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Abstract: Ab initio methods were used to shed light on fundamental aspects of the enzymatic mechanism
of guanosine triphosphate hydrolysis in the Cdc42/Cdc42GAP complex. The calculations focused on the
nucleophilic addition of the catalytic water molecule to the y-phosphate phosphorus atom. A large model
system was required to correctly reproduce the electrostatic properties on the active site. The model turned
out to reproduce most of the electrostatic field of the biological complex at the reactants. Our calculations
established the H-bond pattern of the catalytic water (WAT), which turned out to interact with Q61 and
T35, in the most stable conformation. This ruled out the possibility that the catalytic water transferred its
proton directly to the y-phosphate. Furthermore, the calculations suggested that the electronic structure of
WAT was very different from that in the bulk. Finally, this study showed that during the reaction, WAT
transferred a proton to GIn61, consistent with the available X-ray data on a transition-state analogue/
enzyme complex® and with the decrease of activity in the Q61E mutant.5*

Introduction LMWGs use their intrinsic GTPase activity to act as
¢ molecular switches. Upon GTP binding, these proteins perform

Phosphoryl transfer reactions play a crucial role in widesprea . ; ;
their functions (“on” state). Subsequently, GTP is hydrolyzed

cellular functions, ranging from the signalih@nd stress-

activated pathways to the biosynthesis of nucleic acidghe to GDP and the proteins become inactive (“off" steite):
key step of action of (de)phosphorylating enzymes is the transfer _
of a phosphoryl group of adenosine or guanosine triphosphate GTP+ H,0— GDP+ HPG,

(ATP and GTP, respectively) to acceptors such as water ) o ) . )
(hydrolases), amino acids residues (kinases), and other nucleoThis €nzymatic activity can be highly enhanced by interacting
tides (nucleoside monophosphate kinases). Within the family With GTPase-activating proteins (GAPS). _

of hydrolases, the low molecular weight GTP-binding proteins A Vivid view of the interactions among GTP, the catalytic
(LMWGSs?) hold a prominent position. They are central for a Water, and the protein has been provided by a large number of
variety of biological processes including organization of the actin Nigh-resolution structures of complexes with transition-state

cytoskeletorf, vesicular trafficking® cell cycle progressioh, ~ analogues® These studies have pointed an extremely high
control of transcriptior; 12 and cell growth control3 structural similarity among the proteins belonging to the LMWG

class!”18 As an example, Figure 1a shows the structure of one
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Evans, T.; Cerione, R. AProc. Natl. Acad. Sci. U.S.A99Q 87, 9853— (14) Symson, MTrends Biochem. Scl996 21, 178-181.
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Figure 1. (@) X-ray structure of Cdc42 active site complexed with AlF
and GDP. Several positively charged groups tMgLys16, and GAP-
Arg305) have a clear electrostatic role by stabilizing the negatively charged
phosphate groups. This structure exhibits the completé& Mgordination
polyhedron; the cation is octahedrally coordinated by WAT1, WAT2, Thr35,
Thrl7, one oxygen from thg-phosphate, and one from tlyephosphate.

(b) Model system used in the quantum mechanical calculations. The
following atoms were actually retained: the carbonyl groups of G12, G15,
P34, and A59 to cap the amine of the following amino acids; the nitrogens
of A13, C18, and G60 to cap the carbonyl of the preceding residues; all
atoms from K16, T17, and T35; the side chain from Q61 and the
methylguanidine from R305 of GAP; three water molecules (WAT, WAT1,
WAT2, which correspond to HOH526, HOH527, HOH545, respectively,
of the PDB file), Mg" cation; and GDP modeled as methyl diphosphate.
The atoms kept fixed in the calculations are magenta. H bonds are yellow.

reported. These proposals differ in the description of two key
steps of the reaction: (i) the formation of the highly nucleophilic
agent OH and (i) its binding to GTP with the formation of
GDP and inorganic phosphate.

For step i, two different scenarios have been proposed. In
one, GIn6l would act as a base toward the catalytic water
molecule?2-24 thus accepting a proton before or during water
nucleophilic attack. This proposal is consistent with the observa-
tion that a water molecule between GIn61 and &#Pis
perfectly positioned for a direct attack on thephosphate and
consistent with the fact that this residue is essential for the
catalysis. However, the role of GIn6l as base has been
questioned because of the large differenceky Ipetween the

(22) Pai, E. F.; Kabsch, W.; Krengel, U.; Holmes, K.; John, J.; Wittinghofer,
A. Nature1989 341, 209-214.

(23) Pai, E. F.; Krengel, U.; Petsko, G. A.; Goody, R. S.; Kabsch, W.;
Wittinghofer, A. EMBO J.199Q 9, 2351-2359.

(24) Krengel, U.; Schlichting, I.; Scherer, A.; Schumann, R.; Frech, M.; John,
J.; Pai, E. F.; Wittinghofer, ACell 199Q 62, 539-548.

(25) Scheffzek, K.; Ahmadian, M. R.; Kabsch, W.; Wiesmuller, L.; Lautwein,
A.; Schmitz, F.; Wittinghofer, ASciencel997, 277, 333-338.
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amide group of glutamine side chain and the catalytic witer.
It has therefore been proposed that the substrate itgelf (
phosphate) would act as a base during the hydrolysis.

For step ii, either a dissociati¥eor an associative pathwy
has been proposed.

Clearly, a quantum chemical description would be highly
useful for discriminating between these different scenarios.
Furthermore, it could shed light on site-directed mutagenesis
experiments performed in the LMWG family. Finally, it might
unravel the electronic properties of the catalytic water, highly
polarized by the active-site residues.

Here, we have focused on step i of the reaction by using-Car
Parrinello (CP3° density functional theory (DFT) molecular
dynamics (MD) simulations. The DFT-MD approach has already
been successfully applied to study the formation or breakup of
chemical bond8%31to study proton-transfer processésg3and
to describe enzymatic reactioffs36

The calculations were based on the crystal structure of the
AlIF3/GDP/Cdc42GAP/Cdc42 complex (Figure 1), which
provides a complete description of the essentiafMmpordina-
tion shell. Because of the crucial role of the entire preorganized
active site for optimal interactions with the transition stite,
our model (Figure 1b) consisted of all the residues interacting
with GTP and the catalytic water molecule. Electrostatic
calculations suggested that this model accounted for the major
contribution of the protein electric field on the reactants, and
yet, it was still manageable from a computational point of view.
Our calculations provide further evidence of the postulated role
of GIn61 as base during water nucleophilic attack. They show
that the catalytic water molecule (WAT) is highly polarized by
the active-site frame and it donates a proton to GIn61, whereas
the proton transfer from WAT tp-phosphate is geometrically,
as well as energetically, highly unfavorable.

Methods

Quantum Chemical Calculations.Our model system was obtained
from the X-ray structure of the AFGDP/Cdc42GAP/Cdc42 compléx
by substituting the Algmoiety with the P@ group (Figure 1b) and
by adding hydrogen atoms, assuming standard bond lengths and angles.
At the present stage, we cannot simulate the entire protein by ab initio
methods. We considered a truncated model, which attempted to capture
the physicochemical properties of substragé@zyme interactions at the
active site (Figure 1b). We included the chemical groups, which
contributed more than 80% to the total electric field on the reactants,
based on classical electrostatic modeling. The model took into account

(26) Maegley, A. M.; Suzanne, J. A.; Herschlag,Aboc. Natl. Acad. Sci. U.S.A.
1996 93, 8160-8166.

(27) Support to the dissociative mechanism is provided by FTIR data. Du, X.;

Frei, H.; Kim, S.-H.J. Biol. Chem200Q 275, 8492-8500.

(28) Support to the associative mechanism is given by the calculations of Florian

and Warshel (Florian, J.; Warshel, A. Phys. Chem. B998 102, 719—

734.). Subsequent ab initio calculations by Futatsugi et al. (Futatsugi, N.;

Hata, M.; Hoshino, T.; Tsuda, MBiophys. J1999 77, 3287-3292.), which

provide further insight to GTP hydrolysis mechanism, have been subjected

to serious criticism (Glennon, T. M.; Villa, J.; Warshel, Biochemistry

2000 39, 9641-9651.).

Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 24712474,

Rahlisberg, U.; Klein, M. L.J. Am. Chem. S0d.995 117, 42—48.

Doclo, K.; Rahlisberg, U.Chem. Phys. Lettl995 297, 205-210.

De Santis, L.; Carloni, FProteins: Struct., Funct., Genet999 37, 611—

618.

Piana, S.; Carloni, FProteins: Struct., Funct., Gene200Q 39, 26—36.

(34) Rahlisberg, U.; Carloni, PInt. J. Quantum Cheni999 73, 209-218.

(35) Rovira, C.; Carloni, P.; Parrinello, M. Phys. Chem. 8999 103 7031-
7035.

(36) Alber, F.; Carloni, PProtein Sci.200Q 9, 2535-2546.

(37) Warshel, AJ. Biol. Chem.1998 273 27035-27038.
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During the constrained ab initio MD simulations, the constraint force
%’"w’“““"’ \3/3"“ backbone W”s backbone (CF) on the reaction coordinate (@yP distance) was monitored in
@ @ @ order to qualitatively detect the stability of the transition state. A positive

value of CF corresponds to a repulsive force. This implied that the

w& L}F m{ Lf ‘"‘y Lﬂ’ Ow—yP bond would have been disrupted if the constraint had been

removed.
A negative value of CF, which corresponds to an attractive force,
implied the formation of the @—yP bond upon removal of the
}’{ )’E'{ constraint and the evolution of the system toward the products. Each
a) O ainetsidechain  ; Deinéisidechain ¢y O GIné1 side chain constrained MD run was carried out f&10.5 ps, which is considerably

less than the time scale required to quantitatively estimate the free
energy. However, in our study we were interested in the structural and

- @™ WAT o WAT qualitative aspects of the phosphoryl transfer reactions. To this aim,

s—_‘}-—&‘ g 5_..%3,, we used constrained dynamics only to build up structural models by
Il S er N * decreasing the @yP distance.

d) o) ] Since in the ultrashort time scale explored the constraint force might

Figure 2. Orientation of WAT in the catalytic cavity. 11 (a), WAT be exc_es_:s_ively large, we performed a test calculatipn by prolonging
H-bonds to the Thr35 backbone and GIn61 side chain carbonyl oxygens. the @b initio MD run ad = 2.2 A by 1 ps. The constraint force turned
In 2 (b), WAT H-bonds to the’-phosphate group. 18 (c), WAT H-bonds out to be rather stable after changing its sign, suggesting that the time
to y-phosphate and the GIn61 side chain. Ab initio calculations showed scale used was adequate to describe qualitative aspects of the reaction.
that1 was more stable thahby ~65 kcal/mol. Interactions between WAT Test calculations were also carried out on the model system of Figure
dipole moment (red) and the prote!n electric field (greer,ig, and3 are 1b, in which the catalytic water molecule (WAT) was replaced by OH
isnh?/\évllno:/c parts d, e, and f, respectively. In partsa bonds are depicted anion. The Q/yP distance was set at a crystal structure value of 2.26

' A. A total of 0.4 ps of ab initio MD simulations at room temperature
were performed.

All calculations required approximately 60 000 CPU hours on a Cray
T3E machine.

Calculated Properties. As the system evolved, the following
properties were calculated from room-temperature selected snapshots
of the ab initio MD.

(i) The chemical bonding was characterized in terms of maximally
localized Wannier orbital centers (WOC$)5? WOCs were also
calculated taking into account the classical electrostatic field due to

The quantum problem was solved within the DFT framework. e protein frame and then used to estimate the catalytic water (WAT)
Gradient-corrected exchange and correlation functionals with Bécke dipole moment

and Lee-Yang—Parf® (BLYP) parametrizations were used. The

all the substrateenzyme interactions, while it was still manageable
from a computational point of view. Its overall charge turned out to be
zero. WAT hydrogen atoms were positioned in three plausible
conformations, which resulted in as many different H-bond patterns
(Figure 2a-c). Ab initio geometry optimizations and classical modeling
(see Results) identified (Figure 2a) as the most stable conformer,
and all subsequent calculations were carried out with this H-bond
pattern.

interactions between the ionic cores and valence electrons were N/2 _
described by MartinsTruollier type pseudopotentiat®. The Kohn- u= —ZeZ?i + eZZI R
Sham orbitals were expanded in plane waves up to 70~RA00 000 =

basis functions). The complex was treated like an isolated syStem. ) ) )
Geometry optimizations were performed using the direct inversion in &S reported in ref 51. This allowed us to make a comparison of WAT

the iterative subspace (DIIS) metH¢Funtil a convergence of 0.0005  dipole moments in three different cases: (a) in the electric field
au on the gradients was reached. Ab initio molecular dynamics (ab 9enerated by the active site atoms, (b) in the field generated by the
initio MD) simulations were performed following the GaParrinello entire protein, and (c) in water solutiéhShifts of WOCs along the
scheme?® The positions of the formyl groups of G12, G15, C18, P34 chemical bond correlate to differences of Pauling electronegativities
and A59, and the methyl groups of the methyl triphosphate, the between the gtoms_formlng the botidhs in ref 53,the WOCs an_aIyS|s
methylguanidinium, and the propionamide were kept fixed to mimic WaS used to investigate the changes of polarity upon formation of the
the presence of the protein frame (Figure 1b), following the procedure INtérmolecular complexes. o _

of ref 36. A time step of 0.121 fs and a fictitious electron mass of 500 _ (ii) Analysis based on the electron localization function (ELF) was
au were used. (The time step used has been reported also for othef!SC Performedt=¢to characterize the nature of a low-barrier hydrogen

hydrogen-containing systerf&’ The system was coupled to a Nese bond. ELF has been shown to be a useful tool in studying the nature
Hoover thermostat of 500 cn1 frequency in order to maintain the of the chemical boné&®" In particular, ELF red areas indicate strong

temperature at 300 K. The size cell was set large enough so that the€lectron localization such as spatial regions where the Pauli principle
has little influence on the electron distribution.

electron density decayed to zero within the simulation box (8.7 ] ) : o )
Classical Electrostatic Modeling. The electric field of the entire

17.3 x 18.6 A%). The ab initio MD simulations were done by using 2 s . - "
the parallel version of the CaParrinello code (CPMD, version 373 protein, immersed in a water box with periodic boundary conditions,

(48) Silvestrelli, P. L.; Marzari, N.; Vanderbilt, D.; Parrinello, MBolid State
(38) Becke, A. D.Phys. Re. A 1988 38, 3098-3100. Commun.199§ 107, 7—11.
(39) Lee, C,; Yang, W.; Parr, R. ®hys. Re. A 1988 37, 785-789. (49) Marzari, N.; Vanderbilt, DPhys. Re. B 1997, 56, 12847-12864.
(40) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993-2006. (50) Vanderbilt, D.; King-Smith, R. DPhys. Re. B 1993 48, 4442-4455.
(41) Barnett, R. N.; Landmann, WPhys. Re. B 1993 48, 2081-2097. (51) Silvestrelli, P. L.; Parrinello, MPhys. Re. Lett. 1999 82, 3308-3311.
(42) Pulay, PChem. Phys. Lettl98Q 73, 393—-398. (52) Alber, F.; Folkers, G.; Carloni, Rl. Chem. Phys. B999 103 6121-
(43) Hutter, J.; Lthi, H. P.; Parrinello, MComput. Mater. Scil994 2, 244— 6126.

248. (53) Sulpizi, M.; Carloni, PJ. Chem. Phys. R00Q 104, 10087-10091.

(44) Molteni, C.; Parrinello, MJ. Am. Chem. S0d.998 120, 2168-2171. (54) Becke, A. D.; Edgecombe, K. H. Phys. Chem199Q 92, 5397-5403.
(45) Doclo, K.; Ruahlisberg, U.J. Phys. Chem. 2000 104, 6464-6469. (55) Silvi, B.; Savin, A.Nature1994 371, 683-686.

(46) Nose S.J. Chem. Physl984 81, 511-519. (56) Savin, A.; Nesper, R.; Wengert, S’isséer, T. FAngew. Chem., Int. Ed.
(47) Hutter, J.; Ballone, P.; Bernasconi, M.; Focher, P.; Fois, E.; Goedecker, Engl. 1997 36, 1808-1832.
S.; Parrinello, M.; Tuckerman, MCPMD 3.3 MPI fur Festka-Perforschung (57) Schiott, B.; Iversen, B. B.; Madsen, G. K. H.; Larsen, F. K.; Bruice, T. C.
and IBM Zurich Research Laboratory: Zurich, Switzerland, 1999. Proc. Natl. Acad. Sci. U.S.A998 95, 12799-12802.
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was calculated with a simple point charge model, based on the all-
atom AMBER® force field. The field at positiof, then reads
a4
—Tio
3
Fio

E(To) L
r.) =
¢ 4rey 4

where the sum is performed on all the atoms in the systerapresents

the charge of atom, andTio is the distance fronty. The dielectric
constanio is assumed to be equal to 1. The error due to the neglect of
the contribution of the periodic images was estimated to be less than
5%. To build the model of the protein/water system, we used classical
molecular dynamics simulations (see Supporting Information). Some
calculations were carried out, including the electric field of the protein
immersed in water.

Results

In this section, we investigated first the polarization effects and then
the dynamics of the model depicted in Figure 1b. Subsequently, we
explored the enzymatic reaction by performing constrained ab initio
molecular dynamics simulations.

Cdc42WAT /GTP Structural Model. Classical electrostatic cal-

culations suggested that the model in Figure 1b generated as much as

~85% of thetotal protein electric field on reactants, the catalytic water
(WAT), and the GTP. Consistently, ab initio electronic structure
calculations showed that the dipole moment of WAT in the field of
these residues was very similar to that in the presence of the entire
enzymatic complex (3.86 and 3.80 D, respectively). Thus, we concluded
that the model system of Figure 1b provided a good description of the
electrostatically preorganized active site for the enzymatic catalysis.

Orientation of the Catalytic Water. In principle WAT can form
several plausible H-bond patterns. It may H-bond to the Thr35 backbone
and to the GIn61 side chain carbonyl oxygers Figure 2a), to
y-phosphate oxygen2, Figure 2b) or to GIn61 side chain, and to
y-phosphate3, Figure 2c). Calculations on our model system (Figure
1b) suggested that conformkwas more stable by several tens of kcal/
mol than2, which in turn was more stable th&nEnvironmental effects
further stabilize conformatiof relative to2 and3. Indeed, the electric
field of the protein was aligned to the calculated WAT dipole in
conformerl (Figure 2d). In contrast2 and 3 were highly unstable
with respect to the electric field generated by the enzymatic complex
(Figure 2e,f). Thus, our quantum chemical calculations and classical
electrostatic modeling provided a consistent picture in which WAT was
oriented as in conformatioh. Therefore, all subsequent calculations
were carried out on this conformer.

In this conformation, WAT was highly polarized. Its dipole moment
of 3.86 D was much larger than that of water in the bulk (3.66.D

Enzymatic Reaction. Ab initio MD simulations showed that the
system was intrinsically unstable, since the complex turned out to
decompose spontaneously during the dynamics to form the reactants
After a few hundred femtoseconds, thie—O(GDP) bond was formed

and GTP and WAT (i.e., the reactants) were produced. Figure 3a shows

a snapshot after0.2 ps of ab initio MD: the GTP is stabilized in the
enzyme active site by electrostatic interactions witl?Mdgys16, and
GAP/Arg305 (Figure 3b). WAT is 3.5 A apart from tiyephosphorus,
and it maintained the H-bond pattern with both GIn61 and Thr35.
Because of the instability of the system toward the reactants, we
decided to use constrained ab initio molecular dynathgiswulations
to follow WAT nucleophilic attack to GTP. Specifically, we constrained
the Qu/yP distance d(Ow/yP)) as the reaction coordinate. Its value,
which is 2.26 A in the crystal structure, was shortened stepwise by 0.
A until 1.8 A was reached. The evolutions of the GTP/WAT adduct
toward the reactants or the products were detected by monitoring the

1

(58) Cornell, W. D.; Cieplack, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M,;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Kollman, P.JAAmM. Chem.
So0c.1995 117, 5179-5197.

(59) Carloni, P.; Sprik, M.; Andreoni, Wd. Phys. Chem. BR00Q 104, 823~
835.
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Figure 3. Ab initio MD of the model represented in Figure 1b. (a) After
0.21 ps, the reactants are formed. WAT is at 3.5 A fromytighosphorus,

and it maintained the H-bond pattern with both GIn61 and Thr35. (b)
Select?&d intermolecular distances in the active site are presented (values
are in A).

constraint force (CF) values (see Methods). &@w/yP) between 2.2

and 1.9 A, the CF values became negative (i.e., the-@P bond was
formed) within 0.5 ps of simulations. However, upon removal of the
constraints, the GTP/WAT complexes again evolved back to the
reactants in a few hundred femtoseconds, possibly as a result of the
adduct being unstable with respect to the reagents.df@g/yP) =

1.8 A, WAT spontaneously transferred a proton to the carbonyl oxygen
of the GIn61 side chain (€hs1) before CF became negative. In this
case, removal of the constraint caused the spontaneous evolution of
the system toward the products (Figure 4), which turned out to be stable
for more than 1 ps of ab initio MD simulations. Similar results were
obtained by replacing WAT of Figure 1b with OHBY the positioning

of the hydroxyl anion at the crystallographic position of 2.26 A from
the y-phosphate phosphorus, the reaction products (i.e., GDP and
inorganic phosphate) were formed after a few hundred femtoseconds
of unconstrained ab initio MD. Thus, the highly nucleophilic species
OH~ appears to react very readily with the GTP in the active site of
the enzyme. To confirm the formation of the new covalent bond,
calculations of the electronic structure in terms of Ket8ham levels
were carried out. This allowed the identification of a molecular orbital
involving Ow andyP, which provided striking evidence of the newly
formed covalent bond @-yP (Figure 4a).
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Figure 4. (a) Kohn—Sham one-electron molecular orbital. In yellow and
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Figure 5. LBHB betweens-phosphate and Lys16. (a) Plot of the relative
distances between (Lys16M and (3-phoshate)O/H. Data are from the
MD simulation atd(Ow/yP) = 1.8 A. (b) ELF from a single snapshot of

blue are represented the positive and negative isodensity surfaces, respedviD simulation atd(Ow/yP) = 1.8 A. The ELF is projected on the plane

tively (£15 au). (b) Products of GTP hydrolysis: GDP, HPQ and the
protonated form of GIn61.

Table 1. Distances (A) between Ow, Ogins1, and WOCs during the
Constrained ab Initio Molecular Dynamics Simulations?

H; (]
£/
5
A
*R o (o]
(0}
___)—NHZ
Giné6l
CF>0 CF<0
d(OwlyP) Ocing1—a Ow—b Ow—¢ Oging1—a Ow—b Ow—c
2.2 0.34 0.49 0.35 0.34 0.48 0.41
2.1 0.37 0.47 0.43 0.36 0.48 0.40
2.0 0.36 0.48 0.43 0.36 0.48 0.41
1.9 0.37 0.48 0.45 0.40 0.44 0.47
1.8 0.40 0.43 0.45 0.47 0.41 0.55

aCF is either positive or negative. a represents WOC of thgsgone
pair in the direction of H1. b represents WOC of thg€H1 bond. ¢
represents WOC of the@lone pair in the direction ofP. When both
d(Ow/yP) = 1.8 A and CF< 0, the system spontaneously evolved toward
the products. The great displacements (in bold) observed when both CF
0 andd(Ow/yP)= 1.8 A can be a further clue for the newly formed covalent
bond.

During the enzymatic reaction, the polarization effects were estimated
by analyzing the displacements of the centers of maximally localized
Wannier orbitals (WOCs) (Table 1). These orbitals, which correspond
to the Boys orbitals of quantum chemistfy,provide a useful

representation of electron lone pairs and chemical bond. Table 1 shows(61

WOCs during the movement of WAT along the reaction coordinate.
In particular, Table 1 shows that WAT €H bonds were highly

containing Ofphosphate), H, and d&(Lys16). ELF ranges are from blue
(0.20) to red (0.98).

polarized and that the polarization effects were greatly increased by
shortening the Q/yP distance. Moreover, a(Ow/yP) = 1.8 A, one

of the Qu lone pairs was located on thew@yP, confirming the
formation of a new oxygenphosphorus covalent bond.

In all simulations, it was also noticed that a proton hopping between
Lys16 and thegs-phosphate group occurred in the subpicosecond time
scale. It happened when the distance betweeftpgbpsphate) and
Ne(Lys16) was about 2.4 A. A plot of thedK16)—H and OP)—H
relative distances is shown in Figure 5a, confirming a proton transfer
between these two groups. The chemical bonding of this interaction,
referred in the literature as a low-barrier hydrogen bond (LBFBY
was investigated by estimating the electron localization function
(ELF)>456 (Figure 5b). The plot was obtained by projecting ELF on
the plane containing @P), H, and N(Lys16). Strong electronic
localization was found between the phosphate and lysine, suggesting
that the character of this LBHB was partly covalent, in agreement with
a previous finding®

Discussion

We have presented here an ab initio quantum chemical study
on the Cdc42/Cdc42GAP active site. Our goal was to investigate
the initial and fundamental step of the enzymatic GTP hydroly-
sis, namely, the deprotonation of the catalytic water molecule
(WAT).

A preliminary investigation was required to establish the
reliability of the structural model and the critical orientation of

(60) Boys, S. FProc. R. Soc195Q A20Q 542.

Cleland, W. WBiochemistry1992 31, 317-319.
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Sirois, S.; Proynov, E. |.; Nguyen, D. T.; Salahub, D.JRChem. Phys.
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WAT in the active site. The relatively large model used, which may be greatly enhanced by the positively charged residues that
included all the interactions between the triphosphate moiety compose the active site (i.e., Mgand GAP/Arg305). Thus,
and the enzyme active-site residues (Figure 1b), accounted forbecause of the high polarity of the- bond, the catalytic
most of the protein electric field. Indeed, classical modeling water molecule, strongly interacting with the-phosphate
suggested that the atoms in the active site accounted for as muckphosphourous, may be able to protonate even a very weak base
as 85% of total protein electric field on the reactants. Besides, such as the amide group of GIn61 side chain. However, these
our quantum chemical calculations suggested that the WAT calculations do not rule out the possibility of a proton transfer
dipole moment in our model system did not vary significantly between WAT and the solvenbefore reaching its reactive

in the presence of the electric field of the protein frame. We conformation. Actually, test calculations, using the Odhion
could therefore conclude that our model system was able toinstead of WAT, indeed showed that the reaction readily
account for the most relevant physicochemical features of the occurred in the catalytic site.

enzyme active site. WAT orientation as In(Figure 2a), in In addition, during the simulations a low-barrier hydrogen
which the catalytic water molecule forms H-bond interactions bond (LBHB) between Lys16 an@-phosphate was detected
with Thr35 backbone and GIn61 side chain, was by far the most (Figure 5). This LBHB turned out to be partly covalent in nature,
stable conformation. Furthermore, it was also highly stabilized in agreement with a previous propod&aiThe LBHB could in

by the electrostatic field generated by the entire enzymatic principle be very important for stabilizing the transition state,
complex, which was in striking alignment with the dipole since it may provide a very large stabilization enef§?
moment of WAT (Figure 2¢H). (WAT was more polarized in  Furthermore, it could enhance the water nucleophilic attack by
the protein than in bulk water. This may be consistent with the reducing significantly the electron density on thghosphate

proposal that enzyme cavities act as a supersolgfihis ruled and consequently increasing thephosphate electrophilic
out the possibility that the catalytic water transferred its proton power. However, such an interaction might arise from our
directly toy-phosphate, as previously suggesteConsistently,  calculations as a consequence of the truncations performed in

during the dynamics simulations WAT was never oriented to the model and by the use of the BLYP approximafidand

form H-bonds toy-phosphate as i or in 3 of Figure 2. Indeed, thus, it cannot be firmly established by this work.
the angles between the WAT-E€H bonds andy-phosphate

oxygens were always less than°95
GTP enzymatic hydrolysis was investigated by carrying out ~ Water nucleophilic attack on GTP in the Cdc42/Cdc42GAP
ab initio MD on the model of Figure 1b. Because the system enzymatic complex was investigated by using ab initio molecular
decomposed spontaneously during the dynamics to form thedynamics studies. The model system allowed us to consider the
reactants (Figure 3), we subsequently used constrained ab initionost relevant physicochemical interactions among GTP, the
MD. catalytic water molecule (WAT), and the biological complex.
The formation of the products was observed during the In particular, the system appeared to include the atoms forming
constraint dynamics at{Ow/yP) = 1.8 A. The key step of the  the pre-organized catalytic site, and it accounted for the major
reaction was the proton transfer from WAT to the GIn61 side contribution of the protein electric field on the reactants.
chain. This process stabilized the highly nucleophilic species Quantum chemical and classical calculations suggested that
OH~, which could complete the nucleophilic attack to the GTP. the catalytic water H-bonds to GIn61 and Thr35 during its
This finding is consistent with the X-ray structure of the Cdc42- nucleophilic attack. Our calculations provided no evidence for
TS mimic complexX? which clearly shows that Nfbf the GIn61 the postulated proton transfer from WAT to thephosphate.
side chain H-bonds to thephosphate, maintaining GIn61 very  Instead, the highly nucleophilic species Okbuld be stabilized
close to the catalytic water molecule (Figure 1a), and might by a proton transfer to GIn61. This key event was accompanied
also offer an explanation for the 6@0% decrease in activity by the formation of a low-barrier hydrogen bond between Lys16
of the Q61E mutanf? Indeed, although Glu is a base stronger andp-phosphate. During the constraint dynamicsl@w/yP)
than Gln, it is expected to be located more apart from the = 1.8 A, a chemical bond betweenphosphorus and WAT
catalytic water than GIn because of electrostatic repulsions oxygen was formed. In this simulation, removal of the constraint
between the carboxylate group of Glu and the triphosphate caused the spontaneous evolution of the system toward the

Conclusions

moiety of GTP. products (i.e., GDP and inorganic phosphate). The products
A comment is about the reliability of our model for describing turned out to be stable for the rest of the simulation. These

this proton-transfer event. Although the difference iK,p findings are fully consistent with X-ray data on the transition-

between water and GInéh aqueous solutiofis very large?® state analogue complExX°and on site-directed mutagenesis data

our calculations showed that the WAT-® bond, pointing on the Q61E mutarft!
toward GIn61, was highly polar, as shown by the displacements
of Wannier orbital centers (Table 1). In particular, the difference
in Pauling electronegativity between oxygen and hydrogen
estimated on the basis of the Wannier certfgisee Methods),
passed from 1.25 in isolated wateto as much as 1.58 in our
model system. The high polarity of the-® bond is possibly Supporting Information Available: Details of the molecular
due to the interaction of WAT oxygen with the highly dynamics simulations for the protein/water system (PDF). This
electrophilic specieg-phosphorus, whose electron deficiency material is available free of charge via the Internet at
http://pubs.acs.org.
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