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ABSTRACT The hydrolysis reaction of guano-
sine triphosphate (GTP) by p21®° (Ras) has been
modeled by using the ab initio type quantum me-
chanical-molecular mechanical simulations. Ini-
tial geometry configurations have been prompted
by atomic coordinates of the crystal structure
(PDBID: 1QRA) corresponding to the prehydroly-
sis state of Ras in complex with GTP. Multiple
searches of minimum energy geometry configura-
tions consistent with the hydrogen bond networks
have been performed, resulting in a series of sta-
tionary points on the potential energy surface for
reaction intermediates and transition states. It is
shown that the minimum energy reaction path is
consistent with an assumption of a two-step mech-
anism of GTP hydrolysis. At the first stage, a uni-
fied action of the nearest residues of Ras and the
nearest water molecules results in a substantial
spatial separation of the +y-phosphate group of
GTP from the rest of the molecule (GDP). This
phase of hydrolysis process proceeds through the
low barrier (16.7 kcal/mol) transition state TS1. At
the second stage, the inorganic phosphate is
formed in consequence of proton transfers medi-
ated by two water molecules and assisted by the
GIn6l1 residue from Ras. The highest transition
state at this segment, TS3, is estimated to have an
energy 7.5 kcal/mol above the enzyme-substrate
complex. The results of simulations are compared
to the previous findings for the GTP hydrolysis in
the Ras-GAP (p2172°-p120%AF) protein complex.
Conclusions of the modeling lead to a better
understanding of the anticatalytic effect of cancer
causing mutation of GIn6l from Ras, which has
been debated in recent years. Proteins 2007;66:
456-466. © 2006 Wiley-Liss, Inc.
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INTRODUCTION

The mechanism of hydrolysis of guanosine triphosphate
(GTP) by G-proteins, leading to guanosine diphosphate
(GDP) and inorganic phosphate (Pi), which constitutes
one of the most important enzymatic reactions responsible
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for normal and tumorigenic cellular signal transduction,
continues to remain a subject of active debates.™' The
most recent publications by Wittinghofer,"* Li and
Zhang,'° and Pasqualato and Cherfils'? comprehensively
review the subject summarizing advances from structural,
kinetic, spectroscopic, and theoretical studies. Two types
of the reaction mechanism are usually compared as differ-
entiated by the nature of a transition state. On one
extreme, a fully dissociative transition state for the GTP
hydrolysis is represented by an intermediate that shows
bond cleavage between the y-phosphate group and GDP.
On the other extreme, a fully associative transition state
is represented by a penta-coordinated intermediate that
shows no B-y bridge bond cleavage but significant amount
of bond formation between the incoming lytic water mole-
cule and the y-phosphate of GTP. It should be noted that
none of the available experiments can determine whether
the mechanism is associative or dissociative.’® Another
popular model suggests that the substrate GTP itself, spe-
cifically y-phosphate group of GTP, serves as the general
base in its own hydrolysis.® Modeling the catalytic mecha-
nism of the GTP hydrolysis by Ras and Ras-GAP in the
complete enzyme has been performed by Warshel and
coworkers'*2° by using the empirical valence bond (EVB)
methodology.2! In this approach, the diagonal elements of
the EVB Hamiltonian (the diabatic energies) describe the
energies of valence bond electronic structures, while the
different resonant structures are mixed by off-diagonal
elements. All EVB matrix elements are calibrated using
experimental information or ab initio quantum chemistry
calculations. Reference 19 describes simulations of the
GTP hydrolysis reaction in Ras-GAP along the alternative
associative and dissociative paths by relying on the EVB
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parameters used in previous estimates for the Ras-cata-
lyzed reaction'® and those partly fitted to the results of
ab initio quantum chemistry calculations for the methyl
monophosphate ester hydrolysis in aqueous solution.*® The
interactions between the EVB atoms and the rest of the
system were represented by the ENZYMIX force field pa-
rameters.?? These simulations resulted in a conclusion that
the reaction most likely corresponded to an associative
mechanism. In Ref. 20 only associative type mechanism
was assumed in simulations, and the EVB matrix elements
were noticeably reparameterized. The authors® reported
the estimated free energies of the first transition state, the
penta-coordinated intermediate, and the second transition
state for the GTP hydrolysis in water (20.0, 18.4, and
27.9 kcal/mol), in Ras (15.2, 11.9, and 23.2 kcal/mol), and in
Ras-GAP (16.1, 9.0, and 13.5 kecal/mol), which were consist-
ent with the values converted from the experimental rate
constants (4.7 X 10™* s7! in Ras and 19 s~ ! in Ras-GAP)
by using a simple formula of the transition state theory:
27.5 (water), 22.2 (Ras), and 15.9 kcal/mol (Ras-GAP).
Futatsugi et al.?® used the cluster (or supermolecular)
approach to model the hydrolysis reaction in Ras at the
ab initio quantum chemistry level. Following the results
of preliminary energy minimization by molecular
mechanics (MM) methods for the system based on the
Ras-type 121p PDB-structure, the authors selected a
highly simplified molecular cluster (including diphos-
phate as a model for GTP, fragments of Lys16, Serl7,
Thr35, and a water molecule) to represent the active
site of the enzyme. Ab initio (SCF/6-31G(d,p)) intrinsic
reaction coordinate (IRC) calculations, with several ge-
ometry constraints, were used to construct the energy
reaction pathway. These calculations suggested that the
hydrolysis reaction in a cluster environment proceeds in
one step with an activation energy of 42 kcal/mol. The
authors promoted the so-called proton-relay mechanism,
since in their calculations the initially charged residue
Lys16 donated the proton to y-phosphate facilitating the
reaction. Such an approach, and the resulting conclu-
sions, was criticized in Ref. 20 on the grounds that
Futatsugi et al. actually studied a gas phase system and
the appearance of the unstable lysine was an artifact of
the model. Nevertheless, in a subsequent publication,
Futatsugi and Tsuda?* explored the idea of a crucial role
of Lys16 in the GTP — GDP hydrolysis while interpret-
ing the results of their molecular dynamics (MD) simula-
tions of the Glyl2 — Val mutant of Ras. In another pa-
per®® of the same research group, the proton relay mech-
anism of GTP hydrolysis was considered in attempts to
model the hydrolysis reaction GTP — GDP by the Gial
protein, the latter being a kind of a GTPase-activating
protein. Again, a cluster model was selected for quan-
tum chemistry calculations at the SCF and DFT levels,
and detachment of a hydrogen atom from lysine, this
time to the Og atom of phosphate, was considered as a
key component of the reaction mechanism. The esti-
mated activation energy amounted to 35 kcal/mol.
Unrealistic activation energies reported in Ref. 23-25
which are inconsistent with the observed reaction rates
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prompt us to exclude from consideration the reaction
mechanisms discussed in these papers.

Cavalli and Carloni*® performed simulations of GTP
hydrolysis in the Cdc42/Cdc42GAP protein complex (a
relative of the Ras-GAP system) by using the Car-Parri-
nello MD calculations. By analyzing relatively short tra-
jectories, the authors concluded that the attacking water
molecule was highly polarized by the active site and
donated a proton to GIn61, whereas the proton transfer
to y-phosphate was highly unfavorable. Therefore, the
authors rejected the mechanism of substrate assisted ca-
talysis for GTP hydrolysis.

Klihn et al.2” applied the combined density functional
(DFT) and MM method to characterize vibrational spec-
tra and the mode of binding of GTP to Ras. Consistent
with experimental findings and discussions presented
in Ref. 19 these simulations pointed out that the charge
shift toward the B-phosphate should be catalytic for the
hydrolysis for any type of the reaction mechanism.

Essential dynamics analysis based on the averaged
structural features observed in the MD simulations of
the equilibrated protein complex Ras-GTP was used by
Soares et al.?® to hypothesize the reaction mechanism.
The authors offered a catalytic model aimed to explain
the importance of GIn61 in the GTPase activity of Ras.
Their proton-shuttle model assumed active participation
of two water molecules one of which should be posi-
tioned in an appropriate orientation for proton transfers
by GIn61. As stated by the authors the feasibility of
such mechanism would require the determination of
activation energies of the protonation reactions that
were “beyond the scope of the study.”?®

In previously described simulations of GTP hydrolysis
in the Ras-GAP protein complex?**® we applied quan-
tum chemical methods and an ab initio type version®'3?
of the combined quantum mechanics—molecular mechan-
ics (QM/MM) theory,>¢-38 concluding that the low-energy
reaction profile was consistent with the two step reac-
tion mechanism. The first step refers to the cleavage of
the Og—P, bond and separation of the vy-phosphate
group from the rest of the triphosphate moiety. At the
second step, the Pi is formed in consequence of proton
transfers via the nearby molecular groups involved in
the hydrogen bond network. We agree with the comment
formulated in Ref. 39 that “...it would be crucial to ex-
amine the corresponding result [proposal of a metaphos-
phate intermediate in the Ras-GAP complex] in related
systems as Ras alone. ...”*® Therefore, the present contri-
bution is devoted to modeling the reaction GTP + Hy0
— GDP + Pi in the Ras (p21™°) protein by using pre-
cisely the same QM/MM methodology as in our previous
calculations for the Ras-GAP system®® and in modeling
the methyl triphosphate hydrolysis in water.*’

SIMULATIONS

For calculations of the reaction energy profile we use
the ab initio type QM/MM method based on the theory
of effective fragment potentials (EFP).3! Consistent with
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previous calculations,?3%4° all phosphate groups of

GTP, the catalytic water molecule, and the neighboring
molecular groups, here the side chain of GIn61 and one
more water molecule, are assigned to the QM part as
clarified later.

The effective fragment potential based QM/MM tech-
nique is an approach which allows one to perform calcu-
lations close to an ab initio treatment of the entire mo-
lecular system.®® In this scheme, molecular groups
assigned to the MM part are represented by effective
fragments which contribute their electrostatic potentials
expanded up to octupoles to the quantum Hamiltonian.
These one-electron electrostatic potentials as well as
contributions from interactions of effective fragments
with the QM region are obtained in preliminary quan-
tum chemical calculations by using ab initio electron
densities.?! The exchange-repulsion potentials to be com-
bined with the electrostatic and polarizability terms are
also created in preliminary ab initio calculations. Thus,
all empirical parameters are entirely within the MM
subsystem. In the original EFP based approach,?! inter-
actions between solvent molecules are computed as
EFP-EFP interactions. In our flexible effective fragment
version®23% we replace the EFP-EFP terms by the force
field parameters, here from the AMBER library.*! The
computer program created on the base of the GAME-
SS(US)*? (more specifically, its Intel-specific version, PC
GAMESS*) quantum chemistry package and molecular
modeling system TINKER** was used in simulations.

Simulations included scans of the composite multidi-
mensional QM/MM potential energy surface in the
regions where chemical bonds or hydrogen bonds could
be cleaved or formed. As a result, the basins around pre-
sumable stationary points were specified for more care-
ful calculations of the local minima or saddle points. All
stationary points considered below were located by
unconstrained minimizations (for local minima) or by
constrained minimizations (for saddle points) of the QM/
MM energy. Locations of the saddle points or, in other
words, of transition states (T'S) were performed based on
the following criterion: the gradient of the constrained
internal coordinate along an assumed reaction path
must change its sign at this point. The polarized
“LANL2DZdp ECP” basis set (and the corresponding
pseudopotential for phosphorus)*® was used for all atoms
except magnesium. For the latter, the standard 6-31 ba-
sis set was employed. Since the reaction profile for the
Ras-GAP protein complex was computed in the SCF
approximation, the same approach was applied in the
present application.

It should be noted that multiple minimum energy
points could be located in geometry optimizations. We
attempted to overcome this difficulty by performing in
each case numerous selections of the starting sets of
coordinates for minimization until the lowest energy was
reached under the condition that hydrogen bond network
in the immediate vicinity of GTP retains its structure.

The initial positions of the atoms of the Ras-GTP com-
plex were prompted by two crystal structures from the
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Protein Data Bank.‘t6 The structure 1QRA was deter-
mined at the 1.6 A resolution by Scheidig and co-
authors*” for the complex formed between p217** and
GTP using a combination of photolysis of an inactive
GTP precursor and rapid freezing at 100 K. The struc-
ture 5P21 was solved at the 1.35 A resolution by Pai
and coworkers for human H-Ras (p217°) bound to the
GTP analog (GppNHp) at 277 K.*® The largest devia-
tions between the structures Ras-GTP (100 K) and Ras-
GppNHp (277 K) were observed around the loop of
switch II region. However, this loop with residues 60-64
and the start of helix a2 with residues 65-67 were the
most poorly defined regions for the Ras-GppNHp struc-
ture, as reflected by the B-factor plot.*® As revealed, in
particular, by our preliminary MD simulations, these
particular regions are very flexible and it is reasonable
to agree with the proposals formulated in both
works*7*8 that “catalytically active conformation” corre-
sponds to such orientation of the GIn61 side chain,
which helps to position the lytic water molecule, but it is
not in direct contact with the y-phosphate group of GTP.

Our model system QM/MM for calculations included
the following amino acid residues from Ras: Val7 Val8
Val9 Gly10 Alall Glyl2 Gly13 Vall4 Glyl5 Vall4 Glyl5
Lys16 Serl7 Alal8 Leul9 Thr20 Ile21 Gly22 Leu23
Tle24 GIn25 Asn26 His27 Phe28 Val29 Asp30 Glu3l
Tyr32 Asp33 Pro34 Thr35 Ile36 Glu37 Asp38 Ser39
Tyr40 Arg4l Ile55 Leub6 Aspb57 Thr58 Ala59 Gly60
GIn61 Glu62 Glu63 Tyr64 Ser65 Arg68 Tyr71 Leu79
Cys80 Val81 Phe82 Ala83 Ile84 Asn85 Asn86 Thr87
Lys88 Ser89 Phe90 Glu91l Aps92 I1e93 His94 Glu9s
Tyr96 Arg97 Leull3 Valll4 Glyll5 Asnll6 Lys117
Cys118 Aspl19 Leul20 Alal2l Glul43 Thr144 Serl45
Alal46 Lys147 Thr148 Argl49 Gly150. All residues Lys
and Arg were assumed positively charged (protonated),
while Asp and Glu were considered negatively charged
(unprotonated). The QM/MM model system also included
105 explicit water molecules, the magnesium -cation,
Mg®", and the unprotonated GTP molecule. A total
amount and initial positions of water molecules as well
as selection of particular amino acid residues were
inspired by the requirement that GTP must be com-
pletely buried inside “solvent” shells of peptide groups
and water molecules. Figure 1 illustrates a general view
on the model system.

RESULTS
Enzyme-Substrate (ES) Complex

In pilot calculations, several partitioning schemes to
the QM and MM subsystems were tested. In all cases
three phosphate groups of GTP, magnesium cation, two
water molecules, and side chain of GIn61 were assigned
to the QM part, but number of water molecules
described either by effective fragments or explicitly at
the ab initio level was varied. As mentioned earlier, two
starting sets of initial coordinates of heavy atoms were
considered for energy minimization prompted by the
1QRA and 5P21 structures. In the latter case the bridg-
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Fig. 1. The model system for QM/MM calculations. Carbon atoms
are shown in green, oxygen in red, nitrogen in blue, magnesium in ma-
genta, phosphorus in dark yellow. Large balls and sticks distinguish the
GTP moiety and magnesium cation. Smaller balls and sticks depict
water molecules while lines show the peptide chains.

Fig. 2. A fraction of the computed geometry configuration of the ES
complex. In calculations, the phosphate groups of GTP, magnesium
cation, side chain of GIn61, and two water molecules were included to
the QM subsystem. The distances between heavy atoms are shown in
angstroms. The values in brackets refer to the 1QRA structure.*”

ing NH group in GppNHp was replaced by the oxygen
atom and the loop of the switch II region was shifted to
the position basically consistent with the 1QRA struc-
ture. In all attempts we arrived to the same QM/MM
minimum energy configuration fragments of which are
shown in Figures 2 and 3.

Figure 2 illustrates an arrangement of the nearest
amino acid residues and water molecules around GTP in
the ES complex. The shown distances (in A) between
heavy atoms without brackets were obtained in QM/MM
optimization of all internal coordinates in the QM part,
which included three phosphate groups of GTP, magne-
sium cation, side chain of GIn61, and two water molecules
displayed in Figure 2, and the coordinates of vast major-
ity of effective fragments representing the MM part (only
terminal peptide groups were kept frozen as in the crys-
tal structures). The distances in square brackets refer to
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Fig. 3. A fraction of the computed geometry configuration of the ES
complex showing coordination shell of magnesium cation. The distan-
ces between heavy atoms are specified in angstroms. The values in
brackets refer to the 1QRA structure.*”

Fig. 4. Geometry configuration of the first transition state TS1 show-
ing atoms of the quantum part in the ball and stick representation. Dis-
tances between heavy atoms (in A) without parentheses correspond to
the TS1 structure, distances in parentheses correspond to the geome-
try of the previous stationary point, the ES complex (Figs. 2 and 3).

the 1QRA structure. One can see that positions of the
Lys16, Gly60, and Gly13 residues relative to GTP are in
excellent agreement with the experimental data in spite
of the point that coordinates of these residues are opti-
mized as those of effective fragments (MM part) while
coordinates of GTP are optimized in QM calculations.
Although it is difficult to compare optimized positions
of two water molecules displayed in Figure 2 to positions
of water molecules W175 and W189 in 1QRA,*" consider-
ation of their arrangements relative to GIn61 and vy-phos-
phate provides a certain support to the hypothesis of the
“two-water model” proposed by Scheidig et al.*” This issue
will be discussed in details in the forthcoming section.
Figure 3 shows another fraction of the computed ge-
ometry configuration of the ES complex displaying coor-
dination shell of magnesium cation. The distances between
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heavy atoms are specified in angstroms. The values in
brackets refer to the 1QRA structure. We stress that
the phosphate groups of GTP and Mg?* were assigned
to the QM part but coordinates of all other molecular
groups displayed in Figure 3 were optimized as effective
fragments of the MM part. Again an excellent agree-
ment with the experimental structure is seen. A quanti-
tative estimate of the deviation of the computed intera-
tomic distances from the experimental ones gives the
RMSD value of 0.13 A, if we consider the corresponding
pairs without and with square brackets shown in Fig-
ures 2 and 3.

Another important comparison may be performed for
the distances between P, and the bridging Og atom. The
value for the P,—Og dlstance in Ras was obtained in our
QM/MM calculatlons as 1.73 A while the corresponding
distances for methyl triphosphate in water clusters were
estimated as 1.69 A 40 and for GTP in the Ras-GAP pro-
tein complex as 1.78 A3 The change in the P,—Og bond
length of GTP in Ras and in water found in our calcula-
tions is well consistent with the change reported in QM/
MM calculations of Kldhn et al.?®: 1.74 vs 1.70 A. Bind-
ing of GTP by the Ras protein leads to a weakening of
the P,—Og bond compared to aqueous solution.

Reaction Pathway

Calculations of the minimum energy profile for the hy-
drolysis reaction were performed with the same assign-
ment of molecular groups to the QM part: namely, all
phosphate species of GTP, magnesium cation, a fragment
of side chain of GIn61, and two water molecules shown
in Figure 2 were treated as quantum particles (32 atoms
described by 326 basis functions), while the remaining
molecular groups were included to the 1464-atomic MM
subsystem represented by 443 effective fragments.

As in our previous QM/MM calculations,>**? the reac-
tion coordinate for the first phase of hydrolysis was
selected as the distance from P, to the oxygen atom of
the nucleophilic water molecule. By gradually decreas-
ing this distance from its value in ES (3.10 A) and opti-
mizing each time all other geometry parameters of the
QM/MM model system we succeeded to locate the first
transition state TS1 (see Fig. 4), which separated the ES
complex (see Figs. 2 and 3) and the first intermediate
INT1 (see Fig. 5). Geometry configuration of TS1 shown
in Figure 4 is characterized by the almost planar POjs
moiety spatially well separated from GDP (the P,—Og
distance constitutes 2.40 A compared to the Value of
1.73 A in ES) while the assisting water molecules, W1
and W2, remain practically unaltered: O—H bond
lengths in W1 and W2 constitute 0.95-0.97 A. According
to QM/MM calculations the energy of T'S1 relative to the
ES level is 16.7 kcal/mol.

In the INT1 structure (see Fig. 5), representing the
local minima on the composite QM/MM potential energy
surface, the P,—Og distance amounts to 3.16 A, while
the O;—P, distance from lytic water molecule W1 to ~y-
phosphate decreases to 1.81 E. Two water molecules, W1
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Fig. 5. Geometry configuration of the first intermediate INT1 show-
ing atoms of the quantum part in the ball and stick representation. Dis-
tances (in A) without parentheses correspond to the INT1 structure and
distances in parentheses correspond to the geometry of the previous
transition state, TS1 (see Fig. 4). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

and W2, are getting closer. The QM/MM energy at this
point is 8.1 kcal/mol above the ES level and 8.6 kcal/mol
lower than that of TS1.

Conformation of the metaphosphate unit PO3 in the
INT1 structure, in which the P,—Og bond is apparently
cleaved (see Fig. 5), is stereochemically inverted relative
to conformation of the y-phosphate group of GTP in the
ES structure, and as such, it is prepared to the nucleo-
philic attack of O;Hiy hydroxyl group from the lytic
water molecule W1 (see Fig. 5). Therefore, for the next
segment of the reaction path, we selected the O;—Hy,
distance as a reaction coordinate. By gradually increas-
ing this distance from its value in INT1 (1.01 A) and
optimizing each time all other geometry parameters of
the QM/MM model system we found the structure corre-
sponding to the second intermediate INT2 displayed in
Figure 6.

Two local minimum energy structures, INT1 and
INT2, of course, are separated by a potential barrier
TS2. We scanned the corresponding region of the config-
urational space and found that the height of T'S2 must
be very low relative to INT1, not higher than 2 kcal/mol.

The structure of INT2 seems fairly peculiar. Appa-
rently, the HPO?™ particle is created from metaphos-
phate and the hydroxyl (O;—Hjy) from the water mole-
cule W1, since the O;—P, distance is now 1.62 A. A tran-
sient species of GIn61 with a captured proton originally
from the water molecule W2 is energetically more prefer-
able that another possible transient species H3O". The
energy of INT2 configuration is —1.4 kcal/mol relative to
the ES level and 6.7 kcal/mol lower than that of INT1.

For the next move, we considered the O(GIn61)-Hy;,
distance as the reaction coordinate. By increasing this
distance from the initial value 0.98 A in INT2 and opti-
mizing all other geometry parameters we located the
third transition state TS3 (see Fig. 7) separating INT2
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Fig. 6. Geometry configuration of the second intermediate INT2
showing atoms of the quantum part in the ball and stick representation.
Distances (in A) without parentheses correspond to the INT2 structure
and distances in parentheses correspond to the geometry of the previ-
ous intermediate INT1 (see Fig. 5). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Fig. 7. Geometry configuration of the third transition state TS3
showing atoms of the quantum part in the ball and stick representation.
Distances (in A) without parentheses correspond to the TS3 structure
and distances in parentheses correspond to the geometry of the previ-
ous intermediate INT2 (see Fig. 6). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

and products. The transient HsO" species with a slightly
elongated distance O,—Hgyy, is apparently a feature of the
TS3 structure. The energy of TS3 is 7.5 kcal/mol relative
the ES level and 8.9 kcal/mol above the INT2 level.

A downright descent from TS3 allowed us to arrive to
configuration corresponding to the products (more pre-
cisely, enzyme-product complex) GDP and HyPOy; which
is illustrated in Figure 8. We designate this structure as
PR1 as clarified later.

We would be satisfied with the results of simulations
by standing at this point since the geometry configura-
tion shown in Figure 8 seems fairly rationale one, and
the energy of the product state PR1 is lower than the
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Fig. 8. Geometry configuration of the reaction products (PR1) show-
ing atoms of the quantum part in the ball and stick representation. Dis-
tances (in A) without parentheses correspond to the PR1 structure and
distances in parentheses correspond to the geometry of the previous
structure TS3 (see Fig. 7). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

energy of the ES complex by a reasonable amount
6.8 kcal/mol. However, after getting acquainted with the
paper'? by Pasqualato and Cherfills entitled “Crystallo-
graphic evidence for substrate-assisted GTP hydrolysis
by a small GTP binding protein,” we reconsidered the
final destination of the GTP hydrolysis reaction in Ras.
Pasqualato and Cherfills reported the high resolution
crystal structure of a small G protein, Rab11, solved in a
complex with GDP and Pi (PDB accession code 10IX).
The authors state'? that “a Pi oxygen and the GDP
cleaved oxygen are located less than 2.5 A apart sug-
gesting that they share a proton, likely in the form of
low-barrier hydrogen bond. This implies that the y-phos-
phate of GTP was protonated; hence, that GTP acts as a
general base”. In the product structure obtained in our
simulations for GTP hydrolysis in Ras, the Pi oxygen
and the GDP cleaved oxygen are located at 3.75 A apart
in apparent contradiction to the findings of Ref. 12.
However, we can easily assume another conformation of
the product state by reorienting the proton Hy¢ bound to
Pi oxygen (see Fig. 8) towards GDP, and such rearrange-
ment should not require noticeable energy expenses.
The corresponding QM/MM minimization allowed us to
obtain another construct for the products designated as
PR2. The structure is shown in Figure 9.

This alternative configuration for the products is con-
sistent with the findings of Pasqualato and Cherfills,'?
as can be also seen from a direct comparison of the crys-
tal structure 10IX'? and the structure PR2 obtained in
our modeling (see Fig. 10).

Remarkably, configuration PR2 is lower in energy
than that of PR1: the energy of PR2 is —8.6 kcal/mol rel-
ative to the ES level and —1.8 kcal/mol relative to PR1.
Therefore an observation of such species in experi-
ments'? can be easily explained; however, its appearance
in our simulations is beyond the concept of substrate-
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Fig. 9. Alternative geometry configuration of the reaction products
(PR2) showing atoms of the quantum part in the ball and stick repre-
sentation. Distances (in A) without parentheses correspond to the PR2
structure and distances in parentheses correspond to the geometry of
the previous structure PR1 (see Fig. 8). [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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Fig. 10. Superposition of the arrangement GDP/Pi/Mg in the crystal
structure 101X'2 and that in the computed structure PR2 (see Fig. 9).
The black and grey colors refer to the atoms in the crystal. The distan-
ces between heavy atoms are specified in angstroms. The values in
square brackets correspond to the 10IX structure. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]

assisted catalysis: the proton shared by Pi oxygen and
the GDP cleaved oxygen, Hyy, is originally from another
water molecule, but not from the lytic water molecule.

The anonymous Reviewer of the manuscript has drawn
our attention to a possible role of the protonation status
of a particular residue, His27, on the reaction mecha-
nism. Figure 11 illustrates positions of His27 and of the
active participants of the reaction in the crystal structure
1QRA.*" Arrangement of these groups in another refer-
ence crystal structure 5P21*® is essentially the same.

We performed several cycles of calculations of the
reaction energy profiles, following the strategy described
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Fig. 11.  The view of the crystal structure 1QRA showing His27 and
the active participants of the reaction by balls and sticks. [Color figure
can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

earlier, but including the side chain of His27 to the
quantum part of the model QM/MM system. In the first
series of calculations, His27 was assumed to be proto-
nated on the N, position, while in the second series
His27 was supposed to be unprotonated. In both cases
equilibrium geometry configurations corresponding to
the stationary points on potential energy surfaces (ES,
TS1, INT1, INT2, TS3, PR2) were found practically the
same as located previously with the His27 residue in the
molecular mechanical subsystem. Computed relative
energies at these stationary points also did not differ
considerably from those obtained before: the largest
deviations from the previous values (16.7, 8.1, —1.4, 7.5,
and —8.6 kcal/mol for TS1, INT1, INT2, TS3, and PR2)
amounted up to 0.2 kcal/mol. Therefore, the results of
simulations do not seem sensitive to the protonation sta-
tus of His27.

COMPARISON OF GTP HYDROLYSIS
IN RAS AND RAS-GAP

We summarize in Table I the relative energies
along the reaction profile obtained in the QM(SCF//
LANL2DZdp)/MM(AMBER) approximation for the GTP
hydrolysis in Ras (present work), for the methyl triphos-
phate hydrolysis in water,?° for the GTP hydrolysis in
Ras-GAP.3° We note that it would be too naive to com-
pare the computed highest reaction barriers (20 kcal/mol
for water, 16.7 kcal/mol for Ras, and 10.5 kcal/mol for
Ras-GAP) directly to the activation free energies esti-
mated in Ref. 20 from the temperature dependence of
the corresponding experimental rate constants (27.5 kcal/
mol for water, 22.2 kcal/mol for Ras, and 15.9 kcal/mol
for Ras-GAP). However, the experimentally-based differ-
ence in activation barriers of about 6 kcal/mol for the
GTP hydrolysis in Ras and Ras-GAP is excellently repro-
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TABLE 1. Relative Energies (kcal/mol) Along the Reaction Profile for the
Methyl triphosphate Hydrolysis in Water,*® and for the GTP + H,0
Reaction in Ras and Ras-GAP?’ Estimated in the QM
(SCF//LANL2DZdp)/MM(AMBER) Approximation®

Structure Water Ras Ras-GAP
Enzyme-substrate complex 0.0 0.0 0.0
Transition state for the P,—Og bond cleavage (TS1) 20.0 16.7 4.4
Intermediate INT1 7.0 8.1 -2.0
Transition state for proton transfers (TS2/Ras) — <10 —
Intermediate INT2 — —-1.4 —
Transition state for proton transfers (T'S3/Ras or

TS2/Ras-GAP* or TS2/Water*?) 14.1 75 10.5
Enzyme-product complex —-20.7 -6.8 -9.2
Enzyme-product complex (PR2/Ras) — -8.6 —

#We note that the relative energies shown in Fig. 6 of Ref. 30 refer to the values without MM contributions.

Fig. 12. The structure of ES complex in the Ras protein. [Color fig-
ure can be viewed in the online issue, which is available at www.inter-
science.wiley.com.]

duced in our simulations, as well as the energy effect of
the hydrolysis reaction of about 8-9 kcal/mol.*°

There are some common and some distinctive features
of the GTP hydrolysis in Ras and Ras-GAP. Figures 12
and 13, showing equilibrium geometry configurations of
corresponding ES complexes in comparable perspectives,
clearly illustrate that in both systems the reaction
should begin with an in-line attack of the nucleophilic
water molecule on y-phosphate, as generally accepted.?®
One can see a remarkable similarity in the arrange-
ments of reactants in both systems. A favorable position
of the attacking water molecule (W1) towards the ~-
phosphate group accomplished by the hydrogen bond
network is supported by Thr35 and either GIn61 (Ras-
GAP in Fig. 13) or another water molecule (Ras in Fig.
12). In this position the distance from the negatively
charged oxygen atom of water to the positively charged
vy-phosphorus of GTP (3.1 A) is short enough for an effi-
cient interaction of the reagents.

In Ras-GAP (see Fig. 13), the oxygen atoms of the -
phosphate are oriented by Gln61 and Arg789, Thr35 and
Mg?", and also by Gly60 and Lys16 residues (not shown

PROTEINS: Structure, Function, and Bioinformatics

-~ A~

Fig. 13. The structure of ES complex in the Ras-GAP proteins.*°
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

in Figure 13). Such an arrangement provides immobility
of the reagents, GTP + HyO, in the pre-reactive state.
Therefore, the immediate participants of reaction are
left with the only one degree of freedom to approach
each other, namely, along the Og—P,—Oy; line. As a
result, the Og—P, bond is easily broken already at this
stage leaving the attacking water almost unaltered. Af-
ter separation of the y-phosphate from GDP the stereo-
chemical inversion of the POj3 “umbrella” occurs, what
allows the catalytic water to approach the metaphos-
phate POj3. Consequently, the molecular groups from
GIn61, water, and PO3 form a cycle within which the
protons are transferred until the inorganic phosphate
H,POy is created.®

In pure Ras (see Fig. 12), the arginine finger of GAP
is absent in the system; the oxygen atoms of the y-phos-
phate are coordinated by Thr35, Mg®>", and Gly60 and
Lys16 (see Fig. 2), and water molecules instead of GIn61
and Arg789 in Ras-GAP. Because of the latter, the
reagents are more mobile than those in Ras-GAP. The
Og—P, bond is broken already at the first stage of
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the process, again leaving the attacking water almost
unaltered, but the corresponding activation energy is con-
siderably higher (Table I). Again, after separation of the -
phosphate from GDP the stereochemical inversion of the
POg3 occurs, what allows the catalytic water to approach
the metaphosphate PO3. The molecular groups from
GIn61, water molecules, and PO3 participate in proton
transfers until the inorganic phosphate HoPOy is created.

These considerations allows us to rationalize why the
first stage of the hydrolysis reaction, i.e. the P,—Og
bond cleavage, proceeds with noticeably different activa-
tion barriers in Ras and Ras-GAP.

In Figure 14 we compare the atomic charges on the
phosphate part of GTP in Ras and Ras-GAP obtained in
QM/MM calculations for ES complexes following the nat-
ural bond orbital (NBO) analysis.’® The values of the
charges for GTP in Ras are well consistent with those
reported by Klidhn et al.?® Remarkably, no considerable

- -
137140 138140 1.30/-1.29

-0.91-0.91

| 1290128
: 1370138

1.94/2.92

J1.3901.31 |

¥ 1284119 | -111/113 | @ 102101

Fig. 14. Atomic charges on the phosphate part of GTP in Ras and
Ras-GAP*° obtained in QM/MM calculations following the NBO analy-
sis.>! First items before the slash sign refer to Ras and second items
after the slash sign correspond to Ras-GAP. The total charges on the
P,Os, PgOs, and P,O3 groups are specified in the bottom of the graph.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

differences in charge distributions are noticed for two
protein systems, Ras and Ras-GAP.

In Table II we compare electronic properties of the
bridging P—O bonds of GTP captured in the ES com-
plexes with either Ras or Ras-GAP (see Fig. 14 for
atomic labeling). To compute such localized characteris-
tics as orbital energies of bonding o(P—O) or antibond-
ing ¢*(P—O) orbitals and their occupation numbers, we
apply the NBO analysis®® for the QM/MM(EFP) elec-
tronic densities. We do not show in Table II the occupa-
tion numbers of bonding orbitals, since all of them are
practically the same, 1.97-1.98.

Apparently, localized properties of the P,—Og bond
are noticeably different from those of other bridging
P—O bonds, indicating that this bond is the weakest in
the molecule captured by the proteins. We note in pass-
ing that according to these estimates, the next bond
which is likely to be cleaved is the P,—O, bond. How-
ever, from quantitative side, the differences between or-
bital energies and occupation numbers of ¢*(P,—Og) in
Ras and in Ras-GAP do not seem substantial. The only
exception is the energy required to promote the electron
from o(P,—Og) to *(P,—Op), which should lead to the
cleavage of this bond: 1.52 a.u. in Ras versus 1.43 a.u.
in Ras-GAP; this is a substantial energy difference, espe-
cially if converted to other energy units, e.g., more than
50 kcal/mol.

It is interesting that the positive charge on the argi-
nine finger (Arg789) does not seem to have a decisive
effect on electronic properties of GTP captured by Ras-
GAP. We recomputed the values for atomic charges, or-
bital energies, and occupation numbers for a model sys-
tem, in which the true arginine side chain
(...—CH,—NH—C(NH,),)" was replaced by an artificial
construct ...—CH;—NH-—N(NH;); bearing zero charge.
The only noticeable differences observed in such simula-
tions relative to the items shown in Figure 13 and Table
II referred to the values of orbital energies, for example,
e(P,—Op) changed to —0.64 a.u., and £*(P,—Op) changed
to 0.78 a.u., keeping the energy gap (¢* — ¢) essentially
the same as before. In summary, localized electronic
properties of the P,—O, bond in Ras are modified by

TABLE II. Computed Properties of the Bridging P—O Bonds of GTP Captured in the Enzyme-Substrate
Complexes with Either Ras or Ras-GAP

Property Protein P,—Og P;—0g P;—0, P,—O, P,—Oc¢
Equilibrium distance (A) Ras 1.73 1.59 1.60 1.66 1.59
Ras-GAP 1.78 1.56 1.62 1.65 1.61

Occupation number of antibonding orbital ¢* (P—O) Ras 0.20 0.14 0.15 0.18 0.14
Ras-GAP 0.23 0.12 0.14 0.17 0.15

Orbital energy of bonding orbital o (P—0), ¢ Ras —-0.75 —0.87 —0.85 —-0.79 —-0.84
(atomic units) Ras-GAP -0.76 -0.94 -0.91 -0.88 -0.89
Orbital energy of antibonding orbital o* (P—O0), &* Ras 0.77 1.00 0.98 0.87 0.97
(atomic units) Ras-GAP 0.67 1.01 0.88 0.83 0.86
Energy difference ¢* — ¢ (atomic units) Ras 1.52 1.87 1.83 1.66 1.81
Ras-GAP 1.43 1.95 1.79 1.71 1.75

Equilibrium distances refer to the respective minima of the QM/MM energy. Occupation numbers and orbital energies are estimated following

the NBO analysis.®!
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GAP in such a manner that it is getting even weaker in
the protein environment.

An assumption of another mechanism in which a
penta-coordinated phosphorus intermediate plays a cen-
tral role was also tested for the pure Ras molecular
model in the same fashion like in our previous
works.2?3% The same strategy was applied as in Ref. 30.
The structure at the top of the potential barrier
resembled that shown in Figure 7 of Ref. 30 and the cor-
responding activation barrier was estimated as greater
than 30 kcal/mol.

CONCLUSIONS

Our QM/MM simulations described in this paper and
previously?3° result in a conclusion that the low-energy
reaction path for the GTP hydrolysis connecting the
reagents, GTP + H,0, and products, GDP + HyPOy, is
consistent with the two-step process. When the unproto-
nated substrate, GTP, is trapped in a protein environ-
ment, the Og—P, bond is getting weaker, what can be
traced by an elongation of the corresponding equilibrium
Og—P, distance in the ES complex and by increased
occupation numbers of the corresponding localized anti-
bonding orbital. Consequently, fairly low activation ener-
gies are required at the first step to cleave this bond
and to separate the y-phosphate group from GDP: 16.7
kcal/mol for Ras and 4.4 kcal/mol for Ras-GAP counted
from the ES complex energy level. Equilibrium geometry
configurations of the reaction intermediates created af-
ter the first transition state corresponds to the meta-
phosphate anion POjz steriochemically inverted relative
to the structure of the y-phosphate group in GTP. Both
species, PO3 and lytic water Hy0, are involved in the
hydrogen bond network with the neighboring molecular
groups, including the key residue GIn61 in both cases,
Ras and Ras-GAP. To complete the reaction and to arrive
to the product HoPOy, the cycle of proton transfers via
the hydrogen bond network should occur at the second
step. The corresponding energy barriers are estimated
as 7.5 kcal/mol for Ras and 10.5 kcal/mol for Ras-GAP
counted from the ES complex energy level.

The results of the modeling described in this and in
previous paper® do not contradict information gained in
structural studies.'?#7485253 Moreover, the theoretical
conclusions confirm some hypotheses about the reaction
mechanism considered in these studies. Our QM/MM
calculations described in this work for Ras, and in previ-
ous papers for Ras-GAP?® and for water®® performed at
the same computational level present a brute force theo-
retical approach allowing one to analyze minimum
energy path connecting reagents and products. These
data benefit knowledge of the details of reaction mecha-
nisms irrespective of precise classification of the latter.

These results help to develop better understanding of
the anticatalytic effect of cancer causing mutations of
Ras at position 61, which has been debated in recent
years. Our calculations provide strong support to the
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direct involvement of GIn61 in the process of GTP hy-
drolysis by Ras and by Ras-GAP.
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