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The hydrolysis of nucleoside triphosphates by enzymes is used as
a regulation mechanism in key biological processes. Here, the GTP
hydrolysis of the protein complex of Ras with its GTPase-activating
protein is monitored at atomic resolution in a noncrystalline state
by time-resolved FTIR spectroscopy. At 900 ms, after the attack of
water at the �-phosphate, there appears a H2PO4

� intermediate
that is shown to be hydrogen-bonded in an eclipsed conformation
to the �-phosphate of GDP. The H2PO4

� intermediate is in a position
where it can either reform GTP or be released from the protein in
7 s in the rate-limiting step of the GTPase reaction. We propose that
such an intermediate also occurs in other GTPases and ATPases.

proteins � reaction mechanism � FTIR spectroscopy � signal transduction

The guanine nucleotide-binding protein Ras regulates sev-
eral signal transduction processes involved in cell growth

and differentiation (1). Ras serves as a prototype for the
superfamily of GTPases that cycle between the active GTP-
bound state and the inactive GDP-bound state. The switching-
off of signal transduction is accomplished by GTP hydrolysis,
which is a phosphoryl transfer from GTP to water. This process
is slow for Ras�GTP, allowing further control of this process by
GTPase-activating proteins (GAPs), which stimulate the re-
action by several orders of magnitude (2). The Ras protein has
been extensively studied by various methods, including x-ray
crystallography (3–5), NMR (6), computation (7–10), and
FTIR spectroscopy (11–15). For the slow intrinsic reaction, a
substrate-assisted mechanism has been inferred from bio-
chemical and computational studies, whereby �-phosphate
acts as a general base to activate the nucleophilic water (16,
17). Accumulating intermediates in GAP-catalyzed reactions
have recently been observed for both the Ras�RasGAP and the
Rap�RapGAP reaction, and these intermediates can either
decompose to the products GDP and Pi or regenerate GTP
(11, 18, 19). Recently, a crystal structure of an intermediate of
an enzyme-catalyzed phosphoryl transfer reaction was re-
ported (20). This intermediate was analyzed as a pentacovalent
phosphate structure, but there is considerable controversy
concerning this interpretation (21–23).

Time-resolved FTIR (trFTIR) difference spectroscopy
monitors protein reactions at the atomic level in real time (24,
25). In the present application, Ras in the presence of satu-
rating amounts of NF1-333, the catalytic GAP domain of
neurofibromin, was loaded with caged GTP, which cannot be
hydrolyzed by the Ras�RasGAP system. Ras�GTP was gener-
ated by a laser f lash, and the subsequent hydrolysis reaction
was monitored by tr-FTIR with a time resolution of millisec-
onds. The phosphate vibrations were assigned by using 18O-
labeled caged GTP (12). A global multiexponential kinetic
analysis of the trFTIR data obtained at 260 K was performed
by using a sum of three exponential functions for the GAP-
catalyzed GTPase reaction of Ras (11).

�A��, t� � �
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The first process, with the rate constant k1 (data not shown),
describes the appearance of GTP from the precursor caged GTP
(11). At the second rate (rate constant k2), GTP disappears, and
an intermediate appears that is assigned to protein-bound Pi,
initially without implication for its structure. Pi is released from
the protein in the rate-limiting step, which is described by the
third rate (rate constant k3) (11).

Ras�RasGAP�GTPO¡
k2

?O¡
k3

Ras�RasGAP�GDP

Here, we determine the protonation state and the location of the
protein-bound Pi, both of which have important implications for
the molecular mechanism.

Results and Discussion
Assignment of the �,�-Bridging Vibration. To monitor bond break-
age, we needed to observe the vibrations of the bridging
oxygen. According to quantum mechanics�molecular mechan-
ics calculations by Klähn et al. (26), we expect two vibrations
of the �,�-bridging oxygen, the in-phase and out-of-phase
vibrations of the O�,�-P�-O�,� system. The corresponding
normal modes are shown in Fig. 1. By using �-18O3- and
�-18O4-labeled GTP we could assign to these vibrations ab-
sorptions at 895 and 878 cm�1 (Fig. 1). We then followed the
cleavage reaction of the �-phosphate in the Ras�NF1 1:1
complex directly by the time dependence of the intensities of
the bands, as shown in Fig. 2. The marker band for bond
breakage at 878 cm�1 decreases with rate constant k2, the rate
with which the intermediate is formed. Only after the inter-
mediate is formed the final product emerges with rate constant
k3, as indicated by the increase of the marker band for Pi at
1,078 cm�1, which stems from phosphate in water. Thus, we
propose that in the intermediate the �-phosphate is already
cleaved from the GDP but is still within the binding pocket and
linked or bound in some manner to the protein.

IR Spectrum and Kinetics of the Intermediate. Information as to
the nature of the intermediate can be gained from its FTIR
spectrum. The bands are expected to shift upon �-18O-labeling,
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and this is indeed found for the bands at 1,186 cm�1 (Fig. 3A) and
1,113 cm�1 (Fig. 4A), which can unequivocally be assigned to
cleaved but protein-bound Pi. As shown in Fig. 3B for the 1,186
cm�1 absorption, the bands increase with the depletion of GTP
(rate constant k2) and decay with the formation of GDP (rate
constant k3). Figs. 3A and 4A show amplitude spectra of the
intermediate formation from GTP (rate constant k2); thus, the
bands of the intermediate are facing upward. The assignment is
confirmed by measurements of unlabeled GTP in H2

18O, where
these bands also shift (11). These measurements show that the
nucleophilic attack of water has taken place. The bands in Figs.
3A and 4A using labeled GTP are described in Protonation State
of the Phosphate and Coupling Gives Information on Structure.

Intermediate Is Not a Phosphorylated Enzyme. The absorptions at
1,186 cm�1 and 1,113 cm�1 are similar to the band positions
found for a phosphate covalently bound to Asp-351 in Ca2�-
ATPase (27). Furthermore, phosphorylated Ser in phosvitin or
ovalbumine absorbs at 1,194 cm�1 (28). Although it is generally
accepted that GTP hydrolysis by Ras does not proceed via a
phosphorylated enzyme intermediate, the absence of such a
pathway has not actually been shown directly for the GAP-
activated reaction. We therefore investigated this question by

using [�-32P]GTP. After rapid mixing in a quenched-flow ap-
paratus, the reaction was quenched in trichloroacetic acid or
KOH. From the FTIR results, the intermediate should accumu-
late several seconds after mixing. However, under the dilute
solution conditions and higher temperature of the quenched-
flow experiment, the reaction is known to be much faster (2), so
that reaction times ranging from 2 ms to 10 s were investigated.
No trace of radioactivity could be detected in either Ras or NF1
(Fig. 5), neither with a nitrocellulose filter assay nor by SDS�
PAGE and PhosphorImager analysis. A control with the mutant
RasA59T, which is known to undergo autophosphorylation on
Thr-59 (29), shows a very strong signal (Fig. 5) that argues
against the occurrence of a covalently bound phosphate. This
finding is further supported by FTIR measurements through
which we observe that an oxygen isotope of water is incorporated
into the intermediate, which would not be observed in a phos-
phoryl transfer to a protein residue.

Protonation State of the Phosphate. The evidence presented so far
suggests that in the intermediate state the �,�-bond has been
broken and that the phosphorus moiety is not covalently at-
tached to either Ras or NF1. The remaining possibilities are that

Fig. 1. Band assignments. Shown are FTIR difference spectra of the hydro-
lysis reaction of Ras�GTP for unlabeled (spectrum A), �-18O3- labeled (spectrum
B) and �-18O4-labeled (spectrum C) GTP. Bands facing downward belong to the
Ras�GTP state, and bands facing upward are from to the Ras�GDP state. The
double difference (spectrum C-B) demonstrates the differences caused by the
�,�-bridging oxygen. The normal mode vectors of the GTP vibrations in which
this bridging oxygen is involved are shown according to the calculation of
Klaehn et al. (26). The band at 956 cm�1 already shifts upon �-18O3-labeling
and, thus, has a mainly �s(�-PO3) character. This assignment improves the one
of Du et al. (15). Furthermore, the asymmetric stretching vibrations of the �-,
�- and �-phosphates of Ras�GTP are marked.

Fig. 2. Time-dependent absorbance changes of marker bands of the bridg-
ing bond, the intermediate, and the product during the GAP-catalyzed GTPase
reaction of Ras. The amplitudes for the intermediate formation (gray dotted
lines) and product formation (black dotted lines) are given.

13912 � www.pnas.org�cgi�doi�10.1073�pnas.0604128103 Kötting et al.



the group is present as metaphosphate or orthophosphate. The
former possibility is excluded by the evidence that oxygen
isotopes from water are already incorporated in the intermedi-
ate, which is not expected in a dissociative mechanism leading to

metaphosphate formation. Therefore, we conclude that the
intermediate harbors orthophosphate, and we can now address
the question of its protonation state, which is relevant to the
enzymatic mechanism not just of Ras but for general phosphoryl
transfer reactions. Thus, the phosphate group could either be
singly or doubly protonated.

Referring to the bands discussed above, the corresponding
vibrations of H2PO4

� in water (Fig. 3E) are at 1,156 cm�1

(asymmetric stretching mode) and 1,077 cm�1 (symmetric
stretching mode) (30). Following the general tendency for PO
vibrations, we would expect these bands to be blue-shifted in
the protein environment, and shifts of �30 cm�1 are indeed
observed. These shifts are very similar to those observed for
the PO-stretching vibrations of GDP (� and �) and GTP (�
and �), comparing water and the Ras environment or the shift
of the PO2 groups of DNA upon hydration (31). In contrast,
the protein-induced shifts for a HPO4

2� moiety would be 106
and 125 cm�1, which is greater than expected. Further infor-
mation was obtained by the pattern of the shift of the 1,186
cm�1 band shown in Fig. 3A: Three of the four oxygen atoms
of the Pi are from the �-phosphorus of GTP and, thus, are
18O-labeled, but one is from the attacking water and, there-
fore, is unlabeled. We observe two bands of approximately
equal intensity, and the shifts are 16 and 32 cm�1, respectively.
This is expected only for a PO2 vibration as in H2PO4

�, as

Fig. 3. Assignment of the protonation state. (A) Amplitude spectrum of the
bond-breaking with rate constant k2 of the GAP-catalyzed GTPase reaction of
Ras using GTP (black) or [�-18O4]GTP (red). The positive bands are due to the
protein-bound Pi. The band shifts are 16 and 32 cm�1 with approximately
equal intensities. (B) Kinetics of absorptions assigned to GTP, GDP, and the
intermediate. The data were fitted by a global fit with three exponential
functions. The three components of each absorption are shown as dotted
lines, and the sum of the components is shown as a solid line. (C) Scheme
demonstrating the expected band shifts and intensity ratios for the �as vibra-
tions of H2PO4

� and HPO4
2�, respectively. (D) Scheme demonstrating the ex-

pected distribution of the 18O isotopes from �-GTP for a pentacovalent or
orthophosphate intermediate, respectively. The atoms participating in the
vibration are shown in boldface type. (E) Scheme demonstrating that the band
shifts due to the protein environment instead of water are in the expected
range for H2PO4

�, but not for HPO4
�.

Fig. 4. Through-space coupling. (A) Amplitude spectrum of the bond
breaking with rate constant k2 of the GAP-catalyzed GTPase reaction of Ras
using GTP (black) or [�-18O4]GTP (red). Bands facing upward are due to the
protein-bound Pi. Additionally, the band positions for �-18O1- and �-18O4-
labeled GTP are shown. (B) Calculation of the coupling element of the
shown model substance as a function of the distance of the two PO2 groups.
The chlorine atom was chosen because it has an electronegativity similar to
oxygen, but its vibrations are decoupled from the PO2 vibrations because
of its much higher mass.

Fig. 5. SDS�PAGE gels. M is a marker with the molecular masses as indicated.
The second line shows a typical Coomassie-stained gel of the reaction mixture.
The following three lines are examples from the PhosphorImager in our
quenching experiments as detailed in the text. The last line is as a positive
control the quenching of the reaction of RasA59T�[�-32P]GTP.
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demonstrated in Fig. 3C. If we assume that proton transfer can
occur between the individual oxygen atoms at a rate that is
rapid compared with the lifetime of the intermediate, there is
a 50% probability that the unlabeled oxygen is protonated only
in the case of H2PO4

�. In this case, both oxygen atoms of the
PO2 group are labeled and give rise to the full shift of 32 cm�1.
In the other 50% of the molecules, only one of these two
oxygen atoms is labeled, giving rise to exactly half of the shift,
which is in agreement with the observation. In the PO3
vibration expected for HPO4

2�, the probability for protonation
of the unlabeled oxygen is 25%; thus, only 25% of the
molecules should be subject to the full shift of 32 cm�1. The
remaining 75% of the molecules have a P18O2

16O vibration,
which should show two-thirds of the full shift. Thus, both the
intensity ratio and the shift ratio are clearly in line with the PO2
vibration of H2PO4

� but not with the PO3 vibration of HPO4
2�.

Coupling Gives Information on Structure. Interestingly, the band at
1,113 cm�1 also shifts in the case of �-GTP labeling as shown in
Fig. 4A. Given the fact that the bridging bond is already cleaved,
through-space coupling is the only source for the band shift. This
coupling decreases with the distance r of the dipoles by r�3 in the
near-field approximation (32). Thus, the distance of the Pi from
the GDP must still be small in the intermediate. To estimate the
maximum distance for observing this coupling, we calculated the
coupling element of a model system (Fig. 4B) with two PO2
vibrations in an eclipsed conformation. One PO2 group simu-
lates the �-phosphate of GDP; the other group models the PO2
group of the cleaved �-phosphate. These density functional
theory calculations [BP86�6-311��G(d, p)] give a distance
dependency of r�3.7 of the coupling element, similar to the
findings of Hahn et al. (32). In this model system, the conditions
for coupling are ideal (dihedral angle of 0° and complete
degeneracy); therefore, the result can be taken as an upper limit
for the coupling. In the protein, the vibrations of the groups are
probably not completely degenerated, and the groups might not
be completely eclipsed. Even in the model system, the coupling
becomes negligible at distances of �5 Å. Thus, the distance of
the phosphorus atoms of the �-phosphate and the cleaved Pi
must be 	5 Å, which means that the Pi is probably hydrogen-
bonded to GDP.

The Intermediate Has No Pentacovalent Structure. We have so far
implicitly excluded the possibility that the intermediate has a

pentacovalent structure (Fig. 3D); however, we can now add
further arguments against this. This point is important because
such an intermediate is often considered for phosphoryl transfer
reactions (33, 34), and crystallographic evidence for such a
mechanism has recently been presented in the case of �-phos-
phoglucomutase (20). In such an intermediate, the bond order
of the P–O bonds is reduced to 1 so that the absorption bands
of such a species are expected at wave numbers lower than 1,000
cm�1. Furthermore, we observe two vibrations at 1,170 and 1,154
cm�1 upon �-18O-labeling. This coupling pattern excludes a
pentacovalent intermediate, because a pentacovalent interme-
diate cannot show a P16O18O vibration given that an exchange of
the equatorial and axial positions is not possible; therefore, the
oxygen of the attacking water would remain in the axial position,
and we would observe only the P18O2 vibration at 1,154 cm�1

(compare with Fig. 3D). Note that a PO2 vibration would be
possible only if one of the equatorial oxygen atoms were
protonated.

That this intermediate is not a pentacovalent phosphorus
structure does not rule out the possibility of such a structure
occurring as an intermediate preceding the one characterized
here. The lack of experimental evidence for the existence of such
a species, which is actually favored in a reaction mechanism
involving proton transfer from the nucleophile to the �-phos-
phate substrate (16, 17), could arise from the fact that it does not
accumulate during the reaction, i.e., that its decay is much faster
than its production.

Insights into the Mechanism. The arguments presented make it
most likely that the intermediate identified by FTIR is H2PO4

�

(Fig. 6), which is probably directly bound via a hydrogen bond
bridge to the �-phosphate of GDP. In this case, the distance
would be short enough for the observed coupling. Such a
scenario is in excellent agreement with a recent x-ray structure
of Rab11 Q70L containing Pi, in which the Pi interacts via a
proposed low-barrier hydrogen bond to GDP (35). In the
reported structure, it is not clear whether the identified
intermediate arises directly from cleavage of GTP or is
generated by the long incubation during crystallization at very
high phosphate concentration. In the results reported here, it
can only arise directly from the cleavage reaction and is
therefore a genuine intermediate. An attractive explanation
for the production of this species is the extensively discussed

Fig. 6. Reaction mechanism. (A) Schematic illustrations of GTP within the Ras�RasGAP complex, in which negative charge is transferred toward the �-phosphate.
The attacking water is shown in the position of the ground state. The attaching water might conceivably transfer a proton to GTP as the first step toward
hydrolysis. (B) Schematic illustrations of the intermediate according to results and interpretation given in the text. The phosphate is already cleaved from the
GDP. Despite the absence of a covalent bond to the phosphate, it is retained in the binding pocket via a hydrogen bond and electrostatic interactions with the
magnesium atom. We propose that the phosphate group is doubly protonated.

13914 � www.pnas.org�cgi�doi�10.1073�pnas.0604128103 Kötting et al.



possibility of transfer (direct or indirect) of a proton from the
attacking water molecule to an oxygen of the �-phosphate
group (9, 16, 17, 35–37), a mechanism that has been called
substrate-assisted catalysis (16). Such proton transfer can be
direct or mediated via water molecules, as has been discussed
for Ras and the F1 ATPase reaction (4, 38). After attack of the
generated hydroxyl ion on phosphorus and cleavage of the
�,�-bond, H2PO4

� would be generated as the initial product.
Thus, if proton transfer occurs before the cleavage reaction, it
would favor an associative transition state (39). In support of
this possibility, proton transfer to the �-phosphate has been
recognized as a crucial element of the reciprocal GTPase
stimulation of the signal recognition particle and its receptor
(40, 41).

Conclusion
We have shown that the GAP-catalyzed GTPase reaction of Ras
proceeds via an identifiable intermediate in which phosphate has
not yet dissociated from Ras. We have assigned the vibrations of
the �,�-bridging oxygen of GTP bound to Ras and demonstrated
that this bridge is already broken in the intermediate. This
finding is confirmed in studies with isotopically labeled GTP. A
strong through-space coupling between GDP and the protein-
bound Pi indicates a small distance (	5 Å between the phos-
phorus atoms) between the two species. The close juxtaposition
of the GDP and Pi in the intermediate state is in harmony with
the finding that a considerable amount of back reaction to GTP
takes place not only in Ras�RasGAP but also in the RapGAP
reaction (18) and might be a general phenomenon of this type
of reactions. We have ruled out the possibility that the inter-
mediate represents a pentacovalent phosphorus structure or a
phosphorylated protein. Analysis of the FTIR bands suggests
that the protein-bound Pi is a H2PO4

� species, possibly bound by
a proton to the GDP, as shown in Fig. 6, supports a mechanism
involving protonation of an oxygen of the �-phosphate group to
form an associative transition state. Our results allow the
arrangement of crystallographic data in a sequential order of
events.

Materials and Methods
Wild-type Ras (residues 1–166) was prepared from Escherichia
coli CK600K harboring the ptac-ras plasmid (42). NF1-333 was
isolated from E. coli BL21DE3 with the pGEX-NF1-333
plasmid (2). Time-resolved FTIR measurements were per-
formed as described in refs. 12 and 13. Amplitude spectra were
obtained by fitting the data according to Eq. 1 with a sum of
three exponential functions. To each rate constant kl belongs
an amplitude spectrum al(�) showing the spectral changes

during the respective transition. In Figs. 3 and 4, the amplitude
spectra �al(�) are shown; thus, the bands that are due to the
disappearing state face downward and the bands belonging to
the evolving state face upward. In a hydrolysis spectrum (as in
Fig. 1) the bands of the Ras�GTP state face downward and the
bands of the Ras�GDP state face upward. [18O4]Phosphate was
prepared from PCl5 (Fluka, Buchs, Switzerland) and H2

18O
(99% 18O; Campro Scientific, Berlin, Germany). [�,�-18O,
�-18O3]GTP (throughout the text named [�-18O4]GTP for
simplicity) was prepared from GDP (Fluka) by condensation
of the phosphorimidazolidate of GDP with [18O4]phosphate
(43, 44). [�-18O3]GTP was prepared from [18O4]phosphate and
GDP by means of carbamate kinase.

Quenched Flow. [�-32P]GTP [27 �l at 270 �Ci (1 Ci � 37 GBq)]
was obtained from Hartmann Analytik (Göttingen, Germany).
Solutions of Ras�[�-32P]GTP (15 �l of 10 �M Ras�[�-32P]GTP
(15 �l at 0.2 �Ci)�50 mM Mes�5 mM DTT) and NF1 (15 �l
of 20 �M NF1-333�50 mM Mes�5 mM DTT�20 mM MgCl2)
were mixed and quenched by a denaturing agent after time
delays between 2 ms and 20 s at 274 K in a quenched-f low
apparatus. Acid (0.6% trif luoroacetic acid) or alkaline (0.5 M
KOH) denaturing agents were used, respectively. An excess of
GAP was used to assure single-turnover conditions. Alterna-
tively, multiple turnover conditions were used. Here, a steady
state of the intermediate is present for a longer time, so that
manual mixing is possible. The time between mixing and
quenching was varied between 2 and 20 s, and the temperature
was between 260 and 293 K. The resulting solutions were
investigated by a nitrocellulose assay with subsequent deter-
mination of the radioactivity by using a scintillation counter.
Additionally, the two proteins were separated by SDS�PAGE,
and the obtained gel was scanned by using a PhosphorImager.

Computation. In the calculation, the coupling of two PO2
vibrations was determined. The aim was to get an upper limit
for the distance for which significant coupling is expected. A
chlorine atom was used to saturate the free valence of the
phosphor, because its vibrations are uncoupled from the PO2
system and the electronegativity is similar to oxygen. The
geometry was optimized at the BP86�6-311��G(d, p) level of
theory, constraining the P–P distance by using the Gaussian 03
program (45). Frequencies were obtained by harmonic ap-
proximation using the second derivative of the potential
energy.

This work was supported by Deutsche Forschungsgemeinschaft Grant
SFB 642.
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