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ABSTRACT. The formation of a complex between pZhnd GAP accelerates the GTPase reaction ofp21

and terminates the signal for cell proliferation. The understanding of this rate acceleration is important
for the elucidation of the role of Ras mutants in tumor formation. In principle there are two main options
for the origin of the effect of GAP. One is a direct electrostatic interaction between the residues of GAP
and the transition state of the Ras-GAP complex and the other is a GAP-induced shift of the structure of
Ras to a configuration that increases the stabilization of the transition state. This work examines the
relative importance of these options by computer simulations of the catalytic effect of Ras. The simulations
use the empirical valence bond (EVB) method to study the GTPase reaction along the alternative associative
and dissociative paths. This approach reproduces the trend in the overall experimentally observed catalytic
effect of GAP: the calculated effect is## 3 kcal/mol as compared to the observed effect-6t6 kcal/

mol. Furthermore, the calculated effect of mutating Arg789 to a nonpolar residuedisk&al/mol as
compared to the observed effect of 4.5 kcal/mol for the Arg789Ala mutation. It is concluded, in agreement
with previous proposals, that the effect of Arg789 is associated with its direct interaction with the transition
state charge distribution. However, calculations that use the coordinates of Ras from the Ras-GAP complex
(referred to here as Rageproduce a significant catalytic effect relative to the Ras coordinates. This
indicates that part of the effect of GAP involves a stabilization of a catalytic configuration of Ras. This
configuration increases the positive electrostatic potential of-ffieosphate (relative to the corresponding
situation in the free Ras). In other words, GAP stabilizes the GDP bound configuration of Ras relative to
that of the GTP-bound conformation. The elusive oncogenic effect of mutating GIn61 is also explored.
The calculated effect of such mutations in the Ras-GAP complex are found to be small, while the observed
effect is very large (8.7 kcal/mol). Since the Ras is locked in its Ras-GAP configuration in our simulations,
we conclude that the oncogenic effect of mutation of GIn61 is indirect and is associated most probably
with the structural changes of Ras upon forming the Ras-GAP complex. In view of these and the results
for the Raswe conclude that GAP activates Ras by both direct electrostatic stabilization of the transition
state and an indirect allosteric effect that stabilizes the GDP-bound form. The present study also explored
the feasibility of the associative and dissociative mechanism in the GTPase reaction of Ras. It is concluded
that the reaction is most likely to involve an associative mechanism.

GTP-binding proteins like, for example, pZl(a protein protein remains in its active GTP-bound state, the longer it
that plays a central role in signal transduction pathways will transmit and also amplify a certain signal. Hence, the
controlling cell proliferation) can be considered as signal rate of GTP hydrolysis is of great importance for the right
switch molecules that cycle between the GTP-bound ON- timing of many processes in a cell. It is well-known that
state and the GDP-bound OFF-stat®). (GTP-binding mutations that slow the reaction rate biologically activate
proteinsare usually switched ON by the action of activated these signaling proteins leading to an oncogenic Ras-protein
guanine-exchange-factors (GEFs) that catalyze the exchangé¢hat permanently produces a cell growth signal. Mutations
of protein bound GDP by GTF2). In the GTP-bound ON  at either one of the 12, 13, or 61 positions are found in
conformation, these GTP-binding proteins interact specifi- approximately 30% of human tumors, which is among the
cally with an appropriate effector molecule and thus transmit highest frequencies of known oncogenés-6).
the corresponding signal to the next downstream component Very often GTP-binding proteins are regulated and
in the signaling cascade _ . . controlled by accessory proteins. For instance, the activation

All known GTP-binding proteins exhibita GTPase activity of 5 GTP-binding protein involves an exchange of bound
that recycles the protein back to its inactive GDP-bound gpp by GTP and is catalyzed by GEFs. Also, the GTPase
fprm. The rate of this reaction is crucial for the correspo_ndilng activity of GTP-binding proteins is very often controlled by
timing of the regulated process: the longer a GTP-binding her proteins. The relatively slow intrinsic reaction rate of
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accelerate the return to the OFF-state and help to terminate,, M T e H—o_ 9
the signal. Thus, elucidating the intrinsic as well as the GAP- - VAN °_“,/F"\\ ° . AN A
stimulated GTPase mechanism is of great importance for v oW )
understanding signal transduction and tumor formationon a ;, L 2
molecular level. Further progress in this direction is essential —

for finding a way to manipulate the reaction rate of oncogenic
mutants by external means.

The origin of the catalytic effect of GAP is not completely
clear. In principle there are two major options: (i) the
transition state of the GTPase reaction is stabilized by
interaction with residues which are supplied by GAP and
(ii) the interaction with GAP “pushes” Ras to a conformation
which stabilizes the transition state more than the regular
conformation of the isolated Ras. The first option seems to
be consistent with the finding that mutations of the Arg789 I——« J
residue of GAP reduce the rate constant of the Ras-GAP » :
complex by~2000-fold.g) This indicates that the so-called 5"\ °~e> L Associative (1) Ho 1T oo
“arginine-finger”©) stabilizes the negatively charged transi- H—o” Yo ”\O_H L AW
tion state. The second option, which is referred to sometimes v AN
as the isomerization hypothesis0-12), is basically an 6]
allosteric-type effect where GAP helps to preorganize Ras Ficure 1: An approximated potential surface that describes the
in a catalytic configuration. It is not clear, however, how to main features of the ab initio surface for the hydrolysis of
assess the validity of this option without translating the monomethyl phosphate dianion. The figure considers the main path

. : : of the surface of reR1 (light lines) and simplifies them by two
relevant structural information to energetics. In fact, some “generic” pathways (black dashes) that represent the main features

progress in this direction has been reported by Muegge etof the transition state region. The minima and the transition states
al. (13) who used the GTP-bound and the GDP bound on the surface are represented by open circles and open squares,
structures of Ras before the emergence of the structure ofrespectively. The bold circles and squares correspond to the

the Ras-GAP complex, but more definitive studies with the “generic” surface while the light circles and squares correspond to

’ the original surface. The seven structures (states) correspond
actual st'ructure of the complex are clearly needed. to the seven minima on the surface and the notation of the transition
A major progress has been made recently when the states (e.g., TS5) is taken from r2f.

structure of the complex between the activation domain of
GAP and p2®s(referred to as Ras-GAP) in the presence of GTPASE REACTION
an AlF; transition state (TS) analogue was solv8jll This
was followed by the determination of the related structure ~ The GTPase reaction catalyzed by Ras involves a rather
of the complex of a small G-protein and its GAR4). complex free energy surface whose simplified nature is
The structural advances in the field of GTP-binding outlined in Figure 1. This figure focuses on the main features
proteins and G-proteins (e.g., ref§—18) offers the unique of the high energy plateau of the ab initio potential surface
opportunity of elucidating the detailed molecular mechanism obtained by Flofia and Warshel21) for phosphomonoester
of action of these proteins. This requires, however, some dianions. The original surface whose main features are
form of quantitative structure function correlation that can outlined in the figure involve several pathways that can be
convert the available structural information to activation grouped into two classes; an associative mechanism (bottom
energies and therefore to the relevant rate constants andind right path) that involves a pentacoordinated transition
catalytic effects. state (state ii) and a dissociative mechanism (top and left
The availability of a 3-D structure for Ras and the Ras- path) that involves the formation of a trigonal metaphosphate
GAP complex allows one to explore the catalytic effect of (state vi). Here we simplified the landscape of the ab initio
GAP using computer simulation approaches. In this paper, surface and focus on paths that connect the seven local
we will apply the empirical valence bond (EVB) method (that minima. These minima, which are designated in the figure
was used previously in studies of the “intrinsic” GTPase by open circles, correspond to reactant states, intermediate
reaction of Ras)X9, 20) to studies of the effect of GAP on  states and product states. We further simplified the surface
the GTPase reaction of Ras. We will focus on the difference by choosing for each mechanism a single “generic” pathway
between the GTP hydrolysis reaction in the Ras-GAP (black dashes in Figure 1) that represent the main features
complex and the isolated Ras molecule. Section Il will of the corresponding mechanisms. For the associative mech-
analyze first the potential surface for the GTP hydrolysis in anism we chose a path that moves directly from the dianion
solution. This section will then consider the energetics of reactant state (state i) to the pentacoordinated intermediate
the GTPase reaction in Ras and Ras-GAP as well as soméstate ii) which is located between TS5 and TS6 [in the
Ras mutants and use them to set up the problem of thenotation of Figure 21 of Flofia and Warshel 1)], and
catalytic effect of GAP. Section Il will describe the method finally to the product state (state iii). This path involves early
used and in particular the calibration of the EVB potential and late barriers before and after the pentacoordinated
surface for GTP hydrolysis. Section IV will describe the intermediate. Such an approximated path is reasonable since
results of the simulations for the associative and dissociativewe are mainly interested in the transition state region where
mechanism and analyze the origin of the catalytic effect of the actual surface between TS5 and TS6 is very shallow and
GAP. one of the main features of this surface is the availability of

Dissociative (rpq)
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late and early transition states. The possible involvement of Our proposal of the GTP as a base mechani2@) llas

a proton-transfer step (state-v) is not considered explicity =~ met a wide acceptance in the structural commurstyl{,

since this step is not rate limiting. For the dissociative 28—33), and subsequent related proposals were put forward

mechanism we chose a path that leads directly from the for such systems as transduc28), muscle motor ATPase

dianion reactant (state i) to the metaphosphate intermediatemyosin @0) and adenylyl cyclasel{). Furthermore, the

(state iv) and to the product (state iii). The alternative path elucidation of the structure of Ras-Ras-GAP (AIf8) was

that involves an initial proton transfer (state-state v), interpreted as an evidence for this mechanism. Yet, the idea

formation of the intermediate vi, leading to a second product that the general base in Ras is the phosphate itself has been

(vii) with a protonated leaving group, was not considered. challenged by some worker84), who have nevertheless

Again it is assumed that the simplified pathway used adopted our point that phosphate (rather than some protein

represents the main features of the transition state region andjroup) is the acceptor of the proton of the attacking water

the availability of early and late transition states (see also molecules (see discussion in &5). Thus, the disagreement

ref 22). The experimental evidences that have been used toreduces to whether the water attack involves a concerted or

discriminate between the associative and dissociative pathsa stepwise mechanism and whether we have an associative

will be considered at the end of this section. or a dissociative mechanism. In examining this point it is
The rate constant for the Ras catalyzed GTPase reactionmportant to consider recent workd 25) where it has been

is 4.7x 10*s7! (e.g., see re23) which can be converted clearly demonstrated that the arguments brought traditionally

to an activation barrier 0~22.4 kcal/mol by applying to support the dissociative mechanism could be interpreted

transition state theory equally well as evidence for the associative mechanism. In
particular, it has been shown that the linear free energy
k=6 x 10" exp[-Ag"/RT] (1) relationships (LFERs) used to support the dissociative

mechanism are equally or more consistent with an associative
whereR s the gas constant arids the absolute temperature  mechanism. Apparently the main problem with the traditional
and the rate is given in inverse seconds (see2#f The analysis was its implicit assumption of two intersecting
rate constant for the enzymatic reaction can be compared tovalence bond (VB) states (a simple Marcus’ type system).
the corresponding rate constant for the hydrolysis of GTP Such a model is in clear contrast to the actual surface deduced
in solution. The rate constant of this solution reaction can from ab initio studies which corresponds to three or more
be estimated using the relationshgb(26) VB states. It is also instructive to consider at this point the
arguments of Admiraal and Herschlagd). These authors
log k= 0.86— 1.23K, (leaving group) (2) tried to provide experimental evidences that presumably
exclude a stepwise mechanism in the attack of water on phos-
with a pK, of 6.4 27) for the leaving group we obtaik ~ phate monoester monoanions, and thus excludes the phos-
5.4 x 108 s, This and edlL give an activation barrier of  phate as a base mechanism. It seem to us that this work
27.5 kcal/mol which should correspond to the activation merely brought back the well-known assumpti@®-38)
barrier along the associative path of Figure 1. Thus, Rasthat the OH attack on a phosphate monoester monoanion
catalyzes the corresponding solution reaction~y kcal/ in a stepwise mechanism is °I§lower than the “observed”
mol. The resulting enzyme is, however, still a relatively slow rate. However, as was clearly established in our previous
enzyme with a slow conversion of GTP to GDP. The work (39), all the “observed” facts are rather irrelevant since
formation of the Ras-GAP complex leads to a much more they involve experiments where a methyl group substitutes
efficient enzyme with a rate constant of 19 £7) and an the phosphate hydrogen (i.e., we have@-CH; instead
activation barrier of~16 kcal/mol. This large change of P—O—H). Unfortunately, there is no experimental way
between the activation barrier of Ras-GAP and Ras is whatto determine the rate of OHattack on a phosphate mono-
makes the Ras-GAP complex such an efficient switch for ester monoanion, since the phosphate will be deprotonated
the signal transduction process. at the high pH needed to measure the kinetics of the OH
Mutation experiments provide additional information about attack. Now in the absence of experimental observations we
the origin of the effect of GAP on the GTPase reaction of are only left with careful ab initio studies and such calcula-
Ras. In particular it is found9j that mutations of Arg789,  tions (e.g., re39) show, in the case of phosphate monoester
or the equivalent residue in a complex of Ras with NF1 monoanion, that the attack of Otbn trimethyl phosphate
(which is another GAP molecule), reduce the rate constantis indeed 18 slower than on methyl dihydrogen phosphate.
of the Ras-GAP complex by2000 so that the corresponding This has invalidated the traditional assumption that studies
activation barrier is increased by4.5 kcal/mol. Mutations  which replace phosphate hydrogens by methyls can be used
of GIn61 reduce the rate constant by an even larger factorto exclude a stepwise mechanism in the unsubstituted phos-
(~2 x 10°% s71) and increase the activation barrier by 8.5 phate case. Referen8d also tried to support its assertion
kcal/mol 28). As pointed out in the introductory portion of by considering the hydrolysis of 2,4-dinitrophenyl phosphate
the paper, the way by which this catalytic effect is obtained (DNPP") and of its diester analogue, methyl 2,4-dinitrophe-
is not completely clear despite the availability of the three- nyl phosphate (MDNPP by H,O and by F and other
dimensional structure of a transition state analogue. In nucleophiles. It was argued that, since for these nucleophiles
particular, there remains the question as to what part of thethe ratio between the rate constants for the hydrolysis of
catalytic effect is due to the interaction between the substrateDNPP- and MDNPP is only between 3 and 20, it is justified
and GAP and what part is due to the GAP induced to use the experimental information obtained when the
conformational changes of Ras. This issue will be explored phosphate hydrogen is replaced by a methyl. However, this
by the methods described in the next section. argument is as problematic as the original argument. That
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is, ref 34 basically argues that since the second step in alikely to involve six-centered transition states and the GTP
stepwise reaction of water with DNPPand MDNPP hydrolysis in Ras is even less likely to involve a second
involves the attack of OH on DNPPH and MDNPPH, reactive water (in addition to the nucleophilic water mol-
respectively, and since the overall reaction has a similar rateecule). It should be clear, however, that present ab initio
in both cases, the rate of the OHittack must be similar  studies may still have errors of up to 5 kcal/mol. Also, the
with or without methyl substitution. Unfortunately, this possible effect of explicit chemical participation of more than
correct observation misses the fact that the @Hack should one water molecule should be explored, but this must be
indeed be similar in this case. This is so since in both done by considering the corresponding entropic price and
reactions we still have the cruciaH®—H---OH" interaction verifying that the approach used is capable of reproducing
which was shown to provide the major stabilization for the observed solvation energies.
OH™ attack of the second step. Thus, the two compounds  |n conclusion, since all the available experimental infor-
are expected to have similar rates of hydrolysis regardlessmation about the reaction path from the hydrolysis of
of the substitution of one of the phosphate hydrogens by aphosphate monoester dianion in solution are inconclusive (see
methyl. However, it is unjustified to use experimental refs22 and25) we have to rely on the results of ab initio
information obtained from studies of OHattack on phos-  calculations and as stated above such studieg jéhdicate
phates that do not have any available®-H (only these  that the barrier for the dissociative path for the GTPase
cases can be studied experimentally). The kinetics of the reaction in solution is higher than that for the corresponding
attack of such nucleophiles as 5 also irrelevant since here  associative path.
we do not have the crucial FO—H---OH~ interaction.
Finally, ref34 tried to use the results from experiments with  MATERIALS AND METHODS
S-containing molecules but this involves the same argument ) . )
used in the O-containing molecules. That is, the rate constant Simulations that determine the free energy along different
for OH- attack on S-containing molecules cannot be deducedfeasible reaction paths, as opposed to only structures or
from experiments where the phosphate hydrogens aredynamics, offer 'What is prqbably the best opportunity to
replaced by methyls; such an assumption was shown to beaccurately describe the details of enzyme catalykis The
wrong by 18 in the case of the O-compounds and is expected present work perfo_rms such simulations using the EVB
to be similarly wrong in the case of S-containing molecules. Méthod coupled with an umbrella sampling/free energy
In our opinion, in the absence of direct experimental Perturbation (FEP) techniqu&4). The EVB method has
information, it is preferable to use ab initio calculations than 0een described numerous times (e.g., se€24pfand has
to invoke assumptions which are shown to be unjustified by been used extensively by our group and more recently by
such calculations. other research groups (e.g., ré#-48). Thus, we will cover
The nature of the potential surface for phosphate hydrolysis €ré only the major points of relevance.
in solution has been studied recently by Hu and Brirt,( The enzyme/substrate system is divided into “quantum”
who considered the hydrolysis of phosphate monoesterand “classical” parts. The quantum part includes the portion
monoanion by two rather than one water molecule. This Of the substrate and the enzyme where bonds are being
study put forward an interesting new proposal of a six- broken or formed. The atoms of this part are represented by
centered dissociative-type mechanism where the second® quantum mechanical Hamiltonian and are referred to as
water molecule participates in the chemical process andthe EVB atoms. The rest of the system is described by a
stabilizes the dissociative transition state. These workersclassical force field. The effect of the classical part on the
concluded that this mechanism has a lower barrier than thatquantum Hamiltonian is obtained through electrostatics, van
of the associative mechanism. However, the inclusion of der Waals, and bonding terms. The diagonal elements of the
additional water molecules in the explicit quantum system EVB Hamiltonian (the diabatic energies) describe the ener-
is problematic since the calculations have not included the gies of different resonance structures of the system. These
entropic penalty associated with freezing the rotation and €nergies are represented by force field-like energy functions
translation of the second water molecule (which should be that reflect the intramolecular interaction between the reacting

rather free to move around the phosphate in the ground state)atoms in each resonance structure and the interaction between
Furthermore, including more and more solvent molecules these atoms and the classical part of the system. The different
explicitly in the calculation might not be fully consistent with ~ resonance structures are mixed by off-diagonal elements
the use of continuum solvation models. Our study of this Which are represented by exponential functions. The actual
system 21) considered all water molecules except the ground-state surfaceeg) is obtained by diagonalizing the
nucleophilic one as solvent molecules and estimated con-EVB Hamiltonian (see refs24 and 49 for a detailed
sistently the corresponding solute entropy and solvation freediscussion). One of the main points of the EVB approach is
energy. This study found similar barriers for the associative that the EVB matrix elements are calibrated using both
and dissociative mechanisms. It is also useful to note (in €xperimental information and/or ab initio calculations (see
contrast to the implication of re34) that Hu and Brinck ~ below and, e.g., reb0). This guarantees the reliability of
have not found that the GTP as a base mechanism is unlikelythe EVB surfaces. The EVB free energy is evaluated by
That is, the study of Hu and Brinck involved a monoanion driving the system from the reactant to product resonance
system where the dissociative mechanism is indeed astructures. The data generated during the simulation is
reasonable option and where an additional water molecule€valuated using a combination of the FEP and umbrella
might form a six-centered transition state. However, this Sampling approach (see r24 for details).

monoanion case is not directly relevant to the hydrolysis of The EVB surface for the hydrolysis of GTP was con-
dianions including GTP. The hydrolysis of dianion is not structed by fitting it to the generic ab initio-based surface of
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Associative

Table 1: Parameters Used in the EVB Calculations

=
Ho/\P<o\P _awp bond type a Do ry°
HO/ o‘o//\d AM(rj) = Do[1 — e~ ~ 12 P-O 2.0 95.0 1.60
I, angle type ko o
Vo = (ko/2) yo(6 — 60)? O—P-0 (I,1) 50.0 109.5
H -0 o. GMP HO o o GMP Oeq_ P_Oeq (I I) 500 900
(- \/P\\/ K \/ \/ Ow—P—Ou(l)  50.0 1095
<% % N, A\ OuP—Ou(ll) 500 180.0
I o P—O—P (1,Il) 50.0 120.0
van der Waals type A B
H\ T_ oi /GMP Vyaw = A"A,'ﬁfm - BiBjri,-*G Mg 96.0 32.0
o 0//\0 O/P\O_ repulsive terrf type c u
I Viep= CiCje i P 300 25
D o] 350 25
Dissociative (on 100.0 2.5
FIGURE 2: Resonance structures used in the EVB calculations for H 6.0 25
the associative mechanism (Ia]llll) and for the dissociative fdi Tel
mechanism (1, i, 1lI). off-diagonal elements type A i
Hiy = Aye o’ Hii 65.0 0.0
Figure 1. This was done by choosing zero-order resonance Hin 400 0.0
structures whose mixing produced a potential surface similar , ,
. . b . gas-phase shifts type o
to the generic surface. In doing so, it was required that the
minima obtained by mixing the EVB resonance structures ||| 158-8
will correspond to the minima in our simplified ab initio m ~195.0

surface. In general, the effect of the mixing is rather small —; — . — , -

L Energies in kilocalories per mole; distances in angstroms; angles
at the minima and thus WQ f9fce_ our resonan?? S.trUCtureS e degrees. The table lists only the parameters that are different than
have the same charge distributions and equilibrium geom-those used in our previous studyg|. The table outlines the functional
etries as those obtained in the corresponding ab initio form of the different terms but a more complete description of the EVB
calculations. At any rate, we now describe our system by terms s given elsewher&g). |, 1, and lil designate the corresponding
the four resonance structures of Figure 2. More specifically, '639nance structures. The charges of the EVB atoms are taken from

. . ref 21. P Fitted to the ab initio structures in r&fl. ¢ The interactions
the potential functions for resonance structuresd, &ind between the EVB atoms and the rest of the system and are represented
IIl were obtained by fitting them to the corresponding ab by the standard ENZYMIX force field5Q). ¢ Repulsive nonbonded
initio structures and charges of 12f. The potential function ~ term ©7) used for the interactions between EVB atofishe r
for resoriance siucturedivas obfained by fing it (o the _ ¥ Con b Selhed o Sy P el e e e
average ab initio structure and charges _Of T$5 and TS6 Of'?he energies of the di#erent resonance structures in the gas phase at
ref21. The parameters used are summarized in Table 1. Thejnfinite separation between the different fragments.
table only gives relevant parameters and outline the func-
tional forms used. The actual form of the EVB terms is given , ) , )
elsewhere (e.g., ref9). agreement co_uld be obtained W|th different representation

The present work focused on the effect of GAP on the ©f the interaction between the Ngion and the phosphate

Ras reaction rather than on the catalytic effect of Ras itself. ©Xygens but this is not the purpose of the present paper.
Thus, we have been concerned with the difference between With the above assumption in mind, we adjusted the so-
the Ras-GAP potential surface and the Ras surface rathercalled EVB gas-phase shifts (the energies of each resonance
than between free energy surfaces of Ras and that of thestructure at infinite separation between its fragments) and
reference solution reaction. We therefore focused on generatthe off diagonal terms to reproduce the proper shape of the
ing a qualitative surface for the associative and dissociative transition state region for the associative and dissociative
pathways of Ras instead of starting from the solution surface mechanisms.
and fitting it to the surface of Figure 1. Our Ras surfaces
have been assumed to retain the main features of the solutiorRESULTS AND DISCUSSION
surface of Figure 1 (and refl) having for each reaction
path a flat transition state region with two peaks of a similar ~ Our simulation study focused on four factors: (i) the total
height (the square blocks in Figure 1). Although our ab initio catalytic effect of GAP in forming the Ras-GAP complex;
calculations obtained a higher barrier for the dissociative path (i) the effect of Arg789, which was estimated by “mutating”
than for the associative path, we may still need a more carefulthe ionized arginine to an arginine with zero residual charge
determination of the actual difference between the activation on all its atoms; (iii) the effect of GIn 61 which was estimated
barriers in solution. Thus we assumed arbitrarily that the by mutating the charges of this residue to zero; and (iv) the
barrier heights are similar in Ras and focused on the changeeffect associated with the change of the structure of Ras upon
of each barrier upon moving from Ras to Ras-GAP. binding to GAP which was studied by simulating the reaction
Furthermore, we have not tried to reproduce the exactof Ras starting from the coordinates of Ras in Ras-GAP.
catalytic effect of Ras and in fact the calculated activation This Ras model, which is designated by Rass restrained
barrier is 27 kcal/mol rather than 22 kcal/mol. Better to conformations which are not drastically different than the
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Table 2: Activation Barriers for the Associative Mechanism of the
GTPase Reaction of Ras-GAP, Raand some Ras-GAP Mutants,

Relative to the Corresponding Barriers in Ras "g‘
enzyme AAGE AAG L, — AGL,  Adh g 3
4
Set A: Position Constraint witk = 0.3 kcal mot! A2 I~
for the EVB Atoms; No Md@" Constraint ?
Ras 0 2 2 £
Ras-GAP -7 2 0 8 5
Rag -10 4 1 & B agh .
R789NP (Ras-GAP) —4 1 0 00" ;
Q61NP (Ras-GAP) —6 8 4 0 RasGAP o Ras }b%a

Set B: Position Constraint witk = 0.3 kcal mot? A2

. Reactant Intermediat Product
for the EVB atoms; 1 kcal mot A2 Mg2* Constraint cactan niermediate rodue

Ras 0 1 6 Ficure 3: The free energy surfaceg, gy, andgy, of the three
Ras-GAP -7 4 1 resonance structures that describe the associative mechanism in Ras
Ras -9 8 0 (upper solid lines) and Ras-GAP (lower solid lines) and the
R789NP (Ras-GAP) 4 1 1 corresponding ground-state free energy surfagesbtained from
Q61NP (Ras-GAP) -5 0 1 mixing the energies of the different resonance structures for Ras

(circles) and Ras-GAP (squares). The calculations presented in the

C o - . : ). The :
Set C: Position Constraint witk = 2 kcal mol* A figure are taken from a simulation without Mg constraints.

for the EVB Atoms; No Mg* Constraints

Ras 0 3 3 . . »

Ras-GAP -13 2 1 0.3 kcal mot! A=2in constraining the positions of the EVB

S?ggNP (Ras-GAP) —lg g 3 atoms (region |) and also applied a distance constraint with
as- - — 1 A2 0 — i

QBINP (Ras.GAP) 1 5 . kK = 5 kcal molt A2 andr;® = 3 A for the distances

between the-phosphorus and the attacking oxygen and for
e e s A e e the disance beteen the-phosphorus and the leaving
difference between tr?e highgst activation ene?gy of Ras and the highestoxygen' Thgse Con,StramtS _helped in obtaining stable .EVB
barrier for the other respective enzymesg: ., and AG; ., are the r_esults and in re.duqng the time needed to sample configura-
activation barriers and free energies for the first stap;_, is the tions at the beginning and the end of the reaction, although
activation barrier for the second stéfNP indicates that the corre-  reducing the constraints did not change our results in a major
sponding residue was mutated to its nonpolar form. way. Set B was designed to examine the influence of the

Mg?" ion. This was done by using a distance constraint with
conformation of Ras in the Ras-GAP complex by a weak k = 1 kcal moF*A~2 and r;® = 2.15 A for the distance
harmonic constrainty = 0.06yi(r; — r%? wherer is the between the Mg ion and carboxylic oxygen of Asp57. In
position vector of theth atom in the X-ray structure. addition we used the same constraints as in set A. Set C

We started by performing EVB calculations for the applied a position constraint with= 2 kcal molt A=2 for

associative mechanism of Ras, Ras-GAP, and.Rag Ras the EVB atoms with all other constraints equal to those in
coordinates%1) are those used in a previous EVB study of set A. This set was used to examine the dependence of the
Ras @0, 51). The Ras-GAP and Rasoordinates are taken calculated catalytic activity on the constraints imposed on
from Scheffzek et al. §. The EVB calculations were region | atoms. The results of the simulations for the
performed using the simulation program ENZYMI%2). associative and dissociative paths are summarized and
This involved FEP/umbrella sampling method where the discussed below.

system was driven from one resonance structure to another, associatie MechanismThe results of the simulations for
e.g., I—II, by 11 FEP mapping steps and then using the {he associative mechanism are shown schematically in
data generated.m the correspondlngl S|mullat|on_ runs in theFigures 3 and Figure 4 while the corresponding data are
umbrella sampling procedure. The simulations involved at resented in Table 2. In analyzing these results we start with
least 10 ps equilibration and each of the FEP steps involvedine gverall catalytic effect of GAP. The calculated difference
4 ps simulation time with 1 fs time steps at 300 K. The petween the activation free energyAgt, of the GTPase
calculations were run several times (typically four) with (aaction in Ras and Ras-GAPA<? kcal/mol in both sets A
different initial conditions and the corresponding results were gnq B. These results are in excellent agreement with the
averaged. The simulations were done with three sets of corresponding observed value-96.5 kcal/mol. An insight
structural constraints (see Table 2 and Ill) whose variation jhtg the nature of this catalytic effect can be obtained from
helped in examining the stability of the calculations (see ref Figure 3. The figure presents both the free energy functions
53) for the significance of the protein, position, and distance qf the indicated resonance structures and the actual ground-
constraints). This was done with quadratic “constraints” of ctate free energy obtained from the mixing. As seen from
the form this figure, the effect of GAP on the first step is manifested
in the stabilization of resonance structure Il (which corre-
Vposition = (kIZ)Z(ri o rio)2 ©) sponds to the pentacoordinated intermediate)(and resonance
! structure Il (which corresponds to the product state).
_ ' . 2 Although the stabilization of resonance structure Il is
Vaistance™ ;(k” 1) r‘jo) ) overestimated, we believe that the general trend is reasonable
since it was reproduced with different simulation conditions
where [ is the X-ray position of the indicated atom and (not all are given). A part of the stabilization effect, which
is the distance between thendj atoms. Set A used = will be discussed in more detail belpwan be described as
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a state but it is still interesting to examine this issue by

simulation studies. Since the effect of the Arg is largely
electrostatic, we attempted to reproduce the experimental
value by “mutating” the residual charges on Arg789 rather
than by mutating this residue to alanine. As seen from Table
2 the catalytic effect is calculated to be 4 kcal/mol for both
sets A and B, in good agreement with the experimental value.
One of the most puzzling elements of the catalytic effect
of GAP is the enormous enhancement of the effect of
mutations of GIn61. While mutations of GIn61 in the isolated
Ras have a relatively small effect [increases of-R%cal/
mol in the activation barrier depending on the mutatidi&; (
19)], mutations of GIn61 in the Ras-GAP complex reduce
the reaction rate by up to ¥fold (e.g., see re28) which
amounts to an 8.5 kcal/mol increase in the activation barrier.
; This enormous effect is the reason GIn61 mutations are
Teactants intermediate products frequently found in tumors. The origin of this effect,
however, is far from obvious. That is, GIn61 is not in a direct
contact with they-phosphate in Ras and its proposed role
as the base in a general base catalysis has been basically
disproved 19, 35). In the Ras-GAP complex GIn61 is pushed
closer to they-phosphate and can in principle participate in
the stabilization of the transition stat&d( 54). The impor-
tance or relevance of this direct interaction is, however, not
well understood. To explore the catalytic effect of GIn61,
we mutated its residual charges to zero in the Ras-GAP
complex and evaluated the corresponding change in the
activation barrier. It was found (see Table 2) that the
corresponding increase in the activation barrier is rather
small; 1 and 2 kcal/mol for sets A and B, respectively. These
results indicate that a significant part of the catalytic effect
of GIn61 may not be associated with the direct interaction
{ between this residue and the transition state. The indirect
.og [T S role of GIn61 might be associated with the stabilization of a
reactants intermediate products catalytic configuration of Ras (see below). This effect cannot
Ficure 4: Simplified free energy diagrams for the associative pe modeled in a simple way by direct simulations since the

mechanism with (a) no Mg constraints and (b) 1 kcal/mol Mg gy cture of our GIn61 mutant stayed close to that of the
constraints. The figure displays the activation barriers for the first

and second step as well as the free energies of the first step. Thelative Ras-GAP complex within the current simulation time.
activation barriers of Ras is taken as a reference for the other The possible use of an indirect approach to resolve this
systems that include Ras-GAP, Ra&789NP, and Q61NP where  problem will be considered in the next section.
tmh(uete?tgfjattig?tsNrforingig?t?os;n:hé}rthttahga?srgﬁs&%ngwgr reﬂgigem"e‘(?ks The possibility that GAP catalysis involves a significant
the heights of the cgrresponding activation barrier (re%t/ive to Ras). allo;terlc faptor was exqmlned by comparing the activation
barrier obtained with using the structure of the isolated Ras
the migration of a positive electrostatic potential from the to that obtained with the structure of the Ras part of the Ras-
y-phosphate to thg-phosphate. In this way the formation GAP complex (Rd$ after allowing the structure to relax
of the Ras-GAP complex stabilizes the product (GDP) without the GAP part of the complex, but with the above-
relative to the reactant (GTP), in agreement with the proposal mentioned protein constraints. Here we find as expected that
of Muegge et al. 13). This electrostatic effect will be  Ras stays near its configuration in the Ras-GAP complex,
examined below. due to the constraint applied to the protein. We also find
Having reproduced the trend in the overall effect of the that Ras does not reach the configuration of Ras (within
GAP we tried to explore the nature of different contributions the simulation time) even in the absence of a constraint. This
to this effect. The corresponding results are summarized inis due probably to the activation barrier between the two
Table 2 and Figure 4 which presents the relevant potential configurations. At any rate, using Rage obtained a major
surface in a schematic way. We start by examining the effect catalytic effect;~10 and 9 kcal/mol for sets A and B,
of Arg789. The major role of this residue has been respectively (see Table 2 and Figure 3). These results indicate
established by Wittinghofer and co-workers through both that a significant part of the catalytic effect of GAP is
structural and mutation studies8,(9). The Arg789Ala associated with the stabilization of a catalytic configuration
mutation in Ras-GAP, or the equivalent mutation in the of Ras. In view of this finding, it is important to examine
complex of Ras with NF1 (see GTPase Reaction section), what is the origin of the effect of Rag-irst, Rasstabilizes
results in an increase of4.5 kcal/mol in the activation  the pentacoordinated intermediate more than Ras. Second,
barrier of the GTPase reactio)( This effect is most likely we find in agreement with the previous proposal of Muegge
due to a direct interaction between Arg789 and the transition et al. (L3) that Rasstabilizes the broken GDP-like product

AAG / kcal/mol

AAG / kcal/mol
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more than Ras does (see below). Note that the application a 4 Tug2* Gly 60
of the weak constraint that kept Raar its initial structure l Gly12 Ser17

is fully justified since we are interested in the effect of Ras 2T

in the configuration it has in the Ras-GAP complex. The

only issue is whether the weak constraint changes the g

calculated catalytic effect by restricting the protein relaxation. §

Here we found that changing the protein constraint from 0.03 3 Asp 30

to 0.3 changeag* of Ras by only ~3 kcal/mol thus leaving Ma1r  DS18 ’ Gluss

our conclusion unchanged. :ﬁ’ “*1 Thras  Asp57 ‘
Since electrostatic effects play a major role in catalysis, it 4§ Arg 789

is instructive to examine the corresponding contributions to

the catalytic effect of GAP. To do so we used the semimac- g4} TOTAL ||

roscopic version of the protein dipole langevin dipole

(PDLD/S) model §2) and evaluated the electrostatic interac- -0l

tions,Vqq, between each protein residue to the reacting system

in its reactant state, RS, and the first EVB transition state, b
TSI (obtained from the intersection of the diabatic energy
surfaces corresponding to resonance structure | apdflhe
difference between\()® and W) (wherei designates
theith residue) was divided into the corresponding contribu-
tions on they and  phosphates in order to help in the
analyses of the electrostatic effect (see below). The relevant
PDLD/S results were obtained by running EVB simulations 2
at RS and TS1to generate, at time intervals of 0.3 ps, six { ’
protein configurations (for each state) and then evaluating -4l Lys16 l

the average of the correspondingd — Vio)®. Although Ala 11 Asp 57
this is a rather limited number of configurations it was found -6+
in previous studies (see, e.g., B5) that the PDLD/S energy
converges with around 10 configurations (once we start from -84
a relaxed structure). Furthermore, the group contribution, in Ficure 5: Electrostatic contributions to the catalytic effect of (a)
contrast to the effect of mutations, are a rather qualitative Ras-GAP (relative to Ras) and (b) R4eelative to Ras). Filled
concept {3). The results of our PDLD/S analyses are boxe§ represgnt the change in the electrostiltlc |nteract|o? between
depicted in Figure 5. The electrostatic contributions are the given residue and the-phosphate t0Aggas gap — AGRad-

. . L Open boxes represent the change in the electrostatic interaction
presented in such a way that negative contrlbutlonslgf' ( petween the given residue and tB@hosphate 104G, ca —

— Ve)® means that the corresponding residue catalyzes theagt ) Energies are given in kilocalories per mole. The box
GTPase reaction in Ras-GAP or Raslative to the corre-  diagram on the right-hand side of the figure gives the sum of the

sponding reaction in Ras. Of course, for the GAP portion corresponding individual contributions.

there are no corresponding residues in Ras and thus the hate are most probably significant. The figure clearly shows
values for Arg789 in Figure 5a reflect only the change in P P yslg i 9 Y

Vqq from the reactant state (resonance structure [) to thethat the catalytic effect of both Ras-GAP and Rasolves

transition state. Arg789 thus stabilizes thighosphate by ?rasnhsﬁic?r]: glgtgrf?é?;ntﬁ os,tl(';l\;ﬁee[;ec;c‘rgsstit;ctepotent|al at the
an extra~3.5 kcal/mol relative to the ground state, in The overall trend in ?he chan pe of Ft)l’\% Between the
agreement with the observed effect of 4.5 kcal/mol. For the transition state and the reactantg'lstate is iIIqustrated in Figure
other residues, if the sum of the contributions from the . 9

; . : 6 for Ras, Ras-GAP, and Rasespectively. More specifi-
and # phosphates is negative, then that residue can becall the contribution on th&th atom is evaluated b
considered to contribute to the catalytic effect through Y, y
electrostatic stabilization. For example, Thr35 and Asp57 VIS RSy =TS OIS — RS RS
contribute to catalysis in both Ras-GAP and RAscording (Vaax ~ Vag) = Vaqk Q™ ~ Yok K ®)

to the qualitative results of Figure 5a, the direct electrostatic \yhere Uqgq is the indicated electrostatic potential a@ is
contributions from Gin 61 in Ras-GAP is3.5 kcal/mol, the atomic charge of thkth atom at the given state. The
which is in a reasonable agreement with the more rigorous cgculated energy contributions (ths) are depicted on the
EVB results of 2 kcal/mol, and is still considerably less  gtomic surface of the andp phosphates. The blue and red
than the 8.5 kcal/mol expected if it were directly involved co|ors represent stabilizing and destabilizing contributions
in catalysis. of Vqq respectively. The degree of stabilization or destabili-
Figure 5 depicts, in addition to the individual contributions, zation is represented by the intensity of the two colors. For
the sum of these contributions for threand f phosphates  Ras, Figure 6a, an intense red color surrounds both/the
(AVqqy, AVqqp). The sum ofAVyqs and AVyg, should not andp phosphates, indicating that there is a strong destabiliza-
be compared directly to the corresponding EVB result since tion going from ground state to transition state (it should be
the PDLD calculations involve limited averaging and since kept in mind, however, that such an environmental effect
we are dealing with large opposing contributions. However, will also occur in water). For Ras-GAP, however, there is
the trends in the relative contributions of thendy phos- an intense blue color enveloping thgphosphate indicating

Energies / kcal/mol

Asp 30

Gin 61

Thr 35
TOTAL
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Y B Table 3: Activation Barriers for the Dissociative Mechanism of the
GTPase Reaction of Ras-GAP, Reend Some Ras-GAP Mutants,
Relative to the Corresponding Barriers in Ras

enzyme AAGt AAGL.,—AGi,  Adh,

Set A: Position constraint with= 0.3 kcal moft A2
for the EVB Atoms; No Mg? Constraints

Ras 0 3 3
Ras-GAP —-13 9 2
Ras -11 8 0
R789NP (Ras-GAP) -2 1 0
Q61NP (Ras-GAP) -11 8 4
Set B: Position Constraint witk= 0.3 kcal mof? A2
for the EVB Atoms; 1 kcal/mol Mg? Constraints
Ras 0 3 3
Ras-GAP —13 7 5
Ras —10 11 4
R789NP (Ras-GAP) ) 5 3
Q61NP (Ras-GAP) -9 9 1

2 Energies in kilocalories per mole. The activation barriers are taken
relative to the corresponding barriers in RA4g* is measured as the
difference between the highest activation energy of Ras and the highest
barrier for the other respective enzymtztfgfll2 and AG;, are the
activation barriers and free energies for the first st&g; . is the
activation barrier for the second sté\P indicates that the corre-
sponding residue was mutated to its nonpolar form.

The fact that the overall calculated effect of GAP and the
mutations studied in this work is similar for the associative
and dissociative mechanisms means that our conclusions are
independendf the actual mechanism. It should be pointed
out that the calculated activation barrier depends on the
corresponding barrier for the reference reaction in water. In
the present work we used for convenience the same barriers
for the associative and dissociative paths in Ras. However,
our studies of the hydrolysis of monomethyl phosphate
dianion (see GTPase Reaction section an@gindicated
that the barrier for the dissociative path is higher than that
FiGURE 6: Change in electrostatic interactiong,, between the [0 the associative path. This would imply that the enzyme
protein residues and the andg-phosphates of the substrate upon Operates by using the associative path.
going from the reactant state to the transition state. TWg, is

projected onto a surface around the phosphates for (a) Ras, (b) RasCcONCLUDING REMARKS
GAP, and (c) RdsBlue indicates a stabilizing change Vg, (the
Gcrence peueer e gerston e 410 e feact Sle o The present simulation studies reproduced the overl
or destabilization is proportionzgl to thgintensity gf the color. Note effect of GAF,) on the GTPase_ re"_"Ct'on of ,Ras' This effec_t
that we are not presenting the change in electrostatic potential,has been attributed to a combination of a direct electrostatic
which can be somewhat irrelevant, but rather the actual change ineffect from the interaction between GAP and the transition
electrostatic energy (see eq 5). state of the GTPase reaction and to an indirect effect due to
GAP-induced structural changes of Ras. In agreement with
a strong stabilization (see Figure 6b). Ra®e Figure 6C,  previous studies we found that Arg789 contributes mainly
also provides a stabilizing energy to tfiephosphate but by providing a direct electrostatic contribution to the transi-
not as strong as that provided by Ras-GAP, as depicted bytion state. On the other hand, GIn61 appeared to be involved
the transparency of the blue color. As is clear from the figure, in an indirect effect which is most probably associated with
the location of the stabilizing/qq moves toward thes a stabilization of a catalytic configuration of Ras.

phosphate upon transfer from Ras to Ras-GAP. The availability of the structures of Ras in the Ras-GAP
Dissociatve MechanismThe results for the dissociative  complex (the Rdsstructure) allows us to examine the
mechanism are given in Table 3, and shown schematically possible consequences from the allosteric effect of Ras. Our
in Figure 7a for the simulations with set A and in Figure 7b calculations indicate that Ras’ provides a significant effect
for the simulations with set B. Overall the trend of the results to the GTPase reaction of Ras. This effect is associated with
is similar to that in the associative mechanism. However, a shift of the positive electrostatic potential of the protein
the calculated catalytic effect is overestimated. For example, from they-phosphate to th8—y region. This corresponds
Ras-GAP catalyzes the reaction of Ras by 11 and 10 kcal/to stabilization of the product state, the GDP bound structure,
mol for sets A and B as compared to the7 kcal/mol relative to the GTP bound structure. The relevant allosteric
catalytic effect obtained with the associative model and to energy is distributed in a rather complex way. It involves
the observed effect of6.5 kcal/mol. residues in the so-called P-loop3j and Asp57, and it does
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Ficure 7: Simplified free energy diagrams for the dissociative
mechanism with (a) no Mg constraints and (b) 1 kcal/mol Mg
“constraints”. The figure displays the activation barriers for the first

Glennon et al.

ab initio calculations of a GTP molecule, two water
molecules, a Mg ion, and fragments of Thr35, Serl17, and
Lys16. Such a model misses the interaction of the charged
model system with its surrounding (the “solvation” energy)
and thus leads to artificial results. For example, the study
starts with a protonated Lys16 in the reactant state but this
residue would not be protonated in the gas phase environment
used in the calculations(thekp of Lys16 should be very
low in such a model). This unstable protonated Lys thus
serves as an artificial proton relay. Similarly thi€.of the
y-phosphate must be very different than its value in its actual
environment. Basically, missing the solvation of the reacting
fragments by their surrounding environment prevents one
from both obtaining meaningful results and from exploring
the effect of the environment on these results.

linear free energy relationships (LFERs) can offer useful
information on the catalytic effect of GAP and on the actual
mechanism of the GTPase reacti@d,(54). The difficulty
is, of course, in obtaining a unique interpretation of such
LFERs @2). Although the present study has not addressed
this issue in a direct way, it is instructive to note that the
present analysis involves more than two resonance structures
(see Figure 2). This corresponds in many respects to the
hypothetical analysis presented in 85 In subsequent
studies, we will try to examine the LFER predicted for the
associative and dissociative mechanisms.

The role of GIn61, as well as of Gly12 and Gly13, are of
particular interest in view of their high occurrence in human
tumors. The present study indicates that the elusive effect
of GIn61 is indirect. Thus, the focus should probably be
shifted from the interaction between the residue and the
transition state to the energetics of GIn61 and its mutants in
the two alternative forms of the protein (Ras and'lRd$
GIn61 is more stable in the Rasonfiguration of Ras-GAP
than in the Ras configuration it will shift the equilibrium
toward the former and help in catalysis. Studies that attempt
to determine these energetics are now underway in our lab.

and second step as well as the free energies of the first step. The,
activation barriers of Ras are taken as a reference for the otherACKNOWLEDGMENT

systems that include Ras-GAP, R&789NP, and Q61NP, where

the notation NP indicates that the corresponding residue was
mutated to its nonpolar form. The bars on the energy axis mark
the heights of the corresponding activation barrier (relative to Ras).

not involve Glu62 and Glu63, which are close to GIn61 (see
ref 13) for a related study).

The present study examined the catalytic effect of GAP
on the associative and dissociative mechanisms. It is found
that the effect of GAP is similar in both cases. Thus the most
likely mechanism is the one whose activation barrier is
smaller in solution. Our previous ab initio study indicated
that in solution the dissociative mechanism has a higher
barrier than the associative mechanism. Although this is the
most likely conclusion it should be instructive to examine
this issue by further theoretical studies. For example, it would
be instructive to find mutations whose effects on the different
mechanisms is sufficiently discriminating to allow one to
determine which of these mechanisms is more likely.

This work is to the best of our knowledge the first
theoretical study of the catalytic effect of GAP. It should be
mentioned in this respect that the recent study ofofs
not qualified as a realistic study of the GTPase reaction in
Ras or in solution. The study of ré&6 involved gas phase

We thank Miquel de Gzeres for providing assistance with
the molecular graphics.
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