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ABSTRACT: Controlling the hydrolysis rate of GTP bound to guanine nucleotide binding proteins is crucial
for the right timing of many biological processes. Theoretical, structural, and functional studies have
demonstrated that in p2ithe substrate of the reaction, GTP itself, plays a central role by acting as the
base catalyst. This substrate-assisted reaction mechanism was analyzed with the help of linear free energy
relationships (LFERs). Here we present experimental data that further support the proposed mechanism.
We extend the LFER analysis to a wide range of oncogenic as well as nontransforming Ras mutants. It
is illustrated that almost all Ras variants follow the observed LFER and thus also the same reaction path.
Further, the reduced GTPase reaction rate that characterizes the oncogenic effect of many of the p21
mutants found in human tumors seems to be a consequence of a slightly redyaédhe y-phosphate

group of bound GTP. Factors causing K,meviation of just 0.5 unit are enough to slow the intrinsic
GTPase reaction rate significantly, and the system may exhibit as a consequence of this an oncogenic
potential. Interestingly, we also found oncogenic mutations that do not follow the regular LFER. This
suggests that the oncogenic effect of distinct Ras mutants has a different physical origin. The results
presented might aid in the design of drugs aimed at reactivating the GTPase reaction of many oncogenic
p212 mutants. We also analyzed the stimulated GTPase reaction &F p2lthe GTPase activating
protein (GAP) and the GTPase reaction of RaplA, a Ras-related GTP binding protein, with similar
approaches. The corresponding results indicate that the GAP-stimulated GTPase as well as the Rap1A-
catalyzed reaction seem to follow the same substrate-assisted reaction mechanism. However, the correlation
coefficient for the GAP-catalyzed reaction is different from the corresponding coefficient for the intrinsic
reaction. While the intrinsic reaction exhibits a Bragnsted slopg of 2.1, the corresponding value for

the GAP-activated reaction = 4.9.

Binding and hydrolysis of GTP by specific proteins are these GTP binding proteins interact specifically with an
central in regulating a great variety of different cellular appropriate effector molecule and thus transmit the corre-
processes such as cell growth and differentiation, visual sponding signal to the next downstream component in the
signal transduction, protein synthesis, or vesicular trafficking signaling cascade (Wiesiier & Wittinghofer, 1995).
(Bourne et al., 1990, 1991; Boguski & McCormick, 1993).  All known GTP-binding proteins exhibit a GTPase activity
In the past decade, it has been shown that many of thethat recycles the protein back to its inactive GDP-bound
proteins involved in these processes, the so-called guanindorm. The rate of this reaction is crucial for the correspond-
nucleotide binding proteins, share common sequence ele-ing timing of the regulated process; the longer a guanine
ments and have a highly homologous structure (Boguski & nucleotide binding protein remains in its active GTP-bound
McCormick, 1993). GTP-binding proteins, like for example state, the longer it will transmit and also amplify a certain
p212s a protein that plays a central role in signal transduction signal. Hence, the rate of GTP hydrolysis is of great
pathways controlling cell proliferation, can be considered importance for the right timing of many processes in a cell.
as signal switch molecules that cycle between the GTP-boundlt is well-known that mutations that slow the reaction rate
ON-state and the GDP-bound OFF-state (Bourne et al., biologically activate these signaling proteins. For example,
1991). Guanine nucleotide binding proteins are usually mutations in p2®sat position 12, 13, or 61 drastically reduce
switched on by the action of activated exchange factors thatthe GTPase and lead to an oncogenic Ras protein that
catalyze the exchange of protein-bound GDP by GTP permanently produces a cell growth signal.

(Bourne et al., 1990). In the GTP-bound on conformation, Very often, the GTPase rate itself is regulated by accessory
proteins. The relatively slow intrinsic reaction rate of f21
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Nevertheless, it has been demonstrated recently that the Mg oM Mg
s . . . 0 K ) 0 0 0-
intrinsic GTPase reaction of p2iitself might well be of T H\Of)\;‘»\ X S .ro\‘_\f_fa\k M, wOLo R
physiological relevance. Herrmann and co-workers (1995) & ¢ ky v 0 w0

have shown that GAP cannot bind to the GTP form of' §21

. . .. FIGURE 1. Proposed mechanism for pZlin this mechanism, the
and stimulate the GTPase reaction as long as the Ras'bmd'ngubstrate GTP itself acts as a base for its own hydrolysis. The proton

domain (RBD) of Raf kinase is bound to this protein. While transfer from the nucleophilic water to the phosphate activates the
the intrinsic reaction seems to be responsible for the nucleophile and decreases the negative charge op-g®sphate

breakdown of the p21(GTP)Raf kinase complex, GAP  group.
down-regulates the amount of free p21(GTP) that has been
activated by receptor tyrosine kinases (Herrmann et al., 1995;9enerated nucleophilic hydroxide ion subsequently attacks
Henkemeyer et al., 1995). Thus, elucidating the intrinsic as the protonated-phosphate in an \2-like mode and thus
well as the GAP-stimulated GTPase mechanism is of greatcreates a trigonal bipyramidal transition or intermediate state,
importance for understanding signal transduction and tumor respectively. A stereochemical analysis has indicated that
formation on a molecular level. Further progress in this GTP hydrolysis in p2#°results indeed in an in-line attack
direction is essential for finding a way to manipulate the Of the nucleophile (Feuerstein et al., 1986). With GDP as
reaction rate of oncogenic mutants by external means.  the leaving group, the pentacovalent intermediate finally
In this work, we use linear free energy relationships brgaks down into the reaction products phosphate and GDP
(LFERS) to examine the mechanism of the intrinsic as well (Figure 1).
as the GAP-stimulated reaction of Ras proteins. LFERs are The results presented in this and in the subsequent paper
among the most fundamental concepts in physical organicillustrate that almost all Ras mutants examined so far as well
chemistry and have been applied extensively to phospho-as RaplA proteins seem to follow the same mechanistic
hydrolysis reactions in aqueous solution (Ba-Saif et al., reaction path. The reduced GTPase reaction rate that
1989). Such relationships have been used to correlatecharacterizes the oncogenic effect of many of the p21 mutants
reaction rates with the corresponding equilibrium constants. found in human tumors seems to be a consequence of a
They imply that changes in activation free energitAG) slightly reduced K, of they-phosphate group of bound GTP.
due to various perturbations correlate linearly with the
concomitant change in free energy differenc®AG°) METHODS
between the reactants, the products, and relevant intermedi-
ates. The validity of such relationships for chemical . . ) ;
processes in soluti)(/)ns has been the subjgct of many studie sch_enchla golas described pr_ewously (Tucker_ et al., 1986).
[e.g. Marcus (1964), Albery (1980), Kreevoy and Kotchevar | N final purity was>95%, as judged from sodium dodecy!

(1990), Hwang et al. (1988), and Warshel (1991)]. Experi- sulfate-polyacrylamide gel electrophoresis. The protein
mental studies (Fersht et al., 1986; Toney & Kirsch, 1989) concentration was determined with the Bradford assay using

as well as theoretical studies (Warshel, 1984; Yadav et al., ovine serum albumin as standard. The amount of protein-

1991; Warshel et al., 1994) indicate that such relationships P0Und nucleotide was analyzed with C18 reverse phase

are also valid in proteins and can be used as an effectiveHPLC column and quantitated with a calibrated detector and

tool to correlate the catalytic power of enzymes with their integrator, respectively. GAP was purified from Sf9.insect
structure. cells and GAP-334 fronk. coli as described before (Gideon

Very often, Brgnsted plots and other types of LFERSs yield etal.,, 1992).
valuable information on the mechanism of chemical reactions ~ Kinetic Analysis. Purified Ras protein was converted to
in solutions and thus can be used as a powerful tool to testits GTP-bound form by incubating the protein solution with
mechanistic proposals. However, the application of a LFER & 100-fold excess of GTP in the presence of 5 mM EDTA.
to enzymatic reactions is less straightforward. For example, After 1 h, free nucleotide was exchanged by gel filtration
Fersht and co-workers (1986) correlated the reaction rates(PD-10, Pharmacia) (John et al., 1989). p&TPyS was
of a set of mutants to the corresponding equilibrium free generated by incubating p2I5DP with a 1.5-fold excess
energy, AG°, while Tony and Kirsch (1988) related the Of GTPyS in the presence of 200 mM (N}SO;, 10 u of
enzymatic rate to the Ky, of different substrates that is alkaline phosphatase, and 10 u of phosphodiesterase (Boe-
measured in the absence of the enzyme. Both approache&ringer Mannheim). The progress of nucleotide exchange
are valid, although the first one is more likely to provide a Was monitored with HPLC. Intrinsic reaction rates of Ras
unique correlation [for discussion, see Warshel et al. (1994)]. and Rap1A proteins were determined with HPLC by measur-
These studies show that there are different ways to grouping the concentration of protein-bound GTP and GDP as
and correlate thermodynamic and kinetic properties in order described (Schweins et al., 1995). GTPase rates were
to obtain valuable information about enzyme-catalyzed determined in 40 mM Hepes and 2 mM MgGit pH 7.4
reactions. and 37°C for the intrinsic and at 25C for the GAP-

Recently, we have demonstrated that the GTPase ¢fp21 stimulated reaction. The final GAP concentration in the
follows such a LFER (Schweins et al., 1995). Together with assay was 4.1 nM. The reaction was started by raising the
theoretical and structural studies, this has indicated that thetemperature to 37C (intrinsic reaction) or by adding GAP.
substrate of the reaction, GTP itself, plays a central role in For the faster GAP-catalyzed reaction, M0aliquots were
the reaction scheme by acting as the “base catalyst” [seetaken, frozen in liquid nitrogen, and analyzed with HPLC
Schweins et al. (1994, 1995)]. On the basis of these studies,0 determine the GTP/GDP ratio on a calibrated C18 reverse
it was proposed that GTP hydrolysis in [#21s initiated by ~ Phase HPLC column.
the abstraction of a proton from the catalytic water molecule Intrinsic rates were obtained from the change of the GTP/
by the y-phosphate of protein-bound GTP (Figure 1). The (GTP+ GDP) ratio with time to single-exponential curves.

Protein Purification. p21@s proteins were purified from
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In the case of the GAP-stimulated reaction, we applied either A pK Jrmutant
the classical MichaelisMenten analysis or the integrated
Michaelis-Menten equation in a nonlinear regression fit
according to the procedure described by Duggleby and Clarke 04 |
(1991) to determiné, and k., Of the reaction. When the 0.8
progress curve for an enzyme-catalyzed reaction follows the
integrated MichaelisMenten equation, the maximum veloc-

ity and the Michaelis constant can be determined from a log (rate) [
single experiment. This type of data processing is possible  pg74 20
for stable enzymes catalyzing an irreversible reaction with 24 |
a single substrate and for which none of the reaction products
is inhibitory, which is the case for the GAP-stimulated
GTPase of p21. The intrinsic reaction as a function of -3.2
temperature was determined by using the standard GTPase

assay and a calibrated thermoelement.

pK, Determination of p2t-Bound GTP. The K, of PK,
p212sbound GTP was determined either directly ¥fp- FIGURE 2: LFER plot of the intrinsic GTPase reaction rate (in
NMR or indirectly by analyzing the pH profile of the min~1) as a function of the apparenKp of the terminal GTP

i ion 31p. : phosphate. ApparentKg's were determined by?P-NMR as
hydrolysis reaction.”P-NMR spectra were run with p24 described before (Schweins et al., 1995) or by measuring the pH

complexed to Mg-GTP in 40 mM Hepes, 10 mM Mggil dependence of the GTPase reaction over the relevant pH range and
and 0.1 mM DTE at 5°C, using a Bruker AMX-500 fitting the data to the HenderseiHasselbalch equation using up
spectrometer operating at 202 MHz. The spectra were to 30 data points. Many of the mutants that fall into the highlighted

referenced to 85% phosphoric acid contained within a glass'egion exhibit an oncogenic potential (Q61T, Q61H, Q61P, and

. . : G12V). While Ras proteins are represented by filled circles, Rap1A
sphere WhICh. yvas immersed in the sample. The pH was proteins (rapla:wt and rapla:D38A) are shown by triangles. The
varied by addition of 0.1 N HCI.  The temperature was kept ghserved LFER relationship can be described by the Bransted

constant at C. Typically, 1024 scans were averaged for formula logke) = SAPKY ™2 + ¢, whereApK* ™ @i the
one spectrum. The signal-to-noise was improved by expo- difference in K, of bound GTP between wild type and mutant
nential multiplication of the FID before Fourier transforma- protein. As shown in the subsequent work, this formula is closely
tion to an addition line broadening of 3 Hz. From the change '¢lated to a modified Marcus relationship. Note that the observed
in chemical shift as a function of pH, we determined the (?i;%r;g;i% ?:r?rt';ﬁlsaﬂgﬂrgoeﬁucuerﬁ is 2.1 for the set of mutants
corresponding ¥, for 14 Ras and RaplA proteins. How- '

ever, for faster mutants (rates ®0.028 mir'), we had to a drastic way or when the rate-limiting step changes.

use an indirect approach to determine thg gince the half-  ,vever, when LFERs are observed, it indicates that the
life of p21-GTP was too short to have reasonable amounts .o hanism of the reaction is unchanged despite small

to which to apply*’P-NMR spectroscopy. Theqof GTP changes in the reaction conditions. That is, one can use a
bound to seven proteins was determined by analyzing the| rER 1ot only to obtain new insights into a reaction
pH profile of the hydroly_sis reaction. For three Ras proteins, mechanism for a particular protein but also to examine
we used both methods independently and were able to Show, nather certain mutants or even different proteins follow
_that t.he different methods yielokg valyes that are a!most the same mechanistic reaction route. In order to test if
identical. Fpr 1examp|e, for Ras wild type proteln_, WE different Ras mutants have functional similarities, we
measured witft _P'NMR spectroscopy alfa of 2.95, while extended the original LFER found for p2ito a wide range

the corresponding pH profile yields Kpof 2.9. of oncogenic as well as nontransforming ff2tutants and
plotted the logarithm of the reaction rate as function of the
pK, of protein-bound GTP (Figures 2 and 3).

The original proposal for the GTP as a base mechanism This Brgnsted plot convincingly demonstrates that a clear
came from theoretical analysis of the energetics of these andcorrelation between log) and the X, of the y-phosphate
other mechanisms in solutions and proteins (Schweins et al.exists; 13 p2sand 2 Rap1A proteins follow the observed
1994). This included indirect analysis of experiments in correlation and as a consequence of this very likely also share
solutions and calculation of the energy difference of moving the same reaction mechanism (Figure 2). This is true not
the relevant reacting system from water to the protein site. only for most of the examined oncogenic mutants in position
An additional direct experimental support is provided by the 12 (G12V) and 61 (Q61T, Q61H, and Q61P) but also for
observation of a LFER between the logarithm of the overall the effector mutants in position 38 (D38A and D38E) and
GTPase reaction rate of p2Jand the [, of they-phosphate  the nucleotide mutant p24GTPyS. The difference in rate
of the protein-bound GTP. The corresponding Brgnsted plot compared to that of the wild type protein can solely be
establishes the existence of a linear correlation between thesexplained by a different i, of the terminal phosphate of
two parameters. The higher thiof they-phosphate and  the bound substrate GTP. It is interesting to note that many
the stronger its proton abstraction potential, the faster the proteins with low fX,'s (marked by a square in Figure 2)
reaction rate at neutral pH. This relationship provides a very show oncogenic properties and that all “fast” and nontrans-
strong indication that the-phosphate of the GTP itself is  forming mutants have a of more than 2.9. It seems that
the base of the reaction. a pKa change of just 0.5 unit is enough to slow the intrinsic

Obviously, linear free energy relationships cannot repro- GTPase reaction rate significantly and to induce oncogenic
duce the experimental data when the active site changes impotential on p27®s
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Ficure 3: Plot of the rate againstkp for some Ras proteins,
including the oncogenic mutants Q61L and G12D. The Brgnsted
slope of LFER changes frof = 2.1 in Figure 2 tq3 > 1. This

Schweins et al.

G12Vin set | and Q61L in set Il) have a different physical
origin. In the extreme case, the different classes of mutants
might even follow a different reaction path.

For many biochemical (chemical) reactions, one finds two
sets of mutations (molecules) that display different LFERSs.
In fact, for tyrosyl-tRNA synthetase, Fersht and co-workers
found a similar behavior (Fersht et al., 1986). While a large
group of mutants displays a LFER with a slope of less than
1, a second set exhibits a slope»l. For such systems, it
is justified to classify different mutants to different groups
(Fersht et al., 1986; Warshel et al., 1994). This does not
necessarily mean that the two sets of mutations follow a
different reaction path. It is conceivable that all mutants
regardless of their group follow the same reaction mechanism
and have a similar reaction potential surface. However, if a
set of mutants falls in a LFER plot on the same line, it is
very likely that these mutations affect the reaction (and thus
the reaction potential surface) in the same manner (i.e. by

result suggests that Q61L and G12D affect the reaction mechanismstabilizing or destabilizing the same specific resonance

in a different way than other mutations.

Note also that RaplA and the corresponding RaplA

structures).
A second set of mutations of the same system that fall on
a line with a different slope very often follow the same

mutant D38A follow the LFER displayed in Figure 2. This mechanism. However, this set might affect the reaction in
result strongly suggests that the GTPase mechanism ofa different way (for example by stabilization or destabiliza-
RaplA and p2®sare identical. We also tried to examine if tion of a different intermediate). As long as a mutant
other GTP-binding proteins follow the same LFER and as displays a residual enzymatic activity as in the case of®p21
result of this also the same reaction mechanism. Preliminary (where the reaction in the mutant enzyme is still orders of
results have shown that th&pof GTP bound to the small  magnitude faster than the corresponding solution reaction),
GTP-binding protein Rab7, a protein that is involved in it is questionable whether such a mutation leads to a
membrane trafficking, as well as the corresponding intrinsic completely different mechanism. Instead, it is more likely
GTPase rate are significantly lower than those for'{§5ZT. that a single point mutation will lead to a small change of
Schweins and M. Geyer, unpublished data). It might well the wild type reaction potential surface than to an entirely
be possible that Rab7 follows the LFER displayed in Figure different potential surface. For a detailed analysis, we refer
2. However, all other Ras-related GTP-binding proteins that to the subsequent paper (Schweins et al., 1996).
we examined (as for example p24or EF-Tu) denature In this respect, it is interesting to note that the G12D
irreversibly when titrated to a low pH. Thus, itis not feasible mutant is the only mutant analyzed so far that crystallizes
to determine the correspondind(pof bound GTP. Nev-  in a space group different from that of the wild type. The
ertheless, because of the high structural similarities, it is most drastic structural changes relative to Ras wild type occur
reasonable to assume that most if not all GTP-binding around the active site (Franken et al., 1993). These changes
proteins that share a similar structure also follow a similar are probably due to the interaction of the aspartic side chain
reaction path. For those where a structure of the triphosphatein position 12 with Tyr32, GIn61, and thg-phosphate.
form has been determined by X-ray crystallography, a Asp12 might also conflict with the catalytic water that is
nucleophilic water has been found in an identical position not clearly defined in the crystal structure of this mutant.
in the active site (Pai et al., 1991; Berchtold et al., 1993; Thus, in this light, it is not surprising that G12D does not
Kjeldgaard et al., 1993; Sondek et al., 1994). follow the regular LFER displayed in Figure 2. However,
Interestingly, we also found deviations from the LFER the odd behavior of this mutant cannot be clarified only by
plot; Q61L and G12D, two prominent oncogenic mutants analyzing the static ground-state crystal structure of the
that are both found in a large number of human tumors, do GppNHp complex, and it remains an open question as to
not follow this relationship. The GTPase rate is significantly whether the intrinsic reaction mechanism of this G12D is
lower than that for wild type Ras, and yet thk mof bound fundamentally the same or different compared to that of wild
GTP is very similar. If p2+Q61L and p2+G12D are type Ras.
grouped in a second set of Ras proteins, one can see from The crystal structure of Q61L is less informative since
the corresponding Bransted plot (Figure 3) that these proteinsthe loop L4 (that region that includes residue 61) is poorly
follow a different LFER. The corresponding Bransted slope resolved (Krengel et al., 1990). The X-ray structure (Pai et
that determines the correlation coefficighthanges fronf al., 1990) as well as the NMR structure (Kraulis et al., 1994)
= 2.1 for the first set of mutations (displayed in Figure 2) of p21-GppNHp indicate that loop L4 is very flexible and
to f > 1. This result indicates that p261L as well as mobile. Also, the affinity of GTP toward Ras is not changed
p21-G12D destabilize the transition state without having significantly when GIn61 is exchanged with Leu (Feig &
an influence on the i, of the bound GTP. It is obvious Cooper, 1988). Thus, it is reasonable to assume that GIn61
from this that the nature of the effect on the rate is different does not interact strongly with the GTP in the ground state
for the two sets of proteins displayed in Figures 2 and 3. of the catalytic reaction. However, very recently, Mittal et
This suggests that the transforming properties of oncogenical. (1996) have found evidence that GIn61 may interact
Ras mutants that belong to different sets of mutants (e.g.directly with the proposed pentacovalent transition state of
the GTP hydrolysis, at least in the presence of GAP. It was
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40 — stabilization of a particular conformation of p%land a
N resulting change of electrostatic properties in the active site
(Muegge et al., 1996). As a result of this, crucial interactions
between p2%sand the corresponding transition state of the
reaction might increase. In the other type of mechanism,
the involvement of one or more side chains of the GAP
molecule in the catalytic reaction is imaginable. This would
imply that the mechanism of GTP hydrolysis by GAP-
3 activated p2° might be fundamentally different than in
e p212s alone.

28 29 30 31 32 33 34 35 As stated above and in the subsequent paper, the strongest

uT (107K support for the proposed GTP as a base mechanism for the
Ficure 4: Arrhenius plot of the intrinsic GTPase reaction (&). intrinsic reaction is probably provided by the LFER between
For the linear curve fit, we only considered data points measured the logarithm of the reaction rate of pZland the |, of
at.tthe'g;]peft‘;]res. of less ttha” 6. Frotm t?.e a?a'yfs's tohf this tqatté.‘ proteins bound GTPy-phosphate (Figure 2). If the GAP-
\évr']ergy%a (;; fg.lgsk(?;lljrf‘ll(l)(ﬁnt,hveveagt?va?if)ll‘lmeanfrf)pgrs# ; Eico'_\éa on activated GTPase of p2ifollows the same GTP as a base
cal/mol, the activation enthalpyH* of 19.3 kcal/mol, and the free ~ mechanism, one would expect that the GAP-stimulated
energy of activatio’AG* of 19.5 kcal/mol. reaction also exhibits a LFER of the kind found for the
intrinsic GTPase.
also shown that this interaction is reduced significantly when Unfortunately, it is not possible to determine thi€,mf
GIn61 is replaced by Leu. Thus, GIn61 seems to mainly GTP—y-phosphate in the pZE-GAP complex, since the
stabilize the transition state (at least in the presence of GAP)protein—protein interaction between these proteins is very
without affecting the stability of the relevant ground state sensitive to any pH change and also because GAP does not
of the reaction. Such a behavior would lead, as outlined in tolerate pH changes. Nevertheless, it is valid to correlate
the following paper, to a Brgnsted slofi¢hat is very large  the logarithm of the GAP-stimulated GTPase rate with the
(B > 1) and is in agreement with the results displayed in pK, of GTP—y-phosphate bound to p?ialone, as long as
Figure 3. the mutated residue does not conflict with the physical
Another approach that can help in elucidating important interaction of these two proteirs.

features of a reaction mechanism in enzymes is the evaluation e determined the corresponding parameter for a small

of the temperature dependence of the reaction rate. Devia-set of Ras proteins that can be simulated by GAP and plotted
tions from an Arrhenius plot can be due to proton tunneling |og(k..) as function of the K, of the y-phosphate (Figure
(Cha et al., 1989) or to sequential steps in a reaction 5)  From this Brgnsted plot, one can depict that for the GAP-
mechanism that do show a similar rate (Wilson & Cabib, stimulated reaction a linear correlation between these two
1956). In Figure 4, the temperature dependence of theparameters (very similar to the results that are displayed in
intrinsic GTPase is shown in an Arrhenius plot. For Figure 2) exists. The higher th&pof the bound nucleotide
temperatures up to 5, the reaction of p2¥does follow  and the stronger the proton abstraction potential of the
the Arrhenius relationship. Above this temperature, one can y-phosphate, the faster the reaction of the GAP-stimulated
observe a deviation from the linear Arrhenius line. However, reaction at neutral pH. In fact, from this relationship, one
this behavior is probably just due to denaturation of the can conclude that the GTP as a base mechanism is probably
protein. In fact, it has been shown previously with CD operating also in the GAP-activated reaction.
spectroscopy that the melting temperature of p&TP is In this context, it is very interesting to note that the
approximately 55C (Reinstein et al., 1991). The activation  cqprelation coefficien for the GAP-catalyzed reaction is
free energy that can be determined from the slope of the yjferent from the corresponding coefficient for the intrinsic
straight line is 19.5 kcal/mol. This value is similar to our reaction. While the intrinsic reaction exhibits a Bransted
estimate AG* ~ 22.4 kcal/mol; see Langen et al. (1992) gjope ofg = 2.1 (Figure 2), the corresponding value for the
and Schweins et al. (1994)] using the general preexponentlaIGAp_activated reaction |§ = 4.9 (Figure 5). A given K,
factor ofksT/h ~ 6 x 10'2s7*, which seems to be appropriate  change due to mutation seems to have a larger impact on
for most adiabatic reactions in condensed phases [e.0.the reaction rate when GAP is present. A Brgnsted sbpe
Warshel (1991)]. . that is more than twice as large for the GAP-stimulated
“While the intrinsic GTPase reaction seems to be respon-yeaction relative to the intrinsic reaction can be explained
sible for the breakdown of the p21(GTFFRaf kinase it the stabilization of a more product-like structure of
complex, the GTPase activating protein, GAP, down- pofas g5 g result of GAP binding (for a detailed analysis,
regulates the amognt of unc_:onjpl_exed p21(GTP) in the cell. e the subsequent paper). As was suggested before, GAP
Thus, understanding the intrinsic as well as the GAP- might accelerate the GTPase reaction by providing a
stimulated GTPase mechanism is of great importance for yositively charged residue that directly interacts with the
understanding signal transduction on an atomic level. On
the other hand, it is of general interest to understand how a™, o . . .
. . . Very often, the kinetic properties of enzymatic reactions are
certain protein can affect the reaction rate of another enzyme. ., ejated to thermodynamic properties of substrates that were deter-
In principle, two extreme classes of mechanisms for GAP mined in aqueous solution and thus in the absence of the enzyme [i.e.
activation of the p2'# GTPase reaction are conceivable. In Tony and Kirsch (1988)]. This is similar to the LFER displayed in

; ; ; iR Figure 5 because GAP can be considered the enzyme areéGR
one of these, the basic mechanism is the same iff the corresponding substrate. The rate constant for the GAP-catalyzed

in the p2I**~GAP complex. The role of GAP in the reaction is plotted as function of the “intrinsicKg of GTP bound to
activation of the GTPase reaction could be for example the p21es

60 |
In (keat)
8.0 |

-10.0
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A pK Jemutant mutants of p2Esfollow this relationship. This suggests that
they follow the same reaction mechanism as wild type Ras.
A pKa deviation of less than 0.5 unit seems to be enough to

' slow the intrinsic GTPase reaction rate in oncogenic mutants.
40 This effect might be indirectly responsible for the oncogenic
30 | potential that these mutants display.
log (rate) 20 [ Furthermore, it is shown that Rapla proteins follow the
1.0 | same type of LFER as p2idoes. Thus, we conclude that
pH 7.4 . .
00 F Rapl1A proteins very likely also follow the same proposed
10 L GTP as a base mechanism. This supports the notion that
20 * 2T many if not_all_ membe_rs of the superfamily of guanine
' nucleotide binding proteins not only are closely structurally
S related to each other but also share a common reaction
20 24 26 28 30 32 34 36 mechanism. In fact, structural studies with transducin
pKa (Sondek et al., 1994) and myosin (Fisher et al., 1995) reveal

FiGure 5: LFER plot of the logarithm of the GAP-catalyzed that t_he active sites of these proteins resemble that dPSp_Zl .
GTPase reaction rate (im¥ as function of the apparenkp of and it was suggested that the GTP as a base mechanism is
the GTP bound to p2% Note that the Brgnsted slope has changed also operative in these proteins. It would not be a surprise
from g = 2.1 for the intrinsic reaction (Figure 2) % = 4.9 for if other enzymes or even ribozymes that exhibit ATPase,
the GAP-catalyzed reaction. It was not possible to determine the GTpase, or phosphatase activity follow a similar reaction

pKa of GTP bound to the p23-GAP complex because GAP is
very sensitive to changes ifiKp Thus, we plotted the logarithm of route. Our results show that the reduced GTPase rate of

the GAP-catalyzed reaction rate as function of bound GTP in Ras the nucleotide analog G by p2I* seems to be the

alone (see footnote 2). consequence of a reducedpof its terminal phosphate
group. Itis known that many other ATP and GTP hydrolyz-
Table 1 ing and synthesizing enzymes like myosin or transducin are

intrinsic GTPase ~ GAP-catalyzed GTPase  Slowed by ATR'S and GTRS, respectively. It is tempting
K K K klK to speculate that this observation may be explained with a
at at m al m

(min-Y) ) (mM) (mMts? corresponding i, reduction that slows the overall reaction
p21—Mg?" H,0 rate in a related GTP as a base reaction mechanism.

p21-Mg?*—GTP 0.028 19 8.9 21 The data presented here indicate that the mechanism of
p21-Mg* —GTPyS 0.0025 0.02 142  0.0014 GTP hydrolysis by GAP-activated p2dis probably closely
related to that in p2% alone. Up to this point, it has not
negatively chargeg-phosphate (Schweins et al., 1993). been possible to observe any fundamental differences in
In order to find out if the basic reaction mechanism for chemistry between these systems. All perturbations that lead
isolated p2®sand for the p2s—GAP complex are identical,  to a different intrinsic rate also lead to a comparable change
one can examine if different features that are known to of the GAP-stimulated reaction rate. The LFER result of
perturb the rate of the intrinsic reaction also affect the Figure 5 shows that the rate of the GAP-stimulated GTPase
velocity of the GAP-stimulated GTPase. It is known that of p21@ correlates with the basicity of bound GTP in Ras
the intrinsic rate is slowed considerably when the Ras-boundalone. This indicates that the GAP-stimulated reaction might
GTP is exchanged with GTP analog Gi% where one of  also follow the GTP as a base mechanism. The role of GAP
they-phosphate oxygens is exchanged with sulfur (Renslandin the activation of the GTPase reaction could be the
et al., 1991). From Table 1, one can depict also that the stabilization of a particular conformation in the active site
GAP-stimulated GTPase is reduced significantly, when of p212s (i.e. a more product-like state). GAP might also
GTPyS instead of GTP is bound to pZlL In the subsequent lead to a change of the electrostatic properties in the active
paper, it is shown that the exchange of the solvex@ With site of p21% The active site of pZ®is directly located at
D,O affects the intrinsic and GAP-stimulated GTPase the protein surface. It is conceivable that the binding of GAP
reaction in the same manner. to p21 dehydrates this region and decreases the dielectric
In summary, so far, it has not been possible to observe properties in the active site. Mechanistically important
any fundamental differences in chemistry between the interactions between p2iand the corresponding transition

intrinsic and the GAP-stimulated GTPase of 21 state of the reaction might increase as a result of GAP
binding. It remains to be seen if GAP is able to “catalyze”
CONCLUSION or induce a conformational change in [2that precedes

This work has shown that 13 Ras and 2 Rap1A proteins the transition state and thus leads to a more active form of
follow the LFER displayed in Figure 2. From this result, P21°(Muegge etal., 1996). A clearer picture of the GAP-
we can conclude that these proteins exhibit the same GTpactivated mechanism might emerge, when the three-
as a base reaction mechanism that was proposed before fofimensional structure of a p2ZIGAP complex is solved.
wild type Ras. The difference in GTPase rate seems to be It is tempting to propose that the results presented in this
a consequence of aKp change of the terminal GTP  work may be used to design drugs that reactivate the GTPase
phosphate due to the corresponding mutation. The higherreaction of these oncogenic pZlmutants. Our result
the Ka of the y-phosphate and the stronger its proton suggests that any small compound that binds to®pand
abstraction potential, the faster the reaction rate at neutralslightly increases thelfy of GTP should also speed the
pH. Interestingly, most of the common known oncogenic reaction and hence reduce the oncogenic potential of these
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mutant Ras proteins. It is not essential that such a compounddwang, J. K., & Warshel, A. (1983). Am. Chem. Soc. 10915.

would bind in the vicinity of they-phosphate in the active
site of p21%< For example, the carboxylate group of Asp38
is about 10 A away from thg-phosphorus, and yet as shown
in Figure 2, the effect on mutating this residue to Glu or
Ala leads to a significant increase in th& of GTP.

ACKNOWLEDGMENT

We thank Gudrun Horn for RaplA protein, Jan Florian
and Roger Goody for discussion, and Tim Glennon for
critically reading the manuscript.

REFERENCES

Albery, W. J. (1980)Annu. Re. Phys. Chem. 31227.

Ba-Saif, S. A., Davis, A. M., & Williams, A. (1989). Org. Chem.
54, 5483-5486.

Berchtold, H., et al. (1993Nature 365 126-132.

Boguski, M. S., & McCormick, F. (1993Nature 366 643—653.

Bourne, H. R., Sanders, D. A., & McCormick, F. (199Qature
348 125-132.

Bourne, H. R., Sanders, D. A., & McCormick, F. (199ature
349 117-127.

Brownbridge, G. G., Lowe, P. N., Moore, K. J., Skinner, R. H., &
Webb, M. (1993)J. Biol. Chem. 26810914-10919.

Cha, Y., Murray, C. J., & Klinman, J. P. (1988ature 2431325~
1330.

Duggleby, R. G., & Clarke, R. B. (199Biochim. Biophys. Acta
1080 231—-236.

Feig, L. A., & Cooper, G. M. (1988Mol. Cell. Biol. 8 2472~
2478.

Fersht, A. R. (1984Enzyme, Structure and Mechanis2md ed.,
Freeman, New York.

Fersht, A. R., Leatherbarrow, R. J., & Wells, T. N. C. (19B@}ture
322 284—-286.

Feuerstein, J., Goody, R. S., & Webb, M. R. (1989Biol. Chem.
264, 6188-6190.

Fisher, A. J., et al. (1993iochemistry 348960.

Franken, S. M., et al. (199®iochemistry 338411-8420.

Gideon, P., et al. (1992¥ol. Cell Biol. 12 2050-2056.

Henkemeyer, M., Rossi, D. J., Holmyard, D. P., Puri, M. C,,
Mbamalu, G., Harpal, K., Shane Shih, T., Jacks, T., & Pawson
T. (1995)Nature 377 695-701.

Herrmann, C., Martin, G. A., & Wittinghofer, A. (1995). Biol.
Chem. 2702901-2905.

Hwang, J. K., King, G., Creighton, S., & Warshel, A. (198B)
Am. Chem. Soc. 116297.

Jencks, W. P., & Salvesen, K. (1971)Am. Chem. Soc. 93433.

John, J., et al. (1989). Biol. Chem. 26413086-13092.

Kjeldgaard, M., Nissen, P., Thrup, S., & Nyborg, J. (1988ucture
1, 35-50.

Kraulis, P. J., et al. (1998iochemistry 333515-3531.

Kreevoy, M. M., & Kotchevar, A. J. (1990). Am. Chem. Soc.
112 3579.

Krengel, U., et al. (1990Lell 62 539-548.

Langen, R., Schweins, T., & Warshel, A. (19%ipchemistry 31
8691—-8696.

Marcus, R. A. (1964Annu. Re. Phys. Chem. 15155.

Mittal, R., Ahmadian, M. R., Goody, R. S., & Wittinghofer, A.
(1996) Science 273115.

Muegge, I., Schweins, T., Langen, R., & Warshel, A. (1996)
Structure 4(in press).

Pai, E. F., et al. (1992(MBO J. 9 2351-2359.

Reinstein, J., Schlichting, I., Frech, M., Goody, R. S., & Witting-
hofer, A. (1991)J. Biol. Chem. 26617706-17706.

Rensland, H., Lautwein, A., Wittinghofer, A., & Goody, R. S.
(1991)J. Biol. Chem. 3p11181.

Schweins, T., Langen, R., & Warshel, A. (199at. Struct. Biol.
1, 476-484.

Schweins, T., Geyer, M., Scheffzek, K., Warshel, A., Kalbitzer,
H. R., & Wittinghofer, A. (1995)Nat. Struct. Biol. 2 36—44.

Schweins, T., Wittinghofer, A., & Warshel, A. (199B)ochemistry
35, 14232-14243.

Sondek, J., Lambright, D. G., Noel, J. P., Hamm, H. E., & Sigler,
P. B. (1994)Nature 372 276.

Toney, M. D., & Kirsch, J. F. (1989%cience 2431485-1488.

Tucker, J., et al. (1986EMBO J. § 1351-1358.

Warshel, A. (1984Pontif. Acad. Sci. Scr. Varia 5%9.

Warshel, A. (1991 Computer Modeling of Chemical Reactions in
Enzyme and Solution®Viley, New York.

Warshel, A., Schweins, T., & Fothergil, M. (1994) Am. Chem.
Soc. 1168437-8442.

Wiesmiler, L., & Wittinghofer, A. (1995)Cell. Signalling 6 247—
267.

Wilson, I. B., & Cabib, E. (1956). Am. Chem. Soc. 7202.

' Yadav, A., Jackson, R., Holbrook, J. J., & Warshel, A. (1991)

Am. Chem. Soc. 113800.

B19611180



