Ras and GTPase-activating protein (GAP) drive GTP
into a precatalytic state as revealed by combining
FTIR and biomolecular simulations
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Members of the Ras superfamily regulate many cellular processes.
They are down-regulated by a GTPase reaction in which GTP is
cleaved into GDP and P; by nucleophilic attack of a water molecule.
Ras proteins accelerate GTP hydrolysis by a factor of 105 compared
to GTP in water. GTPase-activating proteins (GAPs) accelerate
hydrolysis by another factor of 10° compared to Ras alone. Onco-
genic mutations in Ras and GAPs slow GTP hydrolysis and are a fac-
tor in many cancers. Here, we elucidate in detail how this remark-
able catalysis is brought about. We refined the protein-bound GTP
structure and protein-induced charge shifts within GTP beyond the
current resolution of X-ray structural models by combining quan-
tum mechanics and molecular mechanics simulations with time-
resolved Fourier-transform infrared spectroscopy. The simulations
were validated by comparing experimental and theoretical IR dif-
ference spectra. The reactant structure of GTP is destabilized by
Ras via a conformational change from a staggered to an eclipsed
position of the nonbridging oxygen atoms of the y- relative to the
p-phosphates and the further rotation of the nonbridging oxygen
atoms of a- relative to the - and y-phosphates by GAP. Further, the
v-phosphate becomes more positive although two of its oxygen
atoms remain negative. This facilitates the nucleophilic attack by
the water oxygen at the phosphate and proton transfer to the
oxygen. Detailed changes in geometry and charge distribution
in the ligand below the resolution of X-ray structure analysis are
important for catalysis. Such high resolution appears crucial for the
understanding of enzyme catalysis.

enzyme catalysis | reaction mechanism | free energy of activation

M any cellular processes are regulated by members of the Ras
superfamily. They are switched “on” by GDP-to-GTP ex-
change and “off” by a GTPase reaction. GTP hydrolysis is vitally
important for the regulation of several signal-transduction pro-
cesses in living cells (1, 2). In the case of Ras, external growth
signals are transduced to the nucleus. Site-specific oncogenic mu-
tations inhibit the GTPase reaction and the growth signal can no
longer be down-regulated. This contributes to uncontrolled cell
growth, eventually leading to cancer (3). Common to all members
of the Ras superfamily is the catalysis of GTP hydrolysis by the
G domain (4). Ras-catalyzed GTP hydrolysis is five orders of
magnitude faster than in water (30 min vs. 200 d) (5). However,
to control growth signals in the living cell, a further increase of
five orders of magnitude in the reaction rate (30 min to 50 ms) is
enabled. This is effected by GTPase-activating proteins (GAPs)
that interact with Ras (6). The mechanisms of GTP hydrolysis
have been extensively investigated both theoretically (7-22) and
experimentally by X-ray crystallography (23-27), electron spin
resonance (28-30), and FTIR spectroscopy (5, 6, 31-33).
Determination of the three-dimensional structures of Ras and
GAP by X-ray crystallography represents an important milestone
in the understanding of the catalysis mechanism. However,
alterations of 0.01 A in the GTP geometry, below the resolution
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of the X-ray structure analysis, induced by protein binding and
charge shifts within GTP have been shown to contribute signifi-
cantly to catalysis (16, 19). Furthermore, to prevent GTP hydro-
lysis during X-ray experiments, substrate analogs of GTP must
be used, or data must be collected at cryogenic temperatures.
The resulting protein structural models are excellent, but might
lack the minor but crucial alterations within the GTP structure
mentioned above. In addition, crystal contacts lead to variations
within the different available Ras structural models. Depending
on the crystallization conditions, Tyr32 closes (Protein Data Bank
ID 3L8Z, ref. 27) or opens (Protein Data Bank ID 1QRA, ref. 26)
the GTP-binding niche. FTIR difference spectra of GTP and
GDP bound to Ras and RaseGAP are complementary to X-ray
structural analysis because they are obtained under more physio-
logical conditions and are sensitive to structural details below the
spatial resolution of X-ray crystallography. In principle, they are
sensitive to changes in charge distribution. However, FTIR dif-
ference spectra do not provide direct, detailed three-dimensional
structural information. To decode this information from the
spectra, combined quantum mechanics and molecular mechanics
(QM/MM) simulations can be performed. In the QM/MM simu-
lations, crucial parts of the GTP are simulated quantum mechani-
cally and the surrounding protein is regarded by classical MM
simulations (Fig. 1). The hydrolysis from GTP to GDP is followed
with millisecond time resolution by FTIR difference spectroscopy
in water, in Ras, and in RaseGAP (6). The reaction is initiated
by a laser flash using caged GTP (34, 35). FTIR investigations
thereby provide detailed insights into the molecular reaction me-
chanism (36, 37). Previous QM/MM simulations of GTP bound to
Ras (16) and RaseGAP (19), dealing with structural alterations,
lacked the contribution of the magnesium ion (Mg?"), which is
important for the catalytic reaction (15, 21, 38). Here, in addition
to the triphosphate itself, Mg?*, its coordinating partners, and the
ribose are treated quantum mechanically. Further, a higher level of
theory is used and much longer MM simulation trajectories are
simulated. In addition, we take GTPeMg>* in water into consid-
eration. These studies focus on the investigation of the reactant
ground states.

Finally, the main goal is to understand the complete reaction
pathway of GTP hydrolysis in the protein environment, a great
challenge for theoretical studies. The first simulations of GTP
hydrolysis in Ras (7) and in RaseGAP (9) used the empirical
valence bond approach (EVB). Others used the cluster approach
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Fig. 1. Simulation. The prepared X-ray structures were relaxed by MM simu-
lations in a water box (grey) with physiological NaCl (green and yellow
spheres). The RaseGAP (light blue and green, respectively) complex simula-
tion system is shown. Structures equilibrated by MM were used as starting
structures in QM/MM simulations. To examine charge distribution and geo-
metry below the resolution of X-ray analysis, crucial parts of the hydrolysis
reaction were treated quantum mechanically. The enlargement shows all
atoms treated quantum mechanically. The rest of the protein and the solvent
were treated by MM. In the QM/MM equilibration runs, the side chains of
Ser17 and Thr35 and the two coordinating waters were not treated by QM.
In the QM/MM production runs, the ribose was not treated by QM.

(8). Later studies used a combined QM/MM (13-15, 17, 18, 21,
22) approach with different sizes of the QM and the MM region,
respectively. There is debate regarding whether the pathway
is dissociative or associative (2, 17, 18, 22). Furthermore, some
calculated activation energies deviate largely from experimental
values. In different simulations, the energy barriers for GTP hy-
drolysis in RaseGAP vary among 14 kcal/mol (1 kcal = 4.18 kJ)
(14, 17), 21 kcal/mol (13, 22), and up to 70 kcal/mol (21). Of
these simulations, only 14 kcal/mol (14, 17) seems reasonably
close to the experimental value and therefore appears to be the
most appropriate.

However, the experimental free energy of activation of
14 kcal/mol represents the intrusion of the arginine finger into
the binding site, but not the hydrolysis process itself, which is
simulated in the reaction path simulations. Time-resolved FTIR
experiments showed that this bond breakage occurs as soon as the
arginine finger intrudes into the binding niche (33). The bond
breakage may have at most the same or a lower barrier. The free
energy of activation of 14 kcal/mol is the upper limit, because
bond breakage is not resolved experimentally.

Here, we followed a different approach. We determined the
reactant GTP ground-state structures and charge distributions
in water, Ras, and Rase GAP as precisely as possible by combining
QM/MM simulations and FTIR experiments. The simulations
were validated by comparison of experimental and theoretical
IR difference spectra. The IR difference spectra are sensitive to
the geometry and charge distribution of GTP. We show that pro-
tein binding drives the GTP conformation into a precatalytic state
with increased energy toward the transition state. This combina-
tion of experimental and simulated vibrational spectra provides
super-resolution of the active center of an enzyme far below
X-ray resolution. Such high resolution is a prerequisite to under-
standing enzyme catalysis.

Results and Discussion

Simulation Strategy. To determine the structure and charge distri-
bution of GTP and Mg?* in water, Ras, and RaseGAP, we used a
combination of MM and QM/MM simulations as outlined in
Fig. S1. The starting structures of the MM simulations were
X-ray structures in a water box with physiological NaCl. The start-
ing structures for QM/MM simulations were six snapshots every
5 ns from the last 25 ns of the 50 ns MM trajectory. After 2.5 ps
of QM/MM, vibrational modes were calculated for comparison
with the experimental IR spectrum. The last 0.5 ps of the vali-
dated QM/MM trajectories were used for a detailed investiga-
tion of charge shifts and structural details of the substrate
(Fig. S1). This procedure was repeated for all four simulation
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systems (Table S1) of solvated GTPeMg?>*, RaseGTPeMg?,
RaseGTPeMg?+eGAP, and RaseGDPeMg?+. For the QM/MM
equilibration runs, Mg?*, the atoms of the triphosphate, and the
atoms of the ribose were treated quantum mechanically (Fig. 1).
The rest of the protein and solvent was treated by MM. For
the QM/MM production runs, Mg+ and the atoms of its coor-
dinating partner—the methyltriphosphate, the two coordinating
waters, and the side chains of Serl7 and Thr35—were treated
quantum mechanically.

Deduction of the Starting Structures. Direct structural information
of the coordinates of GTPeMg?* in water is not available, but
spectroscopic investigations (31, 39) and simulation studies
(20, 38) clearly indicate a tridentate coordination of Mg>* by the
a-, p-, and y-phosphates of GTP. The coordination sphere of
Mg?* is completed by three water molecules. Therefore, we used
the GTP with a tridentately coordinated Mg?* as a starting struc-
ture for the simulation of GTPeMg?* in water.

For wild-type RaseGTPeMg?*, one X-ray structure (1QRA,
ref. 26) with bound GTP is available but was taken at a cryogenic
temperature; GppNHp X-ray structures 5P21 (24), 1CTQ (26),
and 3L8Z (27) are also available. In all structural models, the
Mg?* in Ras is bidentately coordinated by the B- and y-phos-
phates and the nonbridging oxygen atoms of the p- and y-phos-
phates are in an eclipsed position. Thr35 and Serl7 of Ras
coordinate the Mg?* and two water molecules. The important
roles of Lys16, Gly13, and Gly15 in stabilizing the nucleotide are
extensively discussed in the literature (4, 23, 24, 26, 40). Lys 16
stabilizes the y- and B-phosphate by hydrogen bonds to O, and
033, and Gly13 and Gly15 form hydrogen bonds to either the Os,
or Oy, of the B-phosphate. However, there is a debate on the
position of Tyr32. In the X-ray structure 1QRA (26), the Tyr32 is
not hydrogen-bonded to the y-phosphate, and the binding niche
is open. However, an analysis of the crystal contacts reveals that
the Tyr32 has a hydrogen bond to O3 of the y-phosphate of the
neighboring Ras protein. Therefore, this open structure could
also be an artifact of crystallization. Such a hydrogen bond be-
tween the Tyr32 and the neighboring Ras protein is also seen in
the more recent GppNHp X-ray structures: 5P21 (24) and 1CTQ
(26). However, in the latest structure, 3L8Z (27), the binding
niche is closed by Tyr32. In 1QRA (26), 5P21 (24), and 1CTQ
(26), the crystallization symmetry is the same, with P 322 1 as the
symmetry operator for the space group. In 3L8Z (27), a different
crystallization symmetry was observed with H 3 2 as the symmetry
operator for the space group. Our MM simulation studies show
that the closed structure is energetically preferred and the calcu-
lated vibrational spectrum fits better to the experimental one
(38). Additionally, electron spin resonance (29) and FTIR spec-
troscopic investigations (41) confirm the closed structure. In sum-
mary, there is strong evidence for the Tyr32 closed structure. The
open structure appears to be a crystallization artifact. Therefore,
we considered only the closed structure for further simulations.

No GTP-bound X-ray or NMR structure is available for the
RaseGAP complex. Therefore, most of the theoretical studies
(14, 19, 38) used the X-ray structure, 1WQ1 (25), of Ras
GDPeAIF; GAP, which represents a transition-state analog, and
exchanged GDPeAIF; with GTP as an approximation of the GTP
state. We followed the same approach. The general coordination
of Mg?* is the same as in Ras alone, but the distances between
Mg?* and its coordinating partners in the Ras protein are smaller
(38). The main changes in coordination result from the intruding
arginine finger (Arg789), which displaces the Tyr32 and forms
hydrogen bonds with O3 of the y-phosphate and to O;; of the
a-phosphate. It has been shown that, once the arginine finger
moves into the binding niche, bond cleavage occurs immediately
(33).
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Validation. We used the X-ray structural models as the initial
structures for our MM and subsequent QM/MM simulations. The
protein was relaxed in a more native environment in solution with
physiological conditions and temperature. Possible artifacts in the
X-ray structure, such as crystal contacts, could be identified and
relaxed as previously described for the Tyr32 in Ras (38). How-
ever, the resulting GTP structure might still be flawed by inap-
propriate simulation parameters or a start structure caught in an
unfavorable local minimum by high-energy barriers. Therefore,
the accuracy was validated by comparison with experimental data.
Here, as a benchmark for the accuracy of the simulation, the
simulated and measured IR difference spectra of GTP and GDP
bound to Ras and RaseGAP were compared (Fig. 2). IR spectra
are sensitive to geometry and charge shifts. The simulated differ-
ence spectrum reveals only the phosphate vibrations, whereas
the experimental spectrum includes the vibrations of all molecu-
lar groups that change during hydrolysis, including those of Ras
and RaseGAP. Here, we compared the region between 850 and
1,300 cm~!, where the phosphate vibrations mainly appear.
However, the band of the appearing P; (Fig. 2, grey-hatched
band) cannot be seen in the simulated spectra because the re-
leased P; is not included in the simulation system. The calculated
intensities were normalized. The calculated bandwidth represents
the standard deviation of the frequencies caused by inhomoge-
neous broadening in the six snapshots for each state. In contrast
to other studies (42—44) that did not consider vibrational modes
of phosphates, our vibrational modes were calculated without a
scaling factor. Studies concerning vibrational modes of phosphate
groups do not apply scaling factors, and the observed rmsds
between calculated vibrational modes and the available experi-
mental values were 22 cm~! (20), 25 cm ™! (45), or 34 cm™!' (19).
Here, we obtained a rmsd of 24 cm~! between theory and experi-
ment for RaseGTP and 22 cm~' for RaseGDP (Table S2). Small
structural changes resulted in observable changes in the calcu-
lated spectrum (38). To better compare the bandwidth and rela-
tive positions between the GTP and GDP states, we imposed a
20-cm~! shift to higher wavenumbers on simulated vibrational
modes below 1,150 cm~'. The shift of 20 cm~' is about 2% of
the wavenumber, within the error of the method. The overlay
of the simulated and measured IR difference spectra in the phos-

Measured —— Vs(POD)ex
Calculated=—— va(OP¢0)
vs(PO3)B >,
GDPI va(PO2)ou va(PO3)B
vs(PO3)B
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GTP l va(PO3)y va(OPBO
va(PO2)B
va(PO2)ar
1,300 1,250 1,200 1,150 1,100 1,050 1,000 950 900 850

wavenumber / cm-!

Fig. 2. Comparison of theoretical and experimental difference spectra of
RaseGTPeMg?* and RaseGTPeMg?2*. To compare directly the bandwidth and
relative positions between the GTP and GDP states, we imposed a 20-cm™~’
shift to higher wavenumbers on the simulated vibrational modes below
1,150 cm~". The vibrational modes were calculated without a scaling factor.
The intensities are normalized. The calculated bandwidth is the standard
deviation of the frequencies caused by the inhomogeneous broadening
taken from six snapshots for each state. The overlay reveals good agreement
between theory and experiment for bandwidth and intensity. The grey-
hatched band in the experimental spectrum is evoked by the P;, which is
not included in the simulation and therefore cannot be observed in the
calculated spectra. Detailed frequencies are given in Table S1.
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phate region shows good agreement in bandwidth and intensity
(Fig. 2). This comparison shows that GTP and GDP bound to Ras
are correctly simulated. Similar agreement was observed for
GTPeMg?* in water and RaseGAP (Table S3). Rudack et al.
(38) provided a detailed analysis of each of the vibrational modes.
Note, that the experimental spectrum for RaseGTPeMg>+eGAP
is observed from a structure in which the arginine finger is outside
the binding niche. Bond breakage occurs as soon as the arginine
finger intrudes on the binding site. Therefore, the precatalytic
structure with the arginine within the binding site, and from which
the vibrational modes are calculated, cannot be resolved by
FTIR spectroscopy (33). In our simulations the arginine forms a
strong hydrogen bond to the y- and a-phosphate, which may
explain the difference between theory and experiment for the
vibrational modes v, (PO3), (1,206/1,157 cm™") and v, (PO,),
(1,247/1,260 cm~") (38).

These data show that the geometry and charges in the simu-
lated GTP and GDP structures are as precise as the FTIR experi-
mental data of GTP and GDP within an error of only 2%. The
following conclusions can be drawn regarding the catalysis based
on the observed changes in geometry and charge shifts within
GTP going from GTPeMg?* to RaseGTP and RaseGTPeGAP.

Acceleration by Destabilizing the Reactant Structure. Complexation
of GTPeMg?* with Ras induces a change from tridentate coor-
dination of Mg?* in water (Fig. 34) to a bidentate coordination
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Fig. 3. Changes in the triphosphate conformation that accelerate hydrolysis
by destabilizing the reactant state. Shown on the left is the triphosphate with
the perspective along the axis through the y- and the g-phosphate. Shown on
the right is the triphosphate with the perspective along the axis through the
a- and the p-phosphate. The protein environment of Ras changes the confor-
mation of GTPeMg?* from a staggered position of the nonbridging oxygen
atoms of B- and y-phosphate in water (A) to an eclipsed one in Ras (B). In the
RaseGAP complex (C), the intruding arginine finger of GAP further leads to
an eclipsed position of the p- and a-phosphates.
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in Ras (Fig. 3B). This rotates the y- and B-phosphates from an
antiplanar (afterwards denoted as staggered) conformation in
water to a coplanar (afterwards denoted as eclipsed) conforma-
tion in Ras. A value of the dihedral O,;—P;-P,-0,, of +45° in-
dicates a staggered position, whereas 0° indicates an eclipsed
position. For GTP in water we observe —42°, and in Ras, —16°,
or an almost-eclipsed conformation. This agrees with the X-ray
structural models of GTP bound to Ras (24, 26, 27), and reveals
that this energetically unfavorable GTP conformation observed at
cryogenic temperatures is not an artifact caused by freezing at low
temperature but still prevails under physiological conditions. The
eclipsed conformation of the negatively charged oxygen atoms is
energetically less favorable because it causes repulsion between
the y- and p-phosphates. Thereby, the educt state is destabilized
and shifted closer to the transition state. The rotation of - and y-
phosphate groups from a staggered to an eclipsed conformation
appears to be crucial for the catalysis.

The arginine finger plays a key role in RaseGAP catalysis, as
elucidated by Scheffzek et al. (25). In the simulated structural
model here, the arginine forms a hydrogen bond to the a- and
y-phosphates (Fig. 3C) and rotates the o-phosphate towards
an eclipsed conformation with respect to the p-phosphate. The
dihedral O,,-P,-P;-0,; changes from —46° in Ras to —2° in
RaseGAP. Now all three phosphates are in an eclipsed position.
This was not observed in the X-ray structural model of the transi-
tion-state analog of AlF;eGDP. In this structural model, the con-
formation of the B-phosphate with respect to the a-phosphate
remains staggered as in Ras. Beside the fact that this structure
is resolved with a GTP analog, the resolution is 2.5 A instead
of 1.6 A as in RaseGTP. The change between staggered and
eclipsed is below the resolution of the RaseGAP X-ray structure.

Two more changes in geometry below the resolution of X-ray
analysis drive the triphosphate structure closer to the transition
state. The bond between the phosphorous atom of the y-phos-
phate (P3) and the oxygen atom (Os,) of the B-phosphate, which
is cleaved, is elongated (Fig. 4) from 1.73 A in water to 1.74 A in
Ras, and 1.76 A in RaseGAP (38). The elongation in Ras is
evoked by repulsion of the eclipsed nonbridging oxygen atoms
of the y- and p-phosphates. In RaseGAP, the intruding arginine
finger causes additional elongation. Energetically, a shift of
0.02 A in bond length is significant.

Because of the combined effects of bond elongation and the
attraction of Mg+ on the O,3, the y-phosphate becomes more
planar, as demonstrated by a decrease in the O,3-P;—03, angle
from 105.1° in water to 104.9° in Ras and 104.1° in RaseGAP (38).
This facilitates the nucleophilic attack.

Acceleration by Changes in Charge Distribution. Changes in geome-
try induce changes in charge distribution. The partial charge of
the P; of the y-phosphate becomes more positive, from +1.39 e,
in water (Fig. 44) to +1.43 ¢, in Ras (Fig. 4B), and +1.46 ¢, in
RaseGAP (Fig. 4C). Overall, the whole y-phosphate group be-

A GTP-Mg2+ B

~1.73A-

Ras-GTP-Mg2+ C

comes more positive, whereas two oxygen atoms, O3 and Osg,
of the y-phosphate remain negative at around —1.00 e,. The
increased positivity of the y-phosphorous atom facilitates nucleo-
philic attack by the oxygen atom of the water molecule, as re-
quired for hydrolysis. One of the two negatively charged oxygen
atoms of the y-phosphate serves as the target for the transfer of a
proton from the attacking water to the y-phosphate. This agrees
with recent studies (22) that identified O,; as the target for the
proton transfer.

Analysis of the Conformational Energy. As long as the transition
states for GTPeMg?* in water and in Ras are unknown, and
possibly even different, we cannot compare in detail the activa-
tion free energy of GTPeMg?* hydrolysis in water to that of
GTPeMg>* bound to Ras. However, the situation is different
comparing GTP hydrolysis in Ras and RaseGAP, which might
have similar transition states. Here, the conformation and coor-
dination of GTP in both protein environments differ only in de-
tails (Fig. 5). To analyze qualitatively the energetic consequences
of changes in geometry and charge distribution, we estimate the
self-consistent field energy of the triphosphate Mg?* moiety in a
vacuum. The averaged structure of the triphosphate Mg?* moiety
is extracted from the six equilibrated QM/MM simulations in Ras
and RaseGAP. Their energies are calculated by QM. The con-
formational energy of GTP bound to RaseGAP is 28 kJ/mol
higher than that of GTP bound to Ras. It seems that the increase
in conformational energy drives GTP even closer to the transition
state, and thereby reduces the free energy of activation by
28 kJ/mol (approximately 6.7 kcal/mol). Indeed, the experimen-
tally determined difference in the activation free energy for hy-
drolysis in Ras (30 min) and in RaseGAP (50 ms) is <26 kJ/mol
(approximately 6.2 kcal /mol), which agrees with our calculations
(Fig. 5). Of course, our result represents only an estimate because
the contribution of the entropy is not included in our analysis.

Furthermore, Ras is a regulatory protein and not a typical
enzyme optimized for efficient substrate turnover. For the latter,
destabilization of the reactant state could lead to less substrate
binding, which would lower the turnover. In this case, the energy
of the complete substrate, especially the binding energy, must be
considered. To stop signal transduction of Ras, only the GTP
hydrolysis, but not substrate binding, must be considered. Thus,
we analyzed only the energy of the triphosphate Mg+ moiety and
not the complete GTP. The increase of the energy of the tripho-
sphate Mg?* moiety can efficiently contribute to catalysis, as
shown here. In summary, the increase in conformational energy
of GTP is a major contributor to catalysis.

Conclusion

Ras changes the conformation of GTPeMg?* from a staggered
position of the nonbridging oxygen atoms of p- and y-phosphates
in water to an eclipsed conformation (Fig. 5). The change is
caused by the change in triphosphate coordination of the Mg?*
from tridentate in water to bidentate forced by Ras. Additionally,

Ras-GTP-Mg2t-GAP

Fig. 4. Changes in charge distribution and structure of the triphosphate that accelerate hydrolysis. The y-phosphate becomes more positive, facilitating
the positioning of the negatively charged oxygen of the attacking water, and two of the nonbridging oxygen atoms of the y-phosphate remain negative,
presenting possible targets for proton transfer. The bond between P; and Os, that is cleaved during hydrolysis is lengthened, and the y-phosphate group
becomes more planar. These effects already occur in Ras and are amplified by complex formation with GAP. All partial charges are given in the unit of the

electron charge, ey.
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Fig. 5. Changes in geometry and charge responsible for catalyzing the
increase in GTP hydrolysis by 10 orders of magnitude. The Ras protein forces
GTP into a conformation with a conformational energy 154 kJ/mol higher
than that of GTP in water. This is effected by a change from the staggered
to the eclipsed positioning of the nonbridging oxygen atoms of the y- and
p-phosphates (induced by the change from an «-, p-, and y-phosphate-
coordinated Mg?* in water to a - and y-phosphate-coordinated one in Ras),
as well as an elongation of the bond between P; and Os, that is cleaved
during hydrolysis, and the y-phosphate group’s becoming more planar. These
effects are amplified by the intruding arginine finger of GAP, and the non-
bridging oxygen atoms of the a- and B-phosphates are also rotated into an
eclipsed position. These lead to a further 28 kJ/mol increase in the confor-
mational energy of GTP bound to RaseGAP compared to GTP bound to Ras.
This is similar to the experimentally determined 26 kJ/mol difference in the
free energies of activation for hydrolysis in Ras (30 min) and in RaseGAP
(50 ms). This indicates acceleration by a factor of 10> from Ras to RaseGAP
and by 10" from water to RaseGAP.

the intruding arginine finger of GAP induces an eclipsed position
of the B- and a-phosphates. The conformational change of the
nonbridging oxygen atoms from a staggered to an eclipsed posi-
tion lengthens the bond between P; and Os,, which is cleaved
during hydrolysis, with the y-phosphate group becoming more
planar. Concomitant changes in charge distribution facilitate the
nucleophilic attack by a water molecule (Fig. 4): The y-phosphate
becomes more positive, facilitating the positioning of the nega-
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tively charged oxygen of the attacking water, and two of the non-
bridging oxygen atoms of the y-phosphate remain negative and
are possible targets for proton transfer. All these effects already
occur going from GTPeMg?* in water to Ras and are amplified
by GAP. In summary, these changes lower the barrier for hydro-
lysis by raising the conformational energy of GTP in the reactant
state, driving it closer to the transition state (Fig. 5). The differ-
ence in the conformational energies of the triphosphate Mg+
moiety bound to Ras and RaseGAP is about 28 kJ/mol, in
excellent agreement with the energy necessary (<26 kJ/mol) to
accelerate hydrolysis by a factor of 10° in Rase GAP compared to
intrinsic Ras.

Detailed insight into the catalysis of GTP hydrolysis by Ras
and RaseGAP is gained by the combination of X-ray, FTIR, and
QM/MM simulations. This provides very high resolution of the
structure and charge distribution of the enzyme-bound ligand
well below X-ray structural resolution, accompanied by changes
in charge distribution. These data are crucial for understanding
catalysis in proteins.

Methods

Simulation Setup. MM simulations were performed with GROMACS 4.0.7
(46, 47), and QM/MM simulations with GROMACS/Gaussian03 (47-49) and
GROMACS/CPMD (47, 50, 51). Hydrogens were added to the X-ray structures
and the structures checked and amended with the MAXIMOBY algorithm
(52). Parameters for the MM and QM/MM simulations were as described
by Rudack et al. (38).

Conformational Energy Calculation. To calculate differences in the conforma-
tional energies of the triphosphate in water, Ras, and RaseGAP, we took
the average structure of the GTP with the coordinated Mg?* over the last
500 ps of six snapshots for each environment. The nucleoside was replaced
by a methyl group to obtain a methyl triphosphate so that the system had a
total charge of —2 e in all three environments. Then, the vacuum energies
of these structures were calculated by self-consistent field calculations in
Gaussian03 (48) using B3LYP/6-31G*.

Experimental Setup for Difference Spectrum. Expression, purification, and FTIR
measurements of the H-Ras 1-166 protein were performed as described pre-
viously (53). The sample solution for FTIR measurements contained 10 mM
Ras 1-166, 200 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.0), 20 mM
MgCl,, 20 mM dithiothreitol, and 0.1% glycol. Ras was loaded with the
P3-1-(2-nitrophenyl)ethyl ester of GTP (caged GTP). The reaction was started
by flashing the sample with a XeCl excimer laser. The difference spectrum
between RaseGTP and RaseGDP was obtained by subtracting spectra
collected before and after hydrolysis.
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