Monitoring the GAP catalyzed H-Ras GTPase reaction
at atomic resolution in real time

Christoph Allin*, Mohammad Reza Ahmadian®, Alfred Wittinghofer?, and Klaus Gerwert**

*Lehrstuhl fur Biophysik, Ruhr-Universitat Bochum, D-44780 Bochum, Germany; and "Max-Planck-Institut fiir Molekulare Physiologie, Otto-Hahn-Strasse 11,

D-44227 Dortmund, Germany

Edited by Mostafa A. El-Sayed, Georgia Institute of Technology, Atlanta, GA, and approved April 2, 2001 (received for review November 20, 2000)

The molecular reaction mechanism of the GTPase-activating protein
(GAP)-catalyzed GTP hydrolysis by Ras was investigated by time
resolved Fourier transform infrared (FTIR) difference spectroscopy
using caged GTP (P3-1-(2-nitro)phenylethyl guanosine 5’-O-triphos-
phate) as photolabile trigger. This approach provides the complete
GTPase reaction pathway with time resolution of milliseconds at the
atomic level. Up to now, one structural model of the GAP-Ras-GDP-AIFy
transition state analog is known, which represents a “snap shot”
along the reaction-pathway. As now revealed, binding of GAP to
Ras-GTP shifts negative charge from the y to  phosphate. Such a shift
was already identified by FTIR in GTP because of Ras binding and is
now shown to be enhanced by GAP binding. Because the charge
distribution of the GAP-Ras‘GTP complex thus resembles a more
dissociative-like transition state and is more like that in GDP, the
activation free energy is reduced. An intermediate is observed on the
reaction pathway that appears when the bond between g and y
phosphate is cleaved. In the intermediate, the released P; is strongly
bound to the protein and surprisingly shows bands typical of those
seen for phosphorylated enzyme intermediates. All these results
provide a mechanistic picture that is different from the intrinsic
GTPase reaction of Ras. FTIR analysis reveals the release of P; from the
protein complex as the rate-limiting step for the GAP-catalyzed
reaction. The approach presented allows the study not only of single
proteins but of protein-protein interactions without intrinsic chro-
mophores, in the non-crystalline state, in real time at the atomic level.

he GTP-binding protein Ras is a major regulator of many signal

transduction processes that lead to cell growth and differenti-
ation (1). Like other GTP-binding proteins, it acts as a molecular
switch, cycling between an inactive GDP-bound and an active
GTP-bound conformation. The GTP B—y bond is cleaved by a
nucleophilic attack of a water molecule at the y phosphate (2). In
the active GTP-bound state Ras interacts with effectors and
downstream targets in the signaling cascade. The intrinsic GTPase
reaction of Ras is very slow, but GTPase-activating proteins
(GAPs) can accelerate it maximally ca. 10° times (3). Many
oncogenic mutants of Ras escape regulation by RasGAPs. This
misfunction leads to a high concentration of Ras‘GTP, which is a
key event in malignant transformation of cells. Therefore, investi-
gations have focused on understanding the molecular mechanism
by which GAPs catalyze the hydrolysis reaction (4). Structural
models of the Ras*GDP-AIF;-:GAP complex, a useful transition
state analog (5, 6), have revealed as a key element for catalysis a Gln
residue on Ras and a highly conserved arginine on GAP interacting
with AlF; in the transition state analog. The additional positively
charged “Arg-finger” is proposed to stabilize the developing neg-
ative charges on y-GTP in the transition state and thereby catalyze
the reaction.

Although the transition state structural model provided a mile-
stone in the understanding of the mechanism, central questions still
need to be discussed: The exact positioning of the catalytic arginine
deviates slightly in structural models of two different GTP binding
proteins (4) with interactions occurring with the previous B-vy-
bridging oxygen and/or AlF (5, 7, 8). The latter mimics the oxygens
of the y phosphate. A charge shift toward the 8 phosphate has been
interpreted as favoring a more dissociative mechanism whereas a
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charge on the terminal y phosphate would favor a more associative
mechanism (9). Positive residues contacting -y phosphate oxygens in
the transition state would favor a more associative mechanism.

For the understanding of the molecular mechanism, the deter-
mination of the charge shifts within GTP and GDP because of GAP
binding is crucial. The initial GAP-Ras*GTP and final
GAP-Ras‘GDP three-dimensional structures have not been deter-
mined. All this makes it important to gather additional information
in real time at atomic resolution of the complete GTPase reaction.
Thereby, the Ras:GDP-AlF5:GAP complex (5), which represents a
reasonable “snapshot” close to the transition state, can be under-
stood in the context of the complete reaction and compared with
a presumed ground state complex with Cdc42 and RhoGAP (10).

Time-resolved Fourier transform infrared (FTIR) difference
spectroscopy has been successfully applied to monitor the molec-
ular reaction mechanisms of proteins (11). Performing difference
spectra between a ground state and an activated state selects the
absorbance changes of the few residues involved in the reaction
from the quiescent background absorption of the whole protein
(12). The intrinsic GTPase reaction of Ras has already been
successfully studied by time-resolved FTIR difference spectroscopy
using caged GTP (P3-1-(2-nitro)phenylethyl guanosine 5'-O-
triphosphate) as the photo labile trigger compound (13). The FTIR
experiments reveal that binding to Ras forces the flexible GTP into
a specific configuration and draws negative charge to the non-
bridging 3 oxygens (13). This charge shift induces in GTP a charge
distribution that is closer to the one in GDP and mimics more the
charge distribution of a dissociative transition state, where negative
charge is accumulated on the 8 phosphate. Thereby, the activation
energy for the B—y bond cleavage is reduced. Recently, this first
study was refined by improving some band assignments, which
support this proposal (14, 15). In addition to the IR studies, Raman
spectroscopy has also been successfully applied, providing comple-
mentary band assignments and insight into the GTPase mech-
anism (16).

In this work, FTIR spectroscopy is used to investigate the
GAP-catalyzed GTPase reaction. The accumulation of an inter-
mediate can be monitored, providing insights into the molecular
mechanism by which GAP catalyzes the GTPase reaction. An
approach is established that is able to monitor at the atomic level
in real time a protein—protein interaction leading to an enzymatic
reaction.

Materials and Methods

Materials. Wild-type full-length H-Ras were prepared from Esch-
erichia coli (17). Wild-type NF1-333 was isolated from E. coli
CK600 (18). A detailed description and more detailed literature for
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180 labeling of GTP and GDP is given in ref. 15. For the FTIR
measurements, the sample solution was prepared as described in
detail (13, 15). The sample solutions for the measurements with
NF1-333 contained 6.0 mM Ras-caged nucleotide, 6.6 mM wild-
type NF1-333, 20 mM MgCl,, 20 mM DTT, 200 mM Mes (pH 6.0),
and 12% ethylene glycol. NF1-333 was in slight excess over
Ras-caged nucleotide to investigate the NF1-333-catalyzed GTPase
reaction under single turnover conditions. DTT was used to scav-
enge the reactive photolysis byproduct 2-nitrosoacetophenone. For
the measurements in H,'30, the sample solution was picked up
three times with an excess of H,!%0.

Methods. The FTIR measurements were performed as described by
using the fast scan technique (12), and the same conditions as
detailed in (15) were used. The photolysis of caged GTP was
performed at 308 nm by an LPX 240 XeCl excimer laser (Lambda
Physics, Gottingen, Germany). Thirty flashes were applied to
achieve 60 to 70% degree of conversion of caged GTP to GTP in
90 ms. The chosen number of flashes was a compromise between
the time of photolysis and the degree of conversion. The temper-
ature of 260 K was chosen to slow down the hydrolysis reaction rate
for the application of the fast scan technique but to avoid freezing
of the sample. The photolysis measurements with Ras.caged GTP
were also performed at 260 K.

The data of the time-resolved fast scan measurements were
analyzed between 1800 and 950 cm~! with a global fit method (19).
In global fit analysis, the absorbance changes A4 in the infrared are
analyzed with sums of n, exponentials with apparent rate constants
k; and amplitudes a;.

A, t) = E a(v)e ™ + ay(v).
I=1

In the analysis, the weighted sum of squared differences f
between the fit with n, rate constants k; and data points at n,,
measured wavelengths »; and n, time-points ¢; is minimized (19).

% ne nr

f = 2 E (Wij)z(AAmeasured(Via tj) - 2 al(Vi)'eik”j + aU(Vi))z-

i=1j=1 I=1

Results

The GTPase reaction of the GAP-Ras-caged GTP complex was
initiated by UV laser flashes, which release GTP from caged
GTP. To achieve single turnover conditions, a 1:1 stochiometry
of GAP:Ras was used. As GAP, the catalytic domain NF1-333
of neurofibromin (NF1) (18) was used. The IR absorbance
changes of the GAP-catalyzed reaction and, for comparison, the
absorbance changes of the intrinsic reaction are shown in Fig. 1.
The absorbance changes reflect only the reactions of those
groups that are involved in the GTPase reaction. The curves
relax to zero because the last measured spectrum is taken as
reference. The kinetic analysis by the global method used here
particularly improves the determination of small absorbance
changes by analyzing them simultaneously with large absorbance
changes between 1800 and 950 cm~! (19). Increase of the
reaction from 2 h 50 min to 80 s by GAP (Fig. 1) is well resolved,
and an intermediate accumulates that is observed only in the
GAP-catalyzed reaction. This difference can be seen, for exam-
ple, at 1143 cm ™. The intrinsic reaction of Ras can be described
by a single exponential function with the rate constantk = (5.1 =
0.5) X 10~*s~! at 310 K. The GAP-catalyzed reaction has to be
described by at least three exponential functions. This result
implies at least a three step mechanism:

k= (6.8 +4.1)s"1 ky = (0.77 + 0.24) s~ k3 = (0.102 + 0.027) s~

E A B C
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Fig. 1. The absorbance changes in the infrared between 1800 and 950 cm~!
during the intrinsic GTPase reaction of Ras and during the GAP-catalyzed
reaction are shown. The absorbance changes of the intrinsic reaction can be
described by a single exponential function as seen for example at 1143 cm ™!
for GTP and 1104 cm~' for GDP. In the GAP-catalyzed reaction, an interme-
diate accumulates as seen for example at 1143 cm~'. The fitted curves of the
global multiexponential kinetic analysis are shown (note the difference in log
time scale). Absorbance changes at single wave numbers as function of time
are shown in Fig. 4.

To determine the molecular reactions described by the apparent
rate constant k;, the corresponding amplitude spectra a;,(v) are
analyzed. The amplitude spectra a;(v) reflect the absorbance
changes in the transition described by k;. Because this manuscript
focuses on the influence of GAP on the phosphate moiety of
Ras:GTP and Ras‘GDP during the GTPase reaction, only the
phosphate region between 1350 and 950 cm ™! will be shown and
discussed.

The E to A Transition. The amplitude spectrum of k; (data not shown)
agrees in general with the photolysis amplitude spectrum of the
intrinsic reaction presented in ref. 15. This agreement implies that,
in the E to A reaction, the photolysis of the GAP-Ras-caged GTP
complex to a GAP-Ras‘GTP ground state complex occurs. The
complex formation between GAP-Ras-caged GTP was confirmed
by gel filtration (results not shown). Because also the rate constants
for the formation of Ras:GTP from Ras-caged GTP in the presence
or absence of GAP are the same, GAP binding seems to have
almost no influence on the photolysis reaction.

The A to B Transition. In Fig. 2aA4, the amplitude spectrum of k; is

presented (black line). The amplitude spectra follow the convention
that negative bands are associated with disappearing molecular
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Fig. 2. (a) The amplitude spectra of k,, which describe the A to B transition

are shown (black lines). Negative bands belong to the GTP state and positive
bands to the intermediate. In addition, the amplitude spectra of the labeled
compounds are shown (colored lines). The '80-labeled positions in GTP are
indicated by colored oxygens. (b) Differences between the amplitude spectra
of labeled and unlabeled GTP as shown in a are presented to visualize the
frequency shifts. The shifts of labeled bands cause difference bands, illus-
trated by shaded areas. The original frequency is given in black and the shifted
positionin color. Thisis available enlarged as Figs. 7 and 8, which are published
as supplemental data on the PNAS web site, www.pnas.org.

groups or interactions and positive bands with the formation of
molecular groups or interactions. In general, only those bands that
have been assigned to specific groups and are measured reproduc-
ibly are labeled. The disappearing bands at 1259, 1216, 1160, and
1141 cm™! agree nicely with the a-, B-, and y-GTP bands of
the intrinsic reaction (13-16). The positive bands at 1186 cm™! and
1113 ecm™! of the intermediate B are not observed in the
intrinsic reaction because this intermediate has not been detected
previously.

To assign the bands to specific residues, different site-specific
180-labeled caged GTP were used. Isotopic labeling shifts the IR
bands of the labeled group to lower frequencies. Because the
phosphate vibrations become localized by Ras binding, the bands
can be assigned to vibrations of single groups (13-16). Because of
v-180 labeling (Fig. 2aA, red line), the y-GTP bands at 1160 and
1141 cm™! are shifted to 1129 and 1118 cm™!. To visualize the
frequency shifts, double difference spectra are used. In principle, in
the double difference spectra, only those bands should appear that
are shifted because of labeling. However, depending on the signal
to noise ratio, some band shifts are clearly identified whereas other
band shifts are just above the noise. For bands with lower intensity,
we rely on the band shifts seen in the difference spectra and use the
double difference spectra only for illustration of the identified band
shifts. In the double difference spectrum (Fig. 2bA4), the GTP band
shifted because of y-!80 labeling appears at its unlabeled position,
as positive bands at 1157 and 1145 cm ™! and, at its labeled positions,
as negative bands at 1129 and 1116 cm™!. Because of these
frequency shifts, the bands at 1160 and 1141 cm™! in Fig. 2aA are
assigned to the y-PO3~ phosphate vibration as for the intrinsic
reaction (13-16). For the y-PO3~ group, a degenerate vibration
with only one band is generally expected. The distinct splitting into
two vibrations at 1160 and 1141 cm™! can be explained by two
configurations of y phosphates in slightly different environments
(15). In agreement, NMR experiments propose two states of GTP
(20). The GAP binding greatly increases the intensity of the band
at 1160 cm ™!, as compared with the intrinsic reaction (14, 15), and
thereby the population of the second conformation.

The positive intermediate bands at 1186 cm ! and 1113 cm ™! are
downshifted to 1170 em~! and 1093 cm ™!, respectively (Fig. 2aA4).
These shifts appear as difference bands at 1191/1169 em™! and
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1113/1091 cm™! in the double difference spectrum (Fig. 2bA).
Because the bands at 1186 and 1113 cm ™! are shifted, they represent
vibrations of either the y phosphate group or, if cleavage of the B—y
bond has already taken place in the intermediate, the released P;.

The isotopic shifts because of the /7y '%0-labeling are not shown,
but data are available on request. The shifts already identified in A
because of +y-labeling are also present. The intensity is reduced
because only one P-O bond is labeled, but the same frequency shifts
are seen because of vy labeling. In addition, a shift from 1260 cm™!
to 1236 cm™! is observed caused by the «-PO, vibration. The
assignment agrees well with the « vibration of the intrinsic GTPase
reaction (14, 15).

To determine whether attack of water on the y phosphate group
has taken place in the intermediate, experiments were performed
in Hy'80. The nucleophilic attack of labeled water led to an
180-labeled phosphate group and its bands should shift. This band
shift of '80-labeled P; is shown for the intrinsic reaction (15). Only
small but reproducible shifts are seen from 1186 cm™! to 1170 cm ™1,
at 1156/1141 cm™!, and from 1113 cm™! to 1091 cm™! (Fig. 2aB).
Even if these changes are small, they are clearly above the noise
level. The shifts of the positive intermediate bands are visualized in
the double difference spectrum at 1191/1169 and 1118/1091 cm ™.
They agree with the shifts observed because of y labeling and «/y
labeling as indicated in Fig. 2b by straight lines. The intensity of the
downshifted bands in Fig. 2bB at 1186 and 1113 cm™! is much
smaller than in 2bA4 because only one P-O bond is labeled instead
of four. However, it is similarly frequency shifted and has compa-
rable intensity to that of the «/7y labeling also with only one P-O
v bond labeled. Further independent evidence for the shifts of the
intermediate bands at 1186 and 1113 cm™! in H,'80 is provided
below from the amplitude spectra of k3. In summary, because of the
band shifts in H,!%0, it must be concluded that attack of a water
molecule has taken place in the intermediate.

The amplitude spectra also indicate a downshift of the negative
GTP-vy phosphate bands at 1156 cm ™! and 1141 cm ™! visualized in
the double difference spectra at 1157/1145 cm™! (Fig. 2 a and b).
This downshift is not expected after bond cleavage. However, a fast
equilibrium between GTP and GDP-P; as observed for ATP/
ADP-P; in myosin would lead to the incorporation of labeled 8O
into bound GTP (14, 15). The shift of the yband at 1156/1143 cm ™!
might indicate such an equilibrium reaction.

In Fig. 2aC, the shifts because of (Sp)-[3-'*0O]GTP are shown.
The B-PO,-GTP vibration of the intrinsic reaction has been
assigned to 1219 em ™! (14, 15). Beside the expected shift of the band
at 1216 cm™! down to 1186 cm™!, an additional unexpected shift
appears from 1141 cm™! to 1108 cm™!. These shifts are visualized
in the double difference at 1217/1190 cm~! and 1140/1117 cm™".
Interestingly, similar shifts at 1140 cm™~! are observed for the vy
vibration in Fig 2 a4 and aB. In principle, vibrational coupling
between B and vy vibrations could cause the downshift of the band
at 1140 cm™'. In such a case, the y labeling should reciprocally
influence the Bvibration at 1217 cm 1. But no such shift is observed
at 1217 cm~! in Fig. 2 aA, aB, or aC. Therefore, the band at 1140
cm™ ! represents a not coupled (S,)B3 P-O vibration just at the same
frequency as the y-PO3 " vibration. The band at 1140 cm ™! repre-
sents a remarkable downshift of the (S,)B vibration as compared
with the intrinsic reaction.

There is no shift of a positive band remaining, which could be
assigned to a B-GDP intermediate vibration. The B-GDP band
might be masked by overlap with other bands or its intensity is
largely reduced similar to the a-GDP intermediate bands, and
therefore the GDP bands of the intermediate could not be resolved.

Similar to the intrinsic reaction, the intensity of the (R,)B8 band
at 1216 cm™! is reduced in Fig. 2aD as compared with the (Sp)-$
band. This lower intensity is also seen by comparing the difference
bands 1217/1190 cm™! in the double difference spectra (Fig. 2 bC
and bD). The band at 1216 cm™! contains contributions of (S,) and
(Rp)B PO, vibrations. In contrast, the clear downshift from 1140
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Fig. 3. (a) The amplitude spectrum of k3 (black lines), which describes the

transition from the intermediate to the final GDP state. Negative bands now
belong to the intermediate and positive bands to the GDP state. In addition,
the amplitude spectra of the labeled compounds are shown (colored lines) as
in Fig. 2a. (b) Differences between the amplitude spectra of labeled and
unlabeled GTP as shown in a, presented as in Fig. 2a. This is available enlarged
as Figs. 9 and 10, which are published as supplemental data.

cm™!to 1117 cm™ ! because of (S,,)!80 labeling is not observed with
(Rp) labeling. There is a reduced intensity around 1141 cm ™!, but
no clear band shift to 1117 cm™! is seen (Fig. 2aD). The observed
deviations at 1140 cm™! could be caused by base line drifts. This
observation is also illustrated by the double difference in Fig. 2bD,
where no clear difference band is identified at 1140/1117 cm~! as
compared with Fig. 2bC. Within our experimental error there is no
evidence for a large contribution of the R, P-O vibration to the band
at 1141 cm™! in contrast to the S, P-O vibration. Therefore, we
conclude that the band at 1140 cm ™! mainly represents the (S,)P-
O~ vibration. Two (S,)-PO~ vibrations at 1216 cm™! and 1140
cm~! can be explained by two different conformations of the
(Sp)-PO~ group leading to different interactions with the protein
similar to that discussed for y-GTP above.

Characterization of the B to C Transition. In Fig. 3a4 the amplitude
spectrum of k3 is shown. The former positive bands at 1186 cm™!
and 1114 cm™! of the intermediate now become negative because
it decays with k; to the final state. The downshifts of the negative
bands at 1186 cm™~! and 1114 cm™! because of y labeling are seen
again, as reflected by difference bands at 1189/1172 cm™! and
1115/1098 cm ™! in Fig. 3bA. Shifts of the final state positive bands
are seen from 1137 cm~! down to around 1114 cm !, and 1081 cm !
to 1046 cm ! (Fig. 3a4). The band from 992 cm ™! also shifts down.
However, the position of the downshifted band is not clearly
resolved. The shifts of positive bands are reflected in the double
difference spectrum by difference bands at 1138/1115, 1078/1046
cm™! and at 992 cm™! (Fig. 3bA). The shift at 1138 cm ™! is due to
the formerly labeled bridging oxygen between 3 and vy phosphate,
which is labeled and remains at the B phosphate group after the
bond splittlngz The band at 1138 cm™! has therefore to be assigned
to a v,(B-PO3") vibration of GDP. The band absorbs at the same
frequency as the v2(y-PO3") group in the GTP state, but now
reflects the vibration of the B-GDP PO3 ™ group.

The positive bands at 1081 cm ™! and 992 cm™! which are shifted
because of ylabeling can be assigned to P; vibrations (Fig. 3a4). The
released P; of the intrinsic GTPase reaction also absorbs at 1078
cm~!and 992 cm ™!, and the bands are downshifted by v labeling
(14, 15). The frequencies indicate formation of HPOj .

The same shifts as observed for 4-fold 80 vy labeling are also
detected for the «/y labeling. The band shifts are seen at 1189/
1176, 1115/1098, 1078,/1046, and 992 cm ™! (see supplemental Figs.
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9 and 10). Again, the intensity in the spectrum of the single a/y
labeled GTP is reduced in comparison to the 4-fold y-labeled GTP,
but the same frequency shifts are seen.

The bands at 1186 and 1114 cm™! are downshifted because of
H,!80 (Fig. 3aB) as in the k, amplitude spectrum and appear in the
double difference spectrum (Fig. 3bB) as difference bands at
1189/1172 cm~! and 1115/1098 cm~!. This result confirms the
former assignments in the k, amplitude spectrum above. Also the
P; vibrations at 1078 cm~! and 992 cm~! are downshifted by H,'%0
similarly to the intrinsic reaction (15). The intensities of these P;
bands are similar to those of the P; bands in the intermediate at 1186
cm~!and 1113 em™L

In Fig. 3 aC and bC, the isotopic shifts because of (Sp)-B-80 are
presented. There is no indication of a shift of a negative band, which
might indicate the B-GDP vibration in the intermediate. The
positive bands at 1137 cm~! and 1098 cm ™! are downshifted, which
is visualized in the double difference spectra by difference bands at
1138/1117 cm ™! and 1104 /1084 cm~!. Therefore, the bands can be
assigned to B-PO%~ GDP vibrations. Interestingly, the B-PO3~
vibrations of GDP appear in the hydrolysis spectrum of the intrinsic
GTPase reaction at the same positions (14, 15) and are also
unexpectedly split in two bands. The two bands may be caused
either by a very asymmetric environment or by two different GDP
conformations (14, 15). The two state explanations are more likely,
because splitting is already observed for the GTP vibrations.

Frequency shifts because of (Rp)-B-80 labeling in Fig. 3 aD and
bD are not observed above the noise level. The deviations reflect
baseline drifts. This observation is illustrated in the difference of the
amplitude spectra, which show no difference band (Fig. 3b).

In summary, the B to C transition describes the appearance of the
Ras-bound GDP and the release of P; P; has the same frequencies
as in the intrinsic reaction. This agreement shows that GAP binding
has almost no influence on the final GDP and P; state.

Time Course of the Reaction. Based on these band assignments, the
reactions of the phosphate groups can now be seen by following the

1078 cm ' | AA
k(
k,
i€
/ GTP 'Pi' release
s g
Ky -1 T
Y e 1113 cm K 1104cm” | \ o
: k1 f"ﬂl\‘ 1
y —— g
K P.‘~Intermediate GDP
10° 10* 10° 10° 104 10°
t, ms t, ms

Fig.4. Typical absorbance changes of the GAP-catalyzed reaction are shown.
Besides the data (crosses), the fitted curves (solid line) and the individual
contributions (k;) of the multi-exponential fit analysis are shown. In contrast
to the intrinsic Ras-catalyzed reaction, which can be described with one
exponential function and the rate constant k = (5.1 = 0.5) X 10~%s~" at 310
K, the absorbance changes have to be described with at least three rate
constants k1 = (6.8 + 4.1) s~ ', k, = (0.77 = 0.24) s~ ', and k3 = (0.102 = 0.027)
s~ 1 at 260 K. kq represents the photolysis of caged GTP and the appearance of
released y phosphate as indicated at 1143 cm~'. k; shows the cleavage of y
phosphate again seen at 1143 cm~" and the appearance of protein-bound P;
at 1113 cm~". k3 shows the decay of the protein bound Piat 1113 cm~" and its
release from the protein-protein complex into the bulk medium at 1078 cm~".
ks represents the rate-limiting step. It is clearly seen that GAP catalyses the
bond cleavage reaction.
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Fig. 5. The frequency shifts of GTP, GDP, and P; vibrations induced by

different binding partners are listed (12-16, 22).

absorbance changes of the respective phosphate groups against
time. Absorbance changes of the intrinsic reaction are already
shown in Fig. 1 and more detailed in ref. 15. They can be described
by a single exponential function. In Fig. 4, the absorbance changes
of the GAP-catalyzed GTPase reaction are presented. The absor-
bance charges relax to zero because the final GDP state is used as
reference. At 1143 cm™! the y phosphate group appears with k.
The absorbance change reflects the photolysis of caged GTP to
GTP in the E to A transition. GTP disappears almost completely
with k,, reflecting the cleavage of the y phosphate. Simultaneously,
the P;vibration at 1113 cm™! rises with k5, indicating the appearance
of the protein bound P; in the intermediate. The intermediate
decays with k3, and P; is released with k3 from the RasGAP
complex as monitored at 1078 cm™!. Simultaneously, the GDP
vibration of the final RassGDP state appears at 1104 cm™!. The
small deviations at 1098 cm™! and 1104 cm™! appear in the time
course, because the bands overlap. Within the experimental error
there is nice agreement.

Discussion

All band assignments performed in the manuscript are summa-
rized in Fig. 5 4, B, and C. To illustrate the frequency shifts of
GTP/GDP vibrations because of GAP binding, the shifts be-
cause of Mg and Ras binding are also listed (13-16, 21-23). The
implications of Mg- and Ras-induced shifts have already been
discussed in detail (15). Which additional band shifts because of
GAP binding are observed and what can be learned from them?
Comparing the phosphate frequencies of RassMg-GTP/GDP
and GAP-RassMg-GTP/GDP in Fig. 5, only the (Sp)-B-GTP
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Fig. 6. The cartoon summarizes the results: the shift of negative charges
from y-GTP to B oxygens because of Ras binding and the additional larger shift
mostly to the (Sp)-B oxygen because of GAP binding by Arg-789 and/or Lys-16
and backbone NH groups of the highly conserved P-loop are illustrated. Mg2*,
Lys, and Arg are considered to be the key charged residues holding like
“’molecular tweezers" charges on g oxygens. This charge shift reduces the free
activation energy for B—y bond cleavage in the A to B transition with k;
(compare Fig. 4, 1143 cm~"). The P;is strongly bound, most likely to GAP, in the
intermediate B. P; release is rate limiting, with k3 in the B to C transition
(compare Fig. 4, 1113, 1078, 1104 cm~"). The structural arrangement is based
on structural models of refs. 5, 32, and 33.

vibration is shifted significantly because of GAP binding to 1140
cm~ !, whereas the other vibrations are not shifted at all. Also a
coupled (Sp)/(Rp)-B-PO; -GTP vibration at 1217 cm™! is ob-
served, which is not shifted by GAP as compared with Ras.
These two IR bands of the (Sp)-B-P-O group can be explained
by two conformations in the GAP bound state. Two conforma-
tions of GTP are also proposed by NMR studies (20).

The B-PO, -GTP vibration at 1217 cm~! in Ras is downshifted
as compared with Mg by 28 cm ™. It has been argued that in Ras
the phosphate vibrations are almost not coupled and to a first
approximation they mainly indicate changes of the force constant
of the respective vibration. Changes of the force constant are
related to bond order changes (24). The frequency downshift of the
B-PO, vibration because of Ras binding indicates a bond order
decrease and thereby an increase of negative charge at both
non-bridging B oxygens (13, 14, 15). At the y oxygens, the negative
charge decreases and the overall charge movements in GTP result
in a charge distribution that resembles that expected for a more
dissociative transition state (9, 13, 14, 15). The similarity in the
charge distribution between educt and transition state has been
proposed to reduce the activation free energy and contribute to
catalysis by Ras (13, 15). In addition, it supports the charge transfer
from y-PO3™ in GTP to B-PO3 in GDP during hydrolysis. This
charge transfer contributes also to catalysis as proposed by theo-
retical analysis (14, 15, 25). Binding of GAP induces an even larger
downshift of 79 cm™! of the (S,,)-B-P-O vibration, thereby creating
a further accumulation of negative charge at the (S;,)-f oxygen. This
shift is the only change in the charge distribution of GTP because
of GAP binding and conclusively this must be a decisive factor in
GAP-mediated catalysis. In Ras Lys-16 and the NH groups of the
P-loop shifting charges towards B-phosphate (13, 15, 32, 33).

The question arises, which additional positively charged group
of GAP draws more negative charge onto the (Sp)-B oxygen?
Arg-789 (residue from p120GAP) in the transition state model
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is close enough to the B phosphate to provide this interaction
under the reasonable assumption that the mimic of the transition
state structure is similar to that of the GAP-Ras-GTP complex
observed in our FTIR experiments (5). However, this assump-
tion would require Arg-789 to move from AlF3 and the B,y-
bridging oxygen in the transition state analog to the (Sp)-B
oxygen. The catalytic Arg is a likely candidate for such a move
even if no interaction of Arg-GAP residues with (Sp)-B oxygens
has been observed in the presumed ground-state structure of the
Cdc42-GppNHp-p50rhoGAP complex (10). This disagreement
could, however, mean that the Cdc42-GppNHp complex does
not resemble the GTP state of the real educt state or is different
from the ground state complex between Ras and RasGAP. As
an alternative to the catalytic Arg, the binding of GAP to Ras
might shift the invariant positively charged Lys-16 from the
P-loop toward the (Sp)-B oxygen (Fig. 6). A shift of the P-loop
lysine as an important element of catalysis has previously been
proposed for adenylate kinase (26).

The largest influence of GAP on the phosphate vibrations is
observed in the intermediate. Two prominent P; bands at 1191 cm™!
and 1116 cm™! appear with the intermediate (Fig. 5). Their
frequencies are unusually upshifted as compared with the typical P;
vibrations at 1078 cm ™! and 992 cm™! in the final GDP state (Fig.
5). How can these unusual frequency up shifts of P; be explained?
It is unlikely that the bands represent metaphosphate of the
transition state. Such a reactive species would not be expected to
survive for the long periods seen in this study. In addition, there is
a disagreement in the frequencies observed here and the frequen-
cies of model compounds for metaphosphate (e.g., BaOP,Os).

P; frequencies at 1191 and 1116 cm™! are typical for phosphor-
ylated enzymes. A Mg-coordinated phosphorylated aspartyl in the
E,P state in the Ca-ATPase shows exactly these two bands at 1191
and 1116 cm™! (27, 28). Phosphorylated serine and threonine
absorb similarly, at 1194 and 1085 cm™! (29). Therefore, a phos-
phorylation-like P; strongly bound to the enzyme could explain the
unusual frequencies. Although a mechanism with a phosphorylated
intermediate does not appear likely on the basis of present knowl-
edge, it cannot be dismissed out of hand.

In principle, noncovalent binding of P; to a positively charged
group could also upshift the frequencies. But the binding of P; to
positively charged guanidinium in solution failed to upshift the P;
vibrations (M. Blessenohl, unpublished data). It cannot completely
be ruled out that in solution water molecules may weaken the
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electrostatic interaction and that, within a hydrophobic protein
environment, the P; vibrations might somehow upshift. It would,
nevertheless, be surprising to find exactly the same bands as for a
phosphorylated-like state described above.

Both P; bands are shifted when the reaction is performed in
H,'30, which would not immediately be expected for a phosphor-
ylated intermediate formed by an amino acid reacting with the -y
phosphate. A water molecule should attack the phosphorylated
enzyme in the next step, whereas our results show that the phos-
phate group in the intermediate has already incorporated #0. A
possible explanation would be that the hydrolysis of the phosphor-
ylated intermediate is easily reversible, allowing rephosphorylation
by the freshly produced inorganic phosphate. This equilibrium is
actually observed in the actin-stimulated ATPase reaction of my-
osin (30), and there might be a similar reaction mechanism in both
systems. Interestingly, in myosin, no catalytic Arg finger is observed,
but it does contain a bona fide P-loop.

The results of this work can be summarized as follows (Fig. 6): In
the A to B reaction, the y phosphate is cleaved, and P; is formed.
This reaction is largely catalyzed by drawing more negative charge
onto the (Sp)-B oxygen by additional positive charges provided by
GAP binding. Likely positive charged residues near the (Sp)-B
oxygen are Lys-16 of the P-loop and/or Arg-789 of GAP. P; with
phosphorylation-like IR absorption is strongly bound to the protein
in the intermediate B. The rate-limiting step for the GAP-catalyzed
reaction is the P; release into the bulk medium during the B to C
transition. This result is in harmony with two transition state
structural models (5, 7), which show that GAP bound to Ras covers
the AlF; and might therefore block P; release (Fig. 6). This
conclusion could also be inferred from the P; release measurements
reported by Nixon ef al. (31).

This work is an example of the investigation of a protein—protein
interaction by FTIR in a system that does not contain an intrinsic
chromophore. The approach presented here can be applied to other
GTP-binding proteins and phosphoryl transfer reactions to yield
insight into their mechanism and into protein—protein interactions
without requiring the protein complex to be crystallized (x-ray) or
solubilized (NMR).
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