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ABSTRACT: Individual rate constants for the interaction of H-, K-, and N-Ras with GAP-334 and NF1-333
were determined using fluorescent derivatives of guanine nucleotides at the active site of the Ras proteins.
Stopped-flow experiments with NF1-333 show a fast concentration-dependent initial phase corresponding
to the binding reaction followed by a slower phase, which corresponds to the hydrolysis reaction. With
Ras bound to the nonhydrolyzable analogue mant-GppNHp, only the concentration-dependent first phase
was observed. The Rasant-GppNHpNF1-333 complexes were also used to measure dissociation rate
constants of the Ras-GAP complexes. Using GAP-334 as the catalyst, the concentration-dependent first
phase was too fast to be measured by the stopped-flow method, but the subsequent chemical cleavage
reaction occurred at a similar rate{%0 s%) to that seen with NF1-333. With both GAP-334 and NF1-

333, after rapidly reaching the initial equilibrium, there was no further time-dependent change on mixing
GAPs with Rasmant-GppNHp. The results obtained provide new insights into the individual steps of
the GAP-catalyzed GTPase reaction on Ras. They do not require the postulation of a rate-limiting step
occurring before GTP hydrolysis.

Ras proteins, the products of the H-, K-, and&$-genes, al., 1990; Xuet al, 1990b; Ballesteet al., 1990). This gene
function as molecular switches and cycle between the GDP-has been found to be frequently mutated in patients with the
bound inactive state and GTP-bound active state. In the cell,disease neurofibromatosis type | (Cawthenal, 1990;
the conformational state of these proteins is regulated by twoWallaceet al, 1991; Viskochilet al., 1990) but also, albeit
kinds of interacting molecules, guanine nucleotide exchangeless frequently, in solid tumors (lat al, 1992). GAPT, a
factors (GEFS) and GTPase-activating proteins (GAPS) mammalian homologue of thBrosophilaGAP1 gene, has
(Lowy & Willumsen, 1993; Bournet al, 1991, Boguski & been described as the third form of Ras-GAP (Maekatva
McCormick, 1993). GEFs promote the exchange of protein- al., 1994). Further members of the Ras-GAP family are
bound GDP for GTP. Once activated, GTP-bound Ras canGAPIII, a brain-enriched isoform with high homology to
now interact with so-called effector molecules (Wittinghofer GAPI™ (Babaet al, 1995), and a GAPA*8P which is a

& Herrmann, 1995). Return to the inactive state is achieved specific inositol 1,3,4,5-tetrakisphosphate (IP4)-binding pro-
by the interaction of GTP-bound Ras with GAPs, which tein with GAP activity toward both Ras and Rap (Culken
accelerate the very slow intrinsic GTPase activity of Ras |, 1995).

proteins by many orders of magnitude (Gideural, 1992, In order to understand the mechanism of GAP-mediated

W|§smUIer & W|t_t!nghofer, 1992; Eccleston_et al, 19_93)' GTP hydrolysis on Ras, it is important to understand the

Five Ras-specific GAPs have been described, which showjngividual steps of the reaction. This is even more important
a high degree of similarity in their GAP-related domains, ¢qnsjdering the conflicting evidence as to the role of GAP.
GRD (Martin et al, 1990). p120-GAP, the first to be |t has peen postulated that the rate-limiting step of the
isolated, is the prototype of this class of proteins (Trahey & jntinsic GTP hydrolysis is a conformational change which

McCormick, 1987; Trahegt al, 1988; Vogelet al, 1988). g accelerated by GAP (Neet al, 1990: Mooreet al, 1993).
The secon_d IS neuro_flbr0m|n (NF1), which is the product of ;g implies that Ras is in principle capable of rapid GTP
the neurofibromatosis type | gene (%nal, 1990a) and ha_s hydrolysis and only needs GAP for stabilizing a conformation
also been shown to stimulate the GTPase of Ras (Mattin . \etent to cleave GTP. On the other hand, evidence has
been presented suggesting that the rate-limiting step is the
* Corresponding author: Alfred Wittinghofer. Fax: 49-231-1206230. chemical cleavage of GTP and that this is catalyzed by GAP
Phone: 49-231-1206280. E-mail: Alfred.Wittinghofer@mpi-dortmund- (Renslandet al, 1991). Moreover, it has recently been
mp %gti'i|ung Strukturelle Biologie. shown (Mittalet al, 1_996) that Ra_s ne_eds equimolar amoynts
§ Abteilung Physikalische Biochemie. of GAP in order to bind Alg~, which is supposed to mimic
® Abstract published ihdvance ACS Abstract#pril 1, 1997. the transition state of the GTPase reaction (Soneleél.,

1 Abbreviations: Ras or pZ% the protein product of the N-, K-, . St
and Hyas gene, unless specified; GAP, GTPase-activating protein; 1994; Colemaret al, 1994). We present here kinetic data

GAP-334, the catalytic fragment of p120-GAP; GEF, guanine nucleotide ON the interaction of the catalytic domains of p120-GAP and

gxchange_ factor;INFl orNrII:elurgcgiSbroLnin, th? p_ro]guct of thef neuroffi_— NF1 with H-, K-, and N-Ras, which define and quantify
romatosis type | gene; NF1-333: the catalytic fragment of neurofi- jndjyidual rate constants. These data are also relevant for
bromin; mant-GDP, mant-GTP, and mant-GppNHg,320-(N- . : . . .
methylanthraniloyl)guanosine-Siphosphate, triphosphate, anij understanding the role of GAP in the enzymatic reaction on

imidotriphosphate); mant-dGTP, thedeoxy derivative of mant-GTP. Ras.
S0006-2960(96)02556-1 CCC: $14.00 © 1997 American Chemical Society
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MATERIALS AND METHODS

Recombinant H-Ras were prepared fr&scherichia coli
using the ptac-expression system as described (Tt
1986). K-Ras and N-Ras were prepared using the corre-
sponding expression vectors (Trahey & McCormick, 1987;
Skinneret al., 1991) and purification protocols as for the
H-Ras protein. The catalytic domain of NF1, NF1-333,
extending from amino acid E1198 to H1530, was isolated
using the pLMM-expression system frden coli as described
previously (Ahmadiaret al., 1996). GAP-334, the catalytic
domain of p120-GAP spanning from the amino acid M714
to R1047, was prepared frol coli using the vector ptrc99A
as described (Gideaat al,, 1992). The nucleotide-free forms
of H-, K-, and N-Ras were prepared as described for H-Ras
(Johnet al., 1990) and the fluorescent derivatives of GTP,
dGTP and GppNHp, mant-GTP, mant-dGTP, and mant-
GppNHp were synthesized as described (Jethal.,, 1990).
Rasmant-GTP, Rasnant-dGTP, and Ramant-GppNHp
were prepared by loading nucleotide-free Ras proteins with
a 1.5-fold molar excess of the fluorescent nucleotide. Excess
nucleotide was separated from nucleotide-bound Ras by gelFIGURE 1. GTPase reaction of Ras catalyzed by GAP-334. (A)

) : _ ; Fluorescence transient obtained by mixingM H-Rasmant-GTP
fs'l\tl;ztc'ioer:];)n prepacked NAP-5 columns (Pharmacia, Uppsala, with 2 uM GAP-334 in standard buffer at 2% in a stopped-flow
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apparatus. The data were fitted to a single exponential. (B) The
Stopped-flow experiments using mant-GTP, mant-dGTP, rate constants obtained from fluorescence transients as in panel A
using 1uM Rasmant-GTP are plotted against the GAP concentra-
tions. The three isoforms H-Raa), K-Ras (), and N-Ras @)
were used as indicated. The data were fitted to a hyperbolic equation

as outlined in Materials and Methods to obtain ifgeandk., values

and mant-GppNHp were performed to monitor the interaction
of NF1-333 and GAP-334 with Ras in an Applied Photo-
physics SX16MV apparatus. All the reactions were followed

at 25°C in 40 mM HEPES, pH 7.4, 5 mM DTE, and 5 mM
MgCl, (standard buffer) using an excitation wavelength of
360 nm and a cut-off filter (408 nm) in front of the emission Table 1: Rate Constants for the Reaction of mant-GTP-Bound Ras
monochromator. Exponential and hyperbolic fits to the data Proteins with GAP-334

shown in Table 1.

were done using the program Grafit (Erithacus software). K (M) Keat (S7)
More comp!ex _klnetlc situations were analyzeq with t_he H-Rasmant-GTP 50 8.0
program Scientist. In particular, the process of interaction K-Rasmant-GTP 3.4 59
of NF1 with Rasmant-GTP was modeled using a reversible N-Rasmant-GTP 5.8 9.3

association of the two proteins followed by an irreversible

GTP hydrolysis with subsequent rapid dissociation of NF1. a4 that this signal can be used to monitor the GAP-catalyzed
The situation was represented by a series of differential o5ction (Mooreet al, 1993; Renslanct al, 1991). A

equations describing the change in concentration of eachgjyijar change with the uncleavable analogue mant-GppNHp
species with time and an algebraic equation relating the paq heen interpreted to be associated with a slow confor-
concentration and fluorescent yields of intermediates to the ,ational change preceding the hydrolysis step although this

fluorescence signal measured. Curves were simulated by, oq heen disputed (Renslagthl, 1991). Figure 1A shows
numerical integration of the set of differential equations using {hat there is a relatively rapid decrease of fluorescence on
initial estimates for constants (rate constants and fluorescentmixing H-Rasmant-GTP with GAP-334. and the rate

yields), and the constants were varied and optimized by & .,nstant for this change, which is believed to represent the

least-squares procedure. For _the mtelragtlon of NFfl W'tz chemical cleavage reaction (see below), can be fitted as a
Rasmant-GTP, a more extensive analysis was performed gjnqje exponential. The rate constant increases in a hyper-

by simulaneously simulating and fitting of four da'_ca SetS polic fashion as a function of the GAP concentration (Figure
(Rasmant-GTP concentration, 0uM; NF1 concentrations, 1y Fiting a hyperbolic curve to the points leads to an

0.2, 0.4, 06 and 0.8M) using the program Scientist. apparentp of 5 «M and a maximal rate of 83, Since
The affinity between NF1-333 and Resant-GppNHpwas  ipis interaction is relatively weak and correspondingly has a
determined on an LS50B Perkin-Elmer spectrofluorometer ¢, gissociation rate constant, it seems likely that the value
by the guanine nucleotide dissociation inhibitor (GDI) assay, ¢ 5 «M represents a genuiri value, not influenced by
which uses the inhibition of the mant-GppNHp dissociation ¢ Yelatively slow cleavage reaction. The results are
from Ras on complex formation with effectors as described (5 jated in Table 1 and are similar to those obtained for
recently for Ras and Rap and the Ras-binding domains of y_poc 2nd N-Ras using the same method (Ecclesta

c-Raf-1 and Ral-GEF (Herrmaret al, 1995, 1996). 1993; Mooreet al, 1993) and by using a fluorescence
anisotropy method (Brownsbridget al., 1993). Table 1
shows the basic kinetic constants for the interaction. The
Previous work has established that the fluorescent GTPresults are in quite good agreement with valueKgfand
analogue mant-GTP shows a decrease in fluorescence ok obtained using catalytic amounts of GAP and varying
GTP hydrolysis at the active site of Ras (Ne&kl., 1990) the concentration of Ramant-GTP (Gideoret al, 1992).

RESULTS AND DISCUSSION
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Scheme 1
K1 kip
Rasemant-GTP + NF1 <—— NF1sRasmant-GTP ——
ka

NF1eRasemant-GDP + P;

rel. fluorescence

Table 2: Rate Constants for the Reaction of mant-GTP-Bound Ras
Proteins with NF1-333

Kon Koft Kb Kwm Keat
Mtsh) (s @M) @M) (s

0 0.4 0.8 12 16 2

time (s)

0.585

H-Rasmant-GTP 5.3 10/ 0.13 0.23 54
o | H-Rasmant-GppNHp 4.4 10/’ 6.8 0.15 0
’ K-Rasmant-GTP 5.2« 10/ 0.14 0.28 6.9
8 0595 K-Ragmant-GppNHp 5.0« 10/’ 7.5 0.15 0
8 N-Rasmant-GTP 3.7% 107 0.28 0.52 8.7
5 059 N-Rasmant-GppNHp 5.8< 10/’ 105 0.18 0
(=]

038 | data. The value df-; was not well determined by individual

oss | , , \ g data sets, and the fits used to determine and k,, were
o 04 08 12 16 2 obtained by using a nonvarying value kf;, which was

time (s) experimentally determined for the interaction of NF1-333
FIGURE 2: Fluorescence transients obtained on mixing (A)UML with Rasmant-GppNHp (see below). Similar data were
H-Rasmant-GTP with 0.2«M NF1-333 kon = 5.3 x 10/ M~tst obtained with H-Ras, K-Ras, and N-Ras, and the results are

and ke = 5.4 sY) and (B) 0.1uM H-Rasmant-dGTP with 0.2 ; ot ;
M NF1-333 ko = 6.2 x 10/ M2 52 and ke = 4.4 S, in shown in Table 2. The association rate constants are in the

7 M-1 ol
standard buffer at 28C. The lines through the data points were rgnge _4__5 x 10" M~ s* in all three Casesl and the
obtained by fitting with a numerical integration fitting procedure ~ dissociation rate constants are between 7 and 10 $he

as described in the Materials and Methods section. rate constants for GTP hydrolysis are in the same range. This
implies that there is an approximately equal chance of
The fluorescent transient observed on the interaction of hydrolysis and dissociation from the R&§P-NF1-333
Ras with neurofibromin was quite different. Figure 2A  complex, or in other words that GTP hydrolysis occurs on
shows the results of mixing H-Ramant-GTP with NF1-  average on every second contact between neurofibromin and
333. Instead of the simple exponential decrease seen WithRasGTP. The constants for the cleavage reactieg) (@re
GAP, there is an initial rapid increase in fluorescence higher than those obtained by using catalytic amounts of
followed by a decrease at a rate similar to that seen at highNF1-333 (enzyme) and saturating concentration of @&8
GAP concentrations. The first phase of the reaction is (the substrate) (Wiesilar & Wittinghofer, 1992) and
concentration-dependent, whereas the second is less obvignnort earlier results (Ecclestenal., 1993). The discrep-
ously so. This suggests that an initial association betweenancy probably arises because in the multiple turnover

the proteins leads to an increase in fluorescence, which theny, aasurements using catalytic amounts of NF1-333, but not

decreases on mant-GTP hydrolysis (and consequent diSj, the single turnover experiments shown here and earlier

sociatipn of th_e pro_teins) to alevel pelow that of the starting (Ecclestoret al., 1993), the quality of the protein preparation
level, in keeping with the observation that the fluorescence i . cial for the value kot

of Rasmant-GDP is lower than that of Rasant-GTP. This . . o o
interpretation means that the mechanism cannot be treated FOr H-Ras, a more detailed investigation of the kinetics
as a very rapid initial equilibration followed by a relatively ©f NF1 binding and mant-GTP cleavage was performed by
slow cleavage step, which is the underlying assumption in Varying the NF1 concentration. As mentionéd,; was not
the analysis of the data obtained with GAP. An indication well determmed in mdwujual curves, but fitting four different
of this type of behavior in the interaction between neurofi- concentranons Qf NF1 simultaneously led to a value of 0.46
bromin and Rasnant-GTP was reported earlier, but was not S With ki1 having a value of 10M~* s™* andk. a value
pursued (Ecclestost al, 1993). As the concentration of Of 4.9 ™. This would suggest that the dissociation rate
NF1 was increased, the rate of the first phase increasedconstant appears to be significantly lower than measured
noticeably, whereas that of the second phase soon reached girectly for RasGppNHp. Although the fit obtained was
maximum. To ensure accurate collection of data for the very Stable, in the sense that it always converged to the values
different time domains for these two phases, a logarithmic mentioned independent of the starting values, it is clear that
time base was used, effectively increasing the time resolutionwhenk-1 is much smaller thak, k- cannot be determined
at the start of the transient and progressively decreasing itaccurately by the method used. However, the global fit
as slow changes occurred. We have evaluated individualobtained with a value df-; fixed at 6.8 s* was worse than
experimental data sets using a numerical integration fitting that obtained with the fitted value of 0.46'sso we conclude
procedure from the program package Scientist as decribedthatk-; is significantly smaller than 6.8°& Nixon et al.
in Materials and Methods. (1995), using a different signal, estimatkd, to be ca. 2
Scheme 1 describes a minimal reaction scheme for thes™ at 30 °C (with k;» equal to 11.5 ) so that there is
GAP-catalyzed GTPase reaction. The program was written reasonable agreement between the two studies on this point.
to allow the three kinetic constantis.{, k-1, ki = Keag Of The reliability of the value of 278 given by Nixonet al. is
Scheme 1 as well as the fluorescent yields of-Rast-GTP, difficult to judge, since a proper fitting procedure was not
Rasmant-GTPNF1, and Rasnant-GDP to be fitted to the  used.
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Experiments of the type shown in Figure 2A were repeated 064 [
with 3'-mant-dGTP instead of the mixture of isomers of
mant-GTP used so far and in most other studies of this type.
This derivative does not show a fluorescence change at the
active site of Ras on GTP hydrolysis (Rensland, 1992), but
there was a readily measured transient increase of fluores-

0.63 -

0.62

rel. fluorescence

cence on mixing with NF1 (Figure 2B), which could be fitted 061 H

as in Figure 2A. The results were essentially similar to those , , , , ,
with mixed isomers, with the main differences that the o 004 008 012 016 02
starting and finishing levels for the fluorescence signal are time (s)

identical, whereas with mixed isomers, the end point was Ficure 3: Fluorescence transients seen mixinggM Ragmant-
lower. This is in keeping with the observations with Ras GppNHp with 1uM NF1, with three isoforms of Ras as indicated.
alone and shows that the transient fluorescence signals seefyonditions as in Figure 1.

on mixing mant-GTP or mant-dGTP with NF1 arise primarily
from interaction between the two proteins. The rate constan
for cleavage in this case is 4.4's

tbefore GTP hydrolysis holds and that this occurs in an NF1
or GAP sensitive manner even in the absence of GTP

What is the reason for the difference in the fluorescence Nydrolysis, we would expect to see this as a drop in
transients seen on mixing Rasant-GTP with GAP (Figure  fluorescence on a time scale of seconds in the present
1A) on the one hand and NF1 on the other (Figure 2A)? experiment. . However, two pplnts shoulld bg borne in mind
One possibility is that, unlike with NF1-333, there is no Neré. One is that the amplitude of this signal would be
fluorescence change due to the interaction of GAP-334 with €XPected to be significantly smaller than the increase seen
Rasmant-GTP, but the observed signal is caused by the in the first phase, since it would be due to the isomerization
conformational, change on Ras due to GTP hydrolysis, as in reaction alone and not due to dissociation of the proteins.
the absence of GAP-334 (Neatial, 1990; Renslanét al.’ Secondly, it is conceivable that an isomerization reaction
1991: Mooreet al., 1993), albeit at a much faster rate. The could occur in the ternary complex without a fluorescence

second possibility is that a fluorescence increase does occufN@nge, even though a change is seen in the binary complex.
on binding of GAP-334 to Ramant-GTP, but that it is too We have therefore repeated experiments of the type reported

fast to be measured in the stopped-flow apparatus. Two before using substoichiometric amounts of NF1 with Ras

observations favor the second interpretation. The first is that M@Nt-GPPNHp and see no evidence of a NF1-dependent slow

the amplitudes of the fluorescence changes seen in thefluorescence transient, as we also reported earlier for GAP
1991).

experiment reported in Figure 1 increase hyperbolically as (Reénslancet al,
the GAP-334 concentration is increased. This can be The association reactions between NF1 and mant-Gpp-
understood in light of the NF1 experiments if we assume NHP-bound H-, K-, and N-Ras show similar rate constants
that the first step is a more rapid equilibrium for GAP than ©f about 4-6 x 10" M~* s™~. It is of interest to compare
for NF1. The second observation is that although there is these rate constants with those obtained for therRast-
no fluorescence change associated with the hydrolysis of GTP complexes from experiments of the type shown in
mant-dGTP at the active site of Ras (Rensland, 1992), theFigure 2A. Table 2 shows that there is quite good agreement
fluorescent decrease shows an increasing amplitude withbetween the association rate constants for the reaction
increasing GAP concentration, with a rate constant at high Petween NF1 and either the mant-GTP or the mant-GppNHp
GAP concentration similar to that seen with mant-GTP (data complexes of H-Ras, K-Ras, and N-Ras.
not shown). These pieces of evidence argue strongly in favor A more detailed examination of the kinetics of the first
of the hypothesis that a rapid increase in fluorescence occurgohase in the interaction of NF1 with Rasant-GTP was
on interaction of Rasnant-GTP with GAP-334 and that this ~ performed by varying the concentration of NF1 between 0.2
change occurs within the dead-time of the stopped-flow and 10uM in the stopped-flow experiments. A different
machines used (ca. 2 ms). On the basis of the experimentditting strategy was used in which the first reaction was
which can be performed, we cannot exclude a mechanismtreated as pseudo-first-order in the numerical integration
in which an isomerization reaction of Rasant-GTP pre- program, and this led to the data shown in Figure 4, where
cedes rapid binding of either GAPs. Even in this case, the the pseudo-first-order rate constant is plotted against the NF1
initial slope of the line in the NF1 experiments would define concentration. It can be seen that there is not the simple
an effective second-order rate constant for binding, but it linear dependence of the rate constant on NF1 concentration
would have a different significance, as discussed by Bagshawexpected from a simple second-order reaction, but a hyper-
et al (1974). bolic dependence. Fitting a hyperbolic curve to the data
In order to address both this question and the more leads to a maximal rate of 493’ with aKp value of 4.1
important one about the nature of the rate-limiting step in #M. The simplest interpretation of this behavior is that the
the GTPase mechanism, the interaction of NF1 with Ras binding process occurs in two steps, with an initial rapid
bound to the nonhydrolyzable fluorescent analogue mant-and weak equilibrium being followed by a relatively rapid
GppNHp was examined in detail. With all three Ras isomerization reaction. This two step binding mechanism
isoforms, there was a rapid increase in fluorescence due orfor the interaction of NF1 with Ramant-GTP is included
mixing (Figure 3), which was concentration-dependent, after in the kinetic mechanism shown in Scheme 2.
which the signal was stable for at least 500 s. Thus, there The first step in the association reaction is a rapid
was no sign of a fluorescent decrease at a rate correspondingquilibrium with an equilibrium constankKé = k_,/ky;) of
to that seen with mant-GTP. If the hypothesis that there is 4.1uM. ki, has a value of 4938 andk_, of 0.46 s from
a fluorescence change associated with a rate-limiting stepthe analysis given above. There is an increase in the
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Ficure4: Concentration-dependence of the pseudo-first-order rate Ficure 5: Displacement of 0.uM H-Rasmant-GppNHp from
constant for the initial phase of the fluorescence transients obtainedits complex with NF1-333 (M) by 10 uM H-RasGppNHp. The
from the interaction of H-Ramant-GTP with NF1-333, as shown fitted curve was obtained using a single exponential equakign (
in Figure 2. The fitted line is described by a hyperbolic function = 6.8 s1). Conditions as in Figure 1.

with an apparenkp of 4.1 M and a maximal rate constant of 493
s L. Conditions as in Figure 1.

0.0006
Scheme 2

0.00045 H
ki1 Ki2

Rasemant-GTP + NF1 <—— NFl1eRassmant-GTP ~<——

ka ko 0.0003 |

Kops ()

k+3
NF1leRas**mant-GTP — NF1¢Ras*mant-GDP + P; 0.00015 L

emission intensity of the methylanthraniloyl group at this 0 o os 1 s 2 2 s s
step. ki3, the rate of GTP hydrolysis, is 5.4%sfor H-Ras ' NF1-333 (uM) '

(see Table 2). The value for the reverse rate constant is not.  -c6: De . o

. : pendence of the rate constant for dissociation of mant-
known. As a consequence of GTP hydrolysis, we assumegppNHp from its complex with H-Ras on the concentration of NF1-
there is rapid dissociation of Rasant-GDP from its complex  333. H-Rasmant-GppNHp (0.:M) was incubated with increasing
with NF1, since this complex has been shown to have a low concentration of NF1-333 and the dissociation of the fluorescent
affinity (Brownsbridgeet al, 1993). It has also been shown ZHERLE B T8 BECAMTE € 8 B stants, obtained from
e_ar_ll_er that_ the release of inorganic phosphate is n_ot rate-a gfnglepexponential fit, were plotted against the NF11333 concen-
limiting (Nixon et al, 1995). The fact that the fitted {ation as indicated{p = 0.1154M). The fitted line was obtained
hyperbola in Figure 4 appears to pass through the origin of using an equation describing the transition from a rapidly dissociat-
the graph is in good agreement with the low valuekof ing speci_es to a more slowly dissociating s_pecies on binding NF1,
determined from the previous analysis. The line should @S described (Herrmaret al, 1996). Conditions as in Figure 1.
intercept they-axis at a value corresponding ko,, and the . o )
quality of the data at low concentrations of NF1 would be dlsso_C|at!on rate constants. Since the_ rate of the cleavage
good enough to detect an intercept et Bst (the value reaction is _of the_z same order of magnltude, or even higher
for RasmantGppNHpNF1) but not for an intercept of ca. than, the dissociation rate constant in the case of the NF1-
05st catalyzed GTPase reactidfy, given by Kgiss + Kead/Kon, iS

To test the conclusions made above concerning thedlfferent fromKp and is also shown in Table 2.

fluorescence change occurring on the interaction of NF1 with 1€ affinity of NF1-333 to Rasnant-GppNHp could also
Rasmant-GTP, the interaction of GAP with Rasant- be determined in another manner. On complex formation

GppNHp was examined. It was found that a rapid increase PEtween Rasnant-GppNHp and NF1-333 a guanine nucle-

of fluorescence occurred inside the dead-time of the stopped-Ctide dissociation inhibitor effect can be observed, which
flow apparatus. This increase was ca. 10% of the original leads to the reduction of the rate constant for mant-GppNHp

intensity, similar to that seen with NF1. The change could dissociation from Ras. Such an effect is also observed for
be reversed, again within the dead-time of the stopped-flow 1€ intéraction between R&ppNHp and its downstream
machine, which is ca. 2 ms, by mixing with an excess of effectors and has been used to measure the affinity constants

RasGppNHp. We therefore conclude that the rate constant for such complexes (Herrmam’! al, 1995, 1996). Figure :
for dissociation of the Ramant-GppNHPGAP complex is 6 shows the depende_nce of th_ls effect on the concentration
at least 1000 (data not shown). Taken together with the Of NF1-333. Evaluation of this experiment according to
Ko for this complex as determined here (Table 1), somewhat Herrmannet al. (1996) leads to a value of 0.1184 for the
lower as compared to other reports (Gidestnal, 1992: Ko between NF1 and Resant-GppNHp, in good agreement
Ecclestoret al.,, 1993; Brownsbridget al., 1993), we come with the value obtained from the measurement of the

to the conclusion that the association rate constant must be?Ssociation and dissociation rate constants. The limiting
greater than 0 M-! s1, approaching the diffusion- value for the rate of mant-GppNHp dissociation from the
controlled limit. Rasmant-GppNHpNF1-333 complex is 5.% 10°5s™* or

Displacement of Ramant-GppNHp from its complex with a factor of ca. 10 slower than from the binary complex with

NF1 by the nonfluorescent R&ppNHp complex leads to Ras.

an easily measurable signal for dissociation (Figure 5). The CONCLUSION

values for the dissociation rate constants are shown in Table

2. Kp values for the Rasnant-GppNHp and Rasant-GTP We have investigated the interaction of the catalytic
complexes have been calculated from the association andragments of p120-GAP and neurofibromin, GAP-334 and
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NF1-333, with the three isoforms of Ras, and find that there a stable complex with aluminum tetrafluoride and GAP or
is no significant difference in the kinetics or mechanism NF1, in contrast to the situation with R&DP alone (Mittal
between N-, H-, and K-Ras. There is however a very et al, 1996). It therefore seems highly likely that Ras and
significant difference between the NF1 and the GAP- GAPs cooperate intermolecularly in a similar manner to the
catalyzed reaction on the three Ras proteins. As noted beforeRas-like G domain and the helical domain of tkisubunits
(Gideonet al, 1992; Wiesniller & Wittinghofer, 1992; of heterotrimeric G-proteins, which function intramolecularly
Ecclestonet al, 1993; Mooreet al, 1993; Bollag & (Sondeket al,, 1994; Colemaret al, 1994; Sternweiss &
McCormick, 1991), there is a large difference in the affinity Gilman, 1982; Bidayet al, 1985). As suggested before,
between Ras in the triphosphate form and the two GAP GAPs probably contribute one or more arginines to the active
molecules. We show here that this difference is due in part site of Ras to stabilize the transition state of the GTPase
to an estimated severalfold difference in the association ratesuch that the reaction rate is accelerated by several orders
constants and that the dissociation rate constants are estief magnitude (Mittakt al, 1996; Wittinghoferet al, 1993).
mated to be different by 23 orders of magnitude. The With the methods to measure individual rate constants at
results of Nixonet al. (1995) using a Pmonitor to follow hand, together with the knowledge of the three-dimensional
release of Pon interaction of Ra&TP with GAP and NF1  structure of GAP-334, it will be possible, by using site-
also confirmed the difference in affinity between the two specific mutants, to further define how particular residues
GTPase activating proteins. As in the present study, it was are involved in GAP-mediated GTP hydrolysis.

not possible to measure the association rate of GAP and Ras

GTP, but the measured rate constant for NF1 associationACKNOWLEDGMENT
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