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Abstract: We report the results of computational studies of the guanosine triphosphate (GTP) hydrol-
ysis in the active site of the KRas-NF1 protein complex, where KRas stands for the K-isoform of the
Ras (ras sarcoma) protein and NF1 (neurofbromin-1) is the activating protein. The model system
was constructed using coordinates of heavy atoms from the crystal structure PDB ID 6OB2 with the
GTP analog GMPPNP. Large-scale classical molecular dynamics (MD) calculations were performed
to analyze conformations of the enzyme-substrate complexes. The Gibbs energy profiles for the
hydrolysis reaction were computed using MD simulations with quantum mechanics/molecular
mechanics (QM/MM) interaction potentials. The density functional theory DFT(ωB97X-D3/6-31G**)
approach was applied in QM and the CHARMM36 force field parameters in MM. The most likely
scenario of the chemical step of the GTP hydrolysis in KRas-NF1 corresponds to the water-assisted
mechanism of the formation of the inorganic phosphate coupled with the dissociation of GTP to GDP.

Keywords: KRas protein; GTP hydrolysis; activating protein GAP; reaction mechanism; Gibbs energy
profiles; molecular dynamics; QM/MM

1. Introduction

An ongoing interest in the molecular mechanism of the guanosine triphosphate (GTP)
hydrolysis to guanosine diphosphate (GDP) through various variants of the Ras (rat sar-
coma) protein is due to a vital importance of Ras in cancer research [1–5]. Ras is activated or
inactivated, when bound to GTP or GDP, and oncogenic mutations increase the frequency
of GTP-bound Ras in the signaling state. Thus, the mechanism of GTP hydrolysis through
the GTPase Ras in complexes with the GTPase activating proteins (GAPs) is a focus of
numerous studies. Several Ras-GAP complexes have been investigated in experimental and
computational works [6]. Historically, the H-isoform of Ras complexed with the p120GAP
protein gained the highest attention. The crystal structure of the HRas-p120GAP complex
containing the GTP mimic was deposited to the Protein Data Bank (PDB) [7] as the PDB
1WQ1 entry [8]. This structure formed a solid structural basis to propose possible mech-
anisms of chemical reaction GTP + H2O → GDP + Pi, where Pi is called the inorganic
phosphate. We refer to several selected papers [9–23] which describe proposed reaction
mechanisms; the full list of references is excessively large for the present paper.

Recently, Rabara et al. reported results of experimental studies of GTP hydrolysis in
the K-isoform of Ras complexed with another variant of GAP–neurofibrin-1 (NF1) [24].
The reported crystal structure PDB 6OB2 of KRas-NF1 contains atomic coordinates of the
system with the non-hydrolyzable GTP analog, GMPPNP. Unlike the structure PDB 1WQ1,
which presumably refers to the transition state mimic in the GTP → GDP reaction, the
structure PDB 6OB2 simulates an enzyme-substrate (ES) complex. Therefore, modeling the
reaction mechanism of GTP hydrolysis on the base of the PDB 6OB2 coordinates promises
the discovery of novel details of this important mechanism.
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It is convenient to compare (see Figure 1) two Ras-GAP models taking atomic coordi-
nates of heavy atoms from the crystal structure PDB 6OB2 of KRas-NF1 [24] and those from
the computationally derived model [19,21,22] of HRas-p120GAP. The latter was obtained
in QM/MM optimization of atomic coordinates initiated by the crystal structure PDB
1WQ1 [8] after restoring the γ-phosphate group in GTP instead of its mimic (AlF3

−) in
the crystal. This model well reproduces positions of all important molecular groups in
the enzyme active site observed in the crystal structure PDB 1WQ1. In both models, the
substrate (either the GTP molecule or its non-hydrolyzable analog GMPPNP) is trapped
inside proteins, in particular, with the help of the magnesium ion Mg2+. The coordination
sphere of the latter is formed by the oxygen atoms of the γ- and β-phosphates, of the water
molecules denoted WM1 and WM2 in Figure 1, and of the carbonyl groups of the serine
S17 and threonine T35 side chains. All the magnesium–oxygen distances in both structures
are about 2.0–2.1 Å.
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are in considerably different conformations than those in the structure PDB 1WQ1. The 
arginine finger is located too far from the γ-phosphate (cf. CZ-PG distances—9.5 Å in Fig-
ure 1a and 4.3 Å in Figure 1b). The side chain of Q61 in the PDB 6OB2 structure is switched 
away from the γ-phosphate and does not assist in aligning the nucleophilic water mole-
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Figure 1. Panel (a) shows a view on the active site in the PDB 6OB2 crystal structure of KRas-
NF1. Panel (b) shows a related fragment in the computationally derived HRas-p120GAP complex
constructed with atomic coordinates of the PDB 1WQ1 crystal structure. In this and other figures,
carbon atoms are shown in green, oxygen in red, nitrogen in blue, phosphorus in orange, magnesium
ions in magenta. Interatomic distances are given in Å.

As shown in Figure 1b, the water molecule denoted W1 stays in a perfect position for
a nucleophilic attack on the PG atom of the γ-phosphate, taking into account its hydrogen
bonds with the threonine T35 and glutamine Q61 side chains. In turn, location of the Q61
side chain, favoring a proper orientation of W1, is due to an important arginine residue
R789 from the GAP molecule. The role of the “arginine finger” (in fact, the role of the GAP
in the GTP hydrolysis by Ras) is well discussed in the literature [6,8,9,14–18]. Formation
of these structural motifs in the active site accounts for the efficient GTP hydrolysis in
the Ras-GAP protein complex. It is a common view that upon approaching the properly
aligned nucleophilic water molecule, the PG−O3B bond cleaves producing GDP.

An analysis of the structure PDB 6OB2 of KRas-NF1 (see Figure 1a) shows that two
critical amino acid side chains, Q61 and R1276GAP (an analog of R789GAP in the PDB 1WQ1),
are in considerably different conformations than those in the structure PDB 1WQ1. The
arginine finger is located too far from the γ-phosphate (cf. CZ-PG distances—9.5 Å in
Figure 1a and 4.3 Å in Figure 1b). The side chain of Q61 in the PDB 6OB2 structure is
switched away from the γ-phosphate and does not assist in aligning the nucleophilic water
molecule W1.

Such a position of Q61 is inconsistent with the key role of this glutamine residue in
the GTP hydrolysis by Ras-GAP complexes as confirmed by mutational studies [3,5,8].
In particular, according to the results reported in [24], the Q61R mutation abolishes the
reaction, although detailed kinetic experiments are not reported. In this respect, the paper
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of Philips et al. [25] is a more important contribution. The authors used the stopped-flow
kinetic measurements for the KRas-NF1 system and reported the rate constant 19.5 s−1 for
the chemical step of the entire GTP hydrolysis process. Using the equation of the transition
state theory, this value can be converted to the activation free energy barrier of 16 kcal/mol.

The goal of the present paper is to report the results of molecular simulations of the
GTP + H2O→ GDP +Pi reaction in the KRas-NF1 model systems constructed on the base
of the PDB 6OB2 crystal structure. We rely on novel efficient modeling tools to calculate the
Gibbs energy reaction profiles using molecular dynamics approaches with the quantum
mechanics/molecular mechanics potentials (QM/MM MD) which allow us to apply a
high-level functional in the density functional theory and atom-centered basis functions to
evaluate energies and forces in a large QM-subsystem.

2. Materials and Methods

The crystal structure PDB 6OB2 [24] is used as a source of coordinates of heavy atoms
to construct all-atom molecular model systems of KRas(GTP)-NF1. The GTP molecule was
restored from its GMPPNP analog; hydrogen atoms were added, assuming the conventional
protonation states of the polar residues at neutral pH: Arg and Lys were charged positively;
Glu, Asp were charged negatively. Water molecules resolved in the crystal structures were
kept in the model systems. A solvation water box was built using the visual molecular
dynamics (VMD) program [26]. Moreover, 45 sodium and 38 chloride ions were added
to neutralize the system and ensure the 0.15 M NaCl concentration. The CHARMM36
force field topology and parameters [27] were employed along with the TIP3P parameters
for water molecules. Parameters of GTP were taken from [28]. In total, the model system
contained 47,128 atoms.

Classical MD trajectories were simulated using the NAMD 3.0 software package [29].
The isothermal–isobaric (NPT) ensemble at P = 1 atm and T = 300 K was employed with
the Nosé–Hoover Langevin piston pressure control and the Langevin dynamics. Periodic
boundary conditions and the particle mesh Ewald algorithm—to account for the long-
range electrostatic interactions—were applied, whereas the non-bonded interaction cut-off
parameter was set to 14 Å; integration step was set to 2 fs with the SHAKE/SETTLE
algorithms applied to constrain bonds to hydrogen atoms. A harmonic constraint potential
of 0.1 kcal/Å2 was applied to the CA atoms of the beta sheets of the protein. A total length
of over 2000 ns from 16 trajectories was produced.

To construct the Gibbs energy profiles, we carried out MD simulations with the
quantum mechanics/molecular mechanics (QM/MM) potentials for the model system
in the vicinity of ES complexes revealed in classical MD. The triphosphate part of the
GTP molecule; the K16, E57, Q61, R1276GAP side chains; the magnesium ion with its full
solvation shell containing S17, Thr35, and two water molecules (WM1, WM2); the reactive
water molecule W1; and an additional five water molecules in the active site were assigned
to the QM subsystem, whereas the rest of the protein and solvent shells constituted the MM
part. The energies and energy gradients in QM were computed using the density functional
theory (DFT) level with the range-separated ωB97X functional [30] with the D3 dispersion
correction [31]. The 6-31G** basis set was employed. The MM part was described with the
CHARMM36 force field [27]. The trajectories were computed using the software stack of
NAMD [32] and TeraChem [33] using an appropriate interface [34].

Trajectories of a total length of over 450 ps (with the 1 fs integration time step) were
produced in these runs. The selected segments of collective variables (CV) were divided
into windows, and each sampling window accounted for about 10 ps; force constants of
additional harmonic potentials were 10–40 kcal/mol/Å2. The umbrella integration and
weighted histogram analysis were utilized to construct the Gibbs energy profiles [35]. The
MDAnalysis software [36] was also employed to analyze molecular dynamics trajectories.

The ‘psf’ topology files, the NAMD coordinates, and the ‘config’ files, as well as the
‘jupyter notebook’ files used to extract data from the MD trajectories and the extracted
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data are available in the general-purpose, open-access repository ZENODO (accessed via
https://doi.org/10.5281/zenodo.7811133; last access on 27 May 2023).

3. Results
3.1. Classical Molecular Dynamics Reveals Non-Reactive and Reactive ES Complexes

The initial position of the R1276GAP side chain in classical MD runs was as that in the
crystal structure PDB 6OB2. Part of trajectories left the arginine finger aside the active site;
however, several trajectories favor approaching it to the γ-phosphate of GTP. Below, we
analyze only protein conformations with the arginine finger inside the active site.

From the results of classical MD simulations, we distinguish two major conformations
of the KRas(GTP)-NF1 complex. The first is the conformation with the glutamine Q61
side chain turned away from the γ-phosphate group of GTP. As we see below, subsequent
QM/MM MD calculations of the Gibbs energy profiles show that the pathway initiated by
this ES conformation corresponds to a high activation barrier of the GTP→ GDP reaction,
far exceeding the estimates (16 kcal/mol) from the kinetic experiments [25]. Therefore,
this is an unlikely pathway, and we call the corresponding ES complex a non-reactive one.
Reactive ES complex is characterized by a different orientation of the Q61 side chain, and
subsequent calculations of the Gibbs energy profiles initiated from this complex result
in reasonable reaction pathways. Figure 2 shows typical structures in the vicinity of the
non-reactive and reactive ES complexes observed along MD trajectories. The interatomic
distances presented in the figures correspond to the mean distances obtained in QM/MM
MD runs initiated from the selected frames in classical MD.
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Figure 2. The active site in the KRas(GTP)-NF1 model system in the non-reactive ES conformation (a)
and in the reactive ES conformation (b).

Consistently with the comments in Ref. [24] about an 8◦ rotation and a 1.8 Å transition
of the GAP domain of NF1 upon moving to the transition state, we obtain the 3.1 ± 0.5 Å
transition and 8.7 ± 2.3◦ rotation of the GAP domain relative to the initial PDB 6OB2
crystal structure during the last 150 ns of the classical MD trajectory. To carry out the
corresponding analysis, the RAS domain backbone of the trajectory frames was aligned
to the initial crystal structure, whereas the GAP domain translation was measured via
the center of mass of the GAP domain backbone and the principal axes of inertia of GAP
domain backbone.

In the following subsections, we describe the results of Gibbs energy calculations
initiated from non-reactive and reactive ES complexes performed at the QM/MM MD level.

https://doi.org/10.5281/zenodo.7811133
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3.2. Molecular Dynamics with QM/MM Potentials Initiated with Non-Reactive ES

As seen in Figure 2a, the nucleophilic water molecule W1 is located fairly close to the
target PG atom of GTP. (The O(W1)-PG distance is 3.1 Å; however, it is poorly oriented
for an efficient attack.) Selection of a collective variable as a combination of the key
distances, CV = d(O3B-PG)-d(PG-O(W1)), allowed us to compute the Gibbs energy profile
shown in Figure 3. The insets illustrate the most essential changes with the reactants, H2O
(W1) and GTP; the distances shown in Å refer to the mean values over corresponding
trajectory windows.

Biophysica 2023, 3, FOR PEER REVIEW 5 
 

 

mass of the GAP domain backbone and the principal axes of inertia of GAP domain back-
bone.  

In the following subsections, we describe the results of Gibbs energy calculations in-
itiated from non-reactive and reactive ES complexes performed at the QM/MM MD level. 

3.2. Molecular Dynamics with QM/MM Potentials Initiated with Non-Reactive ES 
As seen in Figure 2a, the nucleophilic water molecule W1 is located fairly close to the 

target PG atom of GTP. (The O(W1)-PG distance is 3.1 Å; however, it is poorly oriented for 
an efficient attack.) Selection of a collective variable as a combination of the key distances, 
CV = d(O3B-PG)-d(PG-O(W1)), allowed us to compute the Gibbs energy profile shown in 
Figure 3. The insets illustrate the most essential changes with the reactants, H2O (W1) and 
GTP; the distances shown in Å refer to the mean values over corresponding trajectory 
windows. 

 
Figure 3. Gibbs energy profile for the reaction initiated by the non-reactive ES complex shown in 
Figure 2. The insets show essential changes with the reactants (the magnesium ion is presented to 
orient the view of the fragments). In this and subsequent figures, the shown interatomic distances 
in Å refer to the mean values averaged over corresponding trajectory windows. 

We see the expected qualitative structural changes along this pathway—upon ap-
proaching the nucleophilic water molecule W1 to the γ-phosphate group of GTP, the in-
version of the PGO3 moiety takes place with an almost planar arrangement at the energy 
barrier, and the cleavage of the PG–O3B bond occurs. However, the energy barrier is too 
high—more than 25 kcal/mol. We remind the reader that the kinetic studies described in 
Ref. [25] report the rate constant 19.5 s−1 for the chemical step of GTP hydrolysis in Ras-
NF1 corresponding to the activation barrier of 16 kcal/mol.  

It is unlikely that this pathway is consistent with the efficient hydrolysis reaction de-
spite the close position of R1276GAP to the active site. It seems that it is not enough to insert 
the arginine finger into the active site; the glutamine Q61 side chain should be properly 
oriented as well. We point out that replacement of glutamine by arginine at position 61 in 
KRas-NF1 resulted in complete loss of hydrolysis activity [24].  

3.3. Molecular Dynamics with QM/MM Potentials Initiated with Reactive ES 
Now we turn to QM/MM MD simulations initiated with reactive ES (Figure 2b). First 

of all, we note that the use of the same collective variable as before, i.e., CV = d(O3B-PG)-
d(PG-O(W1), allowed us to reach another conformation illustrated in Figure 4 (for the CV 

Figure 3. Gibbs energy profile for the reaction initiated by the non-reactive ES complex shown in
Figure 2. The insets show essential changes with the reactants (the magnesium ion is presented to
orient the view of the fragments). In this and subsequent figures, the shown interatomic distances in
Å refer to the mean values averaged over corresponding trajectory windows.

We see the expected qualitative structural changes along this pathway—upon ap-
proaching the nucleophilic water molecule W1 to the γ-phosphate group of GTP, the
inversion of the PGO3 moiety takes place with an almost planar arrangement at the energy
barrier, and the cleavage of the PG–O3B bond occurs. However, the energy barrier is too
high—more than 25 kcal/mol. We remind the reader that the kinetic studies described
in Ref. [25] report the rate constant 19.5 s−1 for the chemical step of GTP hydrolysis in
Ras-NF1 corresponding to the activation barrier of 16 kcal/mol.

It is unlikely that this pathway is consistent with the efficient hydrolysis reaction
despite the close position of R1276GAP to the active site. It seems that it is not enough
to insert the arginine finger into the active site; the glutamine Q61 side chain should be
properly oriented as well. We point out that replacement of glutamine by arginine at
position 61 in KRas-NF1 resulted in complete loss of hydrolysis activity [24].

3.3. Molecular Dynamics with QM/MM Potentials Initiated with Reactive ES

Now we turn to QM/MM MD simulations initiated with reactive ES (Figure 2b). First
of all, we note that the use of the same collective variable as before, i.e., CV = d(O3B-PG)-
d(PG-O(W1), allowed us to reach another conformation illustrated in Figure 4 (for the CV
values exceeding −1 Å). Although its energy is 4 kcal/mol higher than that of the initial
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structure, at this conformation the nucleophilic water molecule W1 is located properly
for the nucleophilic attack on the PG atom of the GTP. This structure shows common
features of the reactants observed in previous modeling of the GTP hydrolysis reaction in
HRas-p120GAP using the static QM/MM approach [19–22]. The major difference of the
present structure of the active site from that in the HRas-p120GAP complex is a longer
distance between the O(T35) and O(W1) atoms. Nevertheless, W1 is properly coordinated
by Q61, and T35, the O(W1) − PG –O3B atoms, make an almost linear chain. Moreover,
the KRas-NF1 model includes additional W2 and W3 water molecules that are absent in
the HRas-p120GAP complex. In previous QM/MM simulations for the HRas-p120GAP
complex, a potential energy reaction profile leads to a low energy pathway corresponding
to the so-called glutamine-assisted mechanism [21,22].
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Figure 4. Structure of the reactants (REAC) for the reaction pathways initiated with reactive ES.

We consider the structure illustrated in Figure 4 as consistent with the reactants
(REAC). Correspondingly, we shall cite below the free energies computed in QM/MM
MD calculations for other structures along reaction pathways as counted from the level
of REAC. Further evolution along the coordinate CV = d(O3B-PG)-d(PG-O(W1) leads to
the Gibbs energy profile shown in Figure 5. We show in the insets the molecular groups
directly involved in transformations. The primary reactants, W1 and GTP, are shown in
balls and sticks, whereas other important groups—which actively participate in the reaction
at subsequent steps; namely, the side chain of Q61 and two water molecules, W1 and W2—
are shown in sticks.



Biophysica 2023, 3 379Biophysica 2023, 3, FOR PEER REVIEW 7 
 

 

 
Figure 5. The reaction pathway from REAC (Figure 4) to INT via TS. From the INT point, the system 
may evolve according to two scenarios as shown in Figure 6. 

 
Figure 6. Possible reaction pathways from INT: the glutamine-assisted mechanism (to the left) and 
the water-assisted mechanism (to the right). Balls and sticks representation distinguishes the groups 
which experience chemical transformations (Q1, W1, GTP in the left-side scenario and W1, W2, W3, 
GTP in the right-side scenario). 

After passing the transition state (TS) with an almost planar arrangement of the PGO3 
moiety, the system occurs at the configuration of a reaction intermediate (INT). The ener-
gies of the TS and INT states are 11 and 9 kcal/mol, respectively. In the INT structure, the 
PG–O3B bond is cleaved, but the inorganic phosphate is not yet formed.  

The first option is to explore the glutamine-assisted mechanism as for the HRas-
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Figure 6. Possible reaction pathways from INT: the glutamine-assisted mechanism (to the left) and
the water-assisted mechanism (to the right). Balls and sticks representation distinguishes the groups
which experience chemical transformations (Q1, W1, GTP in the left-side scenario and W1, W2, W3,
GTP in the right-side scenario).

After passing the transition state (TS) with an almost planar arrangement of the PGO3
moiety, the system occurs at the configuration of a reaction intermediate (INT). The energies
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of the TS and INT states are 11 and 9 kcal/mol, respectively. In the INT structure, the
PG–O3B bond is cleaved, but the inorganic phosphate is not yet formed.

The first option is to explore the glutamine-assisted mechanism as for the HRas-
p120GAP in Refs. [21,22]. This mechanism assumes tautomerization of the Q61 side chain
to construct the inorganic phosphate. The left side in Figure 6 shows that conformations
with the glutamine Q61 tautomer and the inorganic phosphate are observed along the
reaction coordinate CV = −d(PG-O(W1)) + d(O(W1)-H(W1)) − d(H(W1)-OE1(Gln)) +
d(NE2(Gln)-H(Gln)) − d(H(Gln)-O2G). The activation energy is about 5 kcal/mol from
the level of INT, giving rise to a total barrier of about 14 kcal/mol. The problem with
this pathway is that the minimum energy structure after the barrier is located higher
(12 kcal/mol) than the level of INT (9 kcal/mol). Therefore, this pathway is hardly produc-
tive for the GTP hydrolysis in this model system.

Another option is to explore a proton wire route to obtain the inorganic phosphate
as shown in the right side in Figure 6, although the role of the glutamine Q61 side chain
is important as well—this time to coordinate properly the W1 molecule. The two water
molecules W2 and W3 (besides the nucleophile water W1) in the active site participate in
the proton transfer helping to accomplish the reaction. The activation barrier along this
route (CV = −d(PG-O(W1)) + d(O(W1)-H(W1)) − d(H(W1)-O(W2)) + d(O(W2)-H(W2)) −
d(H(W2)-O(W3) + d(O(W3)-H(W3) − d(H(W3)-O1G)) is 14.5 kcal/mol (consistent with the
experimental estimate of 16 kcal/mol [25]), and the energy of the products is well below the
level of INT. We consider this reaction pathway as the dominant channel in the chemical
step of the GTP hydrolysis in the KRas-NF1 complex.

4. Discussion

It is hard to overestimate the significance of a reference crystal structure for successful
simulations of the reaction mechanism in the enzyme active site using molecular modeling
approaches. The predominant majority of previous efforts to dissect the reaction mechanism
of GTP hydrolysis in the Ras-GAP protein complex were based on the crystal structure
PDB 1WQ1 [8]. It refers to the HRas-p120GAP system containing a GTP analog (GDP
and AlF3

−), presumably, in the conformation of a transition state. We emphasize the
following features of this structure (see Figure 1b): (i) the arginine finger R789GAP is
inserted deeply to the active site (the CZ(Arg)-PG(GTP) distance is 4.3 Å); (ii) the side
chain of the glutamine residue Q61 is in a position capable of orienting the catalytic water
molecule for a nucleophilic attack on the PG atom of the γ-phosphate (the O(Gln)-O(W1)
distance is 2.8 Å; the O(W1)-PG(GTP) distance is 2.8 Å); (iii) there is space to accommodate
only one water molecule in the active site. Calculations of the reaction energy profiles
initiated by this crystal structure resulted in a variety of mechanistic proposals for the
reaction mechanisms [9–22]. The most restricting condition for simulations is a requirement
to consider only one water molecule in the reacting particles.

The crystal structure PDB 6OB2 for the KRas-NF1 complex [24] presents an alternative
starting point for molecular modeling of the Ras-GAP catalyzed GTP hydrolysis reaction.
It contains another GTP analog, the GMPPNP species, and the protein conformation, most
likely, resembles an enzyme-substrate complex but not a transition state structure.

As obtained in the present work, model systems initiated from the crystal structure
PDB 6OB2 and observed in large-scale MD simulations may refer to non-reactive and
reactive enzyme-substrate complexes. Calculations of the Gibbs reaction energy profiles
carried out at the high QM(DFT)/MM MD level confirm the significance of the arginine
finger (here, the R1276GAP), as well as the significance of a proper orientation of the
glutamine Q61 side chain to construct reactive ES complexes.

The non-reactive ES conformation may account for the so-called substrate-assisted
mechanism of GTP hydrolysis in Ras-GAP [37]. We show that this mechanism in the KRas-
NF1 system is associated with a fairly high activation barrier, inconsistent with the kinetic
measurements. The reactive ES conformations initiate reaction mechanisms consistent
with the measured rate constant of the chemical step of GTP hydrolysis in KRas-NF1. It
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requires participation of the glutamine Q61 side chain and the water molecules present
in the active site. In this respect, the structure PDB 6OB2 provides a starting point for
molecular simulations of GTP hydrolysis in Ras-GAP systems which differs from that
initiated by the structure PDB 1WQ1. The latter excludes the accommodation of additional
water molecule(s) in the active space besides the nucleophilic one. However, it should be
noted that the crystal structure PDB 6OB2 does not contain the entire GAP macromolecule;
for technical reasons, the authors of Ref. [24] could crystallize only a fraction of the NF1
molecule bound to the KRas protein.

Other details of a computational protocol besides selection of a reference crystal
structure are significant as well. The results of experimental studies of the GTP hydrolysis
in another GTPase [38] show that the activity optimum corresponds to pH 6; therefore,
we apply here a manual assignment of protons to the polar residues consistent with
physiological pH values. A consistent computational strategy would be to estimate the
pKa of ionizable residues directly (e.g., Refs. [39–42]). A more careful treatment of the
long-range electrostatic effects in MD simulations in model protein systems surrounded by
water molecules (e.g., [43,44]) could improve the obtained low exothermicity of the GTP
hydrolysis reaction (−1 kcal/mol, Figure 6). The choice of a functional for DFT calculations
of energies and energy derivatives in QM is always a matter of strong consideration. We
apply here the long-range corrected hybrid ωB97X functional [30], although the use of
other modern variants, e.g., of the M06 suite, may improve the energy profiles.

Finally, it should be noted that the Empirical Valence Bond theory [45,46] is actively
used for studies of GTP hydrolysis [9–13] and other enzyme-catalyzed reactions [47,48].
However, we emphasize the significance of MD simulations with the QM(DFT)/MM
potentials for construction of the Gibbs energy profiles, which are now becoming available.
Despite multiple attempts to dissect the mechanism of GTP hydrolysis in GTPases using
molecular modeling tools, few papers describe the applications of MD with quantum-based
potentials to evaluate free energy reaction profiles (e.g., [23,49]) but employing a lower
level of theory. The present paper is a first approach in which the atom-centered basis
functions and a reliable DFT functional (ωB97X-D3) in QM for calculations of reaction free
energy profiles upon GTP hydrolysis in Ras-GAP systems are applied.

5. Conclusions

This paper reports the following novel aspects of the important enzyme-catalyzed
reaction of GTP hydrolysis with the Ras-GAP protein complexes. We apply modern
methods of molecular modeling to construct the Gibbs energy reaction profiles for the
chemical step of GTP hydrolysis in the KRas-NF1 system. Specifically, we use molecular
dynamics simulations based on the quantum mechanics/molecular mechanics interaction
potentials (the QM(DFT)/MM MD approach) with theωB97X-D3/6-31G** scheme in QM
and the CHARMM36 force field parameters in MM. The QM subsystem in these on-the-fly
calculations of energies and forces includes 94 atoms comprising important molecular
groups in the active site, whereas the entire water-solvated protein complex includes more
than 47,000 atoms. These large-scale calculations allowed us to analyze several scenarios for
the mechanism of the NF1(GAP)-stimulated GTP hydrolysis from KRas taking the crystal
structure PDB 6OB2 of the KRas-NF1 complex with a GTP analog as an initial source of
atomic coordinates. We show that a proper orientation of the “arginine finger”, here, the
R1276 residue from NF1, as well as of the glutamine residue Q61 from KRas is required for
obtaining the free energy profiles consistent with the results of kinetic measurements. The
most likely scenario of the chemical step of the GTP hydrolysis in KRas-NF1 corresponds
to the water-assisted mechanism of the formation of the inorganic phosphate coupled with
the dissociation of GTP to GDP.
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