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ABSTRACT: Cancer-associated point mutations in Ras, in particular, at glycine
12 and glycine 13, affect the normal cycle between inactive GDP-bound and active
GTP-bound states. In this work, the role of G12V and G13V replacements in the
GAP-stimulated intrinsic GTP hydrolysis reaction in Ras is studied using
molecular dynamics (MD) simulations with quantum mechanics/molecular
mechanics (QM/MM) potentials. A model molecular system was constructed
by motifs of the relevant crystal structure (Protein Data Bank entry IWQ1). QM/
MM optimization of geometry parameters in the Ras-GAP-GTP complex and
QM/MM—-MD simulations were performed with a quantum subsystem
comprising a large fraction of the enzyme active site. For the system with wild-
type Ras, the conformations fluctuated near the structure ready to be involved in
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the efficient chemical reaction leading to the cleavage of the phosphorus—oxygen bond in GTP upon approach of the properly
aligned catalytic water molecule. Dynamics of the system with the G13V mutant is characterized by an enhanced flexibility in the
area occupied by the y-phosphate group of GTP, catalytic water, and the side chains of Arg789 and GIné1, which should
somewhat hinder fast chemical steps. Conformational dynamics of the system with the G12V mutant shows considerable
displacement of the GIn61 side chain and catalytic water from their favorable arrangement in the active site that may lead to a
marked reduction in the reaction rate. The obtained computational results correlate well with the recent kinetic measurements of

the Ras-GAP-catalyzed hydrolysis of GTP.

ild-type Ras proteins normally cycle between inactive
GDP-bound and active GTP-bound states."”> The
chemical reaction of GTP hydrolysis (GTP + H,0 — GDP
+ P,) dramatically accelerated upon complexation of Ras with
GTPase-activating protein (GAP) is a driving force to inactivate
the GTP-bound state. Point mutations, in particular, at glycine
12, glycine 13, or glutamine 61, impair intrinsic and GAP-
stimulated GTP hydrolysis activity, rendering Ras persistently
active and GTP-bound.® Elucidating the role of Ras poly-
morphism demands an immense amount of attention because
several point mutations in Ras are related to the development
of cancer.* Numerous investigations aim to resolve the puzzles
of GTP hydrolysis in the wild-type and mutated Ras variants
approaching the target from the wide range of distinctly
different directions.” It is hardly possible to cite even the most
important papers devoted to crystallography and spectroscopy
studies of the mechanism of GTP hydrolysis in Ras-like
GTPases; we mention only one of the recent reviews.
Computer-aided molecular modeling’ provides a sound
support for these experimental studies. Simulations of
hydrolysis of phosphates constitute a subject of important

simulations.'” > Classical molecular dynamics simulations
(e.g., refs 26 and 27) and semiempirical quantum calculations®
from other groups have been reported recently, as well.

Our studies® > focus on detailed computational character-
ization of the chemical steps of the enzyme-catalyzed GTP
hydrolysis reaction, assuming that the reagents (GTP + H,0)
and the products (GDP + P;) are trapped inside the protein
cavity. Using the quantum mechanics/molecular mechanics
(QM/MM) theory,® the mechanism of chemical trans-
formations between these two states was simulated for Ras,>!
Ras-GAP,*® and EF-Tu® protein systems. According to
simulation results, the molecular events of these chemical
steps include (i) cleavage of the phosphorus (P,)—oxygen bond
in GTP upon approach of the properly aligned catalytic water
molecule, (ii) formation of a new chemical bond between the
P, phosphorus and the oxygen of water, and (iii) redistribution
of protons between reacting species leading to inorganic
phosphate P;. The obtained mechanistic picture is consistent
with the variety of experimental data and results of different
quantum mechanics-based modeling.

Experimental kinetic studies of GTP hydrolysis in Ras

contributions from Warshel’s research group (e.g., refs 8—16). variants®* ™" evidence that point mutations slow rates of the
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process at different scales. A recent paper by Wey et al.*®
reports newly measured kinetic parameters for a series of
mutations at the GI12 and G13 positions for Harvey Ras
without and with pl20GAP. According to these data,
replacement of Glyl3 with Val slows hydrolysis in Ras-GAP:
the corresponding rate constants are 18.0 s™' for “*Ras-GAP
and 0.1 s for “*YRas-GAP. Replacement of Glyl2 with Val
affects hydrolysis markedly by reducing the rate constant in
G12VRas-GAP to 0.01 s".

The aim of this work was to provide a plausible explanation
of these recent kinetic data for the Ras-GAP-catalyzed GTP
hydrolysis at the atomistic level by using advanced molecular
modeling tools. At the first stage, we applied a strategy having
certain features common to that used previously by us** and
recently by Gerwert et al>*** Namely, we started from the
coordinates of heavy atoms of the crystal structure of Protein
Data Bank (PDB) entry 1WQI,* constructed a three-
dimensional full-atom model of the Ras-GAP-GTP complex,
and calculated its equilibrium geometry configuration using the
QM/MM unconstrained geometry optimization. Unlike all
previous approaches, a very large QM subsystem comprising a
large fraction of the enzyme active site was considered. Energies
and forces in QM were computed at the appropriate density
functional theory level.

To elucidate the role of G12V and G13V mutations in Ras,
we replaced Gly with Val at positions 12 and 13 in the relaxed
complex with wild-type Ras and compared results of conforma-
tional dynamics of three model systems (“‘Ras-GAP-GTP,
G12VRas-GAP-GTP, and “"*YRas-GAP-GTP) using MD simu-
lations with QM/MM potentials. We focused on analysis of
productive conformations responsible for eflicient chemical
transformations leading to the cleavage of the phosphorus
(P,)—oxygen bond in GTP upon approach of the properly
aligned catalytic water molecule. The obtained computational
results show good correlation with the recent kinetics
measurements of the Ras-GAP-catalyzed hydrolysis of GTP,
thus providing a clear interpretation of the corresponding
reaction mechanisms.

B MODELS AND METHODS

A model molecular system was constructed by motifs of the
crystal structure of PDB entry IWQ1* followed by the QM/
MM optimization of the Ras-GAP-GTP complex with a
quantum subsystem comprising a large fraction of the enzyme
active site: the triphosphate group of GTP, the catalytic water
molecule, the side chains of Lys16, Serl7, Thr3S, and GIn61,
Mg®** and two water molecules from the magnesium
coordination shell, and the side chain of Arg789 from GAP.
The quantum part included 86 atoms, while 12500 atoms in
total were considered in the QM/MM scheme. For QM/MM
calculations, we used the NWChem program package.*” The
customary link atom scheme to treat the boundary and the
electronic embedding strategy were applied. The latter
approach assumes that electrostatic properties of the MM
region are taken into account during calculations on the QM
region. The QM subsystem was treated in the DFT/cc-pVDZ
approximation with the PBEO functional.*"** The MM
subsystem was modeled with the AMBER force field
parameters.*> Upon geometry optimization, QM/MM-MD
calculations were conducted with the CP2K program package.**
The QM part included the same molecular groups as in QM/
MM optimization as well as the side chains (Gly or Val) at
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positions 12 and 13. Technically, the CP2K program operates
with the mixed Gaussian and Plane Wave (GPW) basis sets,
and the use of the BLYP functional in quantum subsystems is
assumed in applications. In our simulations, the DZVP
Gaussian basis set and the Goedecker-Teter-Hutter pseudopo-
tentials were applied. The MM part was treated with the
CHARMM force field parameters.*> The model system was
solvated in the large water box. No constraints were imposed in
the treatment of the MM subsystem.

Sets of MD trajectories of 10—30 ps length each were
executed in the NVT ensemble at 300 K with a 1 fs integration
time step. Analysis of hydrogen bond patterns along MD
trajectories relied on the following criteria: the hydrogen bond
bonding interactions are assumed if the participating atoms are
<2.2 A apart, and the angle formed between the heavy atoms
and donated hydrogen is >120°.

B RESULTS

Equilibrium Geometry Configuration of the “'Ras-
GAP-GTP Complex. Figure 1 illustrates a fragment of the

Figure 1. Equilibrium geometry configuration of the “‘Ras-GAP-GTP
complex. Here and in all figures, carbon atoms are colored green,
oxygen atoms red, nitrogen atoms blue, phosphorus atoms orange, and
magnesium atoms magenta. Distances are given in angstroms. Two
water molecules from the Mg®* coordination shell are not shown for
the sake of clarity.

active site obtained in the QM/MM geometry optimization.
First, we emphasize that the newly obtained structure of the
enzyme—substrate complex demonstrates the features common
for all previously considered GTPases.® ** This is an
important conclusion because we use here a different version
of QM/MM and a different software gackage compared to
those used in our previous treatment.”® Among the features
critical for the reaction mechanism, we point out a specific
alignment of a catalytic water molecule with an almost linear
arrangement of three atoms [O(Wat)—PZ—Oﬁy]. The equili-
brium distance from O(Wat) to P, (3.22 A) is consistent with
the previous results for the enzymatic hydrolysis of GTP*°~*
and ATP.***” A proper alignment of water in the Ras-GAP-
GTP reactive complex is due to the hydrogen bond network
formed by residues Thr3S and GIn61. All three oxygen atoms
of the y-phosphate group of GTP are tightly bound by the
surrounding groups: O2 is captured by Mg**, O3 is involved in
hydrogen bonding with Arg789 [the role of the arginine finger
for Ras-GAP catalysis has been discussed in numerous

dx.doi.org/10.1021/bi5011333 | Biochemistry 2014, 53, 7093—7099
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Figure 2. Chemical transformations in the active site of the Ras-Gap-GTP complex consistent with the mechanism of ref 30 and with the structure of

the enzyme—substrate complex shown in Figure 1.

publications (e.g,, refs 19 and 48)], and O1 forms hydrogen
bonds with the protonated amine group of Lys16 (not shown
in Figure 1 for the sake of clarity) and with the amide group of
GIn61.

It is not instructive to compare a majority of computed
geometry parameters and those from the crystal structure of
PDB entry IWQ1?® in the immediate area of the active site,
because introduction of the phosphate as a substitute for the
metal fluoride molecule in the crystal disturbs the local
environment. However, aside from this area, some comparison
is useful: in particular, the CZ(Arg789)—CA(Glyl3) distance in
the model system, 4.13 A (distinguished by the blue color in
Figure 1), practically coincides with that from the crystal, 4.11
A, thus showing that interaction of the Arg789 and Gly13 side
chains is reproduced well in computations. The N(Gly13)—Oy,
distance in the model system, 3.17 A, correlates with the value
of 2.66 A in the crystal. Finally, the CA(Gly12)—NE2(GIn61)
distance in the model system, 3.44 A, also reasonably agrees
with that in the crystal, 3.86 A. Analysis of other structural
motifs involving the magnesium shell and side chains of Thr3$,
Lys16, and Serl7 provides validation of the computed model
structure, as well.

As shown in our previous study of the chemical step of GTP
hydrolysis in Ras-GAP,* such a tightly bound structure of the
enzyme—substrate complex is responsible for a low-barrier
cleavage of the P,—Oy, bond in GTP. The subsequent chemical
transformations include inversion of the P,O; plane toward the
reaction intermediate followed by proton transfers as illustrated
in Figure 2. As a result, the inorganic phosphate H,PO,” is
formed in complete accord with the most recent experimental
and theoretical results from Gerwert’s group.'”** The
appearance of the tautomeric Gln side chain upon GTPase-
catalyzed hydrolysis of GTP (bottom side in Figure 2) was
hypothesized in an earlier study by Sondek et al.** and
characterized computationally in ref 30. A similar tautomeric
isomer of the Gln side chain can be observed in distinctively
different proteins.”*~>* Direct involvement of the GIn61 side
chain in chemical transformations upon GTP hydrolysis in Ras-
GAP is in agreement with the known critical role of this
residue; its replacement should notably affect the hydrolysis
reaction and prevent inactivation of Ras from the GTP-bound
state.

The orientation of the attacking water molecule shown in
Figure 1 corresponds to one of several possible geometric
configurations of the active site. In particular, we reported
previously>® that molecular dynamics simulations with the
conventional force field parameters predicted another type of
orientation of the catalytic water molecule in the active site of
the EF-Tu protein. Here we conducted QM/MM geometry
optimization for a model system in which the water molecule
formed a hydrogen bond with the oxygen atom of the y-
phosphate group of GTP. The corresponding structure is
illustrated in Figure S1 of the Supporting Information.
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Importantly, its QM/MM energy is 7 kJ/mol higher than
that of the model system shown in Figure 1.

To justify application of another approximation in the
quantum subsystem [the BLYP functional with the Gaussian
(DZVP) and plane wave basis sets] and other force field
parameters (CHARMM) in calculations of QM/MM-MD
trajectories, as compared to the QM/MM calculations of
equilibrium geometry configurations with the PBE0/cc-pVDZ
approximation in the QM part and the AMBER force field
parameters, we located the minimum energy structure of the
“'Ras-GAP-GTP complex in the QM(BLYP/GPW)/MM-
(CHARMM) approach. Optimized geometry parameters of
this structure, illustrated in Figure S2 of the Supporting
Information, are close to those found in the QM(PBEO/cc-
pVDZ)/MM(AMBER) approach (Figure 1). The major
difference refers to the slightly increased distance (to 3.4 A)
between the oxygen of the catalytic water molecule and the
phosphorus of the y-phosphate group of GTP. Other critical
features of the geometry configuration responsible for the
efficient chemical reaction remain unchanged.

Comparison of the Dynamics of “'Ras-GAP-GTP and
G13VRas-GAP-GTP Complexes. We compared the dynamical
properties of the “*Ras-GAP-GTP and “'*'Ras-GAP-GTP
model systems following the results of QM/MM-MD
calculations. Trajectories were initiated from the QM/MM-
optimized structure of the enzyme—substrate complex in the
case of the wild-type Ras and from the manually constructed
structure for the ®"*YRas-GAP-GTP mutant. In the latter case,
we used partial MM-based optimization of geometry
parameters in the local area of the introduced valine side
chain prior to the MD runs.

We found that in the case of wild-type Ras, the system
fluctuated near the structure that was prepared for efficient
chemical transformations leading to the cleavage of the
phosphorus—oxygen bond in GTP. In particular, the P,—
O(Wat) distance fluctuated around 3.4 A with a standard
deviation of 0.2 A. The dynamics of the system with the G13V
mutant is different; it is characterized by an enhanced flexibility
in the area occupied by the y-phosphate group of GTP, the
catalytic water, and the side chains of Arg789 and GIné61.

Figure 3 illustrates conformational changes in the “'*VRas-
GAP-GTP model compared to the "Ras-GAP-GTP complex.
Substitution of a small amino acid residue Glyl3 with large
hydrophobic Val results in the twist of the guanidine plane of
Arg789, leading to rotation of the P,O; fragment. In the
complex with wild-type Ras, Gln61 forms a hydrogen bond
with only O1 of the y-phosphate, not with O3. Rotation of the
P,0; fragment results in the formation of two hydrogen bonds,
HNE(GIn61)—01(GTP) and HNE(GIn61)—03(GTP), thus
affecting the alignment of the catalytic water molecule.

It is important to examine the distribution of PV—O(Wat)
distances along the trajectories. As seen from the data in Table
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Figure 3. [lustration of conformational changes in the “**VRas-GAP-
GTP model (the balls and sticks represent the selected molecular
groups) compared to the "‘Ras-GAP-GTP complex. Magenta sticks
specify groups of the y-phosphate and the side chains of GIn61 and
Arg789 in the “Ras-GAP-GTP system. The orientation of the lytic
water molecule is essentially the same as in the structure with wild-
type Ras shown in Figure 1.

1, the fraction of conformations with a P,—O(Wat) distance of
<3.4 A'is 53% in the system with wild-type Ras and 38% in the
G13V mutant. Hydrogen bond patterns for one of the key
residues, Thr35, which is responsible for a proper alignment of
the catalytic water molecule, also deserve to be analyzed: in the
case of wild-type Ras, the side chain of Thr3S forms a stable
hydrogen bond with water (97%); in the G13V mutant, this
bond is formed less readily (80%).

Dynamics of the '?'Ras-GAP-GTP Complex. QM/MM-
MD calculations for the “*'Ras-GAP-GTP system demon-
strated even stronger deviation of the active site from a
productive conformation (Figure 1) than in the case of the
G13VRas-GAP-GTP complex. We show in Figure 4 positions of
the triphosphate groups, catalytic water, and side chains of
Arg789 and GIné61 in the "Ras-GAP-GTP model system using
sticks and in the “'*YRas-GAP-GTP system using balls and
sticks. Apparently, the G12V mutation leads to a displacement
of the GIn61 side chain apart from GTP (the hydrogen bond

Figure 4. Fragment of the active site in the enzyme—substrate
complex. The sticks illustrate an arrangement of the y-phosphate and
the side chains of GIn61 and Arg789 in the “‘Ras-GAP-GTP system.
Balls and sticks show the corresponding molecular groups in the
G12VRas-GAP-GTP system.

with O1 of y-phosphate is lost) and the catalytic water molecule

from their favorable arrangements in the active site.
Consequences of such changes are clearly seen in Figure S,

demonstrating the distribution of P,—O(Wat) distances along a

R(P,-O(Wat)), A

t, ps

Figure S. Distribution of P,—O(Wat) distances in “*Ras-GAP-GTP
(red), ®'*YRas-GAP-GTP (blue), and ©"*YRas-GAP-GTP (green)
complexes along a fragment of the QM/MM-MD trajectory.

representative fragment of the QM/MM-MD trajectory for
"Ras-GAP-GTP (red graph), “'*YRas-GAP-GTP (blue graph),
and “"*'Ras-GAP-GTP (green graph). This distance equals 3.2
A in the corresponding minimum energy structure (Figure 1);

Table 1. Comparison of Dynamical Parameters along QM/MM-MD Trajectories for the *'Ras-GAP-GTP, "*YRas-GAP-GTP,

and ?YRas-GAP-GTP Model Systems®

geometry parameter statistics

P,(GTP)—0O(Wat) mean (standard deviation)
maximum/minimum

%

HNE(GIn61)—01 mean (standard deviation)
maximum,/minimum

%

HNE(GIn61)—03 mean (standard deviation)
maximum/minimum

%

O(Thr35)—H(Wat) mean (standard deviation)
maximum,/minimum

%

“'Ras-GAP-GTP GI3VRas-GAP-GTP G12VRas-GAP-GTP
3.38 (0.21) 3.56 (0.39) 3.71 (0.38)
3.96/2.78 4.77/2.79 5.35/2.93
s3 38 18
2.29 (0.32) 2.43 (0.29) 3.13 (0.31)
3.40/1.56 3.32/1.72 423/224
42 24 0
3.11 (0.39) 2.56 (0.53) 243 (0.25)
4.09/2.12 4.11/1.65 3.23/1.8
<1 32 19
1.91 (0.15) 2.05 (0.26) 1.89 (0.16)
2.87/1.55 3.66/1.52 2.55/1.50
97 80 95

“Mean values and standard deviations (in parentheses) are given in angstroms.
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it fluctuates near 3.4 A along the QM/MM-MD trajectory
(Table 1) in the case of wild-type Ras and, to a lesser extent, in
the case of ©*Ras-GAP-GTP. However, upon GI2V
substitution, a considerable elongation of this geometry
parameter should be noted. Beyond moving apart from the y-
phosphate, the catalytic water molecule changes its orientation
relative to reacting groups of GTP (Figure 4), thus reducing the
frequency of conformations favorable for the fast chemical
reaction.

B DISCUSSION

According to recent kinetic measurements,38 the reaction rate
constant for the GTP hydrolysis by mutated “**'Ras in the
complex with GAP is ~2 orders of magnitude lower than in the
case of "*Ras. The performance of the “'*Ras-GAP complex is
even worse, showing a reduction in the rate constant of 3
orders of magnitude compared to that of the wild-type proteins.
The mechanistic picture that can be drawn from the results of
our simulations is qualitatively consistent with these observa-
tions. An enhanced flexibility in the active site in the '*VRas-
GAP-GTP complex, reflected by a displacement of the y-
phosphate group interacting with the arginine finger Arg789,
should not completely inhibit the reaction but should lower its
rate. In the case of the *YRas-GAP-GTP complex, a partial
distortion of the active site occurs, affecting the critically
important GIn61 side chain and the productive alignment of
the catalytic water molecule (Figure 4); the consequences of
such disorder should be more pronounced affecting the
reaction rate to a larger extent than for the G13V mutation.

The importance of the inflexible arrangement of the
glutamine side chain in the DxxGQ motif (here, AspS7-
Thr58-AlaS9-Gly60-Gln61) typical for small GTPases was
discussed, in particular, in ref 21. In the case of Ras,
cooperation of the Thr35 and GIn61 side chains assists with
the favorable position of the catalytic water molecule resulting
in the well-defined active site (Figure 1). Enhanced flexibility of
GIn61 should lower the rate of chemical reaction of GTP
hydrolysis. Following QM/MM-MD simulations, we demon-
strate here that the G13V and G12V replacements in Ras are
responsible for certain disruption of the active site of the Ras-
GAP-GTP complex. In agreement with the recent kinetic
experimental data,®® the effect of the G12V mutation should be
more pronounced.

The conclusions of this work rely on the mechanism of GTP
hydrolysis in Ras-GAP, according to which GIn61 is directly
involved in the chemical transformations as suggested in refs 30
and 49. It was shown previously that this mechanism is capable
of interpreting the effect of mutation R789L* in the Ras-GAP-
catalyzed reaction as well as kinetic isotope effects upon
enzyme-catalyzed GTP hydrolysis.>*

Finally, we comment on the necessity to apply a fairly
expensive QM/MM-MD methodology to analyze conforma-
tional changes in the active site of Ras-GAP upon mutations.
We reported earlier’>>* that molecular mechanics or molecular
dynamics simulations with the conventional force field
parameters failed to reproduce the enzyme—substrate structure
for GTP hydrolysis in the EF-Tu protein consistent with the
results of quantum-based calculations; a proper alignment of
the catalytic water molecule could not be achieved in these
simulations. Calculations performed in this work provide
further support for this conclusion; an analysis of conforma-
tions productive for the chemical reaction of GTP hydrolysis
inside the protein cavity could not be accomplished within
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classical MD without additional corrections of the force field
parameters. Application of the QM/MM-MD methodology
guarantees more precise estimates of energies and forces in
quantum subsystems.

B CONCLUSION

We describe the results of QM/MM and QM/MM-MD
simulations with a large fraction of the active site molecular
groups included in the quantum subsystem aiming to clarify the
role of mutations GI12V and G13V in Ras in the Ras-GAP-
catalyzed hydrolysis of GTP. The newly obtained equilibrium
geometry configuration of the enzyme—substrate complex
“'Ras-GAP-GTP is consistent with the previously established
mechanism of chemical transformations inside the protein
cavity. Computed dynamical behavior of the enzyme—substrate
complexes with the mutated variants is consistent with the
recent kinetic experimental data. The "‘Ras-GAP-GTP model
system fluctuates near the energy-minimized structure from
which the cleavage of the phosphorus (P,)—oxygen bond in
GTP occurs upon an approach of the properly aligned catalytic
water molecule. The dynamics of the system with the G13V
mutant is characterized by an enhanced flexibility in the area
occupied by the y-phosphate group of GTP, the catalytic water,
and the side chains of Arg789 and GInél, which should
somewhat hinder fast chemical steps. The conformational
dynamics of the system with the G12V mutant demonstrated
considerable shifts of the GIn61 side chain and catalytic water
from their favorable arrangement in the active site, thus slowing
the hydrolysis reaction.

B ASSOCIATED CONTENT

© Supporting Information

Ilustration of the active site of the "'Ras-GAP-GTP complex
corresponding to a local minimum energy configuration with an
alternative orientation of the catalytic water molecule (Figure
S1) and a comparison of the equilibrium geometry config-
urations of the active site of the "Ras-GAP-GTP complex
optimized in QM/MM calculations (CP2K program suite) with
the BLYP functional with the Gaussian (DZVP) and plane
wave basis sets in the quantum part and the CHARMM force
field parameters in MM and QM/MM calculations (NWChem
program suite) with the PBEO functional with the cc-pVDZ
basis sets in the quantum part and the AMBER force field
parameters in MM (Figure S2). This material is available free of
charge via the Internet at http://pubs.acs.org.
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