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ABSTRACT: Structural analysis of GsR shows that it is composed of two domains: the ras-like domain
(RD) that is conserved in all members of the GTPase superfamily and is homologous to the monomeric
G-proteins (e.g., p21ras) and anR-helical domain (HD) that is unique to heterotrimeric G-proteins. Little
is known about the function of the HD. Recent experiments by Bourne and co-workers, who expressed
both the RD and the HD of GsR separately and found that GTP hydrolysis is very slow if only recombinant
RD is present but is accelerated when the HD is added, suggest that the HD serves as an intrinsic GTPase-
activating protein (GAP). In this work, the GTP hydrolysis in GsR was studied. The results obtained by
calculating catalytic effects with and without the HD provide evidence for the role of the HD as a GAP.
It is demonstrated that a major part of the catalysis is obtained because of an allosteric influence of the
HD on the RD. Structural as well as energetic considerations suggest that the HD confines the RD to a
more compact conformation, pushing the phosphate into an orientation where it is further stabilized, thus
lowering the overall reaction barrier. The resemblance between the behavior of rasGAP and the HD suggests
that the conclusion may be a general conclusion, applicable for all of the G-protein members.

G-proteins transmit signals from cell surface receptors to
effector proteins that modulate a wide variety of cellular
processes. All G-proteins form a relatively stable complex
with their substrate, GTP1, and with the product of hydrolysis,
GDP (1-6). The binding and hydrolysis of GTP trigger
conformational changes that serve, in turn, to communicate
with other proteins. The GTP and GDP bound forms define,
respectively, the active and inactive states of the protein as
a regulatory machine. There are two types of G-proteins:
monomeric and heteromeric. Heterotrimeric G-proteins are
composed ofR and âγ subunits, which are complexed
together when bound to GDP. While binding to GTP, the
heteromeric G-proteins undergo some conformational changes
that result in the dissociation of theR subunit bound to the
GTP (GR-GTP) from the Gâγ subunits. Both the GR-GTP
subunit and the Gâγ subunits regulate the activity of different
downstream effectors such as adenylyl cyclase, phospholi-
pase C, and ion channels (7-9). Deactivation of G-proteins
is a result of the hydrolysis of GTP to GDP and reassociation
of the GR with the Gâγ subunits.

Structural analysis of GsR as well as other types of GR
subunits identified two distinct domains: the Ras-like domain
(RD) also called the GTPase domain (10-17), and anR

helical domain (HD) composed of sixR helices that are
inserted into the RD. The RD is homologous to the
monomeric G-proteins (e.g., p21ras) and is present in all
members of the GTPase superfamily, whereas the HD is
unique to the heterotrimeric G-proteins. Accordingly, while
the different roles of the RD are well characterized, little is
known about the HD. The different studies that addressed
this question have put forward several proposals (12-16,
18-33). Comparison of the amino acid sequences reveals
large diversity in the HD (3, 14), suggesting that the HD
accounts for the specificity of the interactions of GR with
other proteins. Different studies have demonstrated the HD
to serve as an effector recognition domain (12, 14), or to
participate in effector coupling and regulation (18-21). Other
studies suggested that the HD is responsible for some of the
interaction of GR with receptors (22), with regulators of
G-protein signaling (RGS) (23), or with the Gâγ subunits
(24). Structurally, the HD, together with the RD, create a
cleft where the nucleotide is bound (13). Thus, several studies
have examined the contribution of the HD in nucleotide
binding and release (25-28). Finally, the intrinsic rate of
GTP hydrolysis is about∼1000-fold faster in GR of hetero-
meric G-proteins compared to monomeric G-proteins (being
about 1-5 min-1) (1). However, when complexed with
GTPase-activating proteins (GAPs), the monomeric G-
proteins can hydrolyze GTP at rates of about 100-fold faster
than that of GR (29-31). Additionally, structural comparison
between different GR proteins and the complex of p21ras (ras
hereafter) with rasGAP demonstrates that the location of the
HD corresponds to the location of the GAP in the ras-rasGAP
complex (i.e, (14-16, 32)). These two observations led
researchers to suggest that the HD serves as an intrinsic GAP
(28). Others suggested that the HD participates in the
inactive-active conformational transitions of GR (33).
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The focus of this work is the role of the HD as an intrinsic
GAP. Bourne and co-workers expressed both the RD and
the HD separately as recombinant proteins of GsR, where in
the RD recombinant, a short linker (not present in RD) was
inserted (28). They found that GTP hydrolysis was very slow
in the presence of the RD recombinant alone. Nevertheless,
the hydrolysis rate was accelerated when the HD recombinant
was also added to the solution (28). Moreover, they showed
that mutation of Arg201 in the HD recombinant decreased
the hydrolysis rate. They concluded that the HD serves as
an intrinsic GAP and suggested that GAPs in general
stimulate GTPase activity by both contributing a catalytic
residue (a conserved arginine, e.g., Arg201 in GsR and Arg789

in rasGAP) and stabilizing an active conformation of the RD
(28). Different studies have shown the importance of the
conserved arginine for catalysis (e.g., (5, 34, 35)) both in
the monomeric and heteromeric G-proteins. In contrast, the
importance of the conformational effect of GAPs in general
and the HD in particular on GTP hydrolysis remains obscure.

Here, we first verify the role of the HD as an intrinsic
GAP and then try to understand its origins. In a recent
computational study of GTP hydrolysis both in ras and ras-
rasGAP, we demonstrated that rasGAP acts allosterically on
ras, facilitating hydrolysis (36). Because of the similarity
between the systems (ras and GR proteins), it seems just
reasonable that the effect of the HD on RD will be allosteric
as in the ras-rasGAP.

The GTP hydrolysis in GsR is studied. Our study first
quantitatively reproduces the catalytic effect of GsR. In
agreement with the experimental results (28), our work shows
supporting evidence for the role of the HD as a GAP by
calculating catalytic effects with and without the HD as well
as with and without the HD’s electrostatic interactions. The
findings support the idea that the HD of GsR serves as an
internal GAP. The results also demonstrate that a major part
of the catalysis is obtained because of the allosteric influence
of the HD on RD in GsR. The resemblance between the
behavior of the rasGAP and the HD of GsR led us to believe
that this conclusion is not unique to the GsR but applies
generally to all of the proteins of this family.

METHODS

The hydrolysis reaction is modeled using the empirical
valence bond (EVB) approach (37-39). This method de-
scribes the reacting fragments using several valence bond
(VB) states that correspond to a particular reaction mecha-
nism. The method allows these VB states to mix and change
their relative contribution along the reaction coordinate. (For
a more detailed description of the method, see, e.g., refs37-
39.) The parameters for the potential energy surface utilized
here for the hydrolysis reaction in solution were taken from
our previous studies (36) and were only slightly refined (see
Table 1S and Figure 1S in Supporting Information). Recent
ab initio studies of the hydrolysis mechanism of phosphate
monoesters in solution proposed an associative mechanism
with a relatively late transition state (40). Following these
studies, the reaction path was described by the three VB
states (Φ1-Φ3) depicted in Scheme 1. These states, repre-
senting the reactant, pentacoordinated, and product states,
respectively, were utilized to describe the reaction. The free
energy perturbation (FEP) (41, 42) combined with umbrella

sampling (US) (37, 43-45) techniques were used to drive
the system between the three different VB states, while
evaluating the free energy profile.

The simulations presented here were done using the
ENZYMIX module of the program MOLARIS (46, 47).
Spherical systems of radius 18 Å were used with the
boundaries restrained by the SCAAS model for the water
molecules and by harmonic restraint to crystallographic
positions for proteins (48). Long-range effects were treated
by the local reaction field (LRF) long-range treatment (49).
The starting coordinates used in the simulations of the GsR

correspond to chain B in the 1AZT code taken from the
Brookhaven Protein Data Bank (PDB) (15), where the sulfur
atom in the GTPγS was replaced by an oxygen atom
imposing an initial distance of 1.47 Å on that Pγ-O bond to
obtain GTP. The simulations of the reaction profile consid-
ered Lys53, Arg201, and Asp223 to be explicitly ionized
because of their expected importance to catalysis. Further-
more, a constraint of 3 kcal/mol was applied on the functional
groups of both the Gln227 and Arg201 residues to their
respective positions in the late transition state taken from a
successful simulation. (See Supporting Information for more
details.) The different computer simulations aimed at finding
the role of the HD involved additional position constraints
of different residues from the HD. Here again, the positions
of the cR in the residue of interest at the late transition state
taken from one of the simulations of an unperturbed protein
served as actual positions for the constraints. Finally, for all
of the studies of the hydrolysis in the RD (in the absence of
the HD), theR-carbons of Ile62, Leu63, Arg199, and Cys200
were constrained to their corresponding positions in GsR

using a small harmonic constraint of 3 kcal/mol. The free
energy profile for the overall reaction was evaluated after
200 ps of equilibration time, followed by 61 windows of 5
ps each for driving the system along the reaction coordinate
using the FEP method. The errors for the convergence
obtained by forward and backward integration of the same
trajectories were found to range between 0.5 and 1.5 kcal/
mol. Additionally, the simulations were carried out using
various initial conditions (usually 4-6) in order to assess
the accuracy of the results and to ensure proper average over
the system’s configurations (both in protein and in solution).
The resulting error bar gave similar ranges. In two cases,
which will be mentioned, the errors for the convergence
obtained by forward and backward integration of the same

Scheme 1: Three VB States That were Used to Describe the
Reactiona

a Φ1, Φ2, and Φ3 represent the reactant, pentacoordinated, and
product states, respectively.
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trajectories were found to range between 2 and 3 kcal/mol
resulting in large overall energy differences between different
initial conditions. In these cases, additional simulations were
performed, and the final result is based on 8-10 different
simulations.

The study of the contribution of separate residues to the
overall stabilization of the nucleotide was carried out by
using the linear response approximation (LRA) approach (50,
51). This approach enables one to estimate the free energy
difference between two potential surfaces U1 and U2 by the
following equation:

Here,〈 〉i designates an average over trajectories propagated
on Ui. The use of LRA offers a unique ability to decompose
free energies into additive contributions of individual resi-
dues, which cannot be accomplished by the FEP approach.
In the present study, the contribution of different residues
to the free energy difference between the pentacoordinated
and the product states was estimated using this approach.
Thus, the individual LRA contribution of thei th group is
given by the following equation:

In order to obtain a reasonable estimate of the relative
contributions of the different residues that would relate to
the effect of their mutations, an effective dielectric constant
was used, which scaled down the interactions with ionized
residues by 20 and interactions of polar residues by 4 (see
ref 52 for more details). Finally, the LRA calculations
involved simulations of 20 ps on each state. All of the
simulations were done at 300 K with a 1 fstime step.

RESULTS AND DISCUSSION

Reproducing the Catalytic Effect

Catalytic Effect of GsR. A prerequisite to any attempt at
analyzing catalysis in biological systems is to have a reliable
potential energy surface of these systems. In other words,
in this study, prior to analyzing the role of the HD in
catalysis, one has to establish the reliability of the EVB
potential energy surfaces by reproducing the overall effect
of GsR catalysis. The reaction involves a nucleophilic attack
of the water molecule on theγ-phosphate and cleavage of
the Pγ-O bond resulting with a hydrolyzed GDP and an
inorganic phosphate. It is not clear, however, whether the
uncatalyzed reaction follows an associative concerted mech-
anism with a late TS, as was recently proposed in the work
of Klähn et al. (40) or whether a short-lived pentacoordinated
intermediate exists, resulting in an associative stepwise
mechanism as was earlier suggested (36). Therefore, we
carried out two independent studies, examining the two
possibilities. The overall picture obtained by the two mech-
anisms is very similar, and the presence of a stable
intermediate in the solution reaction was found to have a
negligible effect on the reaction profile in the protein
(probably due to its overall low stability). Thus, we present
here only the results obtained when the concerted mechanism
is used to describe the uncatalyzed reaction, and those of

the stepwise mechanism are given in Supporting Information
(Figure 2S and Table 2S).

The free energy profiles of both the catalyzed and
uncatalyzed reactions resulting from the calculations are
shown in Figure 1 and summarized in the first two entries
in Table 1, along with the experimental results. The catalytic
effect of the enzyme is evident. The results obtained for the
hydrolysis in the protein suggest the formation of an
intermediate, even when the solution reaction involves only
a late transition state (53). These results are consistent with
results obtained by Sucato et al. in their studies of nucleotidyl
transfer, where similar mechanistic matters are encountered
(54). In any case, since the calculated overall reaction barriers
appear to be in relatively good agreement with available
experimental data, reproducing the overall catalytic effect,
and since we are not interested in the particular shape of the
reaction profile but rather in its overall energetics, further
studies on that system using this potential energy surface
can, in principle, be meaningful (55).

The description of the uncatalyzed reaction as either
concerted or as a stepwise mechanism was shown to have
negligible influence on the overall picture of catalysis.
Therefore, for simplicity of explanation, we will describe
the reaction as a two-step hydrolysis regardless of energetics.
Namely, the formation of a pentacoordinated state (either
as an intermediate or with no particular energy definition),

∆G(U1 f U2) ) 1
2

(〈U2 - U1〉1 + 〈U2 - U1〉2) (1)

∆Gi (UInt f UP) ) 1
2

(〈UP
i - UInt

i 〉Int + 〈UP
i - UInt

i 〉P) (2)

FIGURE 1: Free energy diagram for the GTP hydrolysis both in
water (b), and GsR (+). EVB parameters were obtained by
assuming a concerted free energy profile for the uncatalyzaed
reaction profile.∆ε stands for the difference between the different
VB states utilized to describe the reaction. Namely, the difference
betweenΦ1 andΦ2 for the first half of the reaction and between
Φ2 andΦ3 for the second half. For simplicity, a constant number
was subtracted/added (for the first and second halves, respectively)
to allow a uniform description of the reaction coordinate.

Table 1: Energetics of the GTPase Reaction in Water, GsR, Ras,
and RasGAPa

∆g1
q ∆G1

0 ∆g2
q ∆gcat

q (calc) ∆gcat
q (exp)

water 27.9 27.9 27.9b

GsR 19.9 16.2 20.3 20.3 19.4c

rasd 15.2 11.9 23.2 23.2 22.2e

Ras-rasGAPd 16.1 9.0 13.5 16.1 g15.9e

a ∆g1
q, ∆G1

0, and∆g2
q correspond to free energies (in kcal/mol) of

the first TS, pentacoordinated intermediate, and the second/late TS,
respectively, relative to the reactants. The calculated results are an
average over at least four different initial conditions. The activation
energies were evaluated from the corresponding rate constants using
transition state theory (37). b Taken from ref58. c kcat is from refs24
and 59. d The calculated results are taken from ref36. e kcat is taken
from Schweins et al. (60). The inequality reflects the fact that the
GTPase reaction might not be rate limiting in RasGAP.
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will be considered the first step, and the cleavage of the Pγ-O
bond resulting with the inorganic phosphate will be referred
to as second step.

The results suggest that most of the catalytic effect takes
place in the late TS of the reaction. It is rate limiting for the
uncatalyzed reaction; thus, its stabilization leads to catalysis.
For comparison with other systems, Table 1 lists the relative
values of the energy profile of ras and the ras-rasGAP
systems: entries 3 and 4 (36). Comparing the profiles for
ras, ras-rasGAP, and GsR, it can be seen that ras stabilizes
mainly the first stages of the reaction, GsR stabilizes mainly
in the later stages of the reaction, whereas ras-rasGAP
stabilization takes place along the whole reaction coordinate.
Since the rate-limiting step in the solution reaction occurs
in the late stages, the differences in the catalyzing abilities
of these three systems is obvious. The origin of the
differences between Ras, GsR, and RasGAP will be discussed
in the following sections. Additionally, the fact that both GsR

and ras-rasGAP but not ras stabilize mainly the late TS
already supports the role of the HD in GsR, an intrinsic GAP,
and is the subject of the next sections.

EValuation of the Catalytic Effect of the Helical Domain.
Reproducing the catalytic effect of GsR validated the potential
energy surface of the system and thus enables us to go ahead
and study the effect of the HD. The first step in this direction
is the evaluation of the magnitude of the catalytic effect of
the HD in GsR. Following the experiments of Bourne et al.
(28), we decided to simulate GTP hydrolysis only in the RD.
Since the effect of Arg201 is well known (34) and our goal
is to find whether the HD has an additional role in catalysis,
Arg201 was considered as part of the RD, although typically
it is not present in other monomeric G-proteins. Thus, the
coordinates of the sequence 63-199 were removed, leaving
a model of the RD, which is designated by RD′(GsR), in the
calculations. Moreover, since the HD is an insert sequence
within the GsR, its deletion leaves two separate fragments
that together form the RD′(GsR). In their experiments, Bourne
et al. linked the two fragments by a small linker sequence
(28). In our calculations, we wanted to avoid the addition of
a new sequence since we would have to deal with the
question of its exact conformation. Instead, the residues near
the C- and N-termini of the HD in our RD′(GsR) model were
restrained to their positions in GsR. That is, theR-carbons
of the Ile62, Leu63, Arg199, and Cys200 in the RD′(GsR)
were constrained to their corresponding positions in GsR

using a small harmonic constraint of 3 kcal/mol. Finally, the
hydrolysis reaction was simulated using the EVB approach.
The results of these simulations are summarized in Table 2,
along with the previous results for the native GsR (first two
entries).

It is noted that these simulations were less stable and
revealed larger sensitivity to different initial conditions. In
any case, the activation free energy for GTP hydrolysis
turned out to be∼24 kcal/mol in the RD′(GsR) model instead
of the ∼20 kcal/mol obtained in GsR. Namely, half of the
catalytic effect of GsR is lost because of the absence of the
HD, suggesting that its catalytic effect is about 4 to 5 kcal/
mol. Since Arg201 was considered as part of RD′(GsR) in
these calculations, it demonstrates that the HD has an
additional role in catalysis other than contributing the
catalytic Arg201. This result is in agreement with the results
obtained for rasGAP in the ras-rasGAP complex (36).

Furthermore, the overall catalytic effect of RD′(GsR) of ∼4
to 5 kcal/mol is very similar to the∼5 kcal/mol catalytic
effect of ras, indicating that the RD′(GsR) indeed functions
as a ras-like domain, whereas the HD indeed functions as
an intrinsic GAP.

Next, we tested the exact role of the HD in catalysis. Two
major catalytic roles could be attributed to the HD: a direct
electrostatic effect where the HD residues directly stabilize
the TS through electrostatic interactions or an allosteric effect
in which the HD alters the shape of the RD to a more
catalytic conformation, thus, accelerating its activity as found
in the ras-rasGAP complex. The next section examines that
question.

Exploring the Role of the Helical Domain

GsR Analogue with a Nonpolar Helical Domain.Electro-
static effects are computationally relatively easy to assess
since they involve a fairly simple expression whose contribu-
tion to the calculations can be eliminated. Furthermore,
electrostatic effects often play a major role in catalysis (61,
62). Accordingly, our first attempt in the course of discover-
ing the exact role of the HD involved abolishing its
electrostatic contribution by mutating all of its residues into
their nonpolar analogues. In other words, the partial charges
of all of the HD residues (residues 63-199) were set to zero,
thus, guaranteeing no electrostatic contribution. The resulting
GsR analogue is referred to as GsR-HDNP. The reaction profile
resulting from the simulations of the GTP hydrolysis in GsR-
HDNP is given in the third entry in Table 2, along with the
previous results for the native GsR (first entry). As can be
seen, GsR-HDNP resulted with loss of most of the catalytic
effect of GsR. The overall activation barrier turned out to be
∼26 kcal/mol, which is∼6 to 7 kcal/mol higher than the
actual barrier for the native GsR. Moreover, this result is
similar to, although slightly higher than, the activation barrier
that was obtained when the HD was absent (the RD′(GsR)
model). It is noted that here too the error bars were larger
than the average ones.

On the basis of these results only, one might conclude
that the role of the HD is entirely electrostatic. However,
these results may be misleading because elimination of either
the HD or its partial charges can also affect the overall
structure of the RD, in which case the loss of catalysis would
involve an allosteric effect as well. The instability of the
results, suggested by the larger error bars and the dependence

Table 2: Energetics of the GTPase Reaction in GsR, and Its
Different Analoguesa

entry ∆g1
q ∆G1

0 ∆g2
q ∆gcat

q

1 GsR 19.9 16.2 20.3 20.3 (19.4)b

2 RD′(GsR) 22.9 16.8 24.1 24.1
3 GsR-HDNP 19.5 14.3 25.6 25.6
4 GsR-HDNP(Asp173)c 18.9 13.2 20.7 20.7
5 GsR-HDNP(Gln170)c 19.4 13.9 20.7 20.7
6 RD′(GsR)-Gln170c 21.3 15.5 24.1 24.1
7 RD′(GsR)-Asp173c 21.4 16.2 23.3 23.3

a ∆g1
q, ∆G1

0, and∆g2
q correspond to free energies (in kcal/mol) of

the first TS, pentacoordinated intermediate, and the second TS,
respectively, relative to the reactants. The calculated results are an
average over at least four different initial conditions.b The experimental
value is within parentheses.c The residues that are mentioned explicitly
are restrained at their cR position.
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of the results on the initial geometries, implies that the
calculations involve changes in the overall structure of the
RD and thus support the hypothesis of an allosteric effect.
Therefore, additional experiments that would either confirm
or rule out an allosteric influence should be carried out.
Applying restraints on all of the residues of either the RD
or the HD to their corresponding crystallographic structures
cannot resolve the problem. G-proteins are flexible proteins,
known to undergo some conformational changes when bound
to GDP or GTP. Thus, restraining the whole structure of
either the RD or the HD may impair hydrolysis.

A reasonable way to examine the allosteric effect can be
achieved by keeping intact only important structural char-
acteristics of GsR that are related to the interactions between
the two domains (RD and the HD). In particular, GsR is
known to have two pairs of salt bridges, Asp173-Lys293
and Gln170-Arg258, connecting the two domains (33, 63).
Salt bridges are usually known to be structurally important.
In particular, Birnbaumer et al. have shown that mutating
the Asp173 with Lys or Lys293 with Asp impaired the
activity of GsR, whereas replacing both of them simulta-
neously (that is, applying both mutations together) restored
the activity (33). The effect of salt bridges is known to be
entirely related to their surrounding and the fact that the ion
pair reversal restored the activity suggests that the local
protein environment of the ion pair is probably not prepo-
larized (64). Thus, Birnbaumer’s results emphasize the
structural importance of this salt bridge, while challenging
its electrostatic role. This experiment, therefore, gave us
reason to believe that holding the salt bridge residues in their
original position may keep the structure intact and thus enable
us to learn about the electrostatic effect of the HD. Hence,
in two parallel examinations, the cR position of one HD
residue that is involved in a salt bridge interaction with the
RD (either Asp173 or Gln170) was restrained. Additionally,
as done previously, the partial charges of all the HD residues
were set to zero. The results are presented in entries 4 and
5 in Table 2. Looking at the results, it can be seen that most
of the catalytic effect has been restored. The overall barrier
is 20.7 kcal/mol, which is only slightly higher than the actual
barrier. Moreover, the overall catalytic effect has been
achieved, despite the fact that the HD did not contribute
electrostatically. We can, therefore, conclude that the effect
of this domain is not electrostatic. In other words, the HD
residues do not have direct charge stabilization of elements
in the reaction coordinate leading to catalysis. Furthermore,
this result suggests that it is the position of the salt bridge
residues rather than their respective charges that is important
to catalysis, in agreement with the results of Birnbaumer et
al. (33).

This result may lead to the conclusion that the role of the
HD is merely to provide the salt bridges that will keep crucial
parts of the active site in place. Thus, to gain further
understanding, two additional simulations were carried out.
The first examined whether the salt bridge unaccompanied
by the HD could restore catalysis. Thus, the simulation
involved the removal of the HD residues apart from one of
the salt bridge residues, Asp173 or Gln170, and some
residues in its vicinity (five from each side). Once more,
the cR position of Asp173 or Gln170 was restrained to its
corresponding position in GsR. The results of these tests are
shown in entries 6 and 7 in Table 2. As can be seen, most

of the catalytic effect of the HD disappeared, suggesting that
the salt bridge by itself even if properly placed with respect
to the RD cannot restore catalysis. In other words, the results
imply that the presence of the HD is essential to establish
the overall catalytic effect and that the salt bridge is
responsible for only part of that catalytic role.

The second experiment examined whether the catalytic
effect can be attributed to the positioning of any residue along
the HD surface or whether it is unique to the salt bridges.
Thus, several residues along the surface of the HD, which
are in close proximity to the RD surface, were randomly
selected, and the simulations involved placing restraints on
their corresponding cR positions. Each simulation involved
the confinement of onlyoneof the residues. Moreover, the
partial charges of all of the HD residues were set to zero,
resulting in a nonpolar HD. The various residues, along with
the resulting overall barriers obtained from restraining their
respective cR positions, are presented in Figure 2.

As can be seen, different residues resulted in different
overall barriers, ranging from∼21-22 for Cys174 and
His64, where the catalytic effect of the HD is largely restored,
gradually increasing with the various residues up to a barrier
of ∼24.5 for Leu171, where most of the HD catalytic effect
is lost. It can be seen that not only the positions of the salt
bridge residues but also the other residues along the HD
interaction surface with the RD are important to catalysis,
although to a lesser extent. For comparison, the results for
the same simulation with the salt bridges are also presented
in the Figure (highlighted in green). Careful examination of
the results reveals that close proximity of the residue to the
catalytic site is essential for a substantial effect of its position
on the overall catalysis. Leu171 is positioned away from the
RD; thus, its position has virtually no contribution to
catalysis, whereas both the salt bridges and to a lesser extent
other residues, such as Cys174 or His64, are positioned
toward the RD and, thus, contribute to catalysis. Since none
of the HD residues is charged, we concluded that the
contribution is allosteric. It appears that the role of electro-

FIGURE 2: Illustration of the GsR, along with the residues whose
cR position was restrained, and the respective overall reaction
barriers for the GTP hydrolysis obtained in simulations with these
respective conditions. The RD′(GsR) is in blue, whereas the nonpolar
HD is in gray. The different amino acids whose cR position was
restrained are highlighted in orange, along with their resulting
reaction barriers, whereas the salt bridges and their respective results
are in green.
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statics of the HD in the native protein is, therefore, to retain
its proper positioning relative to the RD active site. This
result is in agreement with earlier studies of the ras-rasGAP
complex, where the effect of GAP was also found to be
allosteric.

Helical Domain as an Internal GAP.In view of the fact
that the HD was found to serve as an internal GAP of GsR,
evaluation of the similarities and differences between GsR

and the ras-rasGAP complex can be valuable. For the purpose
of comparison, we define the stabilization energy of a
substrate due to protein environment relative to water as
follows:

where X denotes the substrate configuration along the
reaction path (e.g., reactants, TS, pentacoordinated config-
uration, etc.), andY is the protein environment (e.g., GsR,
RD′(GsR), HD(GsR) ras, etc.). The relative energies were
chosen such that the stabilization energy of the reactants,
∆∆gwfp

Y (RS), will be zero. The calculated values are sum-
marized in Table 3S and illustrated graphically in Figure 3.
Stabilization energies are shown for the configurations of
the two transition states and the pentacoordinated state as
found in the protein. We note that for convenience, the
stabilization energies were measured relative to energies
taken from the stepwise profile in water, but a similar trend
is expected when using the same configurations from the
concerted profile. In the Figure, black represents the GsR

system, whereas red represents the ras-rasGAP system. In
addition, stabilization energies in GsR and the ras-rasGAP
complex (plain lines) are shown along with their respective
building block pair of components RD′(GsR), ras (dotted
lines) and HD(GsR), rasGAP (dashed lines).

Note that the contributions to the stabilization energies of
both HD(GsR) and rasGAP were estimated as the difference
in the catalytic effect of the whole system (GsR, ras-rasGAP
complex), and its respective ras-like domain (RD′(GsR), ras).
These contributions illustrate that the presence of the GAP-

like domain (i.e., HD(GsR), rasGAP) makes the catalytic
machinery of RD′(GsR) and ras several orders of magnitudes
more efficient.

Looking at the various graphs in Figure 3, few trends are
immediately apparent. First, both ras and the RD′(GsR)
exhibit similar behavior, having a relatively constant stabiliz-
ing effect on the different stages along the reaction pathway.
Second, the action of GAP-like domains is markedly different
with respect to the ras-like domain; both rasGAP and HD-
(GsR) stabilize configurations from the later stages of the
reaction (the second TS-TS2) significantly more than
configurations from earlier stages (the first TS-TS1 or the
intermediate). In addition, their stabilization is gradually
increasing along the reaction coordinate. Finally, comparison
of the absolute values shows that the stabilizing effect of
the ras-rasGAP system is much stronger compared to GsR.
Moreover, this effect is true not only with regards to the
overall system, but individual contributions from both ras
and rasGAP are also higher than the corresponding stabiliza-
tion from RD′(GsR) and HD(GsR).

Helical Domain as an Internal Allosteric GAP. Structural
Aspect.Our calculations indicate that the main contribution
of the HD to catalysis is allosteric. Yet, further analysis of
the results is crucial for elucidating the origins of this effect.
Since the role is suggested to be mostly allosteric, it seems
only reasonable to start by comparing structures of the RD
of GsR from different simulations and see if and how they
are affected by the HD. Figure 4a displays a snapshot
describing the TS of the second step in GTP hydrolysis of
two different simulations: simulation in GsR as a whole,
where the HD is catalytic (backbone in blue and explicit
molecules in sticks), taken from one of the simulations for
entry 1 in Table 2, and simulation in GsR-HDNP, where the
HD did not participate in catalysis (backbone in pink and
explicit molecules in fine lines), taken from the simulations
of entry 3 in Table 2. Thus, the former (blue) structure will
be referred to as the catalytic structure and the latter (pink)
as the less catalytic structure. The backbones of the p-loop
and switches I and II of the RD of GsR are presented along
with Thr204, Mg+2, and the nucleotide.

Looking at the results, differences can be observed mainly
in the structures of both the backbone of switch I and the
nucleotide. In the less catalytic structure (seen in the Figure
as fine lines), switch I seems to be drawn away from the
nucleotide. This, in turn, leads to an overall increase in the
distance of the conserved residue Thr204 from both the
nucleotide and the Mg2+ ion. This distance increase causes
the loss of most of the hydrogen bonds of Thr204 with the
γ-phosphate as well as the loss of its location in the
coordination sphere of the Mg2+, thus probably lowering
their stabilizing contribution. In fact, similar differences
although larger in magnitude were observed in the GtR

protein when the crystal structures of the GDP and GTP
bound forms were compared (16).

Further inspection of Figure 4a reveals that the catalytic
structure involves changes in several dihedral angles in the
vicinity of the pentacoordinated phosphate of the nucleotide
leading it into an orientation that is different from its initial
orientation. These changes do not occur in the less catalytic
structure, implying that they are triggered by the presence
of the HD.

FIGURE 3: Stabilization energy of the substrate due to the protein
environment relative to water. GsR related systems are colored black,
whereas ras-rasGAP systems are colored red. The effect of the
overall system (GsR and ras-rasGAP complex) depicted in solid
lines, is presented along with the effect of different parts of the
systems. Ras-like domains (RD′(GsR) and ras) are depicted by dotted
lines, whereas GAP-like domains (HD(GsR) and rasGAP) are
depicted in dashed lines.

∆∆gwfp
Y (X) ) ∆gw (X) - ∆gY (X) (3)
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In order to verify whether these structural changes are
significant, Figure 4b compares two catalytic structures: the
structure of the second TS in the native protein (backbone
in blue and explicit molecules in sticks, taken from simula-
tions described by entry 1 in Table 2) and a nonpolar catalytic
structure where the HD does not have any electrostatic
contribution, but Asp173 is held in its proper position
(backbone in purple and explicit molecules in fine lines, taken
from simulations described by entry 4 in Table 2). Looking
at the Figure, it can be seen that here indeed small differences
are observed between the two structures. More details are
available as Supporting Information.

Since our focus in this study is the HD as a GAP, it can
be useful to compare the structural differences detected here
because of the loss of HD to actual structural consequences
due to complexation of a G-protein with GAP. The system
chosen for this comparison is that of ras. For a sensible
comparison, we performed simulations of GTP hydrolysis
in both ras and ras-rasGAP and, as previously done (36),
examined the structures of the second TS where the
phosphate group is leaving. Figure 4c depicts the corre-
sponding snapshots of ras (pink and fine lines) versus ras-
rasGAP complex (blue and stick format). Only p-loop and
switches I and II are presented along with the nucleotide in
an orientation that is equivalent to that chosen for the GsR.
Similar to the GsR, switch I seems to be drawn toward the
nucleotide in the ras-rasGAP complex. It can also be seen
that the original orientation of the pentacoordinated phosphate
changes because of the presence of rasGAP. Looking at the
Figure, as expected, the structural differences detected
between the ras and the complex ras-rasGAP are slightly
larger than those observed in the GsR system (Figure 4a), in
agreement with the larger catalytic effect of GAP.

The resemblance in the structural differences suggests that
both the HD and GAP operate in an analogous manner to
enhance catalysis. Moreover, on the basis of this pictorial
presentation, we suggest that the presence of either GAP or
the HD confines the RD into a more compact conformation,
which appears to be preferable for GTP hydrolysis since it
probably pushes the phosphate into an orientation where is
it further stabilized. We note here that while only one
snapshot is presented we examined different snapshots in
different simulations and observed the same trends, suggest-
ing therefore that the observations are reliable. Nevertheless,
these pictorial representations cannot establish a firm sense
of understanding since structural changes cannot be converted
into changes in energy in a straightforward manner, and a
more quantitative approach is thus required.

Helical Domain as an Internal Allosteric GAP. Energetic
Aspect.Similar to our earlier studies of the effect of rasGAP
in the ras-rasGAP complex (36), we employed the LRA
approach to analyze the electrostatic interactions between
the nucleotide and individual residues of only the RD, with
and without the effect of the HD. Figure 5 presents changes
in the electrostatic interactions of the RD residues (residues
35-62 and 200-391) with the reacting fragments because
of structural effects caused by the presence of the HD. As
the late/second TS of the reaction is both rate-limiting step
and the step where most of the energetic changes occur, the
changes in the electrostatic contributions of both the penta-
coordinated intermediate and product states are compared
(Figure 5a and 5b, respectively). The changes were calculated

FIGURE 4: (a) Comparison of the active site structure of native
GsR (blue backbone and stick format of atoms) to its structure when
the HD does not contribute to catalysis, GsR-HDNP (pink backbone
and fine line format of atoms). (b) Comparison of the active site
structure of native GsR (blue backbone and stick format of atoms)
to its structure where the HD is nonpolar but contributes to catalysis
because of the restraint of Asp173 to its proper position (not within
the outskirts of the figure), GsR-HDNP(Asp173) (purple backbone
and fine line format of atoms). (c) Comparison of the active site
structures of the ras-rasGAP complex (blue backbone and stick
format of atoms) and ras (pink backbone and fine line format of
atoms). The systems (ras-rasGAP and GsR) are adjusted to have
the same orientation. The backbones of the p-loop, Switch I, and
Switch II are presented along with the conserved threonine, Mg+2, and
the nucleotide in a geometry that corresponds to the second TS.
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as the difference in the electrostatic contribution of the
residues taken from simulations of GsR and GsR-HDNP.
Furthermore, since we are looking only at changes in the
contribution of the RD residues, the HD residues (residues
63-199) were eliminated from the Figure. In addition, since
the changes in the contribution of residues 249-391 is
virtually zero, they were eliminated from the figure as well.
Negative contributions correspond to a stabilizing effect of
the HD on the RD residues, whereas positive contributions
represent destabilization effects due to the presence of the
HD.

As expected, most of the changes occur in the active site
region, namely, the p-loop, switches I and II, and the Mg2+

ion (highlighted in different colors). The overall effect of
the HD on the RD residues, obtained by summing up all the
individual contributions, is destabilizing both in the inter-
mediate and the product. In other words, the presence of the
HD appears to weaken the stabilizing interactions of the RD
residues with the reacting fragments. However, comparison
of Figure 5a and b demonstrates (when summing up all the

contributions) that this destabilization effect of the HD, which
is relatively large in the pentacoordinated intermediate state,
is largely reduced in the product state.

In order to better understand these results, they are
summarized in Scheme 2. Here, the energy profiles of the
second step of the reaction in the GsR with (blue lines) and
without (pink lines) the effect of the HD are compared
schematically. It is noted that the absolute location of the
profiles along the energy scale has no significance, and we
shall regard only the trends suggested by the relative energies
within each profile. Following the results shown in Figure
5, the intermediate state destabilizes more than the product
because of the presence of the HD. This reduced destabiliza-
tion of the product state results with its overall stabilization
relative to the intermediate state. The resulting effect of the
HD at the TS is likely to be affected by both the intermediate
and product states. Therefore, on the basis of the LFER
approximation, the effect of the HD at the TS is predicted
to be destabilizing, with a value that is lower than that of
the intermediate and yet higher than that of the product. As
seen in Scheme 2, this in turn leads to a lower overall barrier.
This result suggests, therefore, that the HD confines the RD
into a conformation, which favors the product state, thus
reducing the reaction barrier. Finally, a comparable effect
was found for the rasGAP in the ras-rasGAP complex, where
it was suggested to allosterically affect the conformation of
ras, turning it into a more catalytic conformation.

CONCLUDING REMARKS

In this work, we have studied the GTP hydrolysis reaction
in GsR and examined the role of the helical domain. It was
shown that most of the catalytic effect of the protein takes
place in the second step of the reaction, where the phosphate
group is leaving. Removal of the HD was found to cause
loss of catalysis, indicating, in agreement with previous
studies (28), that the HD is essential for the catalytic effect.
In addition, elimination of the electrostatic contributions of
the HD by converting it to its nonpolar analogue resulted in
the restoration of catalysis when important structural features
of the protein were kept intact. This indicates that the HD
enhances the reaction rate by an allosteric rather than an

FIGURE 5: Changes in the electrostatic interactions of the RD
residues with the reacting fragments (nucleotide) due to structural
effects caused by the presence of the HD (RDf GsR). a and b
present changes in the pentacoordinate intermediate and product
states, respectively. Negative and positive values stand, respectively,
for stabilization and destabilization due to the presence of the HD.
Contributions of active site residues are colored green, red, and
blue for p-loop, switch-I, and switch-II residues, respectively.

Scheme 2: Schematic Presentation of the Energy Profile of
the Second Step of the Hydrolysis Reaction with (Blue) and
without (Pink) the Effect of the HD
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electrostatic effect. More specifically, on the basis of both
structural and energetic evidence, it is shown that the HD
both confines the RD and the phosphate into an orientation
where the product is further stabilized, yielding a better
catalytic conformation. Consequently, the reaction barrier is
lowered, and the HD is found to allosterically improve
catalysis mainly in the second step.

Our findings are consistent with the results of several
experimental studies. In particular, Birnbaumer et al. pro-
posed that the Asp173-Lys298 salt bridge between the HD
and the RD in GsR is required for the proper positioning of
the two domains with respect to each other (33). Supporting
their conclusions, our simulations show that despite absence
of any electrostatic contribution from the HD, virtually all
of the catalytic effect is retained when the suitable position
of the salt bridge is kept. Furthermore, in their study, they
found that the proper positioning of the HD and the RD by
the salt bridges is essential for G-protein activation by
aluminum fluoride (TS analogue) but not by GTPγS (reactant
state analogue). Our studies offer a simple explanation to
this experimental observation. We showed that the HD affects
mainly the second step of the reaction where most of the
catalytic effect takes place. Therefore, interruption of the
intramolecular domain interactions caused by mutations of
one of the salt bridges, which is similar to turning off the
charges of the HD, is unlikely to impede the first step of the
reaction where the GTPγS binds. However, the same
interruption, (i.e., loss of intramolecular domain interactions
caused by mutation of one of the salt bridges) is expected
to affect the second step of the reaction and thus results in
the inability to achieve proper transition state configuration
and, consequently, in the loss of ability to bind the transition
state analogue AlF4.

The G-protein superfamily is known to have a conserved
glutamine residue in the active site, which is known to play
an important role in hydrolysis. Mutations of this conserved
glutamine in the two systems discussed (Gln227 in GsR or
Glu61 in ras) have a similar effect on hydrolysis. Since
glutamine 61 was shown to have an allosteric effect rather
than a direct electrostatic effect on catalysis in the ras system,
we believe that the effect of Gln227 on hydrolysis in GsR is
also allosteric. This issue should be tested in future work.

There is an ongoing debate regarding the mechanism for
GTP hydrolysis (dissociative/associative; for overview see,
e.g., refs40, 65, and66). Here, following our previous work
and a more recent work of Kla¨hn et al., we employed a more
associative mechanism (36) and were able to reproduce
catalysis in a very good agreement with observed reaction
rates. An earlier work on the ras and rasGAP systems utilized
both associative and dissociative mechanisms and showed
that the role played by rasGAP in the ras-rasGAP complex
is the same for both reaction mechanisms (36, 67). Thus,
since the role of the HD is similar to that of GAP we believe
our results are also independent of the chosen reaction
mechanism.

Finally, it is interesting to note that our conclusion about
the allosteric action of HD is consistent with experimental
studies done on other G-proteins. For example, HD is
allosterically involved in activating retinal cyclic GMP
phosphodiesterase by the transducinR subunit(GtR) (20) and
in stimulating adenylyl cyclase (19). We would therefore
expect that HD could be involved as an allosteric modulator

in many biological activities and that the HD influence may
represent a common feature among all the members of the
heterotrimeric G-protein family.

ACKNOWLEDGMENT

We thank Dr. Marek Strajbl for enlightening discussions.

SUPPORTING INFORMATION AVAILABLE

Parameters used for the reacting fragments in the EVB
calculations (Table 1S and Figure 1S), along with some
computational details, a stepwise reaction profile (Figure 2S,
Table 2S), a table of stabilization energies that create Figure
3 (Table 3S) and quantitative evaluation of the structural
differences observed in Figure 4 (Tables 4S and 5S). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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