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Ras Catalyzes GTP Hydrolysis by Shifting Negative Charges frono
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ABSTRACT. FTIR difference spectroscopy has been used to determine the molecular GTPase mechanism
of the small GTP binding protein Ras at the atomic level. The reaction was initiated by the photolysis of
caged GTP bound to Ras. The addition of catalytic amounts of the GTPase activating protein (GAP)
reduces the measuring time by 2 orders of magnitude but has no influence on the spectra as compared to
the intrinsic reaction. The reduced measuring time improves the quality of the data significantly as compared
to previously published data [Cepus, V., Scheidig, A., Goody, R. S., and Gerwert, K. @B@@B8emistry

37, 10263-10271]. The phosphate vibrations are assigned uéddabeled caged GTP. In general, there

is excellent agreement with the results of Cepus et al., except in,thePO,”) vibration assignments.

The assignments reveal that binding of GTP to Ras induces vibrational uncoupling into mainly individual
vibrations of thea-, 8-, andy-phosphate groups. In contrast, for unbound GTP, the phosphate vibrations
are highly coupled and the corresponding absorption bands are broader. This result indicates that binding
to Ras forces the flexible GTP molecule into a strained conformation and induces a specific charge
distribution different from that in the unbound case. The binding causes an unusual frequency downshift
of the GTPS-PO,~ phosphate vibration, whereas thePO,~ andy-POs?~ phosphate vibrations shift to

higher wavenumbers. The frequency downshift indicates a lowering of the bond order of the nonbridged
P—0O bonds of thes-phosphate group of GTP and GDP. The bond order changes can be explained by a
shift of negative charges from the to the f-oxygens. Thereby, the GTP charge distribution becomes
more like that in GDP. The charge shift appears to be a key factor contributing to catalysis by Ras in
addition to the correct positioning of the attacking water. Ras appears to increase the negative charge at
the pro-R 5-oxygen mainly by interaction of Mg and at thepro-S 5-oxygen mainly by interactions of

the backbone NHs of Lys 16, Gly 15, and Val 14. The correct positioning of the backbone NHs of Lys
16, Gly 15, and Val 14, and especially the Lys 16 side chain, of the structural highly conserved phosphate
binding loop relative tg3-phosphate therefore seems to be important for the catalysis provided by Ras.

The guanine nucleotide binding protein Ras plays a central effector binding is terminated by hydrolysis of protein-bound
role in the transduction of growth signals from the plasma GTP to GDP. Ras exhibits a very slow intrinsic hydrolytic
membrane to the nucleud)( It acts as a switch cycling  activity, which is significantly increased by the interaction
between an active GThound and an inactive GDP-bound with GTPase activating proteins (GAP&).(The molecular
form. Such a switch mechanism is found in pathways GTPase mechanism of Ras is particularly relevant since
involved in cell proliferation, signal transduction, differentia- oncogenic Ras mutants appear to be involved ir2®%
tion, protein synthesis, and protein transport. Therefore, of all human tumors. The molecular defect in these mutant
understanding the detailed GTPase mechanism of Ras mighproteins stems from the inability of Ras to hydrolyze GTP
provide a paradigm for many similar processes. (3). The longer Ras remains in its functionally active state,

GDP-bound Ras is activated by guanine nucleotide the longer the signal will be transmitted and amplified, which
exchange factors (Ras-GEFs). In the GTP-bound form, Rasfinally results in uncontrolled cell growth.

interacts with its effector Raf. Binding of the effector A milestone for the understanding of the GTPase mech-
activates a kinase cascade, which transduces the externanism was the elucidation of structural models for Ras in its
signal via a series of phosphorylations to the nucleus. The active and inactive states by X-ray crystallograpHy ).

However, to prevent GTP hydrolysis during data acquisition,
T This work was supported by the Deutsche Forschungsgemeinschaftslowly hydrolyzing GTP analogues such as GppNHp have

(GiagérfgSB'gr?;'nBlgmhor PO+ 402343294461, Fasct 49 to be used to stabilize the active state. Because the most
234_321_4538. E_gma”: gérwert@bph.ruhr-uni-bochu'm.de'. important bond is significantly changed in the analogues,

1 Abbreviations: caged GTIPS-1-(2-nitrophenyl)ethylguanosiné-5 the structural models might not optimally mimic the catalytic
O-triphosphate; DTT, dithiothreitol; FTIR, Fourier transform infrared;  center of the protein. In another approach, the Laue crystal-
gTPN#“a”OS'”e .'ar,'ghﬁosph‘?‘ée?t .GhDP’ hglga)”ola'é‘g"gf(hoslohﬁte? lographic approach was used to determine the-&&B

ppNHp, guanosine’'§g,y-imidotriphosphate); , 2N-morpho- . .
lino)ethanesulfonic acid; NF1-333, catalytic domain of the product of Structure, but yielded lower structural resolution than the

the neurofibromatosis type 1 geng; Rorganic phosphate. monochromatic techniques), The resolution was signifi-
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Scheme 1: Comparison of the Dissociative and Associative Scheme 2: Release of GTP from Caged GTP
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H 0" o- o & (Scheme 2). For the investigations, the reaction was started
l l by flash photolysis at 308 nm with an excimer laser. After
o o oH o cleavage of the photolabile protecting group, GTP is
HY - Ho—lr'la—o- + o=|:>—o—GMP Ho—p—0" + o=|:=—o—GMP recognized as a substrate by Ras and hydrolyzed. The
° 0" ° 0" photolysis and hydrolysis reactions were monitored by time-

resolved FTIR difference spectroscopy as established by
Cepus et al.10). The time-resolved difference spectra reflect
all reactions taking place during hydrolysis by the IR
absorbance changes of the involved groups. To accelerate
the GTPase reaction, catalytic amounts of NF1-Z33vere
added to the solution. Compared to that of the results of
Cepus et al. X0), the quality of the hydrolysis difference
spectra is now markedly improved due to the reduction of
the measuring time by 2 orders of magnitude. This signifi-

cantly improved by freezing the crystals and collecting data
with monochromatic X-rays7). However, freezing induces
certain artificial structural changes, e.g., the catalytically
active water molecules shift in their positiong),(but just
these water molecules, especially water 14)54re proposed

to be crucial for the mechanism of the GTPase reaction.
Furthermore, the structural models of oncogenic mutants do
not exhibit large structural changes when compared to the

g:fmZ?cZIIStrlgs\fg:ZL ?:0 ddrills’si:r;gt g)c()lfllﬂe?eotiseglglc?';i”the cantly reduces the disturbing influence of baseline drift. The
y ydroly difference spectra are almost unaltered by the catalytic

a controversial debate about the fundamental question as to, .\ i of NF1-333. The IR absorption bands ofdhand
what extent the reaction proceeds via a dissociative or an

o . ; : -phosphate group were assigned usinéfO- andy-'O-
associative mechanism (Scheme9)) (n a purely dissocia- v I i
tive transition state, th8—y bridging bond is first split, and labeled caged GTP. Thé-phosphate vibrations were as

. ; e 18,
an instable metaphosphate species is produced, with negativS'gne‘j using stereospecifig and &) -*O-labeled caged

charge moving frony- toward theS-phosphate. In a purely GTP. For labeling of the released, fheasurements were

- . " Iperformed in H¥0. On the basis of the isotopic shifts due
associative mechanism, a pentacovalent transition state o

intermediate is formed and negative charge accumulates ontO the labeling, the assignments for the phosphate bands are

the y-phosphate. Subsequently, te-y bridging bond is now clear-cut. Binding to Ras induces localized phosphate

cleaved. However, independent of the reaction pathway vibrations in contrast to unbound GTP. The band assign-
finally charge is moved from thg-POZ- to the B-POZ- ments, their implications for the charge distribution in GTP

group. In conclusion, it is possible that the fine details of and GDP due to Ras binding, and the implications for the

h . ; GTPase mechanism will be discussed.
interactions not resolved by X-ray crystallography might

contribute significantly to the GTPase mechanism, and for

this reason, additonal techniques are required to obtain thisMATERIALS AND METHODS

missing information.

In principle, vibrational spectroscopy can provide comple-  Wild type full-length H-Ras was prepared frofscheri-
mentary information about bond orders, charge distribution, chia coli using the pacexpression system as described
and H-bonding of individual groups. In addition, measure- previously (L4). The 80-labeled phosphate was prepared
ments are performed in solution at room temperature, from PCE (Fluka) and HfO (99.1 at. %80, Campro
allowing the investigated proteins to maintain their native Scientific). [3,y-180,y-1803]GTP was prepared from GDP
conformations instead of being forced into specific confor- (Fluka) by condensation of the phosphorimidazolidate of
mations stabilized in the crystal. The crystalline state might GDP with'80-labeled phosphatd$, 16). (Rr)-[5-180]GTP
also prevent conformational changes during the reaction. Theand &)-[3-1%0]GTP were prepared from th& and Re
first investigation on the GTPase mechanism of Ras by isomers of B-S]JGTP (7, 18). Caged GTP, cageg Jy-*°0,y-
vibrational spectroscopy was reported by Cepus etlf). (  803]GTP, caged %)-[5-180]GTP, and cagedrp)-[3-180]-
Using time-resolved FTIR difference spectroscopy, the GTP were synthesized by esterification with 1-(2-nitrophenyl)-
GTPase reaction can be monitored in real time at atomic diazoethane following the procedure of Walker et &aB)(
resolution. Then complementary Raman experiments by The mixture of cagedd-®*0O]GTP and cagedyF**O]GTP
Wang et al. {1) and recently additional FTIR measurements was prepared starting with the sulfur analogyeS|GTP
by Du et al. (2) were also performed. (Boehringer Mannheim) which was esterified to S-caged and

As compared to that of the first contribution by Cepus et O-caged 7-SIGTP (19). The isomers were separated by
al. (10), the quality of the data is now significantly improved. anion exchange chromatography on a DEAE column. O-
The active state is obtained by photolysis of caged GTP caged §-S]JGTP was hydrolyzed with 0 (18). The
(Scheme 2). Caged GTP binds to Ras, but is not hydrolyzedanalysis of the product by mass spectrometry showed the
(6). After irradiation of caged GTP, thaci-nitro anion of incorporation of one€®®0 atom. When a phosphatase was
caged GTP is formed in less than @9 at room temperature  added to the released GTP, two peaks with approximately
(13). This intermediate decays in a rate-determining step to same height appeared in the spectrumm&t 442 and 444.
GTP ando-nitrosoacetophenone in the millisecond time range The appearance of the two peaks after treatment with
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phosphatase is explained by unlabeled und singly labeledScheme 3:

GDP after the cleavage of#®'%0,H and P%OsH from GTP,
respectively 3P NMR measurements of the labeled caged
GTP was performed to clarify the position of the labeling.
Different from the resonance lines for unlabeled caged GTP,
the spectrum exhibited multiplets for the resonance lines of
the o- andy-phosphorus, whereas tlfiephosphorus signal
exhibited the expected triplet. It was concluded from these
results that the product was a mixture of caged§O]GTP

and caged)-'®0]GTP in a ratio of approximately 1:1. This
stands in contrast to the former proposal by Cepus et @), (
who assumed that the synthesis only leadg tabeling. A
similar observation was made by Connolly and Eckstein
where the reaction of ATdS resulted in a distribution of
80 in the y- and a-phosphorus groups in a ratio of
approximately 2:117). An explanation could be that a cyclic
triphosphate is an intermediate during the react 21).

The alkylation of GTP gives rise to diastereomers with a
chiral center at the benzyl carboh3j. These diastereomers
were not resolved for the investigations, but this should not
affect the results since the focus of the work is on the
assignment of GTP and GDP and not caged GTP phosphat
vibrations.

The Rascaged nucleotide complex was prepared as
described previouslylQ, 22). For the FTIR measurements,

1 uL of the sample solution was prepared between two,CaF
windows. The distance between these two windows was held
at about 2.5¢m by a spacer ring made out of Mylar. The
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Investigated Reactions

RasochTP%Ras-aci-nitro anion RaseGTP~——»RaseGDP + Pi
Y H* oNAP ' V
A
Photolysis Photolysis Hydrolysis

difference spectrum amplitude spectrum  difference spectrum

with a pulse duration of+20 ns. The conversion of caged
GTP was checked by HPLC analysis using a reversed-phase
C-18 column under ion pairing conditions with 50 mM
potassium phosphate (pH 6.5), 5 mM tetrabutylammonium
bromide, and 20% acetonitrile. For the investigation of the
photochemical release of GTP, 30 flashes were applied to
achieve 76-80% 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 photolysis measurements with the Raged GTP
complex were performed at 260 K to inhibit the hydrolysis
reaction. For the investigation of the GTPase reaction, 60
flashes were applied to achieve complete conversion of caged

eGTP to GTP. The measurements of the GTPase reaction were

performed at 283 K. The hydrolysis difference spectra were
calculated from the 400 averaged scans between 1 and 8 s
after photolysis, representing the Ra3P state, and from
the 800 averaged scans recorded between 48 and 62 s after
photolysis, representing the R&DP state. The amplitude
and difference spectra were normalized to the bands between

q 1550 and 1300 cni, where no change due to the isotopic

windows were fixed by a metal cuvette in the thermostate
labeling was observed.

sample holder of the spectrometer. The sample solutions for
the assessment of the photolysis reaction contained 10.0 mM
Rascaged nucleotide complex, 20 mM Mg20 mM DTT, RESULTS

200 mM MES (pH 6.0), and 12 vol % ethylene glycol. The

sample solutions for the assessment of the GTPase reaction After irradiation of caged GTP bound to Ras (Scheme 3,
contained 10 mM Rasaged GTP complex, 0.1 mM NF1- A), the aci-nitro anion of caged GTP (B) is formed. This
333, 20 mM MgC}, 20 mM DTT, 200 mM MES (pH 6.0),  intermediate decays to GTP (C) aadhitrosoacetophenone
and 12 vol % ethylene glycol. Dithiothreitol was used to (ONAP). The difference spectrum between A and C is called
scavenge the reactive photolysis byproduct 2-nitroso- the photolysis difference spectrum. The decay of the- Ras

acetophenone. For measurements ig®®l, the sample
solution was enriched iA%0O by repeated evaporation of
added HO.

aci-nitro anion intermediate (B) to R&STP (C) can be
described by the single-exponential functidvA(v,t) =
a(v)e™ . The corresponding amplitude spectragv) (i.e.,

The FTIR measurements were performed on modified IFS the amplitude in dependence of cthof the rate constark
66v and IFS 66v/S spectrometers (Bruker, Karlsruhe, Ger- is called the photolysis amplitude spectrum. It represents the
many) equipped with a mercury cadmium telluride (MCT) differences between B and C. After cleavage of the photo-
detector using the fast scan techniq@8)( The OPUS labile protecting group, GTP hydrolysis takes place and the
software (Bruker) was used for data acquisition. Spectra wereRasGDP complex and jPare formed (D). The difference
collected in the double-sided forwartbackward acquisition ~ between C and D is called the hydrolysis difference spectrum.
mode with a spectral resolution of 4 chand apodized with Photolysis of the Ra€aged GTP ComplexAt 260 K,
the Blackman-Harris three-term function. A zero-filling  the decay of thaci-nitro anion to GTP can be resolved with
factor of 2 was used. The spectra were measured betweenhe fast scan technique. The global fit analysis of the
2000 and 950 cmt and analyzed by a global fit algorithm  absorbance changes between 1800 and 950! after
(24, 25) with one exponential term: photolysis of Ras-bound caged GTP yields a rate constant
for the decay of the Raaci-nitro intermediate (Scheme 3,
Bto C) of 5+ 1 st at 260 K. In Figure 1, the corresponding
photolysis amplitude spectrum (Scheme 3;-(B) of this
rate constant is compared with the photolysis difference
The global fit analysis provides amplitude speci@) and spectrum (Scheme 3, € A). Negative bands in the spectra
the rate constantk. The photolysis of caged GTP was indicate disappearing bands of the initial state, and positive
performed at 308 nm using an LPX 240 XeCl excimer laser bands indicate appearing bands of the product {&&R).
(Lambda Physics, Gtingen, Germany). A more detailed The photolysis difference spectrum (Figure 1) agrees well
description of the experimental setup can be found elsewherewith the difference spectrum published by Cepus etldl), (
(26). The laser energy was between 90 and 120 mJ per flashalthough slightly different conditions (buffer and pH) were

AAWY) = &() g Nt
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Ficure 1: Photolysis amplitude spectrum (B C) (—) and )
photolysis difference spectrum (A C) (---) of the Rascaged GTP 1157

complex at 260 K (see Scheme 3). The absorbance changes are
normalized to the bands between 1800 and 1550'cBeviations :[AA =0.002a.u.
between the spectra reflect reactions from A to B {{BC) — (A 1142
— C)] (see Scheme 3). A T TR TP R T TR

L .. 1350 1300 1250 1200 1150 1100 1050 1000
used. Most of the photolysis difference spectrum is in good 5 em”

agreement with the amplitude spectrum (Figure 1). This _ _ _
indicates that most of the molecular reactions occur during ﬁeé;{Eog:th(eA)R(;(;;nTpSnchr%)lghz ;’g?]tgﬁ[/ﬁés ﬁg“bpéll'glg% Zr;g%tlrja (B
the decay of theam-r_utro anion to_ the RaSE_-TP pomplex. complex ¢--) and (B) difference between theylabeled and unlabeled
The rate of formation of theaci-nitro anion is in the compound shown in trace A.
microsecond time rangel®), so this process cannot be
resolved with the fast scan technique. However attienitro to the in-phase combination of GTR1], we believe the
anion decays with a rate in the millisecond time range, band would be too weak to be detected in the IR.
allowing resolution of this intermediate. The starting point  For the assignment of the phosphate vibratiéi®;labeled
for the photolysis difference spectrum (€A) is the Ras caged GTP was used. The substituted isotope lowers only
caged GTP state and for the photolysis amplitude spectrumthe frequency of the vibration in which the labeled oxygen
(C — B) the aci-nitro anion state. The end point is in both is involved. The amplitude difference spectra for unlabeled
cases the Ra&TP state. Therefore, the deviations between GTP and p,y-'0,y-1803]GTP are shown only in the spectral
these two spectra can be attributed to the structural differ- region where phosphate bands are expected (Figure 2A). The
ences between the Raaged GTP and Re&ci-nitro anion photolysis amplitude spectra (Scheme 3;-®), instead of
species. the photolysis difference spectra (Scheme 3:-Q\), are
Significant differences between the two spectra are seenused for the assignments of the appearing GTP bands. The
at 1532, 1344, 1272, 1261, 1217, 1157, 1142, 1124, 1057,photolysis difference spectra are less suitable, because they
and 1037 cm? (Figure 1). The bands at 1532 and 1344¢m  contain strong disappearing caged GTP bands, which are
represent the antisymmetric and symmetric stretching modes sensitive to the isotope label and may mask shifted GTP
respectively, of the nitro group of the 1-(2-nitrophenyl)ethyl bands. To visualize the band shifts due to isotopic labeling,

group which disappear during the formation of #-nitro differences between the amplitude spectra of the labeled and
anion intermediate (Scheme 3, A to B)3( 26, 27). The unlabeled isotopomeres of GTP are calculated. The amplitude
band at 1272 crrt represents the, vibration of they-PO,~ difference spectrum only contains the shifted bands (Figure

group of caged GTP, which also disappears in the caged GTP2B). Any other bands which are not affected by the labeling
to aci-nitro anion intermediate transition. During formation delete each other.

of the aci-nitro intermediate, a proton is released (Scheme The comparison of the photolysis amplitude spectra of
3). Therefore, the bands at 1057 and 1037 t(figure 1) unlabeled GTP angB]y-*€0,y-1803]GTP (Figure 2A) shows
could indicate the protonation change of the MES buffer a pronounced shift for product bands from 1157 and 1142
during the transition from caged GTP to the-nitro anion cm1to 1117 and 1106 cr, respectively. The dip between
intermediate (Scheme 3, A to B), as these bands are missingl117 and 1106 cni is obviously caused by the negative
in the spectrum of thaci-nitro anion decay. The intensities band at 1108 cnt, which is superimposed on the down-
of the GTP bands at 1261, 1217, and 1157/1142cane shifted bands. The amplitude difference spectrum (Figure
different in the amplitude and photolysis difference spectrum 2B) clearly exhibits a downshifted band from 1142 to 1107
due to overlaps with disappearing caged GTP bands. Thecm™. Besides the main band at 1142 ¢inthe small
positive band at 1124 cm (Figure 1) is only seen in the  shoulder at 1157 cri is also downshifted to 1115 crh
difference spectrum and not in the amplitude spectrum; (Figure 2B). The band at 1142 circan now be assigned to
therefore, this band is not attributed to the released GTP. Itsthe v(POy?") vibration of they-phosphate group of GTP. A
assignment is not yet clear. Although Raman spectroscopicminor contribution of the’,(P0s?") vibration is seen at 1157
studies show an absorption at 1122 ¢nwhich is attributed cm ! (Figure 2A,B). This minor part indicates that the £0
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FiGure 3. (a) Time course of IR marker bands at 1144 and 1237 JW\M

cm1, indicating the disappearance of GTP and the appearance of

GDP, the assessment of the GTPase reaction without NF1-333 at

310 K (A) and with catalytic amounts of NF1-333 at 283 K (B).

The bands relax to zero because the-B&X¥P state is taken as a 1

reference. (b) Time course of the GTPase reaction with a catalytic 1400 1300 1300 i
amount of NF1-333. The data of the first part are described by a v, cm

linear function and the data of the second part by an exponential f5 pe 5- (A) Double difference between two hydrolysis difference

1100 1000

1

function. spectra with unlabeled GTP from this work and (B) difference
spectrum between two hydrolysis difference spectra with unlabeled

vibrations are no longer degenerated. However théra- GTP taken from refl0. They indicate the baseline stability.

tions are highly localized, because no further pronounced

band shift due tg/ labeling is observed. global fit analysis, with one exponentigdt & 4.7 x 104

The photolysis difference spectra of theand 3 labels s 1), describes accurately the absorbance changes during the
are not shown. These labels will be presented and discussed>TPase reaction, without NF1, at all wavenumbers. The
in the context of the hydrolysis difference spectra below. GTPase is accelerated by 2 orders of magnitude with the

[0-180])/[y-180]-mixed GTP labeling induces the same catalytic amount of NF1-333 used. The absorbance changes
downshift of the bands at 1157/1142 chas they labeling with NF1-333 show deviations from exponential behavior
alone but with weaker intensities (data not shown). In due to the MichaelisMenten dependence. This is obvious
addition, the band at 1261 crh(Figure 1) downshifts to ~ when the absorbance changes are presented on a linear time
1241 cml. Because this band is not observed in the scale (Figure 3b). At the beginning, the concentration of the
measurement with3y-80,y-180s]GTP, it must be caused RasGTP substrate is very high compared to that of the NF1-
by the o-180 labeling. Therefore, the band at 1261 ¢nis 333 enzyme. The absorbance, as a measure of the concentra-
assigned to the,(PO,") vibration of thea-GTP. tion, decreases linearly with time as expected for zero-order

(S$)-[B-180]GTP and Rp)-[3-180]GTP shift the band at  reactions. Afte~30 s, the amount of the R&BTP substrate
1217 to 1203 cmt (data not shown). The band at 1217¢ém  is largely reduced and the concentration decreases ap-
(Figure 1) is therefore assigned tgPO;,") of S-GTP. proximately exponentially, as expected for first-order reac-

Hydrolysis of RasGTP.The intrinsic GTPase reaction was tions, until, finally, the substrate is completely consumed.
investigated in the presence of catalytic amounts of NF1- In Figure 4, the hydrolysis difference spectra, with and
333 to accelerate the transition of the R&EP intermediate  without a catalytic amount of NF1-333, are compared. Both
to the RasGDP intermediate and;PIn Figure 3a, the  spectra exhibit the same difference bands (e.g., at 1671, 1648,
absorbance changes of marker bands for the hydrolysis1582, 1551, 1262, 1237, 1144, and 1101 énrand agree
reaction at 1144 and 1237 cfare shown on a logarithmic  well with the difference spectrum published by Cepus et al.
time scale, with and without a catalytic amount of NF1-333. (10). The quality of the baseline is shown in Figure 5A,
The absorbance changes are related to the finaiGI2iR where the control difference spectrum between two measure-
state and therefore relax to zero. The two wavelengths ments with unlabeled samples in the phosphate region is
represent the Ra&GTP and Ra$5DP states, respectively. A presented. Before the subtraction, the spectra were normal-
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ized to the bands between 1550 and 1300 tnilo 4 y T T
demonstrate the improvement in data quality, the corre- a) AA 107531953 992
sponding control difference spectrum of Cepus etH) (s o DN I A U N, . | 973
shown in Figure 5B. The improvement in baseline stability _po—pih bie,
and signal-to-noise ratio is remarkable. Due to the shorter § &
measuring time, baseline drifts caused by sample instabilities
are largely reduced. The signal-to-noise ratio is further ~O_E_°+ o
improved by using a vacuum FTIR instrument with an y 2
improved MCT detector. “
For the assignment of the phosphate vibrations of the Ras ? 9 9
GTP intermediate and the R&DP intermediate and; Rhe ~za'°'gl3'°'gv'°
hydrolysis difference spectra of unlabeled GTP afig/{ * 5 0 u?
180,y-180;]G TP are compared (Figure 6a, spectrum A). The ~"’a°-P;;-°-Pr°
former positive GTP product bands in the photolysis b & ¢
amplitude spectra (Figure 2A) now become negative educt o % ol D
bands in the hydrolysis difference spectra. As expected, the  _j_5 % oo .
y-GTP bands shift from 1157 and 1144 to around 1116%m §F 8y 1 \
The double-difference spectrum reveals a shift from 1157 1216 1204 ¥
and 1143 to 1104 cmt (Figure 6b, spectrum A). An 1144 110 4088
additional downshift is observed for two positive bands from 0 9 9
1078 to~1053 cm* and, less obviously, from 992 to 973 ~E°T°1_°ZB_°_£7-O %
cm! (compare spectra A in panels a and b of Figure 6). 1216\1202 IAA=0.002 a.u.
The positive bands, which are downshifted by fHabeling 355 1565 507055
(Figure 6a, spectrum A), must be caused by the released P v om?
group.
To prove the Passignment, experiments were performed b) 4 ¥ T v ——T
in H,*¥0. An internal water molecule attacks thrgohosphate AA ' IAA =0.002au.
in a nucleophilic manner and selectively introduces %
label into the released FScheme 1). The incorporaté#D o 9. ", 1053 g73
should shift the Pbands selectively. The hydrolysis differ- ~EE°'ZE°1;6PT° '
ence spectrum (Figure 6a, spectrum B) and the double-
difference spectrum (Figure 6b, spectrum B) exhibit a
downshift from 1078 to 1053 cn and a weaker shift from
992 to 973 cm®. The two bands are therefore assigned to o 104
P, vibrations. ~o-b-0+ K| B 1053 973
Labeling thea. andy positions of GTP induces shifts at o W
1262, 1237, 1206, 1157, 1144, 1101, 1078, 1053, 992, and ﬂ? 0 1143 1078
973 cn1t (Flggre 6_a, spectrum C)._ Due tolabeling, the ~PgO-Pr0-P-0 1263 120711571 1053 973
y-phosphate vibrations are downshifted from 1157 and 1144 o 4 1'6 e N ; ;
to around 1101 crt and the Pvibration from 1078 to 1053 ¢ 9 9 ' 1077 992
cm! and, less obviously, from 992 to 973 ci(compare "EE°'EB'°'ET° 12401230 1112
spectrum C in Figure 6a, spectrum C in Figure 6b, and 1219 44541088
spectrum A in Figure 6b). The shift of the negative educt 0 “9 0 D
band from 1263 to 1240 cm in the double-difference ~ Pz O-Pr0-Pr0
spectrum and the shift of the positive band, superimposed 6 & ¢ 1200 1139 111%‘:3
on the band at 1240 cm, from 1230 to 1207 cmt (Figure o ¢ o | E 1219 8
6b, spectrum C) are missing in the spectrum wity{*¢0,y- ~Z°7°1§PB_°_§7° 1900 1104
1805]GTP (spectra A in panels a and b of Figure 6). . A et
1300 1200 1100 1000

Therefore, the shift must be caused by thé&abeling. The
shifted product at the 1230 crhband is highlighted by
shading (Figure 6b, spectrum C). The band at 1262'd¢m

the hydrolysis difference spectrum (Figure 6a, spectrum C)
is assigned to the localized,(PO,”) vibration of the
a-phosphate of GTP. The positive band at 1237 £(Rigure (—) and Rag(S)-[8-180]GTP (-++), and (E) RasGTP () and Ras
6a, spectrum C) must be assigned to #5@0;") vibration (Rp)-[-180]GTP (++). (b) Double-difference spectra of the hy-

of the a-phosphate of GDP. The data clearly show that, in 98roolyéis diﬁerencg spectra Sh%"n in.panilig: (A) *B@g'lgov?é
contradiction to Cepus et al1(), a localized vibration at a;][aEEO]_/[;i?SSb]gPFb@)REgGTLP (IB)FRba s(SS-[?%iSSOLPfID(—)
1262 cn1* can be assigned to thg(a-PQ;") of GTP anda  RasGTP, and (E) Ra¢Ry)-[-¥0]GTP — RasGTP.

band at 1237 cm to thevy(a-PQ,") of GDP.

The &)-[3-*®0]GTP labeling shows effects on bands at spectrum D) shows that an educt band shifts from 1219 to
1216, 1204, 1144, 1124, 1101, and 1088 ¢ifFigure 6a, 1200 cmt and two product bands shift from 1139 and 1104
spectrum D). The double-difference spectrum (Figure 6b, cm*to 1121 and 1088 cmi, respectively. The band at 1219

¥, cm

FiGure 6: (a) Comparison of the hydrolysis difference spectra of
the GTPase reaction at 283 K: (A) R&P (—) and Radp,y-
180,y-1805]GTP (-++), (B) RasGTP (—) and RasGTP in H,180 (-++),

(C) RasGTP (—) and Rag a-180]/[y-180]GTP (--), (D) RasGTP
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cm ! is assigned to the,(PO,") of the S-phosphate group MRS T T T v T T
of GTP in the photolysis difference spectrum. The GDP a)| e _,I1233 ....11116
bands at 1139 and 1104 cincan be assigned to the GTP-Mg?* J1247 j1122

appearing P&~ group. The bands at 1139 and 1104 ¢ém
are assigned to the two nondegenerat¢BO,>") vibrations ! ! '
of the f-phosphate group of GDP. va(@-PO3) va(B-PO3) va(y-POF)

In contrast to the results mentioned above, Cepus et al.
(10) reported a band shift at 1239 cindue toj labeling. ; ;
However, the band shifts are only seen in the double- GDP-Mg2* ]1215 [1123 jross  Joeo2
difference spectrum in Figure 5 of Cepus et dl0)( The / S ;

Ras-GTP-Mg2"* 1263[,121;] 1 57["'['1143

GDP |1208 1115 HPOF

. M2t O i
effect in the double-difference spectrum can, instead of Ras-GDP-Mg 220 1139!11°4£ !1078 . |99§_
isotopic shifting, be caused by baseline instabilities which . . . Vafa-Poé? Va'(B-POs.') Vdeg(f’os )VsI(POa)
may lead to intensity variations at 1239 cinSince such a 1400 1300 1200 1100 1000

shift is not seen with the improved baseline stability in the

measurements here (Figure 6a, spectra D and E), we attribute

the effect seen by Cepus et al. to intensity variations between

different samples. b)
(Rp)-[3-*80]GTP shows an effect on the bands at 1216,

1202, 1101, and 1088 crh (Figure 6a, spectrum E). The

double-difference spectrum (Figure 6b, spectrum E) shows

that an educt band shifts from 1219 to 1200 ¢émand a

product band shift from 1104 to 1088 ci The band shift

from 1139 to 1121 cmt is not observed.

. 0" o& ¥
In summary, the assignments of the -, andy-phos- i ]
phate vibrations of GTP agree in general with the assign- Gua—O—ﬁ—O—g’—O
ments given in Cepus et all@); however, the assignment Opt Opt

attributed to thex-phosphate and; Ry Cepus et al. 10 FIGURE 7: (a) Comparison of the frequencies of the phosphate bands
must be modified. The-labeled compound used by Cepus : ot ] o~

et al. shows shifts identical_ to thqse caus_ed byy_thabeled c,\’,TgCQI Z;nﬁkpa“gf’bohﬁgd(;%?msg%?f‘?ﬂﬁ;ﬂ% chgnﬂn?b%fs’ SfDRPaS
compound used here and is obviously mixed witkabeled GTP, RasGDP, and Pcorrespond to the band positions in the
material. Therefore, the assignment given by Cepus et al.hydrolysis double-difference spectra. The frequencies for GTP,
for thea-vibration is incorrect. Furthermore, a detailed mass %IEM&Z; iggiéﬁ??ori?@"ggé; :égéa(ktgfmjourgergiﬁa?glg ;E?ftts
spectrometric analysis of the sample supposed tg/H€O0- 0c "

labeled G_TP" used by Cepus et al. showed that-48D]/ SAh?éfTP and GDP by Ras binding as deduced from the frequency
[y-180]-mixed labeled GTP was synthesized. In agreement, L _

the same isotopic shifts are observed for this label here and "€ - andy-GTP vibrations are upshifted due to kg

in Cepus et al. 10). Therefore, the positive band at 1237 @nd Ras binding, whereas t}ieGTP vibrations are down-
cmt in the hydrolysis difference spectra represents an Shifted (Figure 7a). The-POs*~ vibration is no longer
o-GDP vibration and not, as assigned by Cepus et al;, a p dégenerate and splits into two vibrations. TheGDP
vibration. Furthermore, the purg label now indicates a  ViPration is upshifted. The Rg&-GDP vibration is also no
localized vibration and not a delocalized vibration as '0nger degenerate and splits on binding into an upshifted

concluded earlier by Cepus et al. from the mixed label. ~ @nd downshifted vibration. _
What can be learned from the IR frequency shifts due to

DISCUSSION Ras binding? In general, the IR frequencies are determined
by the bond order, the mass, the geometry, and the coupling
Due to the improved quality of the FTIR data and the more between the normal modes of the vibrating groups. To
precise determination of the labeled positions of GTP'BYy  determine from the frequencies the electron distribution and
nuclear magnetic resonance spectroscopy and electrosprayhe geometry of the vibrating groups, ab initio quantum
mass spectrometry, as compared to those of Cepus &0gl. (  chemical calculations of the complete vibrating F&EP
the assignments of the Ras-bound GTP and GDP phosphatgystem are most appropriate. However, at present, only
vibrations are now clear. The frequency downshifts due to molecules the size of GTP can be calculated ab initio. On
isotopic labeling indicate isolated vibrations of single® the other hand, the frequency shifts due to protein binding
bonds. Isotopic labeling shifts only the bands of the labeled indicate that the interaction of GTP with the protein in the
group, but not bands of other groups as would be expectedbinding pocket cannot be neglected. Therefore, the ab initio
for coupled vibrations. Because the vibrations are mainly calculations of GTP alone match the observed frequencies
uncoupled, a straightforward explanation of the observed only within ~10% (L1). This is a larger deviation than the
frequency shifts can be given. observed shifts due to binding. Therefore, the ab initio
The band assignments are summarized in Figure 7a. Incalculations can only be used to propose the tendency of
addition, the wavenumbers of absorption bands of free GTP, frequency shifts due to putative interactions.
GTP-Mg?*, free GDP, GDPMg?" (28), and HPQ?~ (26, Fortunately, the vibrations are highly localized as pointed
29) are listed. Thereby, the frequency shifts due to protein out, and to a first approximation, the complete vibrating
binding are better visualized. system does not have to be considered. The observed
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the pro-R oxygen coordinates with the bound Kig(4).

a) Val14 4" & . Usually, the phosphate vibrations of nucleotides are upshifted
on coordination with divalent cations in solutio28{ 30,

31). The positive M§" charge appears to inducewp—d)
bond for the noncoordinated-R group, which increases
the bond order of the noncoordinated group. Consequently,
the bond order of the coordinated—BP group should
decrease. In agreememt;o-S and pro-R exhibit different
bond orders for free GTRIg?" (unpublished results). The
decrease in both nonbridging P—O bond orders due to
protein binding can be explained by the strong symmetric
interaction of both oxygens with the protein, which pulls
electrons toward both oxygens and thereby weakens both
P—0O bonds. Thus, more negative charge accumulates at both
nonbridging oxygens upon protein binding (Figure 7b).
Very likely candidates in the structural model providing
stronger interaction with thero-S oxygen are the NH groups

of Lys 16, Gly 15, and Val 14 and possibly the side chain
of Lys 16 @). These amino acids are part of the structurally
highly conserved P loop of G-protein8)( The correct
positioning of the backbone amide groups of Lys 16, Gly
15, and Val 14 respective to GTP seems therefore to be
crucial for the catalysis provided by Ras, in addition to®Mg

: Site-directed mutations, which influence the correct position

: : o of the P loop, influence indirectly the hydrolysis rate.
FiGURE8: (a) Charge shifts of GTP due to Ras binding as deduced A major part of the GTR-phosphate vibration is upshifted

from the FTIR data. Blue indicates positive charges, and red 1 1 :
indicates negative charge. On the basis of the crystallographic by 21 cnt* to 1143 cm1* and a minor part by 35 cm to

structural model4), mainly Mc?* appears to pull negative charges 1157 cn* as compared to free GTMg?*. This indicates a
toward thepro-R oxygen and mainly the protein backbone NHs of bond order increase and more H-bonding than in solution.
Lys 16, Gly 15, Val 14 of the structural highly conserved P loop  Ab initio calculations show that this vibration is insensitive
appear to pull charges toward tpeo-S oxygen. Especially, the g the position of the metal ion, which is reasonably close

Lys 16 side chain also contributes. The charge shifts facilitate the . "
cleavage of thg—y bridging bond. This is now recognized as a to that found in the structural modely). In addition, the

key element contributing to catalysis. (b) Same view as in panel a, influence of structural changes, such as an increase in the
but now the complete protein surface in which GTP is embedded angle between the nonbridging-® bonds of they-phos-
is shown. phate and different positioning of the attacking water 175
on the position of the,(y-PO;?") vibration, was investigated
frequency shifts report directly on the properties of the py ap initio calculations¥1). The calculations do not predict
individual vibrating groups. An influence on the frequency gych large shifts for the.(y-POs2") vibration as observed.
shifts due to larger geometric changes is unlikely, becauseTherefore, geometric effects and the position of water 175
the X-ray data do not show larger structural changes due togo not seem to contribute largely to the experimentally
Ras binding. Therefore, the frequency shifts of the protein- gpserved frequency shifts. They seem to be mostly caused
bound GTP and GDP phosphate vibrations report mainly on py hond order changes. The bond order increase reflects the
bond order changes of the involved local vibrating groups. decrease in negative charge at thexygens in the protein
A frequency upshift indicates a stronger force constant due g5 compared to solution (Figures 7b and 8a). A minor part
to a bond order increase, whereas a downshift indicates agf they-phosphate vibration is upshifted to 1157 ¢niThis
bond order decrease. The bond order changes can then bgdicates that the symmetry of thePO2~ group, which
related to specific interactions of individual GTP and GDP |eads to degeneracy for unbound GTP, is disturbed in the
phosphate groups with the binding pocket. protein-bound case. ForGy, symmetry of the P€ group,

The o-GTP phosphate vibration is upshifted by 16 @m  a degenerate vibration is expected. The protein interaction
to 1263 cm™. This shows an increased bond order for the appears to disturb this symmetry significantly. Alternatively,
a-PQ,~ group in the protein as compared to GWR?" in two different conformations of thg-phosphate group could
solution. According to the crystal structural model, the also explain the two bands.
a-PQO;™ phosphate group interacts with the main chain amide  For GDP, thea-PQ,~ vibration is upshifted similarly to
of Ser 17 and Ala 18 and with three water moleculds ( GTP. This indicates a similar interaction of thephosphate
The upshift indicates less H-bonding than in solution, which group in GTP and GDP with the protein. This is expected
leads to a decrease in negative charge at the nonbridgingfrom the structural models of the R&TP and Ra<sDP

a-0xygens upon protein binding (Figures 7b and 8). complexes.

Thev4(5-PO,") of GTP is downshifted by 28 cmito 1219 The GDPS-POy?~ vibration is also not degenerate. In
cm* for pro-Sandpro-R 80 labeling as compared to GTP  contrast to the P&~ vibrations of GTP, the two vibrations
Mg?*. This indicates a bond order decrease for phe-R show equivalently strong bands. One vibration absorbs like

andpro-Snonbridging P-O bonds of thes-phosphate upon  they-PQs?~ vibrations at 1139 cnt, whereas the other one
protein binding. The X-ray structural model proposes that is downshifted to 1104 cm. The band at lower wave-
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numbers mostly represents a P@roup still strongly bound  state is unlikely to be dramatically altered as compared to
to the protein, likg3-PO,~. The band at higher wavenumbers those of RasGTP and RasGDP.

seems to represent mostly the third least POUﬂ@EQVOUD However, independent of the occurrence of a dissociative
in the hydrophobic protein environment likePOs*. S0 o an associative transition state, charge finally has to be
there is an asymmetric electronic distribution in fhR 02~ moved from they-POs?~ group to the3-PO;?~ group during

group. The conclusion is similar to the29ne made by Cepus pyqrolysis (Scheme 1). By the protein-induced charge shift,
et al. (10): AIternatweZIE/, as fory-PQ , WO d'ﬁefe.”‘ the charge distribution in the GTP educt state is already GDP-
conformations of3-POs”" could explain the band splitting. like. This is a factor in lowering the activation energy of the
Further, it can be concluded that during the hydrolysis of transition state.

GTP the Md@" remains bound to thé-phosphate oxygen of
GDP which arises from thg pro-S oxygen of GTP. If the
B-phosphate group of GDP could rotate, and the oxygens
interacted in a random distribution with the metal ion, the

In the GAP-catalyzed reaction, it is conceivable that the
mechanism changes in a fundametal manner. Additional
interactions between GAP and Ras-bound GTP may change
() 300 ) dastercomerss woul ek the same specta, 5 Snade 1 oo 1 10T o7 GO 5 o
but they are quite dlffer_ent. confirmed by mutational analysis of NF1-3337. This

The released jRexhibits bands at 1078 and 992 t  aqgitional positive charge close to thephosphate, as
These two vibrations are indicative of HPQ which absorbs  geduced from the putative GBRIF; or GDPAIF,~ transi-
at 1068 puePOs*")] and 992 cm* [v(POs* )], respectively.  ion state analogue$®), will have significant influence on
This is surprising, because at pH 6 anPd,” species is  he charge distribution. The GAP-catalyzed mechanism has
expected. However, its characteristic band at 947'¢{29) been investigated in a further FTIR study (C. Allin, M. R.
does not appear in the hydrolysis difference spectra, thereforeAhmadian, A. Wittinghofer, and K. Gerwert, manuscript
excluding its presence. Interestingly, for a dissociative g,,ymitted for publication).
mechanism, an HP@" species is expected immediately after . _
the cleavage, whereas for the associative mechanism pro- Aftér completion of this work, we became aware of two

posed by Schweins et aB2), an HPQ;~ species is expected reIeva}nt puincationsl(Z,. 39). Du et al. 12 foIIoweq the
(Scheme 1). Nevertheless, the equilibrium of the orthophos- €XPerimental approach introduced by Cepus etla), (ime-

phates could be largely shifted toward HPOby Mg?* in resolved FTIR difference spectroscopy in combination with
the bulk phase33). isotopically labeled caged GTP. They confirm the band

assignments of Cepus et al. and incorporated the assignments
of the Raman study by Wang et alll). Overall, the
gssignments agree well, except th¢PO,”) a-GTP and
vo(POs?") B-GDP vibrations. Here, we have elaborated that
in the synthesis used not only thephosphate group, as
thought by Cepus et al., but surprisingly also éhphosphate
group of GTP is labeled. This now solves the small
discrepancy in the independently performed band assign-
ments in the two former publications. The assignments
performed in this paper and by Du et al. are in excellent
agreement. This is an impressive conformation of the power
of site-directed isotopic labeling for clear-cut band assign-

In summary, the frequency shifts indicate a decrease in
negative charge at oxygens and an increase in negative charg
at the oxygens in the GTP and GDP state due to specific
interactions with the protein. To deduce from the IR
frequencies the exact charge distribution, QM/MM hybrid
calculations are in progres84, 35). However, there is a
relationship for P@ groups between the force constant and
the v, established by Pohle et aBg). On the basis of this
rough estimation, the force constant for {hePO,~ GTP
group would decrease upon protein binding by about 5%
relative to that of free GT#®1g?". Even if these changes
are small, they appear to contribute significantly to catalysis. ; X
It has to be considered that the protein is a soft, highly Ments. On the basis of the band assignments, Du et3)l. (

fluctuating polymer which induces alteration of the charge Ca@me to the same conclusion as did Cepus etd), (e.,
distribution in the much more rigid GTP. The detection of that the intrinsic GTPase reaction has substantial dissociative

such small changes is outside the realm of X-ray diffraction, character, and propose in agreement a concerted mechanism.

but they are large enough to channel the reaction pathway On the other hand, Due et al. contradict the proposal by
leading to catalysis. Cepus et al. that the frequency shift of h€PO,”) 5-GTP

For a dissociative mechanism, the observed charge shiftvibration correlates with the hydrolysis rate. They argue that
from they- to S-phosphate is the expected direction of the the frequency shifts observed in several site-directed mutants
electron movements in the transition st The distribu- ~ do not correlate with their hydrolysis rate. However, our
tion of negative charges for a dissociative and an associativeunpublished data show between 1800 and 1350'cma
transition state is quite different (Scheme 1). For a dissocia- Spectral region not presented by Du et al., large deviations
tive transition state, most negative charge resides on thein these regions between mutant and wild type difference
B-phosphate, whereas for an associative transition state Spectra. This indicates that the mutations are too invasive to
negative charge is accumulated mainly on thghosphate  be simply compared to the wild type, as done by Du et al.
(Scheme 1). Even though the transition state itself is not The mutations used might affect other factors contributing
monitored in the hydrolysis difference spectra, it is unlikely to catalysis, such as the exact positioning of the attacking
that the protein undergoes larger structural changes only inwater. We have recently completed a study showing a linear
the transition state which completely alter the charge correlation between the frequency shift, indicative for the
distribution pattern, and then resets these structural changesharge movement towarf-phosphate, and the hydrolysis
back again to their original position in the GDP state. rate (M. Blessenohl, C. Allin, and K. Gerwert, unpublished
Therefore, the pattern of charge distribution in the transition results).
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Glennon et al. 39) have simulated the GTPase reaction

using the empirical valence bond method. They showed that

a shift of negative charge toward tifephosphate of GTP

by electrostatic interaction with Ras and GAP accelerates g

the hydrolysis. This is in line with our proposal that the shift
of negative charge from the-phosphate toward thephos-

phate already present in GTP bound by Ras is a key element

in catalysis.
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