), more work is

required before theory and experiment are united in such a
way that a full understanding of the internal motions of
proteins and their functional roles can be achieved. The
present results show one way in which insights into protein
dynamics can be provided by the use of simulations to aid in
the interpretation of experimental data. Ofequal importance,
the agreement between theoretical and experimental inco-
herent neutron scattering results provides a needed test of
both the overall amplitude and time scales of the fluctuations
calculated by molecular dynamics simulations of proteins.
We thank Stephen Cusack and Wolfgang Doster for stimulating
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