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Abstract The structures of the complexes between
Ras•GDP bound to RasGAP in the presence of three
probable c-phosphate analogs (AlF3, AlF4

� and MgF3
�)

for the transition state (TS) of the hydrolysis of gua-
nosine triphosphate (GTP) by the Ras-RasGAP
enzymes have been modeled by quantum mechani-
cal—molecular mechanical (QM/MM) calculations.
These simulations contribute to the dispute on the nat-
ure of the TS in the hydrolysis reaction, since medium
resolution X-ray crystallography cannot discern among
stereochemically similar isoelectronic species (e.g., AlF3

or MgF3
�). The optimized geometry for each structure

has been found starting from experimental coordinates
of one of them (PDBID: 1WQ1). Direct comparison of
the experimental and computed geometry configurations
in the immediate vicinity of the active site suggests that
MgF3

� is the most likely candidate for the phosphate
analog in the experimental structure.
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Introduction

Hydrolysis of guanosine triphosphate (GTP) by G-pro-
teins, leading to guanosine diphosphate (GDP) and
inorganic phosphate (Pi), constitutes one of the most
important enzymatic reactions responsible for normal

and tumorigenic cellular signal transduction [1, 2].
Regular circulation between the GTP-bound (‘‘ON’’)
and GDP-bound (‘‘OFF’’) states of human Ras pro-
teins, stimulated by GTPase activating proteins (GAPs),
may be suppressed by cancer-causing mutations at cer-
tain positions. The mechanism of this reaction and the
role of mutations remain a subject of active debate.

The X-ray structure (PDBID: 1WQ1) of the complex
between human H-Ras (p21ras) bound to GDP and
GAP-334 (p120GAP) in the presence of a substitute of the
c-phosphate PO3

� solved at a resolution 2.5 Å (estimated
coordinate error 0.34 Å) [3] is an important contribution
to structural studies of the GTP hydrolysis. This moiety
often serves as a source of initial atomic coordinates for
modeling the enzymatic reactions for the Ras–GAP
protein complex with trapped GTP [4–6] and it is
therefore important to understand all details of the
structure.

Alumino-fluorides (AlFx) are considered good
substitutes for the c-phosphate in crystal structures of
GDP bound to G-proteins, and the arrangement
GDP•AlFx•H2O has been proposed to be a mimic for
TS. The AlF4

� or AlF3 species are assumed to be present
in those structures [3, 7, 8]. In the 1WQ1 structure, the
authors interpreted a maximum of electron density in the
position usually occupied by the c-phosphate as a tri-
gonal aluminum fluoride, AlF3, rather than a tetragonal
AlF4

� [3]. However, as discussed recently [9], another
substitute, MgF3

�, may be a plausible candidate for the
TS analog for GTP hydrolysis, since it is difficult to
distinguish in medium resolution X-ray structures be-
tween two stereochemically similar isoelectronic species.
A quartenary complex RhoA•GDP•MgF3

�•RhoGAP
has been solved more recently at a higher resolution
1.8 Å (PDBID: 1OW3). Proton-induced X-ray emission
has been used to determine the presence of magnesium
and not aluminum in this structure. In a related system,
the presence of MgF3

� rather than presumably a PO3
n�

species in the intermediate of a phosphoryl transfer
reaction in the b-phosphoglucomutase complex [10] was
also discussed [11, 12].
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Since all Ras-like magnesium-containing complexes
are crystallized in a small excess of Mg [11], one cannot
exclude that MgF3

� is contained in the 1WQ1 structure
as well. To study such a possibility, we explore the
power of the hybrid quantum mechanical—molecular
mechanical (QM/MM) methodology [13–17] for direct
calculations of equilibrium geometry configurations of
active sites GDP•AlF3•H2O, GDP•AlF4

�•H2O, and
GDP•MgF3

�•H2O in the Ras–RasGAP protein com-
plex. In every case, the starting set of atomic coordinates
was that from the 1WQ1 structure. The results of our
calculations were compared to the arrangement of atoms
in the 1WQ1 structure. Such an analysis suggests that
MgF3

� is the most likely candidate for the substitute of
the c-phosphate in 1WQ1.

Methodology

Simulations were carried out by using the hybrid QM/
MM technique in which the entire molecular system is
partitioned into two parts, specified by the researcher. In
the QM subsystem, the energy and forces acting on the
atoms are computed according to QM equations, while
the atoms within the MM subsystem interact between
themselves following the classical rules with the selected
set of force field parameters. The simulations described
in this work have been performed by using our QM/MM
implementation [18–20] based on effective fragment
potential theory [21]. The essential feature of this flexible
effective fragment QM/MM technique is that the cou-
pling of QM and MM subsystems is treated at the ab
initio level, while all empirical parameters are contained
entirely in the MM part. Each effective fragment com-
prising of a few MM atoms interacts with the QM part,
and polarization of the electron density of the quantum
subsystem due to effects of the MM part is taken into
account. All parameters of the effective fragment
potentials are obtained in preliminary ab initio calcula-
tions and are not subject to change from one application

to another. The computer program created on the base
of the GAMESS [22] (more specifically, PC GAMESS
(Granovsky A URL http://lcc.chem.msu.ru/gran/ga-
mess/index.html) quantum chemistry package and
molecular modeling system TINKER (Ponder J URL
http://dasher.wustl.edu/tinker) allows us to scan the
portions of a composite QM/MM potential energy sur-
face and locate stationary points on the surface.

The QM part included the phosphate groups of GTP
(and substitutes of the c-phosphate), the lytic water
molecule, nucleotide-associated magnesium ion (Mg2+)
and fractions of the side chains of of Gln61 and pro-
tonated Arg789. In total, 43 atoms constituted the
quantum subsystem. A large fraction of the protein
complex Ras–GAP was taken into account as the MM
part. More specifically, 1622 atoms from the protein
complex within approximately 20 Å distance from the
Pc atom of GTP were included to the MM subsystem
subdivided to 488 effective fragments. In particular, the
important ‘‘finger loop’’ (L1c) from GAP was considered
explicitly. Most of the MM subsystem referred to the
Ras protein.

The search of minimum energy points on the com-
posite QM/MM potential energy surface was performed
as unconstrained minimization of the coordinates of the
atoms in the QM subsystem and the positions of the
effective fragments in the MM subsystem. The positions
of remote effective fragments far away from the reaction
center were not optimized. Consideration of saddle
points on the potential surface connecting minimum
energy configurations required sequences of constrained
minimizations for an assumed reaction coordinate.

Geometry optimizations were carried out using the
Hartree–Fock approach in the QM part. The polarized
‘‘LANL2DZdp ECP’’ basis set (and the corresponding
pseudopotential for phosphorus) (URL http://
www.emsl.pnl.gov/forms/basisform.html) was used for
all atoms except magnesium. For the latter, the standard
6-31G basis set was employed. In the MM part, the
AMBER set [23] of force-field parameters was applied.

Fig. 1 Structure of the
transition state as obtained by
the QM/MM calculations.
Shown are the key residues
around the planar PcO3 group.
The distances, including those
that involve hydrogen atoms,
are given in Å
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Results and discussion

In Fig. 1 we show the structure of the active site corre-
sponding to the TS of the first stage of hydrolysis as
computed by the QM/MM method. Descending from
this point on the potential energy surface towards the
entrance of the energy valley leads to the configuration of
the reagents GTP + H2O in an enzymatic environment.
Descending from this point in the opposite direction leads
to the reaction intermediate in which the Pc�O(Pb) bond
in GTP is already broken, but the lytic water molecule is
still in the pre-reactive state and the inorganic phosphate
is not formed [6]. Proton transfers during a following
stage of the reaction complete the hydrolysis process.

Selected distances between the atoms (including
hydrogens) for the key residues and the water molecule
around the c-phosphate group are shown in Fig. 1 (the
numbering of the residues is consistent with that of the
1WQ1 structure). Clearly, a united action of Arg789 of
GAP, Gln61, Thr35 of Ras, and the lytic water molecule
leads to a substantial spatial separation of the c-phos-
phate of GTP from GDP. The water molecule (W230
according to the nomenclature of 1WQ1) is aligned by
the carbonyl groups of Gln61 and Thr35. In turn,
Arg789 keeps an important residue Gln61 fairly close to
the active site. The planar PcO3 group is included in the
hydrogen bond network involving Gln61 and Thr35 as
well as protonated Arg789 and Lys16.

Figures 2–4 shown the structures computed for the
systems in which the c-phosphate is replaced by AlF3,
AlF4

� andMgF3
�, respectively. While the structure shown

in Fig. 1 corresponds to the saddle point on the potential
energy surface (involving the true GTP species), the
configurations shown in Figs. 2–4 refer to the minimum-
energy points on their respective potential-energy

surfaces. In every case, unconstrained optimization of
variable geometry parameters was performed.

The left bottom panel in every Fig. 2, 3, or 4 refers to
the same 1WQ1 experimental structure. The upper
panels show superpositions of the configurations of the
heavy atoms in 1WQ1 and of the corresponding model
system containing AlF3 (Fig. 2), AlF4

� (Fig. 3) and
MgF3

� (Fig. 4). The right bottom panels in Figs. 2–4
show the same group of atoms (except a substitute in
Figs. 3, 4) as in the left bottom panels. We note that the
distances shown in the bottom panels of Figs. 2–4 refer
only to the metal atom of a substitute but not to its
ligands in order to avoid consideration of differences due
to different numbers of fluorine atoms in the ligands.

The interpretation of results shown in Figs. 2–4 is
straightforward. The model system containing MgF3

� as
a substitute of the c-phosphate (Fig. 4) resembles the
experimental structure 1WQ1 better than those with
AlF3 (Fig. 2) and AlF4

� (Fig. 3). Comparison of the re-
sults obtained for the charged substitutes (AlF4

� and
MgF3

�) and the uncharged one (AlF3) to the experi-
mental data leads to the conclusion that a negatively
charged species is present in the crystal. The uncharged
species (AlF3) should be situated closer to the negatively
charged b-phosphate (1.87 Å vs. 2.11 for AlF4

�, or 2.24
for MgF3

�, counting from O(Pb)) and further from the
positively charged Arg789 (3.78 Å vs. 3.24 for AlF4

�, or
3.49 for MgF3

�, counting from nitrogen). Comparison of
Figs. 3 and 4 show that of the two charged species,
MgF3

� corresponds better with the crystal data than
AlF4

�. It is worth noting that the equilibrium geometry
configuration of the separated MgF3

� species corre-
sponds to a planar structure with Mg-F distances of
1.80 Å compared to that in the protein environment
(Fig. 4) with the Mg-F distances 1.86, 1.87 and 1.89 Å.

Fig. 2 Upper panel
(a)—superposition of the
crystal structure 1WQ1 (green)
and the model structure
containing the substitute AlF3

(wine). Left bottom panel
(b)—selected distances (Å) in
the 1WQ1 structure; right
bottom panel (c)—the
corresponding distances in the
model structure
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It is instructive to add our simulation results to the
data of Table 3 of Ref. [9] in which the authors sum-
marized several interaction distances at the active site of
the RhoA•GDP-RhoGAP complex with MgF3

� (Fig. 5
of our paper was drawn following the motifs of Fig. 2c
of Ref. [9]).

We include in Table 1 the data from Ref. [9], refer-
ring to the crystal structure of the RhoA•GDP–Rho-
GAP complex with MgF3

� (second column), the data
from the 1WQ1 structure, assuming the substitute as
metal-trifluoride (column 3), and the data obtained in

our simulations for the model system with MgF3
�. Al-

though considerable differences are noticeable in several
places (first of all, for the positions of Arg of GAPs
relative to GDP), the overall similarity is reasonable.

Conclusion

Direct comparison of the experimental and computed
geometry configurations in the immediate vicinity of the
active site shows that MgF3

� is the most likely candidate

Fig. 4 Upper panel
(a)—superposition of the
crystal structure 1WQ1 (green)
and the model structure
containing the substitute MgF3

-

(red). Left bottom panel
(b)—selected distances (Å) in
the 1WQ1 structure; right
bottom panel (c)—the
corresponding distances in the
model structure

Fig. 3 Upper panel
(a)—superposition of the
crystal structure 1WQ1 (green)
and the model structure
containing the substitute AlF4

-

(cyan). Left bottom panel
(b)—selected distances (Å) in
the 1WQ1 structure; right
bottom panel (c)—the
corresponding distances in the
model structure
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for the phosphate analog in the experimental structure
of the complex between Ras•GDP bound to Ras–GAP
in the presence of c-phosphate substitute (PDBID:
1WQ1). The practical significance of these simulations is
that the structure 1WQ1 provides an even better mimic
of the transition state (TS) for GTP hydrolysis if a
negatively charged species MgF3

� represents a substitute
for the c-phosphate than the originally proposed com-
position with AlF3.
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