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ABSTRACT: Molecular mechanisms of the hydrolysis of
guanosine triphosphate (GTP) to guanosine diphosphate
(GDP) and inorganic phosphate (Pi) by the Ras·GAP protein
complex are fully investigated by using modern modeling
tools. The previously hypothesized stages of the cleavage of
the phosphorus−oxygen bond in GTP and the formation of
the imide form of catalytic Gln61 from Ras upon creation of Pi
are confirmed by using the higher-level quantum-based
calculations. The steps of the enzyme regeneration are
modeled for the first time, providing a comprehensive
description of the catalytic cycle. It is found that for the
reaction Ras·GAP·GTP·H2O → Ras·GAP·GDP·Pi, the highest
barriers correspond to the process of regeneration of the active site but not to the process of substrate cleavage. The specific
shape of the energy profile is responsible for an interesting kinetic mechanism of the GTP hydrolysis. The analysis of the process
using the first-passage approach and consideration of kinetic equations suggest that the overall reaction rate is a result of the
balance between relatively fast transitions and low probability of states from which these transitions are taking place. Our
theoretical predictions are in excellent agreement with available experimental observations on GTP hydrolysis rates.

■ INTRODUCTION

The process of guanosine triphosphate (GTP) hydrolysis to
guanosine diphosphate (GDP) and inorganic phosphate (Pi)
catalyzed by the Ras protein complexed with the GTPase-
activating proteins (GAPs) is crucial for many biological
processes, but it is especially important for cancer research.1,2

For this reason, it was widely investigated in recent years. The
mechanism of this reaction at the atomic level has been studied
employing different approaches.
Analysis of the relevant crystal structures provides some hints

on how the chemical transformations can occur in this system.
In this respect, the resolution of the crystal structure PDB ID
1WQ1 of Ras·GAP complexed with GDP and the γ-phosphate
mimic (AlF3) considerably contributed to clarify the subject.3

The results of time-resolved FTIR spectroscopy provided
valuable information on the molecular reaction mechanism and
dynamics in the corresponding protein systems.4−7 Other
kinetic measurements on the GTP hydrolysis reaction carried
on Ras molecules complexed either with p120-GAP or with
another GTPase accelerating protein neurofibromin (NF1)
have been also reported.5,8−12 The basic conclusion from all
these experimental studies can be formulated as follows: if the
changes in GTP concentration in the chemical reactions can be
measured, then the observed rate constants at temperatures
near 300 K are close to 19 s−1; the observed rate constants for
the release of inorganic phosphate are about two times lower.

However, it is not completely clear how different chemical
transitions at the enzyme active site are related to each other.
From kinetic experiments, we note the paper by Phillips et

al.11 in which the individual rate constants have been
determined for each stage of the GTP hydrolysis by Ras·
GAP(NF1), and the measurements were performed under the
same conditions such as temperature, ionic strength, etc. The
major part of the kinetic scheme11 is reproduced in eq 1.

The estimated value of the rate constant for the chemical
transition 2, which is related to the cleavage of GTP, was
determined by the quenched flow method, and it was analyzed
by measuring the GTP/GDP ratio by the high performance
liquid chromatography. The graph in Figure 4 of ref 11
demonstrates the decay of the GTP fraction from which the
rate constant can be derived, yielding k2 = 19.5 s−1. In our work,
we rely on the experimental data reported for Ras·NF111 to
justify the mechanism of GTP hydrolysis by Ras·GAP since the
difference in kinetics of GTP hydrolysis in Ras accelerated
either by p120-GAP or by NF1 has been shown to be small.10
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Computational modeling based on quantum mechanics/
molecular mechanics (QM/MM) simulations13−16 provides an
important tool for understanding the reaction mechanisms in
enzymes at the atomic level. Although different molecular
models lead to partly overlapping conclusions when consider-
ing the GTP hydrolysis reaction17−28 (see also the recent
review articles29−31), there is an agreement between the results
from diverse approaches.19,25−28 According to these calculation
results, the catalytic water molecule (Wat) in the enzyme−
substrate complex is aligned by the hydrogen bonds with the
side chains of two Ras residues, Thr35 and Gln61. The
nucleophilic attack of Wat on the γ-phosphate of GTP leads to
cleavage of the phosphorus−oxygen bond and separation of the
PγO3

− group from GDP. Inorganic phosphate, H2PO4
−, is

created following the formation of the bond between the
oxygen of Wat and Pγ and proton transfer between Wat and
PγO3

− through the assistance of the side chain of Gln61.
The simulations described in refs 19, 25, and 28 have been

terminated at the stage when the protons are transferred and
the inorganic phosphate Pi is created; however, regeneration of
the active site of Ras has not been considered. To accomplish
the process of enzyme regeneration, the side chain in Gln61
should be transformed from the imide to the amide form:

Thus, the initial motivation of the present study was to
complete QM/MM simulations and to understand how the
enzyme active site could be reactivated again. When the full
reaction energy profile was constructed, the surprising
observation was that the part referring to the process of
substrate cleavage did not correspond to the highest energy

barriers. Instead, the regeneration of the enzyme constituted
the most energy expensive stage. Even more unexpected was
the finding that such an energy diagram, showing the relatively
low activation energies at the earlier chemical stages of the
reaction pathway followed by higher energy barriers at the
enzyme regeneration stages, was perfectly consistent with the
observed kinetics of GTP hydrolysis reported by Phillips et al.11

Correspondingly, the results of this article refer to the
mechanism of chemical transformations at the active site of
the Ras·GAP complex as well as to the kinetic mechanism of
the GTP hydrolysis by this enzyme system.

■ MODELS AND METHODS

A molecular model for QM/MM calculations was constructed
by using the motifs from the crystal structure PDB ID 1WQ13

following the protocol described in detail earlier.27 In brief, the
artificial AlF3 group was manually replaced by the PγO3 moiety;
the hydrogen atoms were added assuming positive charges of
the side chains Lys, Arg, and negative charges of Glu and Asp;
the system was fully solvated by the shells of water molecules.
The QM part comprised a large fraction of the enzyme active
site: the phosphate groups of GTP, the catalytic water
molecule, the side chains of Lys16, Ser17, and Gln61, the
side chain and backbone of Thr35 (all from Ras), Mg2+ and two
water molecules from the magnesium coordination shell, and
the side chain of Arg789 from GAP. The quantum part
included almost 90 atoms, and more than 5000 atoms in total
were considered in the QM/MM scheme. For QM/MM
calculations, we used the NWChem program package.32 The
QM subsystem was treated at the DFT-D3/cc-pVDZ level with
the PBE0 functional33 and the dispersion correction D3.34 The
MM subsystem was modeled with the AMBER force field

Figure 1. Chemical transformations at the active site of the Ras·GAP·GTP·H2O complex consistent with the mechanism of the GTP hydrolysis
described in refs 19 and 25−28. Here and in other figures, carbon atoms are shown in green, oxygen in red, nitrogen in blue, phosphorus in brown,
hydrogen in white, and magnesium in magenta; distances are given in Å.
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parameters.35 Structures of the reaction intermediates were
obtained in a series of unconstrained QM/MM minimizations
following scans along the appropriate reaction coordinates.
Vibrational analyses were performed to confirm that the located
points corresponded to the true minima. Structures of the
transition states (TS) separating the minimum energy areas on
the energy surface were obtained as the points with single
imaginary harmonic frequency. When the saddle points were
located, we have verified that the descent forward and backward
correctly led to the respective minimum energy structures.
Finally, we introduced corrections to the potential energy
values due to zero-point energies and entropic contributions.
Cartesian coordinates of atoms in the QM/MM optimized

structures in the pdb format for all stationary points located in
this work can be obtained from the authors upon request.

■ RESULTS
We summarize in Figure 1 the transformations at the initial
segment of the reaction pathway of the GTP hydrolysis by Ras·
GAP. The data utilized to prepare Figure 1 and also Figure 2

below were partially obtained earlier25 and were recomputed in
this work at a much higher theoretical level. The enzyme−
substrate (ES) complex (the left upper panel in Figure 1)
shows a proper alignment of the catalytic water molecule Wat
for a nucleophilic attack on the γ-phosphate of GTP. At the first
step, we gradually decreased the Ow−Pγ distance chosen as a
reaction coordinate. In the first transition state, TS1 (the right
upper panel in Figure 1), the PγO3 group, separated from GDP,
adopts a planar configuration with the almost equal distances
Ow−Pγ and Pγ−Oβγ along the in-line arrangement of the
corresponding atoms. Overcoming this saddle point, the system
reaches the local minimum energy point, the reaction
intermediate I1 (right lower panel in Figure 1). To form the
inorganic phosphate Pi with the composition H2PO4

−, the
second transition state, TS2 (the left lower panel in Figure 1),
should be passed to arrive to the next reaction intermediate I2
illustrated in Figure 2. The distance Ow−Hw2 was chosen as a
reaction coordinate at this step.
Specific features of the elementary step I1 → TS2 → I2 are

as follows: after the formation of the covalent bond between Ow
and Pγ, the protons Hw2 (originally from Wat) and HN1
(originally from the amide group of Gln61) are redistributed,

and the tautomer imide form of Gln61 (denoted here as
Gln*61) is created.
Figure 2 shows that the inorganic phosphate H2PO4

− in the
I2 intermediate is conveniently located inside the protein cavity.
All its oxygen atoms are saturated by hydrogen bonds, and all
essential molecular groups from Ras (Thr35, Gln61, Lys16, and
Mg2+) and from GAP (Arg789) are involved in the binding. We
discuss the energy diagrams later in the text but mention here
that the QM/MM-based calculations carried out ealier25,28 and
in this work predict that the energy barriers estimated as the
heights of TS1 and TS2 points above the respective minimum
energy points, ES and I1, are fairly low. Importantly, the
described mechanism at this segment of the reaction pathway is
precisely consistent with the conclusions formulated in the
recent work by Warshel et al.,19 which followed the empirical
valence bond (EVB) based simulations.
The reaction intermediate I2 corresponds to GDP and Pi

trapped in the Ras*·GAP protein complex where the Ras*
subunit contains the tautomer imide form of Gln61 (see Figure
2). The transformations from I2 to the enzyme−product (EP)
complex, i.e., to GDP and Pi in Ras·GAP with the regenerated
Gln61 side chain in the amide form are illustrated in Figure 3.

According to our calculations, the active site regeneration of
Ras starts with the rotation of the O2−HN1 group around the
Pγ-O2 bond in Pi (see the left upper panel in Figure 3). As a
result, the hydrogen bond between the oxygen atom Oβγ of the
β-phosphate group of GDP and HN1 is formed. The minimum
energy structure depicted in the right upper panel in Figure 3
refers to the reaction intermediate I3. The subsequent rotation
of the Ow-Hw1 group around another phosphorus−oxygen

Figure 2. Fragment of the structure of the intermediate I2 obtained in
the reaction pathway ES → TS1 → I1 → TS2 → I2.

Figure 3. Transformations from I2 to EP as obtained from the QM/
MM simulations.
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bond of the inorganic phosphate, Pγ-Ow, leads to the reaction
intermediate I4 (the right lower panel in Figure 3). The shape
of the energy surface along the I2 → TS3 → I3 and I3 → TS4
→ I4 elementary steps, describing the rotations around the P-O
bonds in Pi, was constructed as follows. We performed a
relaxed scan along the corresponding torsion angle in order to
estimate the initial coordinates of the saddle point, computed
the corresponding TS geometry configuration as a point with
single imaginary frequency (440i cm−1 for TS3 and 247i cm−1

for TS4), and carried out descent in forward and backward
directions to connect TS with the relevant reaction
intermediates.
At the final step, the protons Hw1 and Hw2 are redistributed

between Pi and Gln61 as clarified in the left and right bottom
panels in Figure 3. Like at the elementary step I1 → TS2 → I2
(Figure 1), the distance Ow−Hw2 was chosen as a reaction
coordinate at the step I4 →TS5 →EP. As a result, the amide
form of Gln61 was restored. The TS5 configuration was a point
on the energy surface with single imaginary frequency 1099i
cm−1. We present in Supporting Information the video file
illustrating all transformations at the enzyme active site on the
route from ES to EP.
The full energy diagram for the Ras·GAP catalyzed hydrolysis

of GTP is shown in Figure 4. The calculated energy profile

suggests that the processes of substrate cleavage (from ES to
I2) are characterized by the modest energy barriers (less than 6
kcal/mol), while the subsequent stages of enzyme regeneration
(from I2 to EP) require overcoming the barriers of 10−11 kcal/
mol.
We show now that such a shape of the energy landscape

along the reaction coordinate is consistent with the
experimental kinetic data, thus providing support to the
suggested reaction mechanism. Formally, we can distinguish
five elementary steps on the route from ES to EP (Figure 4)
that makes stage 2 in the experimental kinetic scheme of eq 1.
Let us consider the corresponding kinetic scheme, eq 2:

⇄ ⇄ ⇄ ⇄ ⇄ES I1 I2 I3 I4 EP
1 2 3 4 5

(2)

Application of the transition state theory to estimate the
individual rate constants k+n and k−n (n = 1−5) for the

corresponding steps leads to the values (in s−1) shown in the
bottom panel in Figure 4.
To prove that the computed reaction energy profile is

consistent with the experimental data, we perform the following
kinetics analysis. First, we used the brute-force strategy to solve
numerically the set of differential equations of the kinetic
scheme in eq 1 by utilizing the experimental rate constants for
the stages 1, 3, and 4 collected in Table 3 of ref 11 and
introducing our computed rate constants (see Figure 4) for
stage 2 represented as a series of 5 elementary steps (n = 1−5).
We also used in numerical calculations the experimental
concentrations of enzyme and substrate.11 Figure 5 shows the
results of these simulations obtained using the computer code
KINET developed for numerical modeling of the kinetic
properties of complex chemical reactions.36

The computed curves for GTP and Pi reproduce remarkably
well the experimental data shown in Figure 4 of ref 11.
Moreover, if we fit the time dependence of GTP concentration
by a single exponent function we arrive at the effective rate
constant kef f ∼ 15 s−1, perfectly correlating to the measured
value k2, which is around 19 s−1 in all experiments at room
temperature.8,9,11,12 Ref 5 reported the results of experimental
studies of GTP hydrolysis in Ras-GAP at temperature 260 K,
estimating the rate constant as 0.8 s−1. Our computational
model applied to this temperature gives 0.15 s−1.
To demonstrate the feasibility of the numerical results, we

carefully analyze the kinetic scheme of eq 2 without using the
experimental concentrations or experimental rate constants. We
note that the energy profile shown in Figure 4 suggests that ES
and the intermediates I1, I2, and I3 (the corresponding levels
are marked in magenta in Figure 4) are in the pre-equilibrium
state. This can be also checked by numerical solution of the
kinetic differential equations: the corresponding curves for the
I1, I2, and I3 concentrations decay similarly to that of ES. Thus,
we can define the corresponding equilibrium constants as
shown in eq 3:

= = =
I
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I
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K
I
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K
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[ ]

;
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2
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3
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The concentration of I4 is very low, and its changes are
negligible during the reaction, and this justifies the application
of the steady-state approximation. The kinetic differential
equations can now be written in the simpler algebraic form:

Figure 4. Energy profile for the GTP hydrolysis at the active site of the
Ras·GAP complex. The bottom panel shows values of the
monomolecular reaction rate constants k+n and k−n (in s−1) estimated
by using the transition state theory for every elementary step on the
route.

Figure 5. Computed curves for the GTP cleavage (blue) and Pi release
(red). The green curve corresponds to all reaction intermediates
composed of the complexes of GDP and Pi.
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The analytical expression for the rate of EP formation can be
simplified further by ignoring the backward reaction (I4 ← EP)
on the final elementary step:

= · − · ≈ ·−
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Combining the above equations, we obtain the expressions
for the time dependence of ES concentration:
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Taking the values K3 and k4 from the data shown in the
diagram in Figure 4, we get the value of effective catalytic
constant as k′ef f = K3·k+4 ∼ 17 s−1. This is approximately the
same as the one obtained from the numerical solution of the
system of differential equations as discussed above.
To understand the complex kinetic mechanism of the GTP

hydrolysis, it is also convenient to employ a method of first-
passage processes, which is successfully utilized for analyzing
multiple processes in physics, chemistry, and biology.37

According to this approach, the overall reaction rate for
multistep process eq 2 is inversely proportional to the mean
first-passage time of going through the energy landscape
presented in Figure 4, starting from the state ES and reaching
for the first time the state EP. For sequential processes, like the
hydrolysis of GTP as presented in eq 2, the explicit expressions
are available.37

∑ ∑τ =
× ×

× ×= =

− + − + −

−

k k k

k k k

...

...n
i

n

j

i
i i j

i i j1 1

1 2

1 (7)

where n is the number of sequential transitions, and the
notations from those in Figure 4 are utilized. The physical
meaning of this expression is clear: the average time to go from
the state ES to the final state EP is a sum of residence times
along the pathway. The mean first-passage time can also be
viewed as an average over all trajectories that start at the initial
state (ES) and finish at the final state (EP). For the hydrolysis
of GTP, we have n = 5, and substituting the values from the
calculated chemical rates yields, τ5 ≅ 6.75 × 10−2 s, or k′ef f ≅ 15
s−1. This result is also very close to experimentally observed
kinetic measurements, supporting our theoretical arguments.

■ DISCUSSION
In this work, we applied the following strategy to clarify the
microscopic aspects of reaction and kinetic mechanisms for the
GTP hydrolysis by the Ras·GAP protein complex. First, we
computed the energy profile connecting the reactants and
products trapped inside the enzyme and specified all
elementary steps along the pathway. Analysis of the located
structures of the minimum energy points and of the saddle
points characterized the qualitative sides of the reaction
mechanism. An essential part of this mechanism is a temporary
formation of the reaction intermediate with the tautomerized
form of Gln61 from Ras. Regeneration of the enzyme active site
required transformation of this form to the amide isomer.
Second, the QM/MM simulations allowed us to estimate the
energy diagrams at each step and to obtain the corresponding

barriers for forward and backward reactions. These barriers
were corrected by adding the zero-point energies and entropic
contributions, and such obtained values were converted to the
monomolecular reaction rate constants k+n and k−n by using the
transition state theory for every elementary step on the route.
Then, we applied three approaches to evaluate the effective rate
constant keff for this multistep process: (i) the brute-force
numerical solution of the set of differential equations describing
the full kinetic scheme by utilizing the experimental11 rate
constants for the stages 1, 3, and 4 identified in eq 1 and
introducing our computed rate constants for the stage 2
represented as a series of 5 elementary steps; (ii) analytical
solution of the appropriate kinetic eqs eq 2−6; and (iii)
estimation by the method of first-passage processes, eq 7. All
approaches resulted in consistent values of constant kef f, which
remarkably well correlated with the measured rate constants of
the GTP hydrolysis in this protein system.
From the qualitative side, the kinetics of the fairly slow decay

of GTP despite the very low activation barriers on the part of
the energy profile responsible for GTP cleavage (from ES to
I2) is understandable because multiple forward and backward
transitions between the substrate and the reaction intermedi-
ates I1, I2, and I3 occur before the reactants finally overcome
TS4 and TS5. We also point out that the importance of the
first-passage method is that it allows us to explain better the
molecular picture of this process. Using the calculated values
from Figure 4, it can be shown that the mean first-passage time
is dominated by just two terms:

τ ≅ + = + × −

K k K k
s

1 1
(0.75 6.00) 105

2 3 3 4

2

(8)

This suggests that in the hydrolysis cycle, the system spends
most of the time in states I2 and I3. The rate limiting steps are
passing the barriers TS3 and TS4, but the overall rate is much
smaller than these specific rates (k3 and k4) because the fraction
of molecules in states I2 and I3 is relatively small. Fast reactions
of GTP cleavage (first two barriers) quickly lead to effective
pre-equilibrium conditions, and energetically, states I2 and I3
are higher in energy than the original ES state. As a result, the
fraction of molecule in states I2 and I3 is significantly smaller
than that in state ES. The flux over the barrier is a product of
the concentration of molecules in the state preceding the
barrier times the rate of passing the barrier. Thus, the overall
kinetic rate here is a balance between relatively fast transitions
and a low probability of states from which these transitions are
taking place.
The reaction mechanism and the kinetic scheme considered

in this work rely on the assumption that there is only one water
molecule at the active site of the Ras·GTP·GAP complex. If the
protein cavity was less tight and at least two water molecules
could be incorporated near the γ-phosphate group of GTP,
then different scenarios might be considered. One of the
possible options might be a mechanism that does not involve
the temporary formation of the tautomer form of Gln61. We
computationally characterized such a reaction pathway earlier26

for the case of GTP hydrolysis by Ras without GAP. It was
shown, in particular, that the computed barriers on the pathway
Ras(Gln61)·GTP·H2O·H2O → Ras(Gln61)·GDP·Pi·H2O were
considerably higher than that in the reaction Ras(Gln61)·GAP·
GTP·H2O → Ras(Gln*61)·GAP·GDP·Pi. If two water
molecules could still be found at the active site and the imide
form of Gln61 was assumed to be on the reaction pathway
upon the formation of Pi, then, of course, the tautomeric Gln*
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→ Gln transformation would be considerably facilitated by the
second water molecule.
However, we do not find clear evidence for the presence of

two (or more) water molecules at the active site in the Ras·
GTP·GAP structure. A study of Martiń-Garciá et al.,23 which
reports the results of QM(PM3)/MM calculations on the
mechanism of GTP hydrolysis by Ras-GAP, is sometimes
invoked as an argument that supports such a hypothesis. As a
motivation of their work, the authors of ref 23 claimed that the
involvement of the second water molecule in the catalytic
mechanism was suggested by the cryo-technique studies by
Scheidig, Burmester, and Goody et al.38 However, this is not a
correct reference since in the latter work the GTP hydrolysis in
Ras but not in Ras-GAP has been experimentally studied.39 The
conclusions from the computations,23 suggesting that two water
molecules operate in the cavity of the Ras·GTP·GAP complex,
also might not be reliable because of the application of the
semiempirical PM3 Hamiltonian in the QM part. Shortcomings
of the PM3 methodology in describing hydrogen bonds, which
is crucial for modeling protein systems, are well-known; see,
e.g., ref 39. For these reasons, more advanced procedures have
been introduced in recent years.40,41 Most likely, the protein
structures obtained in ref 23 in the molecular dynamics
simulations with the QM(PM3)/MM potentials are not
correct. On the contrary, all our QM/MM simulations25−28

using ab initio quantum chemistry methods show a good
agreement with the crystal structure PDB ID 1WQ1,3

supporting our arguments. This also indicates that there is no
need to introduce more than one water molecule at the active
site. However, some recent evidence shows that there is a
possibility of the presence of a second water molecule near the
vicinity of the active site and that the resulting path should have
a low barrier. Hence, computationally it is advantageous to
explore all possible mechanistic pathways explicitly rather than
assuming them.
Returning to the mechanism of GTP hydrolysis by Ras-GAP

described in this work as well as in our previous papers,25−28 we
should comment that the step I1→ I2 suggesting the concerted
proton transfers and the formation of the tautomer imide form
of Gln61 seems to be unexpected at first glance, although such
a scenario has been suspected in a crystallography study of
Sondek et al.13 by analyzing the hydrolysis of GTP by another
GTPase, transducin alpha.42 In fact, we performed countless,
but unsuccessful attempts by exploring QM/MM-based
simulations to find a pathway that would allow one to avoid
a consideration of the tautomer form of Gln61. Of course, we
cannot exclude the fact that sampling based QM/MM
computations will be helpful to find alternative reaction routes.
In the most recent works,27,28 we computed the free energy
profiles for the process ES → I2 by using MD simulations with
the QM/MM potentials. The results of MD calculations
provided clear visualization of the molecular events along
trajectories. Accordingly, we could observe proton transfers
corresponding to the step I1 → I2 with the formation of
Gln*61 when applying steered MD along the Ow−Pγ
coordinate.
Consideration of the proton movement from Wat to the

carbonyl oxygen of Gln61 followed by intramolecular proton
transfer presents one more possible scenario. We did not obtain
the corresponding reaction intermediates in the Ras-GAP
catalyzed GTP hydrolysis; however, we could locate such an
intermediate in the simulations of GTP hydrolysis by another
GTPase, Arl3, complexed with its GAP, RP2.43 Even in this

case, the next step from this intermediate with the protonated
carbonyl oxygen of Gln again resulted in the tautomer imide
form of glutamine.
Therefore, most probably, the role of Gln61 in the Ras-GAP

catalyzed hydrolysis of GTP is to take part in the proton
transfer steps. This conclusion does not contradict the results
described in the works of Warshel et al.18,19 In fact, the EVB
based simulations illustrated in Figure 3 of ref 19 demonstrate
similar proton transfer events as shown in Figure 1 and Figure 2
of the present article. An elegant analysis of the electrostatic
contributions of the protein amino acid residues going from the
ES state to the state corresponding to our intermediate I2
performed in ref 19 shows different contributions for the P-
loop, switch I, switch II, and Mg2+ ion region, which is
consistent with the allosteric effects associated, in particular,
with Gln61.
We should also comment on the role of Gln61 in the Ras-

GAP catalyzed hydrolysis of GTP from the point of view of the
mutational studies. One of the key experiments with the Gln61
mutation was reported by Schultz et al.44 who found that a
substitution of the Gln61 residue with an unnatural amino acid
NGln, an isoelectronic, isosteric nitro analogue of Gln, had little
effect on the hydrolysis rate. By using QM/MM simulations
similar to those described in the present work, we could
demonstrate that both glutamine and its nitro analogue in the
aci-nitro form participated in the reaction of GTP hydrolysis at
the stages of proton transfer and formation of inorganic
phosphate. The computed structures and the energy profiles for
the complete pathway from the enzyme−substrate to enzyme−
product complexes for the wild-type and mutated Ras suggest
that the reaction mechanism is not affected by this mutation.45

Finally, we comment on the kinetic scheme consistent with
the energy profile depicted in Figure 4. It should be noted that
the dominant dynamic behavior is determined by the difference
between the largest barrier (here, TS4) and the lowest state
(ES) in the pathway. Using the transition state theory formulas
for room temperature, this difference, 16 kcal/mol, can be
converted to the reaction rate constant 19 s−1 in precise
agreement with the experimental data. However, we believe
that consideration of all kinetic equations provides more
important information on mechanisms in this process. In
particular, it predicts in what intermediate states the system
spends most of the time, I2 and I3 for our system, which is
consistent with the experimental data presented in Figure 4 of
ref 11. This approach allows us to explicitly evaluate the
contributions from transitions with similar rates, which might
be important for the systems with comparable barriers, as found
in our case.
Our theoretical analysis raises an interesting fundamental

question on why the GTP hydrolysis follows this kinetic
scheme. We suggest that this might be due to the fact that
several earlier chemical steps related to the substrate cleavage
control this reaction. It is much easier from an energetic point
of view to modify some of these steps instead of trying to
change the regeneration of enzymes.

■ CONCLUSIONS
There are two important results from our theoretical analysis.
First, the full reaction mechanism of the GTP hydrolysis by
Ras·GAP, which is one of the most important biochemical
reactions, has been proposed and quantified. Second, we are
able to provide a microscopic explanation of the kinetic scheme
for the GTP hydrolysis. Consistent with experimental data, the
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decay of the substrate concentration upon hydrolysis is
explained by the processes that involve enzyme regeneration
and not only by the stage of chemical cleavage of the substrate.
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