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Forma tion of a Transi tion-Sta te Analog of the Ras 
GTh*  Reaction by RaswGDP, Tetrafluoroaluminate, 

and GTPase-Activa ting Proteins 
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Alfred Wittinghofer? 

Unlike the a subunits of heterotrimeric guanosine triphosphate (GTP)-binding proteins, 
Ras-related GTP-binding proteins have hitherto been considered not to bind or become 
activated by tetrafluoroaluminate (AIF,-). However, the product of the proto-oncogene 
ras in its guanosine diphosphate (GDP)-bound form interacted with AIF, in the pres- 
ence of stoichiometric amounts of either of the guanosine triphosphatase (GTPase)- 
activating protehs (GAPs) p120GAP and neurofibromin. Neither oncogenic Ras nor a GAP 
mutant without catalytic activity produced such a complex. Together with the finding that 
the Ras-binding domain of the protein kinase c-Raf, whose binding site on Ras overlaps 
that of the GAPs, did not induce formation of such a complex, this result suggests that 
GAP and neurofibromin stabilize the transition state of the GTPase reaction of Ras. 

T h e  a subunit of heterotrimeric GTP- 
binding proteins (G proteins) in the GDP- 
bound form can be activated by the addi- 
tion of the complex AlF,- ion. This ion is 
thought to mimic the terminal phosphate of 
GTP because the structure of the 
Ga.GDP.A1F4- complex resembles that of 
the GTP-bound form of the protein and 
because binding of A l F ,  triggers the inter- 
action of the a subunit with downstream 
effectors (1 ). Furthermore, x-ray structure 
analysis of Ga, ,  and the a subunit of trans- 
ducin bound to GDP and A1F4- revealed 
that AlF4- activates GaaGDP by binding 
with a geometry resembling that of the 
putative pentacovalent phosphorus inter- 
mediate, or perhaps transition state, of the 
GTPase mechanism (2), a possibility that 
had been discussed (3). In these structures, 
the A1 ion is octahedrally coordinated with 
four F ligands, forming the equatorial plane, 
and two 0 ligands, supplying the apical 
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ligands. Because the 0 ligands-one con- 
tributed by a water molecule and the other 
by the phosphate of GDP-correspond to 
the attacking nucleophile and the leaving 
group of the GTPase reaction, respectively, 
and because conserved Gln and Are residues " 
stabilize the complex, these structures are 
thought to resemble the putative pentaco- 
valent intermediate of the GTPase reaction. 

The Ras-related  rotei ins have slow 
GTPase reaction rates. For Ras, this rate is 
0.028 min-', which is about one-hun- 
dredth of the reaction rate of an average 
G a  protein [2 to 5 min-' (4)]. A number 
of GAPs that stimulate the GTPase reac- 
tion rate have been identified for Ras (5) 
and other related small G proteins (6).  
Four Ras-specific GAPs have been de- 
scribed. The p120GAP and neurofibromin 
proteins increase the rate of GTP hydrol- 
vsis bv four to five orders of maenitude at u 

saturation (7-9). Because it seemed rea- 
sonable to assume that all G proteins have 
a similar mechanism of GTP hydrolysis 
ion the basis of structural and other sim- 
ilarities), it was surprising to find that 
Ras-related proteins do not bind A1F4- 
( l o ) ,  implying that the active site of G a  
proteins in the ground state or transition 
state, or both, is different from that of 
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Ras-related proteins, although differential 
effects of A 1 F 4  on the ribosome-stimulat- 
ed GTPase reaction of elongation factor G 
have been reported (1 1 ). 

The addition of AlF4- did not change 
the emission [or excitation (12)] spectrum 
of 0.1 FM Ras bound to the fluorescent 
GDP-analog 2'(3'j-0-(N-methylanthra- 
niloyl) GDP (mantGDP, referred to subse- 
quently as mGDP). Such fluorescent ana- 
logs are sensitive to changes in the local 
structure of the protein (13, 14). Even with 
5 pM RasmGDP and excess A1F4-, there 
was little or no change (<3%) of fluores- 
cence (12, 15). It has been proposed that 
the role of GAP might be to stabilize or 
induce the formation of a transition state in 
the GTPase reaction (16), and that GAP 
supplies the helical domain or similar struc- 
ture that exists in G a  proteins (4) and is 
necessary for GTP hydrolysis (17). To test 
this, we added an excess of the catalytic 
fragment of neurofibrornin NF1-333 to the 
solution of RasemGDP containing A1F4- 
(Fig. 1A). The fluorescence spectrum of 
mGDP revealed that the wavelength of ab- 
sorption maximum changed from 448 to 
430 nm and the fluorescence increase at 
448 nm was 20 to 25% (and 40 to 50% at 
430 nm), indicating a conformational 
change around the active site, which we 
attribute to the formation of an analog of 
the GTP-bound ground state or transition 
state of the GTPase reaction. This change 
was not caused by the addition of neurofi- 
bromin alone (Fig IB); no change in fluo- 
rescence was produced after the addition of 
NF1-333 to RasamGDP, but after addition 
of AlF4-, a similar large increase of fluores- 
cence was seen. Furthermore, the change in 
fluorescence was inhibited by addition of 
excess Ras bound to unmodified GDP, sup- 
porting the notion that complex formation 
is not simply due to the fluorescent label on 
GDP (12). 

The change in fluorescence properties 
did not occur in the presence of catalytic 
amounts of neurofibrornin. The effective 
dissociation constant (K',) between 
RasvnGDP and NFl-333 under the condi- 
tions used was 60 nM (Fig. 1C). This value 
is close to the Kc, for the complex between 
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RasaGTP and neurofibromin and the about 50 times higher than those with neu- 
Michaelis constant K,,, of the GTPase reac- rofibromin (7-9, 18, 19), the above exper- 
tion catalyzed by NF1 (7-9, 18, 19). How- iment was repeated with 2 FM RasemGDP 
ever, this effective Kd cannot be compared and 20 pM GAP-334; higher concentra- 
directly to constants obtained for the inter- tions of A1F4- were also necessary for full 
action of neurofibromin with Ras-GTP or resnonse. These concentrations resulted in 
Ras.guanylylimidodiphosphate (GppNHp), an increase in and a shift of the emission 
because it must be a complex function of maxilnuln similar to those seen with neuro- 
equilibrium constants for the multistep for- fibromin (Fig. 2A). The fitted effective KLI 
Ination of the complex. Because the KL, in this case was 1.34 FM (Fig. 2R). The 
between p120GAP and the triphosphate results indicate that, as with the ground- 
state (ground state) of Ras and also the K,,, state complex between Ras and GAPs, the 
of the p120G"1'-stimulated reaction are effective affinity of neurofibromin is higher 

400 - - 100 1 e s 200- 300!N&- 2 $ rn o 60 80 

- - 
al .- $' 40 - 'g 1001 - 1 ; 20 
d a 

.--~, 0 
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Fig. 1. Fluorescence emission spectra of 0.1 pM Ras.mGDP. (A) The spectra of Ras.mGDP alone (curve 
a), after addltlon of 30 +M AICI, and 10 mM NaF (curve b), and after further addition of 1 pM NFI -333 
(curve c) recorded on a spectrofluorometer; excitation wavelength, 366 nm. (B) Same as (A) with the 
order of additions changed: Ras.mGDP (curve a), NFI -333 (curve b), and A I F ,  (curve c). Ras.GDP was 
isolated from Escherichia coli, and its fluorescent derivatives were prepared as described (29); NFI -333 
(residues 1198 to 1530 from human neurofibromin) and GAP-334 [residues 714 to 1047 of human 
pl 20GAP (8)] were also isolated from E. coli (30). (C) Titration of the fluorescence response seen in (A), 
with identical concentrations of Ras.mGDP and A I F ,  and varlous concentrations of elther NFI -333 or 
the pl 20GAP fragment GAP-334. Relatlve fluorescence change represents the peak area from 41 5 to 
450 nm. 

Fig. 2. The AIF,--medi- 
ated fluorescence in- 
crease in the presence of 
GAP-334. (A) Fluores- 
cence emission spec- 
trum of 2 +M Ras.mGDP 
alone (curve a), in the 
presence of 60 +M AICI, 
and 25 mM NaF (curve 
b), and wlth the addltlon 
of 20 +M GAP-334 Wavelength (nm) Concentration (pM) 
(curve c). The blue shift 
of the spectrum and the fluorescence Increase were simllar to those In Flg. I A ,  and reversal of the order 
of addition gave the same effect as shown in Flg. 1 B. (B) Fluorescence yleld of Ras.mGDP In the 
presence of AIF, (as above) titrated wlth various concentrat~ons of GAP-334. 

Fig. 3. Fallure of mutant forms of 
NFI or oncogenlc mutant forms of 
Ras to drsplay lnteractlon wlth AIF, 
(A) Spectra of 0 1 pM Ras.mGDP In 
the presence of A I F ,  (30 pM AICI, 
10 mM NaF) (curve a) and 2 +M 
NFI -333 wlth a mutatlon of Arg'3g' 
(to Met) In the Phe-Leu-Arg-Phe re- 
gron of the protern (curve b), record- 
ed as In Flg 1 (B) Spectra of onco 
genlc Ras(Q61 L)mGDP In the pres 
ence of 2 CLM Nfl 333 wlthout 

Wavelength (nm) Wavelength (nm) 

(curve a) and h t h  (curve b) AIF, (30 +M AICI,, 10 mM NaF) 
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than that of p120GAr in the transition-state 
analog of the GTPase reaction. 

It has been suggested that GAPs supply 
residues to the GTPase reaction that stahi- 
lize the transition state or otherwise change 
the chemistry of the reaction (4, 16). Ob- 
vious candidates for such amino acid side 
chains are Arg residues. One such Arg has 
been postulated to stabilize the developing 
charge on the P,y-bridging oxygen and one 
oxygen of the pentacovalent phosphorous 
in the transition state of the GTPase reac- 
tion in Ga,, and in a transducin (2). Ar- 
ginine residues are also thought to stabilize 
the presumed transition state in phosphoryl 
transfer enzymes that use adenosine triphos- 
phate, such as adenylate kinase (20). Ras- 
GAPs contain two totally conserved Arg 
residues and one Lys residue, and the mu- 
tation of either of these reduces the GAP 
activity of neurofibromin and GAP by one 
or two orders of magnitude (9,  21). We 
mutated the Arg residue to Met in the 
highly conserved Phe-Leu-Arg-Phe se- 
quence of neurofibromin. Adding this mu- 
tant (R1391M) to RasamGDP did not pro- 
duce the spectroscopic change induced by 
wild-type neurofibromin (Fig. 3A), even 
though the mutant NF1 bound to Ras corn- 
plexed with the nonhydrolyzable GTP an- 
alog 5'-GppNHp (1 2), as is the case for the 
analogous mutation in p1 20';AP ( 19). 

Oncogenic mutants of Ras have a re- 
duced intrinsic rate of hydrolysis, and this 
rate cannot be stimulated by either 
p120GA1' or neurofibromin (5, 7, 18, 22). 
Correspondingly, addition of NF1-333 to 
neither Ras(Q61L).mGDP (Fig. 3B) nor 
Ras(GlZV).mGDP (12) in the presence of 
A 1 F 4  induced a fluorescent change indic- 
ative of the formation of the transition- 
state analog. 

Further information on the nature of the 
state induced in the presence of RasamGDP, 
A1F4-, and neurofibromin or GAP was ob- 
tained from experiments with the Ras-bind- 
ing domain (RRD) of an effector of Ras 
action, the protein kinase c-Raf-1 (23). The 
RBD binds the activated form of Ras (and 
the Ras-related protein Rap) at the so-called 
effector binding region localized between 
amino acids 32 and 40 on Rap (24). This is 
also the region on Ras that is a likely area of 
contact with GAPs (25). It was thus of 
interest to determine whether the addition 
of RBD to RasamGDP in the presence of 
A1F4 could give rise to a complex similar to 
that observed with GAPs. However, in keep- 
ing with the interpretation that a transition 
state-like structure for the GTP hydrolysis 
reaction cannot be reached in the absence of 
GAP, addition of RBD did not cause the 
formation of such a complex (Fig. 4A). Fur- 
thermore, addition of RBD did ngt prevent 
the formation of or induce dissociation of the 



complex between RasamGDP, A1F4-, and 
neurofibromin (Fig. 4A), even though ~t did 
efficiently dissociate the complex between 
RasemGppNHp and neurofibromin (Fig. 
4B). These two results provide corroborative 
evidence that a GTP-like state of Ras cannot 
be induced starting from RasaGDP and 
A l F ,  in the absence of GAP. 

proteins or Ras leads to transforming proper- 
ties (4, 26). A comparable conserved Arg 
(Arg17, in the a subunit of transducln) is, 
however, not observed in Ras-related oro- 
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activates the G a  protelns, because they no 
longer hydrolyze GTP efficiently (27). The 
presence of such an Arg in the active site of 
G a  oroteins is likelv to be resoonsible for the 

The fluorescence properties of the com- 
plex between RasemGppNHp and neurofibro- 
min are different froin those obtained by mix- 
ing RasinGDP, AlF4-, and neurofibromln. 
Upon adding NF1-333 to RasamGppNHp, 
there was a smaller shift in absorption maxi- 
mum (from448 to 442 nm) and a smaller 
increase in the fluorescence yield (12% at 448 
nm). These results support the interpretation 
that the state induced by A1F4- is different 
from the GAP.Ras.GTP eround state and in- 

factAthat Go. prote'ins (but not Ras-related 
proteins) in their GDP-bound form interact 
strongly with AlF,- and the fact that het- 
erotri~neric G proteins usually have faster 
GTPase reaction rates 11 7 ) .  That the helical 
domain of Go. mediates the stabilization of 
the transition state is supported by the ob- 
servation that the AlF,- effect on heterotri- 
meric G oroteins needs the interaction be- " 

dicates structural differences in the two states 
that affect the surroundings of the fluorescent 

tween the Ras-like dornain and the helical 
domain 128). " 

group, which is on the sugar moiety of GDP. 
The structures of Go.,; and the o. subunit 

of transducin complexed with GDP and 
AlF4- suggested that an Arg and a Gln resi- 
due participate in the stabilization of what 1s 
believed to be a t~ansition-state analog. The 
role of this Gln residue avvears to be con- 

The rksuits presented here are dlrectly rel- 
evant to the discussion of the mechanism of 
GAP activation of Ras GTPase act~vity (16). 
According to one hypothesis, the rate-limit- 
mg step (that is, the one that must be accel- 
erated by GAPs) in the intrinsic GTPase 
mechanism is a conformational change pre- 
ceding the actual hydrolysis step (1 3). Alter- 
natively, the cleavage step itself may be rate- 
limiting (14, 16), implying that GAP has a 
direct effect on the cleavage rate, possibly by 
supplying additional amino acid side chains. 
Our results indicate that actlve site restdues 
important for efficient catalysis are supplied 
by GAP, rendering unlikely a mechanism in 
which the active slte machinery is already 

L L 

served between Ras-related (except Rap) and 
G a  oroteins, because this residue (GlnG1 in 
Ras) is conserved in the primary sequence of 
the proteins. The mutation of this Gln in G a  

present In Ras and only needs to be rear- 
ranged by the GAP. 

The addition of Ras GAPs to Ras in- 
duces an actlve site that perhaps resembles 
that of Go. proteins. The GAPs do so by 
supplying one (or more) critical positive 
charges to the y-phosphate binding site of 
Ras, allowing the binding of A1F4- in a 
confor~national state probably analogous 
to the transition state of the GAP-medi- 
ated GTPase reaction of Ras. This transi- 
tion state is vresumablv different (of lower 
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energy) from that for the intrinsic'G~Pase 
reaction. We exDect that other G orotelns 
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that do not normally form stable complex- 
es with GDP and A1F4- may behave sim- 
ilarly in the presence of their correspond- 
ing GTPase-activating proteins. 
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Fig. 4. Differential effect of GAP and a Ras effector 
on complex formation. (A) Effect of the RBD of the 
protein kinase c-Raf-1 on the formation of a 
Ras.mGDP.AIF,- complex. Time course of theflu- 
orescence change (at 448 nm) of 0.1 pM 
RassmGDP after successive additions of AIF ,  (30 
IJ.M AICI, and 10 mM NaF), 2 p+M RBD, 1 pM 
NFI-333, and a further 2 yM RBD (B) Time 
course of fluorescence emission of 0.1 pM 
Ras.mGppNHp (the fluorescent form of the GTP 
analog) at 448 nm, after addition of 1 yM NF1-333 
and the subsequent add~t~on of 2 p,M RBD. 
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