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ABSTRACT: GTP hydrolysis is a biologically crucial reaction,
being involved in regulating almost all cellular processes. As a
result, the enzymes that catalyze this reaction are among the
most important drug targets. Despite their vital importance and
decades of substantial research effort, the fundamental
mechanism of enzyme-catalyzed GTP hydrolysis by GTPases
remains highly controversial. Specifically, how do these
regulatory proteins hydrolyze GTP without an obvious general
base in the active site to activate the water molecule for
nucleophilic attack? To answer this question, we perform
empirical valence bond simulations of GTPase-catalyzed GTP
hydrolysis, comparing solvent- and substrate-assisted pathways in
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three distinct GTPases, Ras, Rab, and the G,; subunit of a heterotrimeric G-protein, both in the presence and in the absence of
the corresponding GTPase activating proteins. Our results demonstrate that a general base is not needed in the active site, as
the preferred mechanism for GTP hydrolysis is a conserved solvent-assisted pathway. This pathway involves the rate-limiting
nucleophilic attack of a water molecule, leading to a short-lived intermediate that tautomerizes to form H,PO,” and GDP as the
final products. Our fundamental biochemical insight into the enzymatic regulation of GTP hydrolysis not only resolves a
decades-old mechanistic controversy but also has high relevance for drug discovery efforts. That is, revisiting the role of
oncogenic mutants with respect to our mechanistic findings would pave the way for a new starting point to discover drugs for

(so far) “undruggable” GTPases like Ras.

B INTRODUCTION

Phosphate esters are essential to life, facilitating cellular
signaling, energy production, and protein synthesis and
maintaining the integrity of the genetic material." Their central
role in biology has made them the topics of almost a century of
extensive computational and experimental research effort. ™
However, the mechanisms of even the uncatalyzed hydrolysis
of phosphate esters are highly complex due to the availability
of competing pathways for the same reaction, with the precise
choice of the mechanism being highly sensitive to esterification
state, protonation state, and leaving group.l’4 In addition,
uncatalyzed phosphoryl transfer reactions in aqueous solution
are among the slowest biochemical reactions known, with half-
lives into the billions of years,” whereas their enzymatic
counterparts can occur on the submillisecond time scale.’
Therefore, the enzymes that catalyze phosphoryl transfer
reactions are the most proficient known to man"> compared to
many enzymes catalyzing other reactions.”” Finally, enzymes
that catalyze phosphoryl transfer reactions play a central role in
facilitating some of the most important processes in biology.
Consequently, knowledge of the chemical mechanisms of these
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enzymes, as well as how they function and are regulated,
provides a window into the regulation of life itself at the most
intimate molecular level.

GTPases, in turn, are a large superclass of hydrolytic
enzymes, which are divided into various classes, families, and
subfamilies."~"® The enzymes of this superclass are structurally
and mechanistically diverse hydrolytic enzymes which catalyze
the conversion of guanosine triphosphate (GTP) to guanosine
diphosphate (GDP) and inorganic phosphate (P;). In doing so,
these enzymes regulate all stages of cellular function, from
signaling cascades to cell migration, polarity, adhesion,
cytoskeletal organization, proliferation, and apoptosis (e.g,
ref 19).

A key feature of GTPases is their role as
switches”, harnessing conformational transitions between
active GTP-bound “ON” states and inactive GDP-bound
“OFF” states to control various cellular processes.”” This
transition is observed in a range of GTPases such as Ras and its
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homologues, as well as in elongation factors and in
heterotrimeric G proteins, and generally involves fairly
significant conformational changes. The overall catalytic rates
of many GTPases are affected by interaction with different
external regulatory proteins,”’ which substantially enhance the
rates of GTP hydrolysis by GTPases by up to a 10°-fold
increase,”! depending on the specific GTPase/regulator
combination.”' ~** In addition, the rates of biological GTP
hydrolysis run the gamut from GTPases such as Rablb
GTPase, which regulates vesicular transport and has an
intrinsic turnover rate as slow as 1.5 X 1075 s™! at 20 °C,*
to Ras GTPase, which is involved in cellular signaling, having a
turnover rate as fast as 19.1 s™" at 25 °C when activated by its
GTPase activating protein (GAP),”” and Cdc42, which has a
turnover rate as fast as 90 s™' at 25 °C when activated by its
GTPase activating protein GRAF1.””

Finally, phosphate esters are mechanistically versatile: even
though the reaction is superficially a trivial inline nucleophilic
substitution reaction using a water nucleophile, this reaction
can proceed through multiple different pathways. That is, this
reaction can, in generalized terms, proceed through three
different mechanisms, as shown in Figure 1. The first of these
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Figure 1. Overview of different potential mechanisms for GTP
hydrolysis by GTPases to yield GDP and inorganic phosphate. (A)
Solvent-assisted pathway in which deprotonation of the incoming
nucleophile occurs after the initial nucleophilic attack. (B) General
base-catalyzed pathway. (C) Substrate-assisted pathway involving
direct proton transfer to the substrate itself. Note in the case of C that
as quantum chemical studies of the nonenzymatic reaction have
suggested that the barriers for direct proton transfer to the substrate
and for proton transfer to the substrate via intervening water
molecules are similar,”® only the direct mechanism has been
considered in this work. Finally, we have not considered mechanism
B in this work due to the absence of an obvious general base in the
active site.

is a solvent-assisted pathway with a loose dissociative transition
state with very little bond formation to the incoming
nucleophile (P—O,,.) and advanced bond cleavage to the
departing leaving group (P—Olg) , as shown, for example, in refs
26, 29, and 30. Here, the nucleophile is not yet deprotonated
at the transition state, but rather, deprotonation of the
nucleophile occurs in a fast step after the initial rate-limiting
attack of H,O (solvent-assisted pathway, Figure 1A). Once the
P—O,,. bond has been substantially formed, the pK, of this
oxygen will be so low that this proton transfer can occur either
to the y-phosphate oxygen atom through a fast tautomerization
step to a nearby proton acceptor in the active site (if available,

in the case of enzymatic phosphate hydrolysis) or to bulk
solvent. In the present work, we consider only proton transfer
to the y-phosphate oxygen atom due to lack of other obvious
proton acceptors in the GTPase active site, as well as
experimental evidence for this proton transfer occurring.’'
The reaction could also proceed via a general base-catalyzed
pathway (Figure 1B), which can have either a loose or a tight
transition state, or through a more associative substrate-
assisted pathway (Figure 1C) with a much tighter transition
state involving substantial bond formation to the incoming
nucleophile and little bond cleavage to the departing leaving
group, together with proton transfer from the nucleophilic
water molecule to the y-phosphate oxygen, as suggested in, e.g,,
refs 27, 32, and 33. We have previously considered an
additional mechanistic option involving a substrate-as-base-
type mechanism involving an intervening water molecule that
deprotonates the nucleophile in the case of the nonenzymatic
phosphate monoester hydrolysis but found it to be energeti-
cally essentially identical to the direct substrate-assisted
mechanism.”® Therefore, we have not considered this option
in the present work. Overall, the choice of mechanism is highly
sensitive to the precise electrostatic environment of the
reaction, and as these different pathways can be energetically
very similar, this leads to significant challenges to both theory
and experiment to unambiguously distinguish between
them, 1526

Therefore, despite being extensively studied from a biological
point-of-view,””*"**™% apart from the exceptions of enzymes
such as Ras, some Rab GTPases””** and EF-Tu**"*® and more
recently work on role of the intrinsic arginine finger in
heterotrimeric G-proteins,”’ the precise chemical mechanisms
of GTP hydrolysis by many of the different members of this
biologically central enzyme superfamily remain largely
unknown. The challenge here is that although all GTPases
catalyze the same chemical reaction (Figure 1) and many have
similar active site architectures (Figure 2), they can use vastly
different regulatory strategies to achieve efficient catalysis*"**
and thus could plausibly also use different catalytic
mechanisms to hydrolyze GTP.

For example, in the case of Ras GTPase (Figure 2A) the
formation of a complex with the GAP provides a key catalytic
arginine residue, the “arginine finger”, which is highly
conserved among several GAP proteins for small GTPases”"
and has been argued to provide electrostatic stabilization in the
active site of the Ras in complex with its GAP. In addition, the
GAP is believed to stabilize the position of the nucleophilic
attacking water molecule.”” From here onward, we refer to the
complex of Ras together with its GAP solely as RasGAP.

In addition to the arginine finger, there has been substantial
discussion about the catalytic role of a conserved glutamine in
the active site of small GTPases (GIn61 in Ras). There is an
ongoing debate whether it is directly involved in acid—base
catalysis or merely helps to stabilize the transition state for
GTP hydrolysis (e.g, refs 1, 4, 27, 33, 34, and 52—66).
Whereas in Ras and Rho the catalytic glutamine belongs to the
GTPase, there exists another group of small GTPases, namely,
members of the Rab GTPase subfamily (Figure 2B), in which
the GAP protein (in most cases known to possess a Tre2/
Bub2/Cdcl6 (TBC) domain) provides both the glutamine
and the arginine. Interestingly, it has been shown that the
“glutamine finger” provided by the TBC domain displaces the
intrinsic glutamine in Rab GTPases.”” This “dual finger”
motive of RabGAP, which accelerates the intrinsic rate of GTP
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Figure 2. Active sites of (A) RasGAP in complex with GDP and AlF;
(ALF) (PDB ID 1WQ1***%). (B) Human Rab1 in complex with the
GTPase activating protein (GAP) domain of TBC1D20 and BeF;~
(BEF) (PDB ID 4HLQ>**°). (C) a-Subunit of the heterotrimeric G;
protein in complex with the RGS4 activating protein, GDP, and AlF,~
(ALF) (PDB ID 1AGR’>'). Residues from each GTPase are
highlighted in gray, and those from the corresponding GAP/RGS
protein are shown in cyan. Catalytic water molecule and magnesium
ion are shown as green and red balls, respectively. Note that in PDB
ID 4HLQ, the position of the catalytic water molecule is not resolved
in the X-ray structure and is therefore omitted from this panel.
Residues inserted by the regulatory proteins are, specifically, (A) the
arginine finger in the RasGAP complex and (B) the arginine and
glutamine fingers in the RabGAP complex. In case C, the arginine
(Argl78) and glutamine (GIn204) are both intrinsic to the GTPase
itself, and the catalytic stimulation by the regulatory protein is thus
entirely allosteric.

y203

hydrolysis by up to 10%-fold,"” is critical to catalysis and
intolerant to mutations.”> Rab GTPases regulate membrane
trafficking within cells. They also play a key role in many
bacterial pathogeneses, making these enzymes and their
regulators important targets for the design of novel antibiotics.
Other GTPases using a similar Arg/GIn constellation in
their active sites are heterotrimeric G proteins (Figure 2C).
Heterotrimeric G proteins are large, membrane- assoc1ated
enzymes that are activated by G protein-coupled receptors®®
and that form a bimodal GTP-hydrolyzing switch, whlch plays
an important role in regulating cellular signaling.>> They are
composed of three independent subunits (labeled the a-, -,
and y-subunits), with the a-subunit sharing strong structural
similarity with small GTPases such as Ras.”> However, in
contrast to Ras and Rab GTPases, the key catalytic Arg/Gln
residues are both intrinsically present in the active site of the a-
subunit of the heterotrimeric G-protein. Thus, the stimulatory
effect on the rate of GTPase hydrolysis of the Regulator of G
protein signaling (RGS) proteins, which are the GAPs of
heterotrimeric G proteins,” is purely allosteric’® (see also ref
47 which discusses the role of the intrinsic arginine residue).
As shown above, GTPases use different catalysis strategies,
despite similar active site architectures, which raises the curious
question of how much of an influence these differences have
on the preferred reaction pathway(s) for GTP hydrolysis. In
particular, a long-standing question in understanding GTP
hydrolysis by small GTPases and related enzymes has been
how GTP hydrolysis can occur in the absence of an obvious
general base in the active site."*'”** Computational studies
have focused on either substrate-assisted GTP hydrolysis
pathways (with the involvement of either one or two active site
water molecules””*"**77%) as shown in Figure 1C or general-
base catalyzed pathways 1nvolv1n§ the side chain of the active
site GIn as a general base,”>*"*>"*’* a5 shown in simplified
fashion in Figure 1B. However, the extremely low pK, of the
carbonyl group (estimated to be about —2”°) makes it
extremely unlikely that this side chain fulfills the role of a
general base during the reaction (see, e.g, refs 56, 72, 75, and
76 for discussion), and therefore we have not considered this

mechanism from a computational perspective in the present
work. Considering instead the elevated pK, of the nonbridging
oxygens of the GTP y-phosphate (pK, ~ 6.5”"), substrate-
assisted catalysis would in principle be viable. However, we
recently performed detailed studies of the mechanisms of the
hydrolysis of phosphate monoester dianions,”**’ acetyl
phos.phate,30 and GTP analogues, demonstrating that a
solvent-assisted pathway, such as that shown in Figure 1A, is
substantially energetically preferred over the corresponding
substrate-assisted pathway.

Having a solvent-assisted pathway without a general base is
in principle possible, and it has been questioned whether a
general base is actually needed during GTP hydrolysis* on the
basis of analysis of kinetic isotope effects’*~" and linear free
energy rel;itionships,27’81 that is, it was suggested in ref 4 that
the catalytic advantage to the reaction of generating a
hydroxide nucleophile is, at best, ~60-fold in contrast to the
10°-fold rate acceleration observed relative to the non-
enzymatic reaction. Therefore, based on the analysis in ref 4,
a solvent-assisted pathway in which the nucleophile is
deprotonated after the rate-limiting transition state (Figure
1A) would be in agreement with the experimental data. In such
a mechanism having an active site base present becomes less
relevant, and once the group transfer has occurred tautome-
rization leads to a H,PO,™, as shown by FTIR spectroscopic
measurements in the case of Ras.*' However, the solvent-
assisted mechanism, which does not require an explicit general
base (Figure 1A), has been largely ignored in computational
studies. The only exception to this is an optimized transition
state for GTP hydrolysis by Rho GTPase, which appears
similar to the transition state that would be expected in a
solvent-assisted pathway but without consideration of the full
reaction pathway leading to this transition state.””

In the present work, we explore for the first time
computationally and in a systematic way whether such a
solvent-assisted pathway is a viable mechanism for enzymati-
cally catalyzed GTP hydrolysis and, if so, whether it is
conserved, not only among the small GTPases Ras, Rho, and
Rab but also within other GTPase families such as
heterotrimeric G proteins. In light of this, we also revisit the
role of the corresponding GAP/RGS proteins for these
enzymes and show that their role is 2-fold: (1) to maintain
the structural preorganization of the active site, through
rigidification of catalytically unfavorable protein motions at
both the local and global levels, and (2) to sequester the active
site from solvent, thus increasing the strength of short-range
electrostatic interactions between the substrate and the polar
residues in the active site, allowing them to provide greater
transition state stabilization. Taken together, these data are key
to our broader understanding of enzyme catalysis and
regulation in these biologically critical systems.

B METHODOLOGY

Parameterization of the Empirical Valence Bond
Potentials. The empirical valence bond (EVB) approach®* ™
has been used extensively to model enzymatic reactivity in
general and phosphate hydrolysis in particular. This approach
is a hybrid EVB/MM approach, based on classical force fields,
that allows for the description of chemical reactivity within a
valence bond-based quantum mechanical framework.”> The
main advantages of this approach in studies of enzymatic
reactivity are that, on one hand, as the dynamical behavior of
the system is described classically, it is a very computationally
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inexpensive approach, allowing for the extensive conforma-
tional sampling allowed to obtain convergent free energies
while taking into account dynamical changes along the
chemical reaction coordinate during the chemical step of
catalysis. At the same time, a well-parametrized EVB potential
carries a tremendous amount of chemical information, allowing
for bond-breaking and bond—formin§ processes to be described
in a physically meaningful manner.*>® The main shortcomings
of this approach are that the quality of the results obtained are
dependent on the quality of the parametrization of the EVB
potentials describing the different valence bond states (which
can be checked, for example, against the fidelity of the model
in reproducing relevant experimental observables, as in the
present work) and also that by predefining the different
valence bond states, one does not allow unexpected alternate
processes to occur spontaneously. However, this approach has
an excellent track record of reproducing and rationalizing key
experimental observables®®™®" and compensates for these
limitations by the ability to perform sufficient sampling to
capture the conformational flexibility of the enzyme along the
EVB reaction coordinate. It should also be emphasized that in
the EVB framework parametrization is only performed once
against a predefined reference state (either the nonenzymatic
reaction in vacuum or in solution or the wild-type enzyme
against a series of mutations). These parameters are then
transferred unchanged to all other systems being studied,
allowing for direct comparison of multiple systems without
prejudice.

Here, we modeled both enzymatic and nonenzymatic GTP
hydrolysis proceeding via each solvent- and substrate-assisted
mechanism (Figure 1A and 1C), without the involvement of
an external general base, using the valence bond states shown
in Figures S1 and S2 (note that although Figure S1 depicts
three valence bond states, the process is modeled in two
sequential steps from State 1 to 2 and 2 to 3 and two valence
bond states are used simultaneously). Both mechanisms were
modeled as a single concerted step, based on our previous
DFT studies of the corresponding nonenzymatic reaction in
aqueous solution, using different model reactions.””*”* We
note that in the case of the solvent-assisted pathway our QM
calculations have suggested that the rate-limiting phosphoryl
transfer reaction results in the formation of a high-energy
transient intermediate that then tautomerizes to form the
actual final product (Figure S3). As this step will be very fast
and clearly not rate limiting, we only modeled it explicitly in
the case of GTP hydrolysis in water and catalyzed by Ras and
RasGAP.

All simulations in this work have been performed using the
Q_simulation package,90 version 5.10, and the OPLS-AA force
field”" The GTP and GDP molecules were described in our
simulations using OPLS-AA compatible force field parameters
derived in previous work,”* and the magnesium ion was
modeled using a multisite cationic dummy model, as described
in detail in ref 93. The use of a multisite model greatly
improves the stability of the metal center in the simulations
while correctly describing the key thermodynamic properties of
the metal and without the need for any artificial restraints or
bonds between the metal and ligands.”” Parameters describing
the different tautomers of inorganic phosphate (H,PO,,
Figure S3) were obtained using Macromodel 9.1, version 11.”
In the case of the bonded parameters for the transient
intermediate (P—O,,. = 1.88 A), based on our previous
quantum chemical calculations,” these were calculated using

the Seminario method.” The partial charges of both species
were calculated using the standard RESP procotol,”® and both
the RESP and the Seminario procedures were performed usin§
Gaussian 09 Rev. E01°7 in conjunction with AMBER tools.”
Both GTP and GDP charges were obtained from the revised
parameters published by Carlson and co-workers, for use with
the AMBER force field, for consistency.” Finally, the bonds
breaking or forming during the reaction were described using
Morse and soft-pair potentials, which were specifically
parametrized to reproduce the P—O,,,. and P—O,, distances
obtained at the transition states in our recent DFT study of
methyl triphosphate hydrolysis®® in the corresponding EVB
reaction in aqueous solution. The same parameters were then
transferred unchanged from the reaction in aqueous solution to
the active sites of the different GTPases studies in this work.
All EVB parameters used in this work are provided in the
Supporting Information.

System Setup. Initial coordinates for the simulations were
taken from crystal structures in the Protein Data Bank’® with
the following accession numbers: 1QRA”'° (Ras),
IWQ1*? (RasGAP), 1GIA®”'"" (G,-subunit), 3NKV°>'*
(Rab), chains I and J from 4HLQ>>*® (Rab1GAP), 621P°*°*
(Ras Q61H variant). In the case of the G,;—RGS4 complex, a
refined crystal structure was used as a starting point for the
simulations.”” Where available in the crystal structure, the GTP
molecule in the active site was kept in the same position as in
the initial structure. In the other cases, the terminal group of
the GTP analogue present in the crystal structure was manually
replaced by the y-phosphate to generate a GTP ligand. The
magnesium multisite cationic dummy model center was
superimposed with crystal magnesium coordinates, and the
dummy atoms were aligned with the coordination sphere
atoms of magnesium ion to optimize the description of the
interactions between the metal and protein. A full list of the
different analogues present in each structure used in this work
is presented in Table SI.

In all cases, the system was solvated in a 30 A radius droplet
of TIP3P'%* water molecules centered on the P atom of the y-
phosphate group of the GTP. All crystallographic water
molecules within this 30 A sphere were retained for the
simulations and also described using the TIP3P model. This
water droplet was then simulated subject to surface-con-
strained all-atom solvent (SCAAS) boundary conditions'** in a
multilayered approach in which all atoms within the inner 85%
of the solvent sphere were allowed to move freely, while atoms
in the external 15% and outside of the solvent sphere where
subject to 10 and 200 kcal mol™" A~ harmonic position
restraints, respectively. All residues outside of the explicit water
sphere were kept in their neutral forms in order to prevent
instabilities due to the presence of charged residues outside the
explicitly solvated region and were kept restrained to their
crystallographic coordinates by the aforementioned 200 kcal
mol™" A~ harmonic position restraints. All other residues were
protonated based on their expected protonation states at
physiological pH, as estimated using PROPKA 3.1'* (Table
S2).

Simulation Details. All simulations were performed with
the leapfrog integrator using a 1 fs time step unless stated
otherwise. Temperature control was maintained using the
Berendsen thermostat'’® with separate coupling of the solute
and solvent to individual heat baths. The nonbonded
interactions were calculated with a 10 A cutoff, except for
the reacting atoms, to which a 99 A (in principle infinite)
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cutoff was applied for the nonbonded interactions. Long-range
electrostatic effects were described using the local reaction field
(LRF) approach.'”” All bonds involving hydrogen atoms were
constrained using the SHAKE algorithm.'*® All systems were
initially simulated for 3 ps at 1 K with a 0.1 fs step size in order
to remove steric clashes and close contacts in the system. The
positions of all atoms were fixed during this initial stage of the
simulation by use of a 200 kcal mol™ A~ harmonic restraint
on all atoms in the system. The step size was subsequently
increased to 1 fs, and the temperature was gradually increased
to 300 K while steadily removing the positional restraints on
the system over a total of 210 ps of simulation time. After
reaching the target temperature of 300 K, each system was
subjected to a further S0 ns of unrestrained equilibration (not
taking into account the restraint on atoms outside the flexible
simulation sphere). For each system, the equilibration was
repeated 20 times with different sets of initial velocities,
obtained by assigning different initial random seeds to the
different replicas. The end points of the 20 X 50 ns
equilibration runs were used as starting points for the empirical
valence bond (EVB) simulations®® of each of the solvent- and
substrate-assisted pathways, respectively. In the case of the
solvent-assisted mechanism, an additional EVB simulation was
performed for the tautomerization reaction in water, Ras and
RasGAP systems, using as the starting point intermediate
obtained from EVB simulations of the phosphoryl transfer,
depicted as the step between State 1 and State 2 in Figure S1.

The GTP and nucleophilic water molecule were subjected to
weak 0.5 kcal mol™ A™? positional restraints during the EVB
simulations in order to keep them close to the center of the
explicit simulation sphere. Additionally, a harmonic distance
restraint of 10.0 kcal mol™" A™> was applied at the Michaelis
complex to prevent the nucleophilic water from moving farther
than 4 A away from the P atom of the y-phosphate of the GTP.
This restraint was only activated when this 4 A distance cutoff
was exceeded (i.e., this restraint was effectively only applied to
the Michaelis complex as this bond is either partially or fully
formed in subsequent transition and intermediate/product
states). All EVB simulations of the phosphate hydrolysis step
(moving between States 1 and 2 in the solvent- and substrate-
assisted pathways, respectively, see Figures S1 and S2) were
initiated at the approximate transition state of the reaction,
corresponding to the equal mixing of the two states in the
EVB-FEP/US approach (4 = 0.5). Note that equilibrating the
system at the transition state leads to the additional advantage
of needing shorter equilibration times for system convergence
(Figures S4 and SS), as the transition state is highly polarized
(allowing the system to preorganize easily) and there are
already partial bonds to the nucleophile and leaving group.
This allows us to run a much larger number of individual
trajectories.

The EVB free energy perturbation/umbrella sampling (EVB-
FEP/US) simulations of both the substrate- and the solvent-
assisted mechanisms were performed using the valence bond
states shown in Figures S1 and S2 with 51 individual mapping
windows per EVB trajectory. Each window was simulated for
200 ps of simulation time, leading to a total of 10.2 ns of
simulation time per individual EVB trajectory. Each simulation
was repeated in 20 individual replicas, leading to a total of 18
us of equilibration time over all systems, 204 ns of EVB
simulation time per system and reaction mechanism (408 ns in
the case of the solvent-assisted Ras- and RasGAP-catalyzed
reactions where the tautomerization step was explicitly

included in the simulations), and a total of 3.7 us of EVB
simulation time over all systems.

Calibration of the Empirical Valence Bond Parame-
ters. The EVB gas-phase shift and coupling parameters (« and
Hj, respectively) were calibrated using the background
reaction in aqueous solution as a reference system for each
of the substrate- and solvent-assisted mechanisms. For a
detailed description of these parameters, see, e.g., refs 83 and
85. In the case of the nonenzymatic reaction, the substrate- and
solvent-assisted hydrolyses of GTP, respectively, were used as
reference states for the corresponding enzymatic mechanisms.
The nonenzymatic reaction was modeled using the same
protocol as the enzymatic reaction, with the exception that a
shorter 20 ns equilibration was performed prior to the EVB
simulations. The EVB parameters were then adjusted to
reproduce activation free energies of 27.9 kcal mol™ for the
solvent-assisted mechanism and 37.2 kcal mol™' for the
substrate-assisted mechanism. The value for the preferred (in
aqueous solution) solvent-assisted mechanism is based on the
experimentally measured activation free energy for GTP
hydrolysis in aqueous solution at 25 °C,'"” whereas that for
the substrate-assisted mechanism is adjusted based on the
energy difference found between the two pathways in our
detailed DFT study of nonenzymatic methyl triphosphate
hydrolysis (averaging over the values obtained from two
different DFT functionals).*® In the case of the overall reaction
free energy, this was set to —7.4 kcal mol™" for the substrate-
assisted pathway (based on experimental data).'” In the case
of the solvent-assisted pathway, as quantum chemical
calculations suggest that this pathway proceeds via the high-
energy intermediate shown in Figures S1 and $3,%% the free
energy of this intermediate was set to 19.0 kcal mol™" as an
estimate of the energy of this intermediate.

Finally, for the tautomerization step, as we assumed this step
would be fast, we calibrated our simulations to reproduce an
activation free energy (AG*) of 4 kcal mol™" as an estimated
upper limit for the tautomerization step and a reaction free
energy (AG") of —26.4 kcal mol™' to result in an overall
reaction free energy of —7.4 kcal mol™' between the initial
reactant state and the final product state, in agreement with
experiment.'”” We note that the intermediate formed after the
phosphoryl transfer step in the solvent-assisted pathway has an
elongated P—O*H, bond, and therefore, as discussed in ref 29,
this is very likely to be a high-energy metastable species that is
formed only transiently prior to deprotonation of the
nucleophile, either by deprotonation to bulk water or by
tautomerization as modeled here. On the basis of this and also
considering the fact that the equilibrium for this process so
strongly favors the product of the tautomerization step, we
believe that 4 kcal mol™" provides a comfortable upper limit for
the likely activation free energy for this step, allowing us to
obtain an approximation of the energetics of this step in our
EVB simulations. The parameters obtained from the EVB
calibration were then used unchanged to describe also the
corresponding enzymatic hydrolysis of GTP via solvent- and
substrate-assisted pathways, respectively, in all systems studied
in this work. These parameters are provided in the Supporting
Information alongside all other EVB parameters used in our
simulations

Analysis. All simulation analyses were performed using the
Q fep and Q calc modules of the Q simulation package,90
combined with the Q tools packa%e (DOI 10.5281/
2en0do.842003) and using VMD 1.9.3.""" Finally, all structure
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depictions in this work were generated using Chimera.

Active site volumes for Ras and RasGAP were calculated from
20 X 50 ns of MD equilibration performed at the respective
Michaelis complexes using Pocket Volume MEasurer
(POVME) 3.0,'""*'"* with snapshots taken every 100 ps of
the simulations. RMSD calculations were performed using
MDTraj,""* with snapshots taken every 100 ps of the
simulations. Finally, the loss of conformational entropy of
the catalytic glutamine residue upon protein folding was
calculated using the initial crystal structures used for the
simulations and the Predicting Loss of Protein S(entropy)
(PLOPS)'"® Web server.

B RESULTS AND DISCUSSION

To explore the viability of the solvent-assisted pathway for
GTP hydrolysis we first performed EVB simulations to
calculate the free energy barriers during GTP hydrolysis
based on the solvent-assisted and the substrate-assisted
pathway. In order to validate the simulations and determine
the preferred pathway, the calculated barriers were compared
to the experimental values. Following from this we analyzed
the detailed role of the catalytically important Gln in the active
site and also investigated the effect of its mutation to a
histidine, which would be analogous to the corresponding
residue in translational GTPases such as EF-Tu.*"*>"" We first
discuss the results for the most prominent small GTPase, Ras,
with and without its GAP. Then we demonstrate that our
findings are of general relevance and conserved among
GTPases by studying proteins of the Rab family as well as
the G, subunit.

Substrate- vs Solvent-Assisted GTP Hydrolysis in the
Reaction Catalyzed by Ras and RasGAP. There have been
a number of computational studies of the nonenzymatic
hydrolysis of triphosphates, GTP and ATP in vacuum and
solution."'®™'** In the case of nonenzymatic methyl
triphosphate hydrolysis, detailed quantum chemical calcula-
tions have shown that the activation free energy for the
substrate-assisted pathways is ~9 kcal mol™" higher in energy
than for the corresponding solvent-assisted pathway,’® a trend
also seen in the hydrolysis of analogous compounds such as a
range of phosphate monoesters.”” Therefore, the solvent-
assisted pathway is intrinsically favorable compared to the
substrate-assisted pathway except for compounds with very
poor leaving groups (pK, > 8.4, see discussion in ref 29), and
the enzyme must overcome a much higher free energy barrier
for the reaction to proceed via the substrate-assisted pathway.

In order to check whether these findings also hold true for
enzyme-catalyzed GTP hydrolysis, we prepared EVB models of
both substrate- and solvent-assisted GTP hydrolysis catalyzed
by Ras and RasGAP. As quantum chemical studies of the
nonenzymatic reaction have suggested that the barriers for the
direct proton transfer and for proton transfer via intervening
water molecules are similar,”® only the direct mechanism of the
substrate-assisted pathway (Figure 1C) has been compared to
the solvent-assisted pathway (Figure 1A) in this work. In
addition, due to the extremely low pK, of the carbonyl group of
the active site Gln (estimated to be about —27°), we
disregarded the possibility of this residue acting as a proton
acceptor and consider only the mechanisms shown in Figure
1A and 1C in this work.

The free energy profiles derived from our EVB simulations
are shown in Figure 3A and 3B and Tables S3 and S4, and
structures of the corresponding key stationary points during
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Figure 3. Calculated free energies of GTP hydrolysis in aqueous
solution or catalyzed by different GTPases obtained from our
empirical valence bond simulations. Shown are free energy profiles for
the (A) solvent- and (B) substrate-assisted hydrolysis of GTP in
aqueous solution and in the Ras and RasGAP active sites.
Corresponding experimental values for Ras- and RasGAP-catalyzed
GTP hydrolysis are shown as dashed green and dashed gray lines,
respectively. (C) Activation free energies for each of the two
mechanisms in the active site of a range of GTPases, both with and
without their GAPs, are compared with available experimental data
(based on data presented in refs 25, 27, 109, 123, and 124). The raw
data for this figure is provided in Tables S3 and S4. The free energy
profile for the solvent-assisted hydrolysis of GTP (A) presents the
rate-limiting step involving the formation of a short-lived intermediate
(INT), which will then tautomerize as shown in Figures S1 and S3 to
yield the final product, which is chemically identical to the final
product state for the substrate-assisted pathway (note that as we reach
this final product state from different trajectories, our results are
similar but not identical for the two pathways). As discussed in
ref,”**" this tautomerization is expected to be very fast and not rate-
limiting, and therefore the calibration performed in the nonenzymatic
reaction (shown in Figure 3A) was simply to an estimated upper limit
of the activation free energy of this tautomerization step. RS, TSI,
INT, TS2, and PS in Figure 3A refer to the Michaelis complex
(reactant state in the case of the nonenzymatic reaction), transition
state, short-lived intermediate, tautomerization reaction transition
state and product states for the solvent-assisted hydrolysis of GTP,
and RS, TS and PS in Figure 3B refer to the Michaelis complex
(reactant state in the case of the nonenzymatic reaction), transition
state and product state for the substrate-assisted hydrolysis of GTP,
respectively.

our simulations are shown in Figures 4, 5, and S6—S15. The
free energy calculations yield activation free energies of 23.9
and 14.9 kcal mol™ for the solvent-assisted hydrolysis of GTP
catalyzed by Ras and RasGAP, respectively, which are in
excellent agreement with the corresponding experimental
values of 22.9 (Ras)”” and 15.7 kcal mol™' (RasGAP).”” In
contrast, in the case of the substrate-assisted pathway, we
obtain much higher activation free energies of 30.8 and 28.7
kcal mol™" for Ras and RasGAP, respectively, which is higher
than the solvent-assisted pathway by 6.9 and 13.8 kcal mol™},
respectively, for Ras and RasGAP. Therefore, the substrate-
assisted pathway is not energetically viable in either system.
We note here that the experimental values were derived from
the measured k., values, which do not correspond necessarily
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Figure 4. Structures of key stationary points extracted from our empirical valence bond simulations of the Ras-catalyzed solvent-assisted hydrolysis
of GTP. (A) Michaelis complex. (B) Transition state for the phosphoryl transfer reaction. (C) Short-lived intermediate. (D) Transition state for
the tautomerization step (Figure S3). (E) Product complex. P—O distances annotated on this figure (in Angstrsoms) are average distances over all
replicas, as presented in Table 1, and the structures shown in this figure were selected because they have P—O distances that are very similar to the
average distances across all of the EVB trajectories. Corresponding free energies for this reaction can be found in Figure 3 and Tables S3 and S4.
Shown here are the substrate, nucleophilic water molecule, Mg** ion, and key catalytic residues. The remainder of the protein has been omitted for

clarity.

A. Michaelis Complex B. 18! Transition State C. Intermediate

Arg789

GTP

1.
i,./;' .‘UL/Thr?:S

Thr17

D. 2" Transition State

Arg789
GIn61

Thr17

Figure S. Structures of key stationary points, extracted from our empirical valence bond simulations of the RasGAP-catalyzed solvent-assisted
hydrolysis of GTP. (A) Michaelis complex. (B) Transition state for the phosphoryl transfer reaction. (C) Short-lived intermediate. (D) Transition
state for the tautomerization step (Figure S3). (E) Product complex. P—O distances annotated on this figure (in Angstroms) are average distances
over all replicas, as presented in Table 1, and structures shown in this figure were selected because they have P—O distances that are very similar to
the average distances across all of the EVB trajectories. Corresponding free energies for this reaction can be found in Figure 3 and Tables S3 and S4.
Shown here are the substrate, nucleophilic water molecule, Mg** ion, and key catalytic residues. The remainder of the protein has been omitted for

clarity.

to the calculated chemical step. However, they do provide a
lower limit for the reaction rate of this step (and thus are an
upper limit for its activation free energy) against which to
compare our calculations. Finally, as can be seen in this data, in
all cases, the substrate-assisted pathway fails to reproduce the
large experimentally observed free energy barrier reduction
caused by the complexation with the GAP/RGS protein.

Is the Preference for Solvent-Assisted GTP Hydrolysis
Conserved Among Different GTPases? Our simulations of
the Ras and RasGAP-catalyzed hydrolysis of GTP clearly
demonstrate that a solvent-assisted pathway is favorable over
the substrate-assisted pathway commonly put forward in the
literature.””>>*>>573 The next question, therefore, is how
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conserved this mechanistic preference is and if it is a general
motive in GTPases with a glutamine at the analogous
structural position as Q61 in Ras. We therefore decided to
compare substrate- and solvent-assisted catalysis in four more
systems: Rabl and Rab1GAP as well as the G,;-subunit, both
in the presence and absence of the RGS protein (Figure 3C
and Table S3). Because we demonstrated in the case of Ras
that the final tautomerization step (Figures S1 and S3) does
not affect the rate-limiting formation of the transition state, to
save computational time, we did not model the final
tautomerization step for the four systems considered here
but rather focus on the energetics of the rate-limiting
phosphoryl transfer step.
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Table 1. Average Calculated Phosphorus—Oxygen Distances to the Departing Leaving Group (P—0O,,) and to the Incoming
Nucleophile (P—0,,) at the Michaelis Complexes as Well as the First Transition States and Intermediate States for GTPase-

Catalyzed GTP Hydrolysis via a Solvent-Assisted Pathway”

Ras RasGAP Ras Q61H
Michaelis complex
P—Olg 1.69 + 0.00 1.74 = 0.01 1.70 = 0.00
P—0,, 391 + 0.02 3.54 + 0.01 3.94 + 0.02
0,0y 5.55 + 0.03 .01 + 0.02 5.60 + 0.02
first transition state
P—Olg 2.40 + 0.01 2.38 + 0.01 246 + 0.01
P-0,,. 229 + 0.01 2.32 + 0.01 228 + 0.01
0,0y 469 + 0.01 469 + 0.01 473 £ 001
intermediate state
P—Olg 3.00 + 0.01 298 + 0.01 3.35 + 0.02
P-0,,. 1.98 + 0.01 1.90 + 0.01 1.88 + 0.00
O,—0, 4.89 + 0.01 4.87 + 0.01 522 + 0.02

g

Rab RabGAP Gy G,—RGS4
1.66 + 0.00 1.67 £+ 0.00 1.69 £ 0.00 1.70 £+ 0.00
3.43 + 0.01 3.50 + 0.01 3.67 + 0.02 3.73 £ 0.02
3.56 + 0.02 4.94 £ 0.02 5.30 + 0.03 5.33 £ 0.03
2.17 £ 0.01 2.28 £ 0.01 2.34 + 0.01 2.32 + 0.01
2.17 + 0.01 2.36 + 0.01 2.29 + 0.01 2.35 £ 0.01
4.33 £ 0.01 4.64 + 0.01 4.63 + 0.01 4.67 + 0.01
2.50 £ 0.01 2.87 £ 0.01 2.84 + 0.01 2.82 + 0.01
1.93 £ 0.01 1.89 + 0.01 1.91 £ 0.01 1.92 + 0.01
443 + 0.01 4.76 £ 0.01 4.74 £ 0.01 4.74 £ 0.01

“All values are averages and standard error of the mean over 400 individual snapshots, extracted from 20 independent empirical valence bond
simulations, obtained as described in the Methodology section. For the corresponding values for the nonenzymatic reaction in aqueous solution as
well as the GTPase-catalyzed reaction proceeding through a substrate-assisted mechanism, see Tables S5—S7.

In all four cases (Figure 3C and Table S3) we obtain similar
observations as in the case of Ras-catalyzed GTP hydrolysis,
that is, the absolute values of the activation free energies for
the solvent-assisted pathway are in good qualitative and
quantitative agreement with the experimental values, with the
largest deviations being in the case G,;, where our calculated
value is higher than the experimental value by 1.9 kcal mol™ as
well as in the case of RabGAP where we underestimate the
experimental value by 3.2 kcal mol™!, at least in part likely due
to the lower resolution of the crystal structure used (PDB ID
4HLQ,”*" 3.3 A resolution, R value free 0.274). However,
even with these exceptions, in all cases, the solvent-assisted
pathway is clearly substantially energetically favorable over the
substrate-assisted pathway by between 6.9 and 13.8 kcal mol™.
In addition, in the case of the solvent-assisted pathway, the
calculated barrier reductions compared to the nonenzymatic
reaction are in all cases in good agreement with experiment.

Exploring the Effect of Mutating Q61 in Ras on the
Solvent- and Substrate-Assisted Pathways. To further
validate the reliability of our simulations in correctly describing
GTP hydrolysis catalyzed by Ras and RasGAP, we modeled the
effect of a key active site mutation: Q61H (Figure 3C and
Table S3), which replaces the catalytically important glutamine
in Ras, with the analogous histidine found in the corresponding
structural position in elongation factors such as EF-Tu""* and
EF-G'** (Figure S16). In the case of EF-Tu and EF-G, on the
basis of crystallographic evidence, this histidine has been
argued to be the general base in the reaction.”” In the case of
Ras, experimental data on the catalytic activity of this enzyme
variant is available for only the Ras-catalyzed reaction;
however, curiously, both the Q61H substitution in Ras>* and
the H84Q_ substitution in EF-Tu'*® have been shown to be
detrimental to the catalytic activity of the corresponding
enzyme, and therefore, the residues at these positions are not
interchangeable. In the case of Ras, if Q61 were acting as a
general base, as has been suggested in the litera-
ture,”>*"7>1?71%% one would expect a histidine rather than a
glutamine at position 61 to be more catalytically favorable, as a
histidine side chain is a much better candidate for a general
base than the Q61 amide group, due to the substantially higher
pK, of the imidazole. In addition, one would expect a solvent-
assisted mechanism to be less impacted by whether there is a

histidine or a glutamine present at position 61, as this pathway
does not require a general base. Despite this, however, in the
case of the solvent-assisted pathway, our calculations predict a
0.9 kcal mol ™ increase in the activation free energy of the Ras-
catalyzed reaction, relative to wild type, in agreement with
experiment™ (for the substrate-assisted pathway the activation
free energy is also increased by 0.9 kcal mol ™' but starting from
a much higher activation free energy of 30.8 kcal mol™" for
wild-type Ras). This is primarily due to the fact that Q61 in
Ras plays an important role in positioning the catalytic water
molecule both in the Michaelis complex but also in the
transition state, which has an elongated P—O,,,, distance of 2.3
A in the case of the solvent-assisted pathway (Table 1) and 2.1
A in the case of the substrate-assisted pathway (Table S7), and
therefore, removal of this stabilizing interaction is the likely
cause for the increase in the activation free energy upon this
residue substitution.

Exploring the Origins of the Catalytic Effect of the
GAP and RGS Proteins. Having clearly established the
mechanistic preference for a solvent-assisted pathway and the
reliability of our simulations, as a final point, we explored the
origins of the catalytic effect of the GAP and RGS proteins by
examining several key parameters including the nature of the
transition states involved in the different systems and reaction
pathways studied here, key interaction distances, the electro-
static contributions of individual residues to the calculated
activation free energies, and the degree of solvent exposure of
the active site during the reactions in the different enzymes. In
the main text we focus on discussion of these parameters in the
context of the energetically preferred solvent-assisted pathway.
However, the corresponding data for the substrate-assisted
pathway is provided for comparison in the Supporting
Information.

In terms of transition state geometries (Table 1), there does
not appear to be any clear trend either between systems or
between the same system with and without its regulatory
protein. In the case of Ras, the calculated transition states are
very similar in both wild-type Ras, the Q61H variant, and
RasGAP. In the case of Rab, there is a very small elongation of
P—O,,. at the transition state for the RabGAP complex
compared to Rab in the absence of its GAP, and in the case of
G,; with and without RGS, the transition states are once again
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Figure 6. Electrostatic contributions from individual residues to the activation free energies for solvent-assisted GTP hydrolysis by different

GTPases studied in this work. All values were obtained by applying the linear response approximation

130,131 . . .
to our calculated EVB trajectories, as in

our previous work.*”'**'*} Key catalytic Arg and Gln residues are denoted on the y axis for each panel with an asterisk (*).

very similar to Ras. Overall, the variations are too small to
conclusively reveal any trend but do show that in all cases the
transition state is loose and dissociative in nature,'”’ with
advanced bond cleavage to the leaving group, although all
transition states are more compact than that for the
corresponding nonenzymatic reaction in aqueous solution
(P=0Oy, = 2.56 + 0.01 A, P—O,,. = 2.26 £ 0.01 A, and O, —
O, = 4.82 = 0.01 A). This is in contrast to the much tighter
(more associative) transition states we obtain in the case of the
substrate-assisted pathway (see Table S7).

Curiously, in the case of the Rab-catalyzed solvent-assisted
hydrolysis of GTP (Table 1), the reaction proceeds through a
perfectly symmetrical transition state with more compact
Onuc—Oy, distances in each of the Michaelis complex, first
transition state, and intermediate states than in any of the other
systems studied here. It is not immediately clear what the
origin of this shift toward a tighter transition state is. However,
the Rab active site contains two serine residues (Serl7 and
Ser39) that are not present in either Ras (where they are
replaced by Glyl2 and Pro34 at the same position,
respectively) or G, (where they are replaced by Gly42 and
Lys147, respectively). In the case of Rab, these two serine side
chains form hydrogen-bonding interactions with the non-
bridging oxygen atoms of the y-phosphate and may
speculatively be leading to the more compact transition state
compared to other GTPases studied in this work. Note that in
our RabGAP simulations the interaction with Ser39, which is
located on the Switch I loop, is lost and replaced by an
interaction with the arginine finger provided by the GAP, thus
creating a more similar active site environment (and thus
transition state) to other GTPases studied here.

Following from this we also calculated the electrostatic
contributions of different residues to the calculated activation
free energies, both with and without the presence of the GAP
or RGS proteins (Figure 6), calculated by postprocessing of
the EVB trajectories using the linear response approxima-
tion,”*>"*" ‘as in our previous work.*”'**'** These data
indicate that in all cases one of the largest stabilizing
contributions when comparing the different enzymes with
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and without their corresponding activator proteins is from the
active site arginine either provided by the GAP protein or
intrinsically present in G, ~**7"*° and from an active site
lysine, highlighted in Figure 2 (Lysl6 in Ras and RasGAP,
Lys21 in Rab and RabGAP, and Lys46 in G, and G,,—RGS4).
In the case of the active site lysine, as this residue is present
both in the presence and in the absence of the GAP/RGS, it
does not contribute to the additional catalytic effect of the
regulatory protein. However, the relatively large contribution
of this residue illustrates that it is important for the overall
barrier reduction compared to the nonenzymatic reaction in
aqueous solution in all systems studied. In the case of G; the
mutations of this lysine to alanine lead to a ~100-fold decrease
of the hydrolysis rate.”” The contribution from this residue is
interesting, as having a lysine in this position is not uncommon
among enzymes that catalyze phosphoryl transfer. For example,
in the case of enzymes from the alkaline phosphatase
superfamily, the active site typically contains either two
metal ions or a single metal ion and a lysine in the position
of the “missing” metal ion."*”"** This lysine then interacts with
the leaving group and provides electrostatic stabilization to the
leaving group during the reaction, similarly to the active site
lysine in these GTPases (see Figure 2). Other residues that
appear to be catalytically important are Lys117 in the case of
Ras and RasGAP, Lys122 in the case of Rab and RabGAP, and
Lys270 in the case of G, and G,—RGS4. Once again, this
lysine makes significant but similar contributions both in the
absence and in the presence of the GAP/RGS proteins. An
exception is Asp102, which is provided by RabGAP, and makes
a significant stabilizing contribution that is not present in the
Rab alone. This residue forms a bridge between the arginine
and the glutamine fingers in the RabGAP active site and
therefore plays a role in stabilizing both of their positions
during the catalytic mechanism.

In the case of the arginine finger, this residue provides up to
3.3 kcal mol™" of additional stabilization when the regulatory
protein is bound in all systems studied (Figure 6), which is
primarily due to stabilization of the negative charge building up
on the leaving group oxygen, facilitated by the formation of a

DOI: 10.1021/jacs.9b03193
J. Am. Chem. Soc. 2019, 141, 10684—10701


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03193/suppl_file/ja9b03193_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b03193

Journal of the American Chemical Society

Table 2. Average Distances between the Arg Finger Provided by the GAP (or the intrinsic Arg, in the case of G,;) and the
Leaving Group Oxygen (Olg) at the Michaelis Complexes, First Transition States, and Intermediate States for GTPase-

Catalyzed Solvent-Assisted GTP Hydrolysis”

RasGAP RabGAP Gy G,—RGS4
Michaelis complex
Arg:Hf—Olg 5.99 + 0.02 5.98 + 0.02 4.17 + 0.0S 5.57 £ 0.02
Arg:H,;,—0, 2.73 + 0.01 322 + 001 7.37 + 005 2.15 + 0.01
Arg:H,712—C)1g 2.78 + 0.01 2.12 + 0.02 7.44 + 0.0 3.20 + 0.01
ArgH,,—Oy 461 + 0.02 5.16 + 0.02 4.03 + 0.05 477 £ 0.02
ArgH,5,—Oy, 578 + 0.02 3.53 + 0.02 5.63 + 0.05 328 + 001
first transition state
Arg:HF—Olg 5.83 + 0.02 5.75 + 0.02 4.12 + 0.0S 5.54 + 0.02
Arg:H,,,—O) 276 + 0.01 3.09 £ 0.01 7.39 + 0.05 1.77 + 0.01
ArgH, ;-0 2.32 + 0.02 1.77 + 0.01 7.44 + 0.05 3.10 + 0.01
Arg:H,m—Olg 4.16 + 0.02 492 + 0.02 4.11 + 0.05 4.67 + 0.01
Arg:H,p,~O) 542 + 0.02 332 + 0.01 570 + 0.08 323 £ 001
intermediate state
Arg:Hé.—OlJg 5.60 + 0.02 5.65 + 0.02 4.11 + 0.0S 5.52 £ 0.02
ArgH,;,—Oy, 2.87 + 0.01 3.05 + 0.01 7.09 + 0.07 1.63 + 0.01
ArgH,,—Oy, 1.74 + 0.01 1.65 + 0.01 7.21 + 0.06 3.06 + 0.01
Arg:H,ﬂl—Olg 3.61 + 0.01 4.80 + 0.02 4.04 4+ 0.05 4.62 + 0.01
ArgiH,p,—O 4.94 + 0.02 326 + 0.01 544 + 0.07 323 + 001

“H, is the hydrogen at the N nitrogen atom of Arg.H,;, and H,,,, and H,, and H,,, are the hydrogen atoms at N,; and N,, nitrogens of Arg. All
values are averages and standard error of the mean over 400 individual snapshots, extracted from 20 independent empirical valence bond
simulations, obtained as described in the Methodology section. The corresponding values for the substrate-assisted mechanism can be found in

Table S8. The closest interactions, in each case, are highlighted in bold.

tighter Arg—Oy, interaction, which is formed upon moving
from the Michaelis complex to the transition state (see the
distances shown in Tables 2 and S8). Interestingly, (1) in the
solvent-assisted mechanism, in the case of the Gg-subunit,
there is little interaction between the intrinsic Arg and the
leaving group oxygen in the absence of the RGS protein,
whereas in the presence of the RGS protein, a much tighter
interaction is formed with the leaving group oxygen, and
therefore, the RGS protein appears to play a role in the
positioning of this residue. The consequences of this difference
are also observed in Figure 6, where a stabilizing contribution
from the intrinsic arginine is only seen in this system when the
RGS protein is bound. Also, (2) with the exception of Gy—
RGS4, where the two mechanisms appear to be similar, these
interactions in general are tighter in the case of the solvent-
assisted mechanism than in the case of the substrate-assisted
mechanism (Tables 2 and S8). This is likely due to greater
charge build-up at the leaving group in the transition state for
the dissociative transition state for the solvent-assisted
mechanism (where the bond to the leaving group is
substantial) than for the more associative transition state for
the substrate-assisted mechanism (which has much less bond
cleavage to the leaving group at the transition state).
Therefore, optimal positioning of this residue clearly plays an
important role in providing some (but not all) of the additional
transition state stabilization provided by the GAP and RGS
proteins in addition to the suggested role of this residue in
organizing the active site and positioning the phosphate group
for efficient catalysis.'*’

Following from this, the electrostatic contribution from the
active site Gln appears to be negligible in all system without
the GAP or RGS proteins but becomes slightly stabilizing in
RasGAP, G, and G,-RGS. More important, however, is the
impact of the active site Gln on the positioning of the
nucleophile. As can be seen in Figure 7, in the case of Ras, in

the absence of the GAP, the GIn61 side chain is extremely
“floppy” and samples many different conformations, analogous
to observations made during S0 ns all-atom MD simulations in
a previous study.'*” The presence of the GAP heavily restricts
the conformational space of this residue, leading to the side
chain to sample a single conformation that interacts directly
with the nucleophilic water molecule at the Michaelis complex
and transition states for the phosphoryl transfer step (note that
as shown in Figures 7 and S17, the conformational space of
both the water molecule and the Gln side chain is greatly
reduced at the Michaelis complexes for Ras both with and
without GAP). As a consequence, the lower entropy of the
Michaelis complex in the case of RasGAP reduces the
activation barrier compared to the intrinsic reaction (for a
broader discussion of the issue of conformational sampling and
entropy in enzyme catalysis, see, e.g., refs 87 and 143—157
among others). The average RMSD of this side chain at the
Michaelis complex is 1.26 + 0.08 and 0.28 + 0.02 A in the case
of Ras and RasGAP, respectively. This restriction in the
conformational space of the Gln side chain therefore appears
to be absolutely critical for nucleophile positioning, although
the catalytic impact of this restriction in conformational space
can manifest itself in different ways, either through an entropic
effect or through destabilization of the reactants or a reduction
in the reorganization energy of the process.

To estimate the catalytic impact of restricting the conforma-
tional space of the Gln side chain, we placed a 10 kcal mol™
A2 positional restraint on all atoms of the Q61 side chain in
our EVB simulations of the Ras-catalyzed hydrolysis of GTP
via both substrate and solvent-assisted mechanisms (Table S9).
In the case of the substrate-assisted pathway, the effect of this
restraint is very small, reducing the activation free energy by
only 1.2 keal mol ™. In the case of the solvent-assisted pathway,
however, inclusion of this restraint drops the calculated
activation free energy from 23.9 to 17.6 kcal mol™’, thus
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Figure 7. Conformational space sampled by the GIn61 side chain in
20 X 50 ns (1 s total) simulations of the Michaelis complexes of (A)
Ras and (B) RasGAP, defined as a function of the y,—y; dihedral
angles of this side chain. Simulations at the Michaelis complex were
performed using the same protocol as for the equilibrations at the
transition state, as described in the Methodology section, and using
the same restraints as were applied in our EVB simulations (again, see
the Methodology section). Snapshots were extracted every 100 ps for
analysis. The joint distribution of side chain dihedral angles was
obtained using MDTraj''* and Matplotlib."** (C and D)
Representative conformations sampled by the GIn61 side chain in
simulations of Ras and RasGAP, respectively. Shown here also are the
nucleophilic water molecule and the Mg** ion (green ball). In these
panels, structures corresponding to the centroid of the most
populated cluster, obtained from Ward clustering performed
measuring the GIn61 side chain RMSD after protein backbone
alignment, using TTClust,"*® are shown as a solid structure, and other
conformations of the GIné1 side chain are shown as shaded structures
in the background. In the case of RasGAP, this also corresponds to
the centroid of the single populated cluster shown in panel D; hence,
only one structure is shown in this panel.

reproducing a significant amount (6.3 kcal mol™) of the 7.2
kcal mol™" catalytic impact of GAP on Ras”’ (Table S3, see
also discussion in ref 158). One can also see an entropic effect
in restricting the conformational space of the Gln side chain
from simple calculations of per-residue entropy loss upon
protein folding using the Predicting Loss of Protein S(entropy)
(PLOPS)'"> Web server, which were performed on the initial
crystal structures used for the simulations as described in the
Methodology section and which suggest greater entropy loss
for the catalytic Gln in the presence of the GAP/RGS protein
than in its absence (Table S10). Therefore, rather than acting
as a general base, this residue appears to play an important role
in positioning the nucleophilic water molecule for efficient
catalysis, thus creating a more stable encounter complex prior
to subsequent hydrolysis of GTP through a dissociative,
solvent-assisted transition state (similar to that observed in the
absence of the enzyme™). Following from this, part of the role
of the GAP appears to be the reduction in the flexibility of the
Gln side chain (Figure 7) which in turn would allow for more
stable positioning of the nucleophilic water molecule (Figure

S17), in agreement with a prior qualitative study based on
analysis of crystallographic data.’” This is coupled with a
general reduction of the volume of the active site pocket from
5$38.0 + 93.8 A’ in the case of Ras to 268.0 + 33.5 A? in the
case of RasGAP, calculated from the same simulations of the
Michaelis complex used for the analysis presented in Figure 7
using POVME 3.0, as described in the Methodology
section.

Another question of interest is the role of the catalytic Mg**
ion in our simulations. There have been a number of
computational studies that have attempted to identify the
general mechanisms of nucleophile activation in metal-aided
enzymes (see, e.g, refs 159—166). One would expect the Mg>"
ion to provide a strong catalytic effect, and indeed, previous
computational analyses of GTP hydrolysis have explored the
role of the metal ion on charge storage during the reaction
(and its impact on the geometry of the GTP molecule when
bound to the active site),''® the impact of the metal ion on the
nature of the transition states involved, arguing that the Mg>*
ion contracts the transition state for GTP hydrolysis making it
more associative,”> or the impact of the metal jon on
weakening the P—O bond to the leaving group, as well as
transition state stabilization through enhanced electrophilicity
of the metal group.'”” We note here that as our EVB
simulations used a fixed-charge metal model, we are unable to
capture the charge transfer effects observed in ref 118;
however, our EVB parameters are based on the para-
metrization of ref 118 which implicitly included the impact
of this charge transfer on fine geometric details of the GTP
conformation in the parametrization. In addition, the original
goal of the parametrization of the multipoint model used to
describe Mg®" in this work was to avoid the need for restraints
or artificial bonds in the simulation while simultaneously
retaining key thermodynamic properties of the metal ion.”* As
can be seen from Figure 3 and Table S11, the metal ion
maintains a stable coordination sphere in all enzyme
simulations, while at the same time our model reproduces
the catalytic effect of the different systems studied with good
quantitative and qualitative accuracy.

What complicates interpretation of the role of the metal ion
in these systems is the fact that, as we discussed in previous
work,”” experimental work has suggested that the presence of a
magnesium ion has minimal effect on stabilizing either the
transition state or on perturbing the transition state geometry
for nonenzymatic GTP hydrolysis. That is, Admiraal and
Herschlag examined the kinetics of phosphoryl transfer from
GTP, ATP, and a series of pyrophosphates to a series of
alcohols in detail,"’ obtaining only a small . value, which is
consistent with a dissociative transition state with very little
bond formation between the incoming nucleophile and the
phosphate. Curiously, inclusion of Mg** ions had minimal
effect on either f,,. or the reaction rates (for example, the
activation barrier for ATP hydrolysis was reduced by only 0.7
kcal mol™ at 60 °C). Similarly, Kotting and Gerwert studied
GTP hydrolysis over a range of temperatures, both in the
presence and in the absence of Mg*".'"” As in the case of the
previous work by Admiraal and Herschlag,lé7 they found
minimal impact from inclusion of the Mg2+ ion: at 25 °C, there
was no difference in rate between when the Mg®" was present
or absent (both scenarios yielded an experimental activation
free energy of 27.9 kcal mol™"). The presence of the Mg** did
accelerate the reaction at higher temperatures, but this was
mainly due to a higher enthalpy of activation. This makes it
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extremely unclear what the role of the Mg*" ion actually is. We
demonstrated in the case of triphosphate hydrolysis in aqueous
solution®® that while the energetic and structural impact of
including an Mg2+ ion in our simulations is not large, the
presence of Mg*" increases the energy difference between
substrate- and solvent-assisted pathways, creating a greater
preference for a solvent-assisted pathway than in its absence. In
the case of enzymatic GTP hydrolysis, the situation appears to
be more complex and system dependent, as can be seen from
Table S3. Therefore, while the Mg*" clearly has an impact in
the enzyme environment, its role is highly complex and it
remains unclear why the impact of the Mg®* ion on the
nonenzymatic reaction is minimal (and therefore why it would
be needed for the enzymatic reaction, beyond a structural role
during catalysis).

Finally, we examined the impact of the formation of the
GTPase-GAP(RGS) complex on the solvation of the active
site. Specifically, we considered (1) the average number of
hydrogen bonds formed between the y-phosphate and protein
atoms/water molecules during these simulations and (2) the
average number of water molecules within 6 A of the y-
phosphate of GTP during EVB simulations of the GTPases
studied here both with and without their activating proteins
(Figure 8 and Tables S12 and S13). These data show that
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Figure 8. Solvation of the active site during solvent-assisted GTP
hydrolysis catalyzed by Ras and RasGAP. (A) Average number of
hydrogen bonds formed between key species (y-phosphate:protein
and catalytic Gln:nucleophile). (B) Average number of water
molecules found within 6 A of phosphorus atom of the y-phosphate
group of GTP. (C) Representative snapshots depicting the water
molecules in the vicinity of the y-phosphate group of GTP at the
transition states of GTPase-catalyzed GTP hydrolysis. Associated raw
data for this figure is shown in Table S12.

there is a small increase in substrate—protein and catalytic
Gln:nucleophile hydrogen-bonding interactions upon complex-
ation with the GAP or RGS proteins. However, a much larger
effect (Figure 8B and 8C) is that the GAP/RGS proteins
drastically reduce the number of water molecules in the vicinity
of the y-phosphate, thus strengthening protein—substrate
interactions at the expense of water—substrate interactions.
The importance of creating such hydrophobic cages in both
enzyme catalysis and enzyme evolution has been discussed in
detail elsewhere,*”'°*~""* although this concept has also been
met with criticism.'”>™"”® Our simulations show that, as a final
puzzle piece, one role of the GAP and RGS proteins in catalysis

appears to be to exclude solvent from the active site, thus
accelerating the rate of the chemical reaction.

B CONCLUSIONS

GTPases are biologically critical regulatory proteins and major
drug targets, because they are involved in almost all vital
cellular processes (e.g., ref 19). As a result, their mechanisms
and regulation have been the topics of substantial research
effort, both in order to understand a problem of fundamental
biological importance and for design of novel therapeutics to
target 179:Il'£ases and regulate their vital cellular pro-
cesses.

The precise mechanism by which small GTPases (and
related enzymes such as the G-subunit of heterotrimeric G-
proteins) hydrolyze GTP has been controversial for decades,"*
due to the absence of an obvious candidate serving as a general
base to deprotonate the nucleophilic water molecule. Here we
demonstrate explicitly, for the first time, that a general base is
not needed in the active site. The preferred mechanism for
GTP hydrolysis by the proteins studied in this work is a
solvent-assisted pathway (Figure 1A), in which proton transfer
occurs after the rate-limiting transition state of the nucleophilic
attack of a water molecule at the y-phosphate. This result is in
agreement with analogous studies of both phosphate
monoester dianion”® and triphosphate hydrolysis in
water,””'® and the resulting protein-bound H,PO,~ product
state is in agreement with experimental IR spectroscopic
data."®® In addition, kinetic isotope effects'*”'** are consistent
with GTP hydrolysis in Ras and RasGAP proceeding via a
loose transition state. Finally, the solvent-assisted pathway is
also consistent with the transition state structure suggested
based on ”F NMR studies of Rho GTPase.*”

Through detailed empirical valence bond simulations of
GTP hydrolysis in Ras, Rab1b, and the G;-subunit, both in the
presence and in the absence of the corresponding GAP/RGS
protein, we demonstrate that our mechanistic findings are a
common motive in GTPases with a Gln in the active site. As
shown in Figure 3, in all cases, the calculated free energy
barriers and the barrier reduction by the GTPase activating
proteins for the solvent-assisted pathway are clearly in closer
agreement with the experimental values. In addition, the
activation free energies derived for the substrate-assisted
pathway are between 6.9 and 13.8 kcal mol™' higher than
those for the solvent-assisted pathway. Thus, we conclude that
a general base is not needed in the active site as the preferred
mechanism for GTP hydrolysis is a conserved solvent-assisted
pathway. This is similar to the loose, dissociative transition
state that has been argued for in the case of phosphate
monoester hydrolysis,”” "' in contrast to the tighter transition
states typically observed for phosphate di- and triester
hydrolysis (for reviews, see, e.g., refs 1, 4, and 185).
Interestingly, despite the mechanistic differences between
different types of phosphate esters, a related solvent-as-base
mechanism has been suggested in the case of the splicing
mechanism of group II introns, which are Mg**-dependent
ribozymes with phosphodiester transition states.'®® Note that
such a mechanism has not been observed in other nuclease
enzymes employing a Mg**-aided function.'®®

Following from this, experimental mutagenesis studies have
verified the critical catalytic importance of the active site Gln to
the GTPase-catalyzed reaction.”* We show here computation-
ally that restricting the GIn position in a GAP-like
conformation achieves significant barrier reduction in the
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solvent-assisted pathway without the actual GAP protein
present. This Gln position optimizes the position of the
nucleophilic water molecule for formation of the loose
transition state involved in the solvent-assisted pathway. The
stabilizing role of the GAP/RGS proteins is observed in all
three systems. In addition, the Arg finger is also stabilized,
which improves the interaction between this arginine and the
leaving group oxygen of the GTP substrate, thus increasing the
electrostatic stabilization provided by the Arg finger (Figure 6).
Lastly, we show that GAP/RGS proteins facilitate a general
tightening of the binding pocket through reducing its volume,
allowing for greater precision in electrostatic interactions in the
active site, which is then further enhanced by solvent exclusion
from the active site upon binding of the regulatory protein,
thus increasing the strength of these interactions in a reduced
dielectric local environment.

In conclusion, our work resolves a decades-old mechanistic
controversy”* of how GTPases can hydrolyze GTP in the
absence of a viable general base in the active site. Our revised
mechanism for GTP hydrolysis by Ras GTPase and related
enzymes also has the potential to shed new light on another
long held secret, namely, understanding the mechanism of
crucial oncogenic Ras mutants like G12 and G13 mutations,
which are assumed to affect the transition state of the GTPase
reaction.'®® Finally, an improved understanding of the nature
of the transition states for this reaction provides new entry
points for drug development.
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S1. Supplementary Figures
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Figure S1. The valence bond states used to describe the solvent-assisted mechanism in our empirical
valence bond (EVB) simulations of both the GTPase-catalyzed and non-enzymatic hydrolysis of GTP in
aqueous solution and in the relevant enzyme active sites. For clarity, only the triphosphate of the GTP is
indicated in this figure, as the remainder of the molecule was not part of the EVB region during our

simulations. The atom numbering corresponds to the EVB parameter tables, shown in Tables S15 to S29.
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Figure S2. The valence bond states used to describe the substrate-assisted mechanism in our empirical
valence bond (EVB) simulations of both the GTPase-catalyzed and non-enzymatic hydrolysis of GTP in
aqueous solution and in the relevant enzyme active sites. For clarity, only the triphosphate of the GTP is
indicated in this figure, as the remainder of the molecule was not part of the EVB region during our

simulations. The atom numbering corresponds to the EVB parameter tables, shown in Tables S15 to S29.
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Figure S3. Transient intermediate formed during the solvent-assisted hydrolysis of GTP (left), which is

expected to quickly tautomerize to form the more stable final product (right).!
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Figure S4. The root mean square deviations (RMSD, A) of all backbone atoms during 20 x 50ns (1 us
total) of equilibration of the transition state (A = 0.5) for the solvent-assisted hydrolysis of GTP by
(A) wild-type Ras, (B) Q61H Ras, (C) RasGAP, (D) Rab, (E) RabGAP, (F) Gu and (G) G.-RGS4.
Snapshots were taken every 100ps, and the RMSD values were calculated using MDtraj.> The grey
shaded lines indicate the data from each individual trajectory for each system, and the solid red lines
indicate the average RMSD over all trajectories for each system. Shown here is also a representative
structure of the solvent-assisted transition state for Ras-catalyzed hydrolysis of GTP, extracted from our

EVB simulations of this reaction.
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Figure S5. The root mean square deviations (RMSD, A) of all backbone atoms during 20 x 50ns (1 us
total) of equilibration of the transition state (A = 0.5) for the substrate-assisted hydrolysis of GTP by
(A) wild-type Ras, (B) Q61H Ras, (C) RasGAP, (D) Rab, (E) RabGAP, (F) Gu and (G) G.-RGS4.
Snapshots were taken every 100ps, and the RMSD values were calculated using MDtraj.> The grey
shaded lines indicate the data from each individual trajectory for each system, and the solid red lines
indicate the average RMSD over all trajectories for each system. Shown here is also a representative
structure of the substrate-assisted transition state for Ras-catalyzed hydrolysis of GTP, extracted from our

EVB simulations of this reaction.
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A. Michaelis Complex B. Transition State C. Intermediate

Figure S6. Structures of key stationary points, extracted from our empirical valence bond simulations of
the Rab-catalyzed solvent-assisted hydrolysis of GTP. Shown here are (A) the Michaelis complex, (B) the
transition state for the phosphoryl transfer reaction, and (C) the short-lived intermediate. Note that, as
described in the main text, we only modelled the final tautomerization step (Figure S3) in the case of the
non-enzymatic reaction, and the Ras- and RasGAP-catalyzed reactions, as this step is fast and not rate-
limiting (Figure 3). The P-O distances annotated on this figure (in A) are average distances over all
replicas, as presented in Table 1, and the structures shown in this figure were selected because they have
P-O distances that are very similar to the average distances across all the EVB trajectories. The
corresponding free energies for this reaction can be found in Figure 3 and Table S3. Shown here are the
substrate, nucleophilic water molecule, Mg** ion, and key catalytic residues. The remainder of the protein

has been omitted for clarity.
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A. Michaelis Complex B. Transition State C. Intermediate
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Figure S7. Structures of key stationary points, extracted from our empirical valence bond simulations of
the RabGAP-catalyzed solvent-assisted hydrolysis of GTP. Shown here are (A) the Michaelis complex,
(B) the transition state for the phosphoryl transfer reaction, and (C) the short-lived intermediate. Note
that, as described in the main text, we only modelled the final tautomerization step (Figure S3) in the case
of the non-enzymatic reaction, and the Ras- and RasGAP-catalyzed reactions, as this step is fast and not
rate-limiting (Figure 3). The P-O distances annotated on this figure (in A) are average distances over all
replicas, as presented in Table 1, and the structures shown in this figure were selected because they have
P-O distances that are very similar to the average distances across all the EVB trajectories. The
corresponding free energies for this reaction can be found in Figure 3 and Table S3. Shown here are the
substrate, nucleophilic water molecule, Mg** ion, and key catalytic residues. The remainder of the protein

has been omitted for clarity.
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A. Michaelis Complex B. Transition State C. Intermediate
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Figure S8. Structures of key stationary points, extracted from our empirical valence bond simulations of

the Ggi-catalyzed solvent-assisted hydrolysis of GTP. Shown here are (A) the Michaelis complex, (B) the
transition state for the phosphoryl transfer reaction, and (C) the short-lived intermediate. Note that, as
described in the main text, we only modelled the final tautomerization step (Figure S3) in the case of the
non-enzymatic reaction, and the Ras- and RasGAP-catalyzed reactions, as this step is fast and not rate-
limiting (Figure 3). The P-O distances annotated on this figure (in A) are average distances over all
replicas, as presented in Table 1, and the structures shown in this figure were selected because they have
P-O distances that are very similar to the average distances across all the EVB trajectories. The
corresponding free energies for this reaction can be found in Figure 3 and Table S3. Shown here are the
substrate, nucleophilic water molecule, Mg** ion, and key catalytic residues. The remainder of the protein

has been omitted for clarity.
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A. Michaelis Complex B. Transition State C. Intermediate
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Figure S9. Structures of key stationary points, extracted from our empirical valence bond simulations of
the Gqi-RGS4-catalyzed solvent-assisted hydrolysis of GTP. Shown here are (A) the Michaelis complex,
(B) the transition state for the phosphoryl transfer reaction, and (C) the short-lived intermediate. Note
that, as described in the main text, we only modelled the final tautomerization step (Figure S3) in the case
of the non-enzymatic reaction, and the Ras- and RasGAP-catalyzed reactions, as this step is fast and not
rate-limiting (Figure 3). The P-O distances annotated on this figure (in A) are average distances over all
replicas, as presented in Table 1 and the structures shown in this figure were selected because they have
P-O distances that are very similar to the average distances across all the EVB trajectories. The
corresponding free energies for this reaction can be found in Figure 3 and Table S3. Shown here are the
substrate, nucleophilic water molecule, Mg** ion, and key catalytic residues. The remainder of the protein

has been omitted for clarity.
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A. Michaelis Complex B. Transition State C. Product

GIn61

16 GIyGORBi -

Figure S10. Structures of key stationary points, extracted from our empirical valence bond simulations of
the Ras-catalyzed substrate-assisted hydrolysis of GTP. Shown here are (A) the Michaelis complex,
(B) the transition state for the phosphoryl transfer reaction, and (C) the product complex. The P-O
distances annotated on this figure (in A) are average distances over all replicas, as presented in Table S7,
and the structures shown in this figure were selected because they have P-O distances that are very similar
to the average distances across all the EVB trajectories. The corresponding free energies for this reaction
can be found in Figure 3 and Table S3. Shown here are the substrate, nucleophilic water molecule, Mg

ion, and key catalytic residues. The remainder of the protein has been omitted for clarity.
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A. Michaelis Complex B. Transition State C. Product
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Figure S11. Structures of key stationary points, extracted from our empirical valence bond simulations of
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Thr17

Thr35

the RasGAP-catalyzed substrate-assisted hydrolysis of GTP. Shown here are (A) the Michaelis complex,
(B) the transition state for the phosphoryl transfer reaction, and (C) the product complex. The P-O
distances annotated on this figure (in A) are average distances over all replicas, as presented in Table S7,
and the structures shown in this figure were selected because they have P-O distances that are very similar
to the average distances across all the EVB trajectories. The corresponding free energies for this reaction
can be found in Figure 3 and Table S3. Shown here are the substrate, nucleophilic water molecule, Mg

ion, and key catalytic residues. The remainder of the protein has been omitted for clarity.
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A. Michaelis Complex B. Transition State C. Product

Figure S12. Structures of key stationary points, extracted from our empirical valence bond simulations of
the Rab-catalyzed substrate-assisted hydrolysis of GTP. Shown here are (A) the Michaelis complex,
(B) the transition state for the phosphoryl transfer reaction, and (C) the product complex. The P-O
distances annotated on this figure (in A) are average distances over all replicas, as presented in Table S7,
and the structures shown in this figure were selected because they have P-O distances that are very similar
to the average distances across all the EVB trajectories. The corresponding free energies for this reaction
can be found in Figure 3 and Table S3. Shown here are the substrate, nucleophilic water molecule, Mg

ion, and key catalytic residues. The remainder of the protein has been omitted for clarity.
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A. Michaelis Complex B. Transition State C. Product
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Figure S13. Structures of key stationary points, extracted from our empirical valence bond simulations of
the RabGAP-catalyzed substrate-assisted hydrolysis of GTP. Shown here are (A) the Michaelis complex,
(B) the transition state for the phosphoryl transfer reaction, and (C) the product complex. The P-O
distances annotated on this figure (in A) are average distances over all replicas, as presented in Table S7,
and the structures shown in this figure were selected because they have P-O distances that are very similar
to the average distances across all the EVB trajectories. The corresponding free energies for this reaction
can be found in Figure 3 and Table S3. Shown here are the substrate, nucleophilic water molecule, Mg

ion, and key catalytic residues. The remainder of the protein has been omitted for clarity.
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A. Michaelis Complex B. Transition State C. Product
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Figure S14. Structures of key stationary points, extracted from our empirical valence bond simulations of
the Gqi-catalyzed substrate-assisted hydrolysis of GTP. Shown here are (A) the Michaelis complex,
(B) the transition state for the phosphoryl transfer reaction, and (C) the product complex. The P-O
distances annotated on this figure (in A) are average distances over all replicas, as presented in Table S7,
and the structures shown in this figure were selected because they have P-O distances that are very similar
to the average distances across all the EVB trajectories. The corresponding free energies for this reaction
can be found in Figure 3 and Table S3. Shown here are the substrate, nucleophilic water molecule, Mg

ion, and key catalytic residues. The remainder of the protein has been omitted for clarity.
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A. Michaelis Complex B. Transition State C. Product
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Figure S15. Structures of key stationary points, extracted from our empirical valence bond simulations of

the G,-RGS4-catalyzed substrate-assisted hydrolysis of GTP. Shown here are (A) the Michaelis complex,
(B) the transition state for the phosphoryl transfer reaction, and (C) the product complex. The P-O
distances annotated on this figure (in A) are average distances over all replicas, as presented in Table S7,
and the structures shown in this figure were selected because they have P-O distances that are very similar
to the average distances across all the EVB trajectories. The corresponding free energies for this reaction
can be found in Figure 3 and Table S3. Shown here are the substrate, nucleophilic water molecule, Mg

ion, and key catalytic residues. The remainder of the protein has been omitted for clarity.
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Figure S16. Comparison of the active sites of (A) the RasGAP complex (PDB ID: 1WQI1?) and
(B) elongation factor thermounstable (EF-Tu) (PDB ID: 4V5L*), showing the active site residue, His84,
present in EF-Tu in the same structural position as the residue GIn61 found in Ras and the RasGAP

complex.
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Figure S17. Conformational space of the nucleophilic water molecule sampled during 20 x 50ns (1 us
total) simulations of the Michaelis complexes of (A) Ras and (B) RasGAP, and defined as a function of
the distance between the phosphorus atom of the y-phosphate of the GTP (P3) and the oxygen atom of the
nucleophilic water molecule (On., x-axis), and between the C6 atom of the GIn61 side chain and the
oxygen atom of the nucleophilic water molecule (Oyu, y-axis). Simulations at the Michaelis complex were
performed using the same protocol as for the equilibrations at the transition state, as described in the
Methodology section, and using the same restraints as were applied in our EVB simulations (again, see

the Methodology section). Snapshots were extracted for analysis every 100 ps.
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S2. Supplementary Tables

Table S1. Overview of the different crystal structures used in this study, indicating the PDB ID, the
resolution of the structure (in A), any substrate or transition state analogues present in the structure

(ligand) and any chemical modifications performed on the analogues, where present (modification).

PDB ID Resolution (108) Ligand? Modification®

1QRA> 1.6 GTP -

1WQ13 25 GDP; AF3 Al to P; F to O; bond between GDP and Al.
1GIA® 2.0 GSP StoO

3NKV’ 1.7 GNP NtoO

4HLQ? 33 GDP; BEF Be to P; F to O; bond between GDP and Be.
621P° 2.4 GNP NtoO

2 Here, the relevant ligands are guanosine-5’-triphosphate (GTP), guanosine-5"-diphosphate (GDP), 5°-guanosine-
diphosphate-monothiophosphate (GSP), phophoaminophosphonic acid-guanylate ester (GNP), aluminum fluoride,

AlF; (AF3), and beryllium fluoride, BeFs; (BEF). ® All modifications were reverted to GTP, as described in the

Methodology section.
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Table S2. List of residues in their ionized states, as well as the protonation patterns of histidine residues,

during the simulations.

Type Residue Number?

Ras

Asp 30, 33, 38,54,57,69,92, 119, 154

Glu 3,31,37,62,63,76,91,98, 126, 143, 153, 162

Lys 5,16,42,88,101, 104, 117, 147

Arg 41,68,73,97,102, 123, 149

His-0 94

His-¢ 27,166

RasGAP

Asp 30, 33, 38,54,57,69,92, 119, 154, 748%, 775%,782%,972*

Glu 3,31,37,62,63,76,91,98, 126, 143, 153, 162, 777*,781%*,783%*, 799%*, 829*, 945%* 950%*,
954%*

Lys 5,16,42,88,101, 104, 117, 147, 803*, 834*, 884*,935%,949% 961*, 964*

Arg 41,68,73,97,102, 123, 149, 749*, 776*,789*, 892*,894* 903*,913*, 928*

His-0 94,736%,762*%,965*, 1005*

His-¢ 27,166,743%,811%, 812%, 847*, 883*,986*, 999*, 1021*

Rabl1

Asp 16,30,31,44,63,89,92,107, 124

Glu 35,68,94, 105, 149, 159

Lys 10, 21,46, 100, 116, 122,128, 129, 153

Arg 27,48,69,71, 108

His-0 -

His-¢ 82

RabGAP

Asp 16,30,31,44,63,89,92, 107, 124,95%, 102*, 128*, 148%*, 179*, 183*

Glu 35, 68,94, 105, 149, 159, 116*, 120%*, 124*

Lys 10, 21,46, 100, 116, 122, 128, 129, 153, 94*, 186*
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Arg 27,48,69,71, 108, 90*, 104*, 105*, 108*, 109*, 119*

His-0 141%, 187%*,227*,277*

His-¢ 82,37%*, 147*, 172%, 173%,204%,234%,246%,276*

Gui

Asp 150, 158, 173, 200, 229, 231, 237, 251,272,328

Glu 43,58,65,115,116, 145, 186,207, 216, 236, 238, 239, 245, 275,276, 308
Lys 35,46,51,54,70, 180, 197, 209, 210, 248, 270, 271, 277,280, 312, 317
Arg 86,90, 142, 144, 161, 176, 178,205, 208, 242

His-0 213,322

His-¢ 57,188, 195,244

Gui-RGS4

Asp 150, 158, 173, 200, 229, 231,237, 251,272,328, 90*, 130*, 150*, 163*
Glu 43,58,65, 116, 145,186,207, 216, 236, 238, 239, 245, 275,276,297, 308, 61*, 83*, 86*, 87*,

117%,126%, 135%,136*, 151%*, 161*

35,46, 51, 54, 180, 197, 209, 210, 248, 270, 271, 277,280, 317, 77*, 81*, 125%, 154*, 155*,

Lys 162%, 170%

Arg 86,90, 142, 144, 161, 176, 178, 205, 208, 242, 134*, 139%, 166*, 167+
His-d 213,322, 69%

His-¢ 57, 188, 195, 244

2 Residues denoted with a star come from the GAP/RGS proteins. All residues not included in this table were kept in

their unionized forms as they were outside the simulation sphere (see the Methodology section for further details).
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Table S3. A comparison of calculated and experimental rates and activation free energies for the

hydrolysis of GTP by a range of GTPases.*

Solvent-Assisted Substrate-Assisted
System keat 5 | Texp (K)P AG*exp

AG¥ e AG catc AG¥cate AG a1

Water - 298.15 279 279+03  190%£05  372+03 -74+09
Ras 4.7 x 10# 310.15 229 239+03  17.7+05  308+02 -138+0.7
RasGAP 19.1 298.15 15.7 149+04 7.8£05 | 28.7+£03 @ -135+06
Ras-Q61H 32x 107 310.15 24.6 248+05  189+06 | 31.7£t04  -114+£09
Rab 1.5x 107 293.15 23.6 240+£04  219+04 | 369+0.7 2.1£0.8
RabGAP 09 268 17.2 140+£05 45+08 @ 23.6+05 -19.7+0.8
Gui 0.028 293.15 19.2 21.1+05  158+£06 294+03 -142+0.7
Gui-RGS4 50 293.15° 162 165+06 98+07 296+03 -144+05

* AG*xpand AG¥.uc denote experimental and calculated activation free energies, respectively, and AG%u. denotes the
calculated reaction free energies. All energies are shown in kcal mol', and the calculated values are averages and
standard error of the mean (s.e.m.) over 20 individual trajectories for each system, obtained as described in the
Methodology section. The experimental values were derived from the corresponding experimentally measured Aca
(s") using transition state theory. ® The experimental k., values were obtained from ref. !° for Ras and RasGAP, ref.°
for Ras-Q61H, ref. !! for G, and G4-RGS4, and ref. & for Rab and RabGAP. Ty, denotes the temperature (in K) used
in the experiment for the measurements. All simulations were performed at 300K. The activation free energy for the
non-enzymatic reaction in water was taken from ref. '2. As the experiments were performed at different
temperatures, the corresponding temperatures used in the experiments are also provided in this table. All simulations
were performed at 300 K. Finally, the EVB simulations for the non-enzymatic hydrolysis of GTP via a solvent-
assisted pathway were calibrated to the experimental value, and the differences between the substrate- and solvent-
assisted pathways in the non-enzymatic reaction were taken from our previous quantum chemical study," as

described in the Methodology section.
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Table S4. Calculated activation and reaction free energies for the tautomerization step shown in Figure

S3, during the non-enzymatic, Ras-catalyzed, and RasGAP-catalyzed hydrolyses of GTP.?

AG*care AG e
Water 40+£03 -26.4 +0.6
Ras 33+03 -302+0.6
RasGAP 47+03 -238+0.6

# AG*arc and AG%. denote the calculated activation and reaction free energies, respectively. All energies are shown
in kcal mol"', and the calculated values are averages and standard error of the mean (s.e.m.) over 20 individual
trajectories for each system, obtained as described in the Methodology section. In Figure 3 of the main text, these
values have been added to the energy of the intermediate (AG’..) obtained from the preceding phosphoryl transfer

step (Table S3) in order to obtain the full corrected free energy profile for these reactions.
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Table S5. Average calculated phosphorus-oxygen distances to the departing leaving group (P-Oy,) and to
the incoming nucleophile (P-O,..) at the reactant complexes and transition states for non-enzymatic GTP

hydrolysis via solvent- and substrate-assisted mechanisms.

Solvent-Assisted Substrate-Assisted
Michaelis Complex
P-Oy 1.71 £0.01 1.63 +£0.00
P-Onue 403 +£0.02 332+001
Onue - Oyg 5.72+0.02 4.80+001
(First) Transition State
P-Oy, 2.56 £0.01 1.82+0.01
P-Onue 226+0.01 205+0.01
Onue - Oyg 4.82+001 3.84+001
Intermediate/Product
P-Oy, 3.90+0.02 342+0.02
P-Onue 1.88 £0.01 1.58 £0.00
Onue - Oyg 5.76 £0.02 4.69 +0.03

@ All values are averages and standard error of the mean over 400 individual snapshots, extracted from 20

independent empirical valence bond simulations, obtained as described in the Methodology section.
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Table S6. Average calculated phosphorus-oxygen distances to the departing leaving group (P-Oy,) and to
the incoming nucleophile (P-On.) for the tautomerization step at the transition states and product states

for non-enzymatic (water) as well as Ras- and RasGAP-catalyzed GTP hydrolysis.*

Water Ras RasGAP
Second Transition State
P-Oy, 3.81+0.02 3.33+0.02 331+£0.01
P-Ouue 1.87 £0.00 1.87 £0.00 1.86.+0.00
Onuc - Oyg 5.08 £0.06 5.17+£0.02 492 +0.01
Product
P-Oy, 3.50+0.02 322+0.02 3.19+£0.01
P-Ouue 1.65 +0.00 1.65 +0.00 1.64 £ 0.00
Onuc - Oyg 4.60 +0.05 474 +£0.01 470 £0.01

@ All values are averages and standard error of the mean over 400 individual snapshots, extracted from 20

independent empirical valence bond simulations, obtained as described in the Methodology section.
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Table S7. Average calculated phosphorus-oxygen distances to the departing leaving group (P-Oy,) and to

the incoming nucleophile (P-O..) at the Michaelis complexes, transition states and products for GTPase-

catalyzed GTP hydrolysis via a substrate-assisted pathway.*

Ras

Michaelis Complex

P-Oy, 1.63 £0.00

P-Onue 322+0.01
Onc-0 | 473001
Transition State

P-Oy, 1.84 £0.01

P-Onue 204+0.01
Onie -0 | 3.85+£0.01
Product

P-Oy, 297+0.01

P-Onue 1.58 £0.00
Onc -0 | 445+0.01

RasGAP

1.64 +0.00
321+001
4.68 £0.01

1.85+001
2.10+001
392+001

3.02+0.01
1.58 +0.00
450+001

Ras Q61H

1.63 +0.00
330+0.01
4.80+001

1.84 £0.01
205+001
3.86+0.01

298 +£001
1.58 +0.00
447+001

Rab

1.62 +0.00
345+001
362+0.03

1.75+001
201001
3.74+001

296 +001
1.57 +0.00
3.87+0.01

RabGAP

1.62 +0.00
3.07+001
4.61+001

1.80 £0.01
2.12+001
3.90+0.01

293+001
1.58 +0.00
444 +£001

Gai

1.63 +0.00
3.14+ 001
4.66 £0.01

1.85+001
205+001
3.88+0.01

3.02+0.01
1.58 +0.00
452+001

Gui-RGS4

1.62 +0.00
3.12+0.01
458 £0.01

1.84 £0.01
208 +£0.01
3.89+0.01

298 £0.01
1.58 £0.00
446001

@ All values are averages and standard error of the mean over 400 individual snapshots, extracted from 20

independent empirical valence bond simulations, obtained as described in the Methodology section. For the

corresponding values for the non-enzymatic reaction in aqueous solution, as well as the GTPase-catalyzed reaction

proceeding through a solvent-assisted mechanism, see Tables S5 and Table 1 of the main text.
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Table S8. Average distances between the Arg finger provided by the GAP (or the instrinc Arg, in the case
of Gu) and the leaving group oxygen (Oy) at the Michaelis complexes, transition states and products for

GTPase-catalyzed substrate-assisted GTP hydrolysis.?

RasGAP RabGAP Gai Gu-RGS4
Michaelis Complex
Arg:Hg-Oy 597+0.02 6.06 £0.02 5.28 £0.09 5.54+0.02
Arg:H,i1-Oye 2,72 +0.01 326+0.02 7.63 +£0.08 221001
Arg:H,i2-Oye 2.89+£0.01 2.26 =0.02 7.68 £0.07 320+0.01
Arg:Hy;1-Oye 4.78 £0.03 524+0.02 516 +0.12 4.78 +£0.02
Arg:Hy»-Oy 5.88£0.02 3.64 £0.02 6.30 £0.11 331+£0.01
Transition State
Arg:Hg-Oy 6.03 £0.02 601 £0.02 5.34+0.10 5.64+£0.02
Arg:H,11-Oye 2.76 = 0.01 328 +£0.01 7.50 £0.09 1.98 +0.01
Arg:H,i>-Oye 301+£0.02 2.11+0.01 7.56 £0.07 326+0.01
Arg:Hy;1-Oye 493 +0.03 5.14+0.03 514 +0.13 476 +0.01
Arg:H,;»>-Oye 6.00 £0.02 3.52+0.02 6.20 £0.12 325+0.01
Product
Arg:Hg-Oy 5.57+0.02 5.70+£0.02 548 +0.09 547+001
Arg:Hyi1-Oye 2.49 +0.01 3.10£0.01 7.37+0.09 1.66 = 0.01
Arg:H,i>-Oye 290 +0.02 1.74 £ 0.01 7.36 £0.08 3.14£0.01
Arg:Hy1-Oye 4.74 +£0.03 4.87+0.02 549 +0.12 453+001
Arg:Hy»-Oy 5.66 £0.02 236 £0.01 6.37+0.12 307+£0.01

* He is the hydrogen at the N, nitrogen atom of Arg.Hy;, Hyizand Hypi, Hypo are the hydrogen atoms at Ny, and N
nitrogens of Arg, respectively. All values are averages and standard error of the mean over 400 individual snapshots,
extracted from 20 independent empirical valence bond simulations, obtained as described in the Methodology
section. The corresponding values for the solvent-assisted mechanism can be found in Table 2 of the main text. The

closest interactions, in each case, are highlighted in bold.
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Table S9. Calculated activation and reaction free energies for Ras-catalyzed GTP hydrolysis via solvent

and substrate assisted pathways, with and without a 10 kcal mol"' A harmonic positional restraint placed

on the GIn61 side chain.?

AG*cate
Solvent-assisted pathway
Flexible GIn61 239+0.3
Restrained GIn61 17.6+0.5
Substrate-assisted pathway
Flexible GIn61 308+0.2
Restrained GIn61 29.6+0.3

AGocalc

177+£0.5
11.2+0.5

-13.8+0.7
-138+1.1

¢ AGHee and AG®.ic denote the calculated activation and reaction free energies, respectively. All energies are shown

in kcal mol"', and the calculated values are averages and standard error of the mean (s.e.m.) over 20 individual

trajectories for each system, obtained as described in the Methodology section.
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Table S10. Loss of conformational entropy of the catalytic glutamine residue upon protein folding of
different GTPases considered in this work, calculated using the Predicting Loss of Protein S(entropy)

(PLOPS)'* webserver.?

System Residue TAS Backbone TAS Sidechain TAS Total
Ras Q61 1.15 0.39 1.54
RasGAP Q61 1.15 1.00 2.15
Rab Q67 1.15 044 1.59
RabGAP Q144 1.15 0.99 2.14
Goi Q204 1.15 0.75 1.90
G.-RGS4 Q204 1.15 0.96 2.11

@ All values are presented in kcal mol!. Note that as PLOPS calculates entropy loss upon protein folding, a more

positive TAS value in this table indicates that the side chain is more ordered in the folded state of the protein. The

PLOPS webserver can be accessed at https://godzilla.uchicago.edu/pages/PLOPS/live/index.html.
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Table S11. Metal-ligand distances in the initial crystal structures and during our simulations of solvent-

and substrate-assisted GTP hydrolysis catalyzed by different GTPases.?

Ras

Initial crystal structures

Ser:OG®
Thr:0G1°
GTP:O®
GTP:Ob®
HOH 1°
HOH 2°

2.16
2.18
2.12
2.11
2.09
2.16

Solvent-assisted pathway

Ser:OG®
Thr:0G1°
GTP:O®
GTP:Ob®
HOH 1°
HOH 2°

Substrate-assisted pathway

Ser:OG®
Thr:0G1°
GTP:O®
GTP:Ob®
HOH 1°
HOH 2°

2.15+0.05
2.17+0.05
2.08 £0.04
2.11+£0.04
2.13+0.05
2.12+0.05

2.14+0.05
2.16 £0.05
208 £0.04
2.11+0.04
2.13+0.05
2.12+0.05

RasGAP

2.09
2.16
2.06
207
2.11
2.12

2.14+0.05
2.16 £0.05
208 £0.04
2.10+£0.04
2.12+0.04
2.13+0.05

2.13+0.05
2.15+0.05
206 +£0.04
2.11+0.04
2.12+0.04
2.13+0.05

Ras Q61H

2.09
221
2.11
2.10
2.19
2.11

2.14+0.05
2.16 £0.05
208 £0.04
2.10+£0.04
2.13+0.05
2.13+0.05

2.14+0.05
2.16 £0.05
208 £0.04
2.11+0.04
2.13+0.05
2.13+0.05

Rab

2.17
2.20
2.10
203
2.15
2.14

2.14+£001
216001
2.10 +£0.00
2.08 +£0.00
2.13 +0.00
2.12+0.00

2.12+0.00
2.13 +0.00
2.11 +0.00
207 +£0.00
2.14 +£0.00
216001

RabGAP

2.19
2.15
2.10
2.08
2.14
2.13

2.15+001
217001
2.10 +£0.00
2.08 +£0.00
2.14 +£0.00
2.13 +0.00

2.14+£001
216001
2.10 +£0.00
207 +£0.00
2.14 +£0.00
2.14 +£0.00

Gai

2.13
2.12
2.04
2.06
2.14
2.10

2.15+0.05
2.17+0.05
208 £0.04
2.11+0.04
2.12+0.05
2.13+0.05

2.15+0.05
2.16 £0.05
208 £0.04
2.11+0.04
2.12+0.05
2.13+0.05

Gui-RGS4

2.13
2.13
2.05
2.16
2.09
2.17

2.14+£0.04
2.15+0.05
208 £0.04
2.11+0.04
2.12+0.04
2.13+0.05

2.14+0.05
2.15+0.05
206 +£0.04
2.11+0.04
2.12+0.04
2.14+0.05

* Values for both solvent- and substrate-assisted mechanism are averages and standard error of the mean over 10 000

individual snapshots, extracted every 100ps from the 20x50ns independent simulations (1us total), obtained as

described in the Methodology section. Values for the initial structure were obtained from the corresponding PDB

structures used for our simulations, specifically, IQRA> > (Ras), IWQI1* 5 (RasGAP), 1GIA® 5 (Gy-subunit),

3NKV’-55 (Rab), chains I and J from 4HLQ? > (Rabl1GAP), 621P%'5 (Ras Q61H variant). In the case of the G-

RGS4 complex, a refined crystal structure was used as a starting point for the simulations.!® ® In all systems, the

octahedral coordination sphere of Mg?* is formed by two oxygen atoms belonging to the side chain residues of the
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GTPase, namely a Ser and a Thr, two oxygens of the GTP triphosphate moiety (where Ob denotes the oxygen
bridging the {3,y-phosphate and O- denotes a non-bridging oxygen from the 3-phosphate) and the oxygen atoms of
two water molecules. The relevant sidechains in each system are the side chains of Ser17 and Thr35 in wild-type
and Q61H mutant Ras and RasGAP, the side chains of Ser22 and Thr40 in Rab and RabGAP, the side chains of

Ser14 and Thr148 in G, and the side chains of Ser47 and Thr181 in G,-RGS4.
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Table S12. Average number of water molecules found within 6A of phosphorus atom of the y-phosphate
group of GTP (upper section), and the average number of hydrogen bonds formed between key species, as
annotated, at the Michaelis complexes, transition states and intermediates of solvent-assisted GTPase-

catalyzed GTP hydrolysis.

Ras RasGAP Rab RabGAP G G«i-RGS4

Average number of water molecules within 6A of the phosphorus atom of the y-phosphate of GTP®
Michaelis Complex = 828 +0.08 2.05+001 | 702+008 2.76+005 490+006 3.46=+0.06
First Transition State = 826+0.09 200+0.00 | 642+007 286+005  525+0.07  322+0.05
Intermediate 894+009 200+000 6.13+007 | 305+005 | 530+0.08 3.39+0.05
Average number of hydrogen bonds formed between the y-phosphate and the solvent molecules®
Michaelis Complex | 2.76 £+0.06  0.04+001 | 1.59+005 0.14+002 0.85+004 0.61+0.04
First Transition State  2.01 +0.04 - 150003 0.18+001 053+0.03 0.14+0.02
Intermediate 1.87+£0.04 - 1.29+003  017+003 029+003 | 0.17+0.02
Average number of hydrogen bonds formed between the y-phosphate and the GTPase
Michaelis Complex = 1.60+0.04 2.65+004 | 276+004 334+004 298+004 288+0.04
First Transition State = 2.01 +0.04 3.64+004 | 333+005 3.75+004 320+0.04  353+0.03
Intermediate 211+004  3.778+002 | 345+005 4.03+003 337+004  3.79+0.04

Average number of hydrogen bonds formed between the carbonyl oxygen of the active site Gln and the
nucleophilic water molecule

Michaelis Complex = 0.16 +0.02 = 0.74 £0.02 - 0.60+£0.04 0.63+003 0.39+0.02
First Transition State = 0.25+0.02 084+0.02  071+002 091+003 0.83+002  0.77+0.02
Intermediate 031+0.02 090+001 080+002 090=+003 088+0.02 0.75+0.02

@ All values are averages and standard error of the mean over 400 individual snapshots, extracted from 20
independent empirical valence bond simulations, obtained as described in the Methodology section. The
corresponding values for the substrate-assisted mechanism can be found in Table S13. ® The nucleophilic water
molecule is excluded from these numbers. Note that “-” in this table indicates that no hydrogen bonds were found

for this system.
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Table S13. Average number of water molecules found within 6A of phosphorus atom of the y-phosphate
group of GTP (upper section), and the average number of hydrogen bonds formed between key species, as
annotated, at the Michaelis complexes, transition states and products of substrate-assisted GTPase-

catalyzed GTP hydrolysis.

Ras RasGAP Rab RabGAP Gai Gu-RGS4
Average number of water molecules within 6A of the phosphorus atom of the y-phosphate of GTP®
Michaelis Complex 8.22+0.08 ' 2.21+0.02 6.53+007 | 312+005 546+007 3.62+0.04
Transition State 761009 2.18+0.02 624+007 277+004 486+006 322+0.03
Product 7.67+008 2.30+0.03 850+0.11 | 296+0.05 533007 320+0.04
Average number of hydrogen bonds formed between the y-phosphate and the solvent molecules®
Michaelis Complex = 2.32+0.04 = 0.07+0.01 140004 022+002 106+005 0.85+0.02
Transition State 141+£004 0.04+0.01 125+003 0.12+002 0.37+003 0.50+0.02
Product 081+0.03 0.07+001 1.85+£006 005+001 025+002 0.17+0.02
Average number of hydrogen bonds formed between the y-phosphate and the GTPase
Michaelis Complex 1.62+0.03 | 2.77 +0.04 283+005 325+004 245+004 224+003
Transition State 195+£003 2.79+0.03 274+005 317004 263+004 248+0.03
Product 221+003  2.60+0.04 136005 3.68+003 264+004 2.66+0.03

Average number of hydrogen bonds formed between the carbonyl oxygen of the active site Gln and the
nucleophilic water molecule

Michaelis Complex - 045 +0.02 - 044004 0.09+001 027+0.02
Transition State 002+£001 056+0.02 0.08+0.01 051+003 001+0.00 041+0.02
Product 004001 0.66+0.02 031+0.02 | 052+003 0.10+0.01 0.80+0.02

@ All values are averages and standard error of the mean over 400 individual snapshots, extracted from 20
independent empirical valence bond simulations, obtained as described in the Methodology section. The
corresponding values for the solvent-assisted mechanism can be found in Table S12. ® The nucleophilic water

73Rt}

molecule is excluded from these numbers. Note that in this table indicates that no hydrogen bonds were found

for this system.
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S3. Empirical Valence Bond Parameters

Table S14. EVB off-diagonal element (H;;) and gas phase shift (¢;) parameters, calibrated as described in

the main text.

Mechanism Reaction H;; (kcal mol!) o (kcal mol™)
Solvent-assisted Phosphate Hydrolysis 77.36 26242
Solvent-assisted Tautomerization 25.70 -197.35

Substrate -assisted GTP hydrolysis 50.94 46.69
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Table S15. List of the atom types and van der Waals parameters used to describe atoms constituting the

reacting part of the system.

Type

CT
HC
HO
HW
Olg
OH
OP1
OoP2
ow
ow2
0]
02
P1
P2

P3

Aj
(kcal2

mol2 A")

94452
69.58
0.01
0.00
873.79
401.02
873.79
626.39
726.89
726.89
445.13
873.79
2447.79
2447.79

2447.79

B;

(kcal2

mol2 As)

22.03
491

0.04

0.00

27.96
17.32
27.96
23.67
24.39
24.39
18.25
27.96
46.79
46.79

46.79

(8

(kcal mol!)

500
53

53

53

53

60

150
150
45

40

43

a4
(A2

25
25
20
25
25
25
25
25
20
20
14
1.5

25

A4
(kcal'2

mol"zzoﬂ)
667.88
49.20
0.00
0.00
617.86
283.56
617.86
44292
53944
53944
314.76
617.86
1730.85
1730.85

1730.85

B4
(kcal2
mol!2 As)

15.58
347

0.03

0.00

19.76
12.25
19.76
16.74
17.25
17.25
1291
19.76
33.09
33.09

33.09

Mass

(a.u.)

12.01
1.01
1.01
1.01
16.00
16.00
16.00
16.00
16.00
16.00
16.00
16.00
30.97
30.97

30.97

@ For all atoms except the reacting atoms, a standard 6-12 Lennard-Jones potential was used. In the case of the

reacting atoms, which change bonding patterns between atoms i and j, an alternate function of the form V.= Ci Cj

exp(-a; o rij) was used to prevent artificial repulsion between these atoms as bonding patterns change. r;; denotes the

distance (A) between atoms i and j. Note that this was only applied to atoms that change bonding patterns during the

reaction, and not to all atoms in the system. For atom type assignment see Table S16.
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Table S16. Atom types in the different VB states (Figure S1 and S2) used to describe GTP hydrolysis via

both solvent- and substrate-assisted mechanisms.?

Atom number State Lo State 201y State 301y State 1sup State 2
1 HC HC HC HC HC
2 CT CT CT CT CT
3 HC HC HC HC HC
4 o1 01 o1 o1 o1
5 P1 P1 P1 P1 P1
6 OP1 OP1 OP1 OP1 OP1
7 OP1 OP1 OP1 OP1 OP1
8 o1 o1 o1 01 01
9 P1 P1 P1 P1 P1
10 OP1 OP1 OP1 OP1 OP1
11 OP1 OP1 OP1 OP1 OP1
12 01 Olg Olg o1 02
13 P1 P2 P2 P3 P3
14 OP1 OP2 OH OP1 OH
15 OP1 OP2 opP2 OP1 0))
16 OP1 OP2 (0)) OP1 0))
17 Oow2 OH OH ow OH
18 HW HO HO HW HO
19 HW HO HO HW HO

2 See Figure S1 and S2 for the atom numbering, Table S15 for the corresponding van der Waals parameters and
Table S17 for the corresponding partial charges. The subscripts solv and sub denote solvent- and substrate-assisted

mechanisms, respectively.
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Table S17. Atomic partial charges in the different VB states (Figure S1 and S2) used to describe GTP

hydrolysis via both solvent- and substrate-assisted mechanisms.?

Atom number State 1o State 201y State 301y State 1qu State 2
1 0.067907 0.067909 0.067909 0.067907 0.067909
2 0.055805 0.055807 0.055807 0.055805 0.055807
3 0.067907 0.067909 0.067909 0.067907 0.067909
4 -0.598641 -0.657813 -0.657813 -0.598641 -0.657813
5 1.253323 1.493096 1.493096 1.253323 1.493096
6 -0.879813 -0.947275 -0.947275 -0.879813 -0.947275
7 -0.879813 -0.947275 -0.947275 -0.879813 -0.947275
8 -0.568844 -0.634516 -0.634516 -0.568844 -0.634516
9 1.385334 1.367380 1.367380 1.385334 1.367380
10 -0.889312 -0.955074 -0.955074 -0.889312 -0.955074
11 -0.889312 -0.955074 -0.955074 -0.889312 -0.955074
12 -0.532148 -0.955074 -0.955074 -0.532148 -0.955074
13 1.265125 1.389070 1.565000 1.265125 1.565000
14 -0.952506 -0.861224 -0.692500 -0.952506 -0.692500
15 -0.952506 -0.861224 -0.970000 -0.952506 -0.970000
16 -0.952506 -0.861224 -0.970000 -0.952506 -0.970000
17 -0.834000 -0.647508 -0.692500 -0.834000 -0.692500
18 0.417000 0421055 0.380000 0.417000 0.380000

21 0.417000 0421055 0.380000 0.417000 0.380000

2 For the corresponding atom numbering, see Figure S1 and S2, and for details of how these charges were derived,

see the main text. The subscripts solv and sub denote solvent- and substrate-assisted mechanisms, respectively.
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Table S18. Bond types and corresponding parameters for the covalent bonds of the reacting part of the

system.?
Bond type D a Ty K, Ty
(kcal mol) (A2) (A) (kcal mol! A-2) (A)

0 Not Set

1 60.0 15 1.610

2 95.0 2.0 1.610

3 950 1.5 1.880

4 1100 2.0 0.940

5 245.8 1.5 0.957

6 245.8 1.5 0.975

7 460.0 1.660
8 460.0 1.670
9 460.0 1.690
10 460.0 1.967
11 717.0 1.600
12 717.0 1.610
13 1000.0 1.963
14 1104.8 0975
15 1106.0 0.945
16 1106.0 0.957
17 1046.5 1.510
18 1050.0 1.480
19 1050.0 1.500
20 1050.0 1.540

@ The bonds between non-reacting atoms are described using harmonic potentials, Viamonic = 0.5K5 (rij — 70)?, while
bonds between reacting atoms are described using Morse potentials Viose = D {1 — exp[-a (rj — r0)]}*. The bond-
type assignments for the initial phosphoryl transfer reaction in the solvent-assisted mechanism, the subsequent

tautomerization step, and for the substrate-assisted mechanism, are shown in Tables S19 — S21, respectively.
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Table S19. Bond types used to describe the covalent bonds of the reacting part of the system, for the

initial phosphoryl transfer step during solvent-assisted GTP hydrolysis (for the VB states see Figure S1).

Atom number Bond type
#1 #2 State 1 State 2
12 13 1 0
13 17 0 3
8 8 7
4 9 8
5 11 12
9 10 19 20
9 11 19 20
9 12 11 20
13 14 20 17
13 15 20 17
13 16 20 17
17 18 16 14
17 19 16 14

2See Figure S1 for the atom numbering.
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Table S20. Bond types used to describe the covalent bonds of the reacting part of the system, for the

tautomerization step during solvent-assisted GTP hydrolysis (for the VB states see Figure S1).

Atom number Bond type

#1 #2 State 2 State 3
17 19 6 0
14 19 0 4
13 14 17 10
13 15 17 18
13 16 17 18
13 17 13 10
17 18 14 15
8 9 7 7
4

5 8 12 12
9 10 20 20
9 11 20 20
9 12 20 20

2See Figure S1 for the atom numbering.
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Table S21. Bond types used to describe the covalent bonds of the reacting part of the system, for GTP

hydrolysis via a substrate-assisted mechanism, using the VB states described in Figure S2.

Atom number Bond type
#1 #2 State 1 State 2
12 13 1 0
17 19 5 0
14 19 0 4
13 17 0 2
8 8 7
4 9 8
5 11 12
9 10 19 20
9 11 19 20
9 12 11 20
13 14 20 10
13 15 20 18
13 16 20 18
17 18 16 15

2See Figure S2 for the atom numbering.
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Table S22. Angle types and the corresponding parameters used for bending adjacent bonds in the reacting

part of the system.?

Angle type K, (kcal mol"'rad?) 0C©)
0 Not Set
1 47.80 110.50
2 90.00 102.60
3 90.00 108.50
4 97.70 112.07
5 99.52 105.88
6 155.20 98.09
7 163.52 118.05
8 239.00 98.50
9 200.00 104.52
10 200.00 108.23
11 280.00 119.90
12 280.00 122.50

@ The angle potential is described using the potential Vinge = 0.5 ZK.(®-0)>. The angle-type assignments for the
initial phosphoryl transfer reaction in the solvent-assisted mechanism, the subsequent tautomerization step, and for

the substrate-assisted mechanism, are shown in Tables S23 — S25, respectively.
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Table S23. Angle types used to describe the covalent bonds of the reacting part of the system, for the

initial phosphoryl transfer step during solvent-assisted GTP hydrolysis (for the VB states see Figure S1).

Atom number Angle type
#1 #2 #3 State 1 State 2
12 13 14 10 0
12 13 15 10 0
12 13 16 10 0
9 12 13 1 0
14 13 17 0 6
15 13 17 0 6
16 13 17 0 6
13 17 18 0 4
13 17 19 0 4
6 5 8 2 10
10 9 12 10 12
14 13 15 12 7
14 13 16 12 7
7 5 8 2 10
11 9 12 10 12
15 13 16 12 7
8 9 12 8 10
4 5 8
18 17 19 9

aSee Figure S1 for the atom numbering.
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Table S24. Angle types used to describe the covalent bonds of the reacting part of the system, for the

tautomerization step during solvent-assisted GTP hydrolysis (for the VB states see Figure S1).

Atom number Angle type
#1 #2 #3 State 2 State 3
14 13 17 6 2
15 13 17 6 10
16 13 17 6 10
13 17 19 4 0
13 17 18 4 3
14 13 15 7 10
14 13 16 7 10
15 13 16 7 11
19 17 19 5 0
13 14 19 0 3
10 9 12 12 12
7 5 8 10 10
11 9 12 12 12
8 9 12 10 10
4 5 8 2 2

2See Figure S1 for the atom numbering.

S47



Table S25. Angle types used to describe the covalent bonds of the reacting part of the system, for GTP

hydrolysis via a substrate-assisted mechanism, using the VB states described in Figure S2.

Atom number Angle type
#1 #2 #3 State 1 State 2
12 13 14 10 0
12 13 15 10 0
12 13 16 10 0
9 12 13 1 0
18 17 19 9 0
14 13 17 0 2
15 13 17 0 10
16 13 17 0 10
13 14 19 0 3
13 17 18 0 3
6 5 8 2 10
10 9 12 10 12
14 13 15 12 10
14 13 16 12 10
7 5 8 2 10
11 9 12 10 12
15 13 16 12 11
8 9 12 8 10
4 5 8 8 2

2See Figure S2 for the atom numbering.
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Table S26. Torsion types and the corresponding parameters for rotation of dihedrals in the reacting part

of the system.

Torsion type K, (kcal mol!rad?) n ©o(°®)
0 Not Set
1 0.00000 1.0 00
2 0.02271 -50 00
3 0.19778 -4.0 180.0
4 0.45949 30 00
5 -0.24857 20 180.0
6 -2.26757 1.0 00
7 0.15476 30 00
8 0.0006 1.0 00
9 -0.00224 -50 00
10 0.00209 -4.0 180.0
11 0.59826 30 00
12 -0.08724 20 180.0
13 1.35188 1.0 00
14 -0.09097 -50 00
15 0.15685 -4.0 180.0
16 0.58482 30 00
17 -0.89627 20 180.0
18 -0.35761 1.0 00
19 0.00762 -50 00
20 0.06603 -4.0 180.0
21 0.15341 30 00
22 -0.08246 20 180.0
23 -0.75615 1.0 00
24 0.01509 -50 00
25 0.13175 -4.0 180.0
26 0.30608 30 00
27 -0.16611 20 180.0
28 -1.51141 1.0 00

@ The torsion angle potential is described using the potential Vigsion = Ke(l+cos(ng-go)). The torsion-type
assignments for the initial phosphoryl transfer reaction in the solvent-assisted mechanism, the subsequent

tautomerization step, and for the substrate-assisted mechanism, are shown in Tables S27 — S29, respectively.
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Table S27. Torsion types used to describe the covalent bonds of the reacting part of the system, for the

initial phosphoryl transfer step during solvent-assisted GTP hydrolysis (for the VB states see Figure S1).

Atom number Torsion type
#1 #2 #3 #4 State 1 State 2
10 9 12 13 1 0
11 9 12 13 1 0
8 9 12 13 2 0
8 9 12 13 3 0
8 9 12 13 4 0
8 9 12 13 5 0
8 9 12 13 6 0
9 12 13 14 7 0
9 12 13 14 8 0
9 12 13 15 7 0
9 12 13 15 8 0
9 12 13 16 7 0
9 12 13 16 8 0
14 13 17 18 0 1
14 13 17 19 0 1
15 13 17 18 0 1
15 13 17 19 0 1
16 13 17 18 0 1
16 13 17 19 0 1
2 4 5 8 9 14
2 4 5 8 10 15
2 4 5 8 11 16
2 4 5 8 12 17
2 4 5 8 13 18
4 5 8 9 19 24
4 5 8 9 20 25
4 5 8 9 21 26
4 5 8 9 22 27
4 5 8 9 23 28
5 8 9 12 2 0
5 8 9 12 3 0
5 8 9 12 4 0
5 8 9 12 5 0
5 8 9 12 6 1

2See Figure S1 for the atom numbering.
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Table S28. Torsion types used to describe the covalent bonds of the reacting part of the system, for the

tautomerization step during solvent-assisted GTP hydrolysis (for the VB states see Figure S1).

Atom number Torsion type

#1 #2 #3 #4 State 2 State 3
14 13 17 18 1 1
14 13 17 19 1 0
15 13 17 18 1 1
15 13 17 19 1 0
16 13 17 18 1 1
16 13 17 19 1 0
17 13 14 19 0 1
15 13 14 19 0 1
16 13 14 19 0 1
2 4 5 8 14 14
2 4 5 8 15 15
2 4 5 8 16 16
2 4 5 8 17 17
2 4 5 8 18 18
4 5 8 9 24 24
4 5 8 9 25 25
4 5 8 9 26 26
4 5 8 9 27 27
4 5 8 9 28 28
5 8 9 12 1 1

2See Figure S1 for the atom numbering.
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Table S29. Torsion types used to describe the covalent bonds of the reacting part of the system, for GTP

hydrolysis via a substrate-assisted mechanism, using the VB states described in Figure S2.

Atom number Torsion type
#1 #2 #3 #4 State 1 State 2
10 9 12 13 1 0
11 9 12 13 1 0
8 9 12 13 2 0
8 9 12 13 3 0
8 9 12 13 4 0
8 9 12 13 5 0
8 9 12 13 6 0
9 12 13 14 7 0
9 12 13 14 8 0
9 12 13 15 7 0
9 12 13 15 8 0
9 12 13 16 7 0
9 12 13 16 8 0
14 13 17 18 0 1
14 13 17 19 0 1
15 13 17 18 0 1
15 13 17 19 0 1
16 13 17 18 0 1
16 13 17 19 0 1
2 4 5 8 9 14
2 4 5 8 10 15
2 4 5 8 11 16
2 4 5 8 12 17
2 4 5 8 13 18
4 5 8 9 19 24
4 5 8 9 20 25
4 5 8 9 21 26
4 5 8 9 22 27
4 5 8 9 23 28
5 8 9 12 2 0
5 8 9 12 3 0
5 8 9 12 4 0
5 8 9 12 5 0
5 8 9 12 6 1

2See Figure S2 for the atom numbering.
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