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Inhibition of GTPase Activating Protein Stimulation We purified from Errherichin coli intact, 
recombinant RaplA-p21 (60% purity) as 

of R~s-pZ1 GTPase by the Krev-1 Gene Product a~el l  as a COOH-terminal truncated version 
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of the protein that contained amino acids 1 
MATTHIAS FRECH, JACOB JOHN, VERONIQUE PIZON, to 168 (>95% pure). Llke other small 
PIERRE CHARDIN, ARMAND TAVITIAN, ROBIN CLARK, guanine nucleotide-binding proteins, 
FRANK MCCORMICK, ALFRED W I ~ I N G H O F E R *  RaplA-p21 contains 1 mol of tightly bound 

nucleotide [GTP or  guanosine diphosphate 
Krev-1 is known to suppress transformation by ras. However, the mechanism of the (GDP)], which is released slowly in the 
suppression is unclear. The protein product of Krev-1, RaplA-p21, is identical to Ras- presence and rapidly in the absence of M$+ 
p21 proteins in the region where interaction with guanosine triphosphatase (GTPase) with kinetics similar to those of Ras-p21. 
activating protein (GAP) is believed to occur. Therefore, the ability of GAP to interact The intrinsic GTPase activity (1 1) of 
with RaplA-p21 was tested. RaplA-p21 was not activated by GAP but bound tightly RaplA-p21 ( 4  x min-' at 3TC, Fig. 
to GAP and was an effective competitive inhibitor of GAP-mediated Ras-GTPase 4, insert) was slow compared to that of Ras- 
activity. Binding of GAP to RaplA-p21 was strictly guanosine triphosphate (GTP)- p21 (2.8 x min-I) (12). RaplA-p21 
dependent. The ability of RaplA-p21 to bind tightly to GAP may account for Krev-1 GTPase activity was not stimulated by addi- 
suppression of transformation by ras. This may occur by preventing interaction of GAP tion of GAP (Fig. 1).  Increasing the GAP: 
with Ras-p21 or with other cellular proteins necessary for GAP-mediated Ras GTPase RaplA-p21 molar ratio to 0.16 did not 
activity. stimulate the GTPase activity. Under the 

same conditions, the GTP complex of Ras- 

G TPASE ACTIVATING PROTEIN uct, RaplA-p21. Thus, we tested the hy- p21 was hydrolyzed in 3 min. 
(GAP) (1, 2) has been implicated as pothesis that RaplA-p21 may interact with Because oncogenic mutant forms of Ras 
an effector of rar action by the the same effector as the Ras proteins and protein that are not sensitive to  GTPase 

following obsen~ations: (i) antibody to Ras- may suppress the rns transformation func- stimulation by GAP nonetheless bind to 
p21 inhibits vnr function and prevents GAP tion by competing with Ras-p21 for that GAP (5), we tested the ability of RaplA- 
interaction ( 1 ) ;  (ii) GAP interacts with Ras- effector molecule. p21 to bind GAP. Affinity of binding was 
p21 at the effector binding site (3-5); and 
(iii) Ras-p21 mutants that bind tightly to  Fig. 1. Activation of the GTPase 

GAP but cannot localize in the cell mem- Ras-P21 and Rap1A. 
p21 bv GAP. Normal and truncat- brane inhibit the function of membrane- ed (1~168) RaplA-p21 were es- +GAP 

associated Ras proteins. This inhibition is pressed in j ~ ~ ~ i ~ ~ ~ i ~ i , i ~  coli with the - 
relieved by addition of GAP ( 6 ) .  ptacRas-express~on system de- 5 

The Kvev-1 gene, also called rnplA, sup- scribed for Ras-pZl (21). '411 pro- 60 .- 

presses transformation of ceUs by the K V ~  ~ ~ , 2 d P ~ ~ ~ 2 ~ ~ ( ~ 2 ~ 1 J d ~ ~ 7 ;  E Oncogene (7-9). The predicted protein u r n  procedure described (12, 21). 40 

product is 53% identical to  the Kvnr gene P u r i ~  of Ras-p21. >95%; RaplA- 
product, and contains all the sequences typi- $1; -60%; RaplA (1-166), 20 

cal of a guanine nucleotide binding protein >95%; Ra~1A(T61Q), 60%. 

-- 

- o Rasp21 

4 
-( +GAP 

(10). Furthermore, the putative effector z~p$~ $ ~ ~ 3 2 ~ < ! ? ~ ~ . ~ ~  4, I ~ , I I I I ~ ~  I 
binding sequence of Ras proteins (a region formed by incubating the proterns 0 1 0  20 30 40 50 60 70 

essential for biological activity of var onco- and radioact~ve nucleotlde with 1 Time (min) 
genes) is consemed in the Kvev- 1 gene prod- mCl EDTA and 64 mu tris-HC1, 

pH 7.5, 1 mM dith~oenthritol (DTE). Excess nucleotide was removed by gel filtration on a G-25 

.M. Freih. J John. A. LTltunghofer. ,Max-Planck-Instl- commercial columl (NAT-5. Pharmacia LKB). The proteln was eluted from GAP reaction b d e r :  20 
mte fur nledlzlnlsche ~ ~ ~ ~ ~ h ~ ~ .  ~ b ~ ~ l l ~ ~  ~ i ~ ~ h ~ ~ * ,  mM Hepes, pH 7.5, 1 mM DTE. The GTPase reaction was started by addition of 2 mM MgC12 and 
Jahnstrasse 29. 6900 Heidelberg. Germany. where indicated, the appropriate amount of recombinant human GAT (80 I L ~ ) .  Human GAT was 
V. Plzon. P. Chardln, A. Tavltian. IiVSEFGLI U248, expressed in s f9  insect cells (22) and kvas purified kvith a convent~onal S-Sepharose columl and high- 
FacdtC de Medeclne Larlbolsl*re Saint-Louis. 75010 performance liquid chromatography (HPLC) on Mono-Q resin. The GTPase a c t i v i ~  was measured as Parls, France. 

Clark and hIcCornllck, Depanment of hiolecdar described (2. 3,  5) by following the decrease in concentration of [y-32P]GTP bound to p21 by filtration 
~ ~ ~ l ~ ~ .  Cetus ~ o ~ ~ , ~ ~ t i ~ ~ .  ~ ~ ~ ~ ~ ~ i u ~ ,  CA 94608. of the reacuon mixture through nitrocellulose filters (0.45 km). The data are plotted as the percentage 

of total Ras-p21-GTP converted to Ras-p21-GDP with time. The 100% value corresponds to 500 nM 
*To \vhom correspondence should he addressed. Ras-p21 or RaplA-p21 (28,000 cpm). 



measured by the ability of RaplA-p21 to 
inhibit the effect of GAP on Ras-p21 
GTPase activity. RaplA-p21 in its GTP- 
bound form was a poarerful inhibitor of 
GAP-medated Ras-p21 GTPase (Fig. 2).  
The GTPase-stimulating activity of GAP 
\vas completely inhibited at 2 ~ L M  RaplA- 
p21. The inhibition data were fitted to  
hyperbolic cunes and gave an apparent inhi- 
bition constant ( K , )  of 49  * 5 ~LV, as deter- 
mined ~vi th  various concentrations of Ras- 
p21 and GAP (13). Inhibition of the interac- 
tion benveen Ras-p21 and GAP was strictly 
dependent on RaplA-p21 being in the 
GTP-bound form. RaplA-p21 in the GDP- 
bound conformation did not inhibit the 
GAP-mediated GTPase activity of  Ras-p21 
even at 1 ~ L M  (Fig. 2) .  Therefore, the affini- 
n of the RaplA-p21-GDP complex for 
GAP is at least 100 times less than that for 
the RaplA-p21-GTP complex. 

The dissociation constant (k;) for bovine 
CAP and ~vild-t).pe Ras-p21-GTP has been 
estimated to be about 110 k M  (5). Because 
the afiinin. of RaplA-p21 for GAP mea- 
sured her; was 2000 times greater than 
estimates of the affinity of Ras-p21 for GAP, 
we reevaluated these latter estimates. We 
determined the inhibition constants of Ras- 
p21 bound to the nonhydrolyzable GTP 
analogs, GppCp and GppNp with nonsatur- 
ating substrate (Ras-p21, [ y - 3 2 ~ ] ~ ~ ~ )  con- 
centrations. Competitive inhibition was as- 
sumed, thus the apparent k; values were 
considered to be dissociation constants. In- 
hibition of the GAP-Ras-p21 reaction with 
increasing concentrations of the inhibitors 
gave apparent Ko values of 2 .3  2 0.25 k M  
for Ras-p21.GppCp and 4.8 * 0.90 pM for 
Ras-p21.GppNp (Fig. 3).  These affinities 
are much higher than those described for 
GAP from bovine brain (5) .  

The three-dimensional structure of Ras- 
p21 in the active GTP conformation reveals 
that the effector region and the region com- 
posed of amino acids 6 1  to 65  are located 
close to  each other and both regions point 
into the solvent (14). Hras-p21 and RaplA- 
p21 show 57% identit). over the first 166 
residues, ~v i th  many consen~ative replace- 
ments (7, 8). We built a model of RaplA- 
p21 with the coordinates of the Hras- 
p21.GppNp complex and replaced the di- 
vergent amino acids (15). Two amino acids 
were added to the polypeptide chain (Glu 
after residue 123 in loop L8 and Cys after 
residue 137 in loop L9) (14), and the struc- 
ture \vas minimized with the Po~vell routine 
of the program package Quanta (Polygen) 
and XPLOR (1 6). N o  unallowed contacts o r  
other high-energy terms Ivere left in the 
structure. Indeed, the predicted structure of 
Raplh-p21 was v e n  similar to  that of Ras- 
p21 and differed significantly only in the 

region of m u ~ o  acids 6 1  to 65. 
O n  the basis of sequence similarity to the 

Dvosopllila var-related gene, Dvar-3, three rap 
genes have been isolated (rnplA, raplB, and 
wp2) (8). R'hereas all the Ras-related pro- 
teins have Gln6' consemed, the Rap-p21 
proteins have a threonine at position 61. 
Gln-61 is near the y-phosphate in the three- 
dimensional structure of the Ras-p21. 
GppNp comples and may be involved in 

GTP hydrolysis (1 7). ~ h r "  of Rap-p21 was 
mutated to  Gln and the mutant protein 
(T61Q) was isolated. The rate constant for 
the in vitro rate of GTP hydrolysis by 
RaplA-p21 (T61Q) was 2 x lo-* min-' 
(37"C, Fig. 4, insert), and is about five times 
as great as that of wild-t).pe RaplA-p21. In 
addition, this rate of hydrolysis is about as 
fast as that of Ras-p21 (2.8 x m i n i ) .  
This supports the notion that Gln6' is in- 

Fia. 2. Inhibition of Ras-o21-GAP C 1 
interaction by ~ a p l A - p 2 i .  GTPase 
activih \vas measured as in Fig. 1 in Rap-p21-GDP 

the presence of increasing concen- 
trations of RaplA-p21 isolated 
from E ,  coli. HPLC analvsis indicat- 
ed that it contained GDP tightly .$ 60 
bound to the protein. RaplA-p21 2 
was convened into the triphos- 40 40 
phatc conformation lvith urllabeled 
GTP as described in Fig. 1. The - 
data are plotted as fractional activi- 20 - - 
T. \vhich is LJObr - LJOiVmax - LJ0 

- Rapp21-GTP 
- 

versus RaplA-p21 concentration. 0 ' 1 1 1 1 1 1 1 1 ' " '  , . l d 1 l 1  

is the maximal GAP-stimulat- 0 0.2 0.4 0 6  0.8 1.0 1.2 1.4 1 6  1.8 2.0 0 

ed GTPase activin. under these con- [ R ~ P - P ~ ~ I  (FM) 
ditions and I.; is the GTPase activin. m the absence of GAP. 

Fig. 3. Inhibition of Ras-p21 inter- 
action with Gill' b!. complexes of 
Ras-p21 with GppNp and GppCp. 
The reaction condtions are as in 
Fig. 1. in the presence of increasing 
conccntrations of the hihitors, 
and the data are plotted as residual 
activi~ as described in Fig. 2. 

Fig. 4. In vitro GAP- 
stimulated GTPase activ- 
ity of RaplA-p21 with 
the mutation T61Q un- 
der standard GAP assay 
(2, 3, 5) condtions at 
25°C. The insert sho\vs 
the intrinsic GTPase ac- 
tivin (without GAP) of 
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deed involved in GTP hydrolysis (17). 
RaplA-p21 (T6 lQ) ,  unlike ~vild-type 
RaplA-p21, is slightly activated by GAP 
(Fig. 4), although the GAP-activated GTP 
hydrolysis is still much slower than that of 
Ras-p21 (Fig. 1). In addition, the a h i t ) .  of 
RaplA-p21 (T61Q) for GAP was greatly 
decreased (k; = 1 * 0.20 km). 

In summary, we have found that the 
protein product of the Krev- 1 gene, RaplA- 
p21, acts as a potent inhibitor of GAP- 
mediated activation of Ras-p21 GTPase ac- 
tivic. In platelets (18) the concentration of 
RaplA-p21 is at least ten times as high as 
that of Ras-p21, suggesting that, in vivo, 
raplA-p21 might limit the amount of GAP 
available for interaction with Ras-p21. Be- 
cause GAP may be necessary for ras action, 
Krev- 1 may thus suppress transformation of 
cells by ras oncogenes. Conversely, the 
amount of GAP available for binding to 
RaplA-p21 may be limited in cells espress- 
ing high concentrations of oncogenic Ras 
proteins that have high ah i t i e s  for GAP 

(5). 
Interaction between GAP and RaplA- 

p21 was shown here to be GTP-dependent, 
as is the interaction of GAP with Ras-p21. 
However, association of Rapl A-p21 with 
GTP is likely to be controlled, in part, by its 
own GTPase activating protein (smg-p21- 
GAP, Rap-GAP) (19). Biological activity of 
Ras-p2 1 may therefore be modulated direct- 
ly by competition for GAP and indirectly by 
the effect of Rap-GAP on RaplA-p21. 

We propose the following model for GAP 
function. First, GAP binding to Ras- 
p21.GTP may cause a conformational 
change in Ras that is an intermediate in the 
GTP hydrolysis reaction (20). This change 
likely involves amino acids around position 
61 of ras-p21, because this region appears to 
be involved in GTP hydrolysis (1 7). Accord- 
ing to basic thermodynamic considerations, 
GAP itself is expected to undergo a confor- 
mational change upon binding. This form of 
GAP ("GAP*") then perhaps serves as the 
effector of Ras-p21 action. GAP* may also 
interact with other effector molecules, or 
would itself generate second-messenger 
molecules. Hydrolysis of GTP by Ras-p21 
terminates the GAP* state. When GAP 
binds to Rap lA-p2 l.GTP, these conforma- 
tional changes do not occur, the GAP* state 
is not achieved, and activation of GTP hy- 
drolysis cannot take place. 
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Activation of Polyphosphoinositide Hydrolysis in T 
Cells by H-2 Alloantigen But Not MLS Determinants 

Murine minor lymphocyte-stimulating (Mls) determinants are cell surface antigens 
that stimulate strong primary T cell responses; the responding T cells display restricted 
T cell receptor (TCR) Vp gene usage. Interaction of T cells with mitogens or major 
histocompatibility complex (MHC) antigens activated the polyphosphoinositide (PI) 
signaling pathway, but this pathway was not triggered by Mls recognition. However, 
interleukin-2 (IL-2) secretion and proliferation to all three stimuli were comparable. 
Thus, although recognition of both do-H-2 and Mls determinants is thought to be 
mediated by the TCR, these antigens appear to elicit biochemically distinct signal 
transduction pathways. 

T CELLS RESPOND TO ALLOGENEIC 

MHC proteins and to foreign anti- 
gen in the context of self-MHC pro- 

teins. Products of the murine Mls loci stimu- 
late primary T cell responses in an MHC 
class IIMependent, but unrestricted manner 
(1-3). The physical structure of Mls deter- 
minants is unknown; their presence is de- 
tectable only by virtue of T cell proliferative 
and secretory responses. T cell recognition 
of Mlsa determinants involves limited TCR 
Vp gene usage; for example, T cells bearing 
Vp6 and Vp8.1. TCR are selectively deleted 
in Mlsa mouse strains (4, 5). These and 
other data indicate that recognition of both 
Mls determinants and allo-MHC antigens 
involve TCR clip heterodmers. The interac- 
tion of T cells with allogeneic MHC pro- 
teins (murine H-2) or foreign antigen and 

A. M. O'Rourke and M.  F. Mescher, Dlvls~on of Mem- 
brane B~ology, Medical Biolog Institute, La Jolla, CA 
92037. 
S R. Webb. D e p m e n t  of Imnlunolop, Scripps Cllnic 
and Research Foundation, La Jolla. CA92037. 
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self H-2 molecules initiates the hydrolysis of 
T cell membrane PI with concomitant for- 
mation of the second messengers inositol 
phosphate and diacylglycerol ( g 8 ) .  Studies 
with both cytotoxic and helper T lympho- 
cytes have suggested the existence of addi- 
tional, as yet undefined, TCR-coupled sec- 
ond messenger pathways important in gen- 
eration of the functional responses to anti- 
gen (9 ,  10). By contrast, the signaling 
pathways coupling recognition of Mls to 
proliferation and secretion have not been 
examined. 

Initial experiments that investigated trans- 
membrane signaling by Mlsa-reactive T cells 
used Vp6 + T cells purified from CBAICA 
(H-zk, 51'1s') mice, primed in vitro with 
Mlsa-positive CBNJ spleen cells (H-2, 
IZlls"'' ) (1 1). These Vp6 ' T cells made sec- 
ondary proliferative responses to Mlsa-bear- 
ing CBA/J and AKWJ ( ~ - 2 ~ ,  Mls") stimula- 
tors and to concanavalin A (Con A), but not 
to syngeneic CBAiCa (H-zk, M s b )  cells 
(Fig. 1A). In parallel experiments, Vp6+ T 
cells labeled with [3H]myo-inositol (12) dis- 
played a significant increase in I ~ H ] P I  turn- 
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