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ABSTRACT: Essential biochemical processes such as
signal transduction, energy conversion, or substrate
conversion depend on transient ligand binding. Thus,
identifying the detailed structure and transient positioning
of small ligands, and their stabilization by the surrounding
protein, is of great importance. In this study, by decoding
information from Fourier transform infrared (FTIR)
spectra with biomolecular simulation methods, we identify
the precise position and hydrogen network of a small
compound, the guanosine diphosphate (GDP)−H2PO4

−

intermediate, in the surrounding protein−protein complex
of Ras and its GTPase-activating protein, a central
molecular switch in cellular signal transduction. We
validate the simulated structure by comparing the
calculated fingerprint vibrational modes of H2PO4

− with
those obtained from FTIR experiments. The new
structural information, below the resolution of X-ray
structural analysis, gives detailed insight into the catalytic
mechanism.

Regulation of many cellular processes by guanosine
triphosphate (GTP) hydrolysis is crucial in living cells,

and its interference causes several diseases.1 GTP hydrolysis is
catalyzed by enzymes like the small GTPase Ras p21, which
switches from the active to the inactive conformation and
terminates signal transduction by hydrolytically cleaving the
substrate, GTP, to guanosine diphosphate (GDP) and
inorganic phosphate (Pi).

2,3 To control cell growth,
∼1010‑fold acceleration of GTP hydrolysis (50 ms vs 200 d
in water) is accomplished via complex formation with Ras and a
GTPase-activating protein (GAP).2,4 Malfunctions associated
with constitutively active Ras can cause tumors.5,6 Therefore,
mechanisms of GTP hydrolysis and its catalysis by Ras have
been intensively studied using various theoretical4,7−14 and
experimental15−22 approaches in recent decades.
Fourier transform infrared (FTIR) spectroscopy is very

sensitive to structural details that are beyond the resolution of
X-ray crystallography, which is necessary to understand
catalysis.4 There are two available X-ray structures of GDP·Pi

bound to a small GTPase without the corresponding GAP: one

bound to Rab11aQ70L (PDB ID: 1OIX)23 and one to Di-Ras2
(PDB ID: 2ERX).24 It is unclear whether these static structures
are real intermediates along the reaction pathway or artificially
formed under the crystallization conditions. Recently, FTIR
studies discovered the existence of a stable GDP·H2PO4

−

intermediate bound to Ras·GAP.22 However, the structural
information has to be decoded from the specific vibrational
modes of substrates in proteins. Recent studies have shown that
small but decisive changes in structure and charge distribution
can be detected by the combination of biomolecular
simulations and FTIR spectroscopy.4,25 These studies focused
on substrate changes in the educt and product states in different
environments. Here, by combining FTIR and biomolecular
simulations, we identify a transient state during the reaction
pathway of a small compound, thereby closing an important
gap in the GTP hydrolysis reaction pathway: the structure of
GDP·H2PO4

− within the Ras·GAP complex, the central
intermediate during GTP hydrolysis. The rate-limiting step in
this reaction is the release of inorganic phosphate into the bulk.
Theoretical studies of GTP hydrolysis consider this structure
the product and not an intermediate. By monitoring time-
resolved IR absorbance changes, we can follow the hydrolysis of
GTP to GDP in Ras on the millisecond time scale.26 The
variations of specific vibrational bands with time indicate the
cleavage of the γ-phosphate and the formation of chemical
bonds.22 FTIR investigations can therefore reveal reaction
mechanisms and allow us to derive the reaction rate constants
of GTP hydrolysis.27

Many theoretical studies have investigated the reaction
pathway of GTP hydrolysis in Ras·GAP, but there are only a
few8,11−13 with reasonable activation barriers in agreement with
the experimental results. These theoretical studies consider
only bond breakage, and therefore the product state of the
simulations is the intermediate state GDP·H2PO4

−. Regarding
biological function, the complete reaction pathway has to be
considered because Ras is still in the signal-transducing “on”
state within the intermediate,28 but not in the “off” state, which
inhibits signal transduction. In principle, structural information
about the intermediate could be obtained from these studies,
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but they all focus on the transition state and the activation
barrier, because this is the only reliable observable for the whole
reaction pathway that can be compared to experimental results.
However, precise validation of the educt and product structures
is important; agreement of the activation barriers is not
sufficient proof of the intermediate structure. By calculating
vibrational modes and comparing to measured values, we are
able to explicitly validate the intermediate structure, which has
not yet been observed by X-ray experiments for wild-type Ras
or Ras-like proteins in complex with GAP.
Detailed knowledge of the intermediate structure is crucial to

understand the subsequent steps of hydrolysis. We need
structural clarification of why the intermediate is in the “on”
state28 and why the rate-limiting step for hydrolysis is H2PO4

−

release.22 Here, we describe the intermediate structure obtained
by self-consistent charge−density functional tight-binding
(SCC-DFTB)29 optimized for phosphate hydrolysis reactions30

with umbrella sampling31 and further refinement by molecular
mechanics (MM) and quantum mechanics/molecular mechan-
ics (QM/MM) simulations. The calculated spectroscopic
features of H2PO4

−
fit the spectroscopic results and validate

this intermediate structure.
As a starting structure, we used the X-ray structure of

Ras·GAP·GDP·AlF3 (PDB ID: 1WQ1).16 GDP·AlF3 is an
analogue for the transition state of GTP hydrolysis and
therefore the most reasonable accessible starting structure. We
replaced GDP·AlF3 by GTP and amended the X-ray structure
in a manner similar to that reported by Rudack et al.25 We used
the MM-equilibrated reactant conformation of Ras·GAP·GTP
and allowed GTP hydrolysis to proceed toward the
intermediate state by umbrella sampling.31 The reaction
pathway is analogous to that of ATP hydrolysis in myosin.32

First, the nucleophilic attacking water transfers one hydrogen
atom to the oxygen atom of the γ-phosphate and then attacks
the phosphorus atoms of the γ-phosphate to form the inorganic
molecule H2PO4

− (Figure S1). This protonation state was
already revealed clearly by FTIR experiments.22 With the
GDP·H2PO4

− intermediate bound to Ras·GAP, we performed a
50 ns MM simulation using the CHARMM force fields and the
GROMACS 4.0.7 program suite.33,34 The system reached
equilibrium in 10 ns. To further refine the intermediate
structure, this snapshot at 10 ns was taken as the starting
structure for another 50 ps QM/MM simulation. We calculated
normal modes for each picosecond of the first 10 ps of the
QM/MM trajectory. The deviation for each vibrational mode
among the 10 snapshots is within the spectral bandwidth area
(Table S1). Therefore, the QM/MM trajectory reveals a stable
conformation. For normal-mode analysis, we used the same
approach as in previous studies.35 A detailed description of the
simulation setup and parameters, including the program suites
used, is in the Supporting Information.
Two of the specific P−O stretching modes of H2PO4

− have
been experimentally resolved (Figure 1). All other vibrational
modes of H2PO4

− have lower absorption coefficients and are in
a region with poor signal-to-noise ratio. The calculated
antisymmetric vibrational mode νa(PO2) (1202 cm−1) fits the
experimentally assigned frequency of 1186 cm−1 within the
error of the method (∼2% ≙ 25 cm−1). The calculated
symmetric vibrational mode νs(PO2) (1093 cm−1) fits the
experimental value of 1113 cm−1. Further, we calculated the
influence of γ-18O4, β-

18O4, and β-
18O1 isotopic labeling (Figure

S2) on the vibrational modes of H2PO4
− and compared them

to the experiment. These relative shifts, which reflect the

character of the normal-mode vibration, can be calculated with
greater accuracy than the absolute frequencies. In isotopic
labeling experiments of γ-18O4 and β-18O1, one of the three
nonbridging oxygen atoms of the β-phosphate is labeled. Since
the barrier for β-phosphate group rotation is low, the label is
distributed among all three positions. In our calculations we
tested all possibilities and found no significant differences for
each of the nonbridging oxygen atoms of the β-phosphate. If
one hydroxyl oxygen atom and two single oxygen atoms of
H2PO4

− are labeled (Figure 1B), νa(PO2) shifts 31 cm−1 and
νs(PO2) 18 cm

−1, in accordance with the experimental values of
32 and 20 cm−1, respectively.22 If one oxygen atom and two
hydroxyl oxygen atoms are labeled (Figure 1C), νa(PO2) shifts
13 cm−1 and νs(PO2) 16 cm−1, in accordance with the
experimental values of 16 and 20 cm−1, respectively.22

Calculated band shifts for νs(PO2) with β-18O1 and β-18O4
isotope labeling are 7 and 17 cm−1, in good agreement with the
experimental values of 5 and 12 cm−1, respectively.22 This shift
in vibrations of cleaved H2PO4

− upon GDP labeling is due to
coupling of vibrational modes and indicates that H2PO4

− is still
in close proximity to GDP. In the calculated vibrational modes,
a clear through-space coupling between νs(PO2) of H2PO4

−

and νa(PO3)β of GDP can be observed. Therefore, IR
spectroscopy can be used for distance estimations, similar to
nuclear magnetic resonance spectroscopy. Furthermore, the
differences between the vibrational modes for H2PO4

− in water
(calculated,36 νa(PO2) = 1153 cm−1, νs(PO2) = 1068 cm−1;
measured,37 νa(PO2) = 1156 cm−1, νs(PO2) = 1077 cm−1) and
bound to Ras·GAP reveal that the spectra are sensitive to the
particular hydrogen bond network. Besides the H2PO4

−

vibrational modes, we identified an antisymmetric and a
symmetric vibrational mode for the α- and β-phosphate,
denoted as νa/s(PO2)α and νa/s(PO3)β (Table S1).
In summary, we show that the fingerprint vibrational modes

and isotopic shifts of H2PO4
−
fit the experimental results well

within the error of the method. The strong coupling between
H2PO4

− and GDP underlines the accordance between
calculated and experimental spectral features. Therefore, a
detailed analysis of our intermediate structure gained by
biomolecular simulations is justified.
The upper limit for the distance between the H2PO4

−

phosphorus and that of the β-phosphate was proposed as
5.0 Å.22 Our 50 ns MM simulation reveals an equilibrium

Figure 1. Comparison of the calculated and experimental specific P−O
stretching modes of H2PO4

− without (A) and with (B,C) γ-18O4
labeling. The red atoms are 16O and the blue ones 18O. The calculated
values are averaged over 10 snapshots (Table S1).
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distance d (Figure 2) of 4.0 ± 0.1 Å (Figure S3). This is
confirmed by the distance of 4.1 ± 0.1 Å during the 50 ps QM/
MM simulation run. A similar distance was found in the X-ray
structure of the GDP·Pi intermediate in Rab11aQ70L (4.0 Å)23

and Di-Ras2 (4.2 Å). Computational studies report a distance
of 4.1 Å.13 This distance is stabilized by contacts between all
three nonbridging oxygen atoms of the β-phosphate with
H2PO4

− (Figure 2). One of the two hydrogen atoms of
H2PO4

− forms a hydrogen bond with the β-phosphate. Further,
an oxygen atom of H2PO4

− and one of the β-phosphate
coordinate the Mg2+. The last nonbridging oxygen atom of the
β-phosphate is connected to H2PO4

− via Lys16. Interactions
with Lys16 and Mg2+ are present in both X-ray structures. Due
to the strong connection between H2PO4

− and the β-
phosphate, the oxygen atoms remain in an almost eclipsed
position, which is a prerequisite for the experimentally and
computationally observed coupling of the H2PO4

− and GDP
vibrations.22 The β- and α-phosphate oxygen atoms are
staggered because Arg789 only binds the α-phosphate and
does not stabilize an eclipsed conformation by the connecting
γ- and α-phosphates, as observed in the educt state.4

H2PO4
− is not only strongly bound to the β-phosphate but

also embedded in the Ras active site by a strong hydrogen bond
network (Figure 3A). Thr35, a marker for the conformational
change from active to inactive Ras,38 still coordinates the Mg2+,
in contrast to the product state. Furthermore, the backbone
oxygen and nitrogen atoms of Thr35 each form a hydrogen
bond with H2PO4

−, as also in the educt state for the γ-
phosphate. This Thr35 binding motif is also observed by
reaction pathway studies.11 Gly60 directly and Gln61 via a
water molecule complete the strong hydrogen bond network of
H2PO4

−. The connection of Gln61 via a water molecule to
H2PO4

− can also be seen in the structure reported by
Grigorenko et al.,13 resulting from reaction pathway calcu-
lations. In the educt, the same interactions are also formed
between Gly60, Gln61, and the γ-phosphate. The hydrogen
bonds of the conserved amino acids Thr35 and Gly60 are also
found in the X-ray structures of the intermediate in
Rab11aQ70L (Thr43, Gly69) and Di-Ras2 (Thr39, Gly 64).
In both, Gln61 is not present at the equivalent position, and no
interaction of the corresponding amino acid (Leu70, Ser65)
with H2PO4

− is seen. Overall, the hydrogen network of the
intermediate state is very close to that of the educt state. This
fits the experimental observation that the intermediate is an
“on” state.28

The intermediate separates the first reaction step of bond
cleavage and the second one of charge segregation of H2PO4

−

from the Lys16 and Mg2+, lowering the activation barrier for
hydrolysis and facilitating significant back reaction from the
intermediate toward GTP. Interestingly, an intermediate state
could not be observed in every GTPase. However, we assume
that such an intermediate exists in all reaction pathways but is
resolved only when product formation is faster than its decay.
Even if there is an intermediate, the spectral features deviate,
indicating different positioning of H2PO4

− among different
GTPases, which might effect different hydrolysis rates.
Furthermore, the existence of such a strong hydrogen bond
network in the intermediate state is another indication that
H2PO4

− release is the rate-limiting step in hydrolysis.
The interaction network of Mg2+ (Figure 3B) sheds further

light on Thr35 movement and H2PO4
− release. Thr35 has only

one interaction with Mg2+ (Figure 3B, green dashed line), but it
has two hydrogen bonds to H2PO4

−. GDP and H2PO4
− both

coordinate the Mg2+ by one oxygen atom, but the remaining
three coordination partners (two waters and Ser17) develop a
strong hydrogen bond network with GDP (Figure 3B, black
dashed lines). One coordinating water is hydrogen-bonded to
the α-phosphate; the other participates in the hydrogen bond
network between Asp57, Ser17, and Lys16 by forming a
hydrogen bond with the carboxyl group of Asp57. The other
carboxyl oxygen of Asp57 forms a hydrogen bond with the
hydroxyl group of Ser17. This guarantees maximal electrostatic
interaction of Ser17 and the water molecule with the Mg2+ and
prevents the possible mismatching of hydrogen bonding with
other residues. Furthermore, Asp57 and Lys16 are connected
via a water molecule. The stabilizing role of this water has been
emphasized by recent studies39 as well. The backbone nitrogen

Figure 2. Interactions between the H2PO4
− and GDP in the

intermediate state in Ras·GAP. The H2PO4
− still has strong

interactions with the β-phosphate of the GDP.

Figure 3. Detailed structure of the active center of Ras·GAP in the
GDP·H2PO4

− intermediate state, obtained from biomolecular
simulations. (A) The hydrogen-bonding network of H2PO4

−, which
is strongly embedded, similar to the educt state. This explains why the
intermediate state is an “on” state and why H2PO4

− release is the rate-
limiting step in GTP hydrolysis. (B) Extended view of the same state
showing the Mg2+ being bound to GDP via a strong hydrogen bond
network (black dashed lines), whereas Thr35 and H2PO4

− are only
loosely bound to Mg2+ (green dashed lines). This explains why Thr35
is no longer bound to Mg2+ after H2PO4

− release.
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atoms of Lys16 and Ser17 form hydrogen bonds with the β-
phosphate. This interaction network provides a very strong
connection between Mg2+ and GDP. The importance of this
network in the educt state has already been shown using
mutagenesis. The S17A and D57A mutations achieve a 30- and
16-fold decrease in Mg2+ binding affinity, respectively.40 The
interaction of Thr35 with Mg2+ is not as strong as that of Ser17.
The T35A mutation does not significantly affect Mg2+ binding
affinity.40 In accordance with the experiments, the distance
averaged over the 50 ps QM/MM trajectory between the
hydroxyl oxygen atom of Thr35 and the Mg2+ is larger with a
higher fluctuation (2.46 ± 0.36 Å) compared to the distance
between the hydroxyl oxygen atom of Ser17 and Mg2+

(2.16 ± 0.17 Å). Compared to the educt state (2.17 ± 0.02
Å),25 the interaction of Thr35 with Mg2+ is weakened. This
phenomenon is observed for ATP hydrolysis in myosin,41 as
well. All in all, this explains the outward movement of Thr35
with H2PO4

− release, whereas the Mg2+ remains stably
coordinated at the GDP.
In conclusion, we identified the structural details of the

GDP·H2PO4
− intermediate state in GTP hydrolysis in

Ras·GAP. Knowledge of the hydrogen-bonding network of
the active site helps to explain why the intermediate state is an
“on” state and why H2PO4

− release is the rate-limiting step. In
addition, we understand why Thr35 moves outward with
H2PO4

−. Furthermore, the intermediate structure underlines
the crucial catalytic concept of separation of bond cleavage and
charge segregation. We demonstrated our ability to decode
transient positioning and the detailed hydrogen-bonding
network of a small compound in a protein environment from
FTIR spectra by biomolecular simulations. Identifying the
positioning of small compounds is crucial for targeted drug
design.
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SCC-DFTBPR/MM simulation with umbrella sampling 
We performed self-consistent-charge-density-functional-tight-binding1 / molecular mechanics 

(SCC-DFTB/MM) simulation with umbrella sampling2 with the CHARMM program suit.3 We used the 
SCC-DFTB method with optimized parameters for hydrolysis reactions involving phosphorus atoms 
(SCC-DFTBPR).4 As a starting structure, we used the X-ray structure of Ras·GAP·GDP·AlF3 (PDB ID: 
1WQ15). GDP·AlF3 is an analog for the transition state of GTP hydrolysis and therefore the most 
reasonable accessible starting structure. We replaced GDP·AlF3 by GTP and amended the X-ray 
structure in a manner similar to that of Rudack et al.6. The simulation system was set up by solvating 
the active center of the Ras·GAP system with a water sphere with a radius of 25 Å. The electrostatic 
interaction of the whole system was treated with the Generalized Solvent boundary potential method.7,8 
The boundary between the quantum mechanic (QM) and molecular mechanic (MM) part is achieved 
by cutting the bond between the carbon atoms C5' and C4' of GTP by the link atom method.9 The QM 
region compromises the triphosphate group of GTP, the Mg2+, two waters coordinating Mg2+ and the 
nucleophilic attacking water being necessary for hydrolysis. In total 28 atoms were described by the 
SCC-DFTBPR. This method was developed especially for systems containing phosphorous atoms.10,11 
The MM part was described with the CHARMM force field.12 The system for the substate GTP in the 
Ras·GAP was firstly pre-equilibrated for 500 ps with the SCC-DFTBPR/MM method. In order to reach 
the final hydrolysis products, we followed the similar mechanism of ATP hydrolysis in myosin13,14 to 
give rise to the products GDP and H2PO4− with umbrella sampling technique. We defined a combined 
reaction coordinate (Fig. S1) with the expression Rc = R1−R2−R3 to describe the hydrolysis process, 
including the cleavage of Pγ-Ob bond and formation of PγOw and HwOγ bonds, as shown in Figure S1. 
The reaction coordinate Rc totally changes from −4.2 to −0.2 Å along the reaction pathway, which is 
divided into 22 overlapped windows for umbrella sampling. In each window, the SCC-DFTBPR/MM 
simulation was performed 100 ps by umbrella sampling with respect to the reaction coordinate Rc. 

 
S im u la tio n  s et  u p :  M M  s im u la tio n s  
A snapshot including the hydrolysis products GDP and H2PO4− was extracted from the last window 

of umbrella sampling. In this structure (Fig. S3), the distance between the atoms Pγ and Ob is 2.4 Å, 
which means a complete cleavage of the Pγ-Ob bond between γ- and β-phosphate of GTP. The Pγ-Pβ 
distance is 3.6 Å. The structure of this snapshot was embedded in a cubic water box with 33728 TIP3 
water molecules. To mimic physiological concentration, 119 sodium cations and 103 chlorine anions 
were added into the water box to keep the whole system neutral. Periodic boundary conditions were 
applied to the cubic water box and the electronic interactions of the system were evaluated using the 
Fast Particle-Mesh Ewald method15 with a grid spacing of 0.12 nm and fourth-order spline 
interpolation. The van der Waals interactions between atom pairs were truncated within a cutoff values 
of 1.0 nm. A Berendsen thermostat with a coupling constant of 0.1 ps and a Berendsen thermostat with 
a coupling constant of 1.0 ps were used to keep the system at a constant temperature of 300 K and 1 
standard atmosphere, respectively.16 The equilibrium simulation for the hydrolysis products of GDP 
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and H2PO4− in the Ras·GAP system was carried out using the CHARMM force field12 in 
GROMACS 4.0.717,18. First, the system was energy-minimized and pre-equilibrated with an integration 
step of 1 fs to achieve equilibrium. Finally, the equilibrated 50 ns MM trajectory was analyzed. 
 

S im u la tio n  s et  u p :  Q M /M M  s im u la tio n s  
For QM/MM simulations and normal mode analysis we used the same approach as Fei et al.19. We 

used the QM/MM interface20 for GROMACS17,18 and Gaussian0321 with the normal QM/MM scheme.22 
The QM atoms comprising the GDP nucleoside, the H2PO4− and Mg2+ treated at the level of 
B3LYP/6-311++G(d,p)23,24 by Gaussian0321. The rest of the protein including the solvent is treated by 
MM using the CHARMM force field12 in GROMACS17,18. 
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Table S1 Comparison of the available experimental (column 2) and calculated (column 4-13) specific 
normal vibrational modes (column 1) for the diphosphate of GDP and H2PO4

- bound to Ras·GAP for 
10 snapshots. The third column gives the averaged value of all 10 snapshots. All wavenumbers are given 
in cm−1. 

 

Modes    Exp. Aver. S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

υa(PO2)α  1233 1231 1230 1234 1242 1240 1231 1231 1237 1229 1228 

υa(PO2) 1186 1202 1199 1210 1210 1204 1198 1199 1199 1208 1195 1197 

υa(PO3)β  1123 1121 1130 1118 1124 1114 1121 1121 1127 1122 1132 

υs(PO2) 1113 1093 1090 1094 1103 1089 1108 1090 1090 1090 1088 1089 

υs(PO2)α  1054 1054 1053 1053 1054 1057 1054 1054 1053 1048 1059 

υs(PO3)β  970 974 969 976 965 968 974 974 966 969 969 

υa(PO4)γ  907 909 911 911 898 908 908 908 910 899 908 

υs(PO4)γ  816 817 807 827 803 825 817 817 814 813 819 

 

 

 

Figure S1 A combined reaction coordinate Rc=R1-R2-R3 is defined for umbrella sampling. The 
distances R1 is the one between the bridged oxygen atom Ob and Pγ of the γ-phosphate of GTP, R2 is 
the distance between the oxyen atom Ow of the nucleophillic attacking water and Pγ, and R3 the 
distance between the hydrogen atom Hw of the nucleophilc attaking water and the oxygen atom Oγ of 
the γ-phosphate. 
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Figure S2 All possible label positions after bond cleavage using the available γ-18O4 (A), β-18O4 (B), and 
β-18O1 (C) isotopically labeled GTP, which have been measured experimentally. The vibrational modes 
of the isotopically labeled intermediate structures on the right side have been calculated. The isotopic 
shift is the difference between the average of the calculated vibrational modes of each isotopomer and 
the calculated vibrational mode of the non-labeled structure. 
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Figure S3 The distance plot of the phosphorous atom of H2PO4− and the phosphorous atom of the 
β-phosphate in Ras·GAP, extracted from the equilibrated 50 ns MM trajectory (blue graph) and the 
50 ps QM/MM trajectory (red graph). The embedding shows the Mg2+, H2PO4− and GDP molecules in 
Ras·GAP, with the dashed orange line denoting the plotted distance. 

 

 

Figure S4 The structure of the hydrolysis products GDP and H2PO4− extracted from the last window of 
umbrella sampling. Shown distances are given in Ångstrom. 
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