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Guanosine Triphosphatase Activating Protein (GAP) 
Interacts with the p21 rm Effector Binding Domain 

A cytoplasmic protein that greatly enhances the guanosine triphosphatase (GTPase) 
activity of N-ras protein but does not affect the activity of oncogenic ras mutants has 
been recently described. This protein (GAP) is shown here to be ubiquitous in higher 
eukaryotes and to  interact with H-ras as well as with N-mas proteins. To identify the 
region of ras p21 with which GAP interacts, 21  H-ras mutant proteins were purified 
and tested for their ability to undergo stimulation of GTPase activity by GAP. 
Mutations in nonessential regions of H-ras p21 as well as mutations in its carboxyl- 
terminal domain (residues 165-185) and purine binding region (residues 117 and 
119) did not decrease the ability of the protein to respond to  GAP. In addition, an 
antibody against the carboxyl-terminal domain did not block GAP activity, supporting 
the conclusion that GAP does not interact with this region. Transforming mutations at 
positions 12, 59, and 61  (the phosphoryl binding region) abolished GTPase stimula- 
tion by GAP. Point mutations in the putative effector region of ras p21 (amino acids 
35,36, and 38) were also insensitive to GAP. However, a point mutation at position 
39, shown previously not to impair effector function, did not alter GAP-p21 
interaction. These results indicate that GAP interaction may be essential for ras p21 
biological activity and that it may be a ras effector protein. 

6T-f GENES ENCODE MEMBRANE-AS- 

sociated proteins that are involved 
.in the control of cell proliferation 
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expressed in the cells of both lower and 
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ae, rm genes have been shown to regulate 
adenylate cyclase activity (2), however, the 
function of mammalian rm gene products 

remains unclear. All rm proteins bind gua- 
nine nucleotides with high affinity and pos- 
sess an intrinsic GTPase activity (1, 3). They 
resemble other guanine binding proteins 
(such as the signal-transducing G proteins) 
in that they are biologically active when in 
the guanosine triphosphate (GTP)-bound 
form and inactive when bound to guanosine 
diphosphate (GDP) (4, 5). 
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Each of the three closely related mamrna- 
lian rm genes (H-rm, K-rm, and N-rm) 
encode a 21-kD protein (p21) possessing a 
low intrinsic GTPase activitv. This activitv is 
reduced by three- to tenfold in many onco- 
genic mutants of p21 (1, 3, 4). However, 
these differences in intrinsic GTPase activitv 
are insufficient to explain the greatly in- 
creased biological potency of the oncogenic 
mutants of p2 1. A cytoplasmic protein has 
recently been detected that can accelerate the 
GTPase activity of the wild-type human N- 
rm protein more than 100-fold (4). As a 
resdt of interaction with this protein (re- 
ferred to as GAP, GTPase activating pro- 
tein), N-rm p21 injected into Xenupus oo- 
cytes was shown to be maintained in the 
inactive, GDP-bound state. By contrast, two 
N-rm oncogenic mutants (Val 12 and 
Asp 12) were not responsive to GAP, re- 
maining in the active (GTP-bound) form. 

GAP appears to be widely expressed in 
the cells of higher eukaryotes. We have 
detected GAP-like activity (ability to stimu- 
late intrinsic N-rm p21 GTPase activity) in 
cell extracts from human and mouse (i) 
normal tissues (brain, liver, placenta, B cells, 
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Fig. 1. GAP &cts on the inuinsic GTPase N-ras H-ms loo- B 
aCtiVitics of the wild-type and the a-c I ~ 1 y i 2  ~ s p i ~  1 I Gly12 Argl21 
mutants of N-m and H-m proteins. (A) Ras A Ala59 Thr59 
roteins were bound to U-~~P-GTP and assayed ,-, - - -, 

Lr their sensitivity to w activity in MCF-7 cell 
U 3 - 

extract. (+) Sampks incubated in the prcsencc of P c 

MCF-7 amrct; (-) control samples incubated in 
the presence of TNMN buffer alone. MCF-7 Edls 
wae l y d  in TNMN buffer [20 mM nis-HU O Z  40' 

" = a  I - (pH 8.0), 100 mM NaCI, 5 mM MgC12, and 
0.5% NP401. The bate  was spun to m o v e  cell I # Q (  @ -GTp - s 9 0 1  - o  
debris and tlk prote-in concendation in the super- 
natant was adjusted to 1.5 mglml. The p d u r e .  
uscdforGAPacdvityasaywasamodi6cationof - + - + 
that described (4). Puri6ed N-ms proteins (200 
ner) in 350 mM @dine hydrochloride were incubated in the p r c s a ~ ~  of 
a- 'P-GTP (1.3 mCi/ml; 1.7 p H )  for 20 minutes at 37%. MCF-7 cell 
extract (10 pl) was then mixed with 1.5-pl aliquots of the reaction mimucs 
and incubation continued for additional 60 minutes at mom temperature.. 
ConadsampksrccdvedTNMNbu&rinstcadofdartract.The 
p2llguanine nudcotide complex in each sample was immunoprecipitated 
with 1 pg ofY13-259 monodonal antibody, 2 pg of p a t  anti-rat IgG and 
10 pl of protein AScphamc beads. To dissociate the bound nudeotide, 
each pellcc was hated to 60°C in the presence of 10 pl of buffer containing 
1% SDS and 20 mM EDTA. The dissociated nudeotides were analyzed by 
&-layer chromatography (with 1M LiU as solvent) followed by autoradi- 
ography. The obsuved daxasc in total nucleotidcs bound to v-H-ras p21 

0 -- 
- ---------'?----- 

P-- 
---_ ----_ - + - +  3 

O 10 2b 3b 40 ;O 60 
Time of reaction (min) 

af'tcr incubation with MCF-7 cell extract is due to the protein dcgndatlon. 
Wesmn blot adysis has indicated that v-H-m is less stable than c-H-m 
p21 undcr t h e  conditions (6). (B) Kiuetics of GAP stimulation of N-m 
and H-rar proteins. At various times a k a  the addition of the MCF-7 cell 
~sampleswacrrmovcdfromthedonmimvrsandthcextcntof 
GlT hydrolysis by m was determined. The W e d  nudcotides were scraped 
off the chromamgraphy plate and counted in scintillation fluid N-ms Gly 12 
(squucs); Asp 12 N-ms (circles); Gly 12, Ala 59 H-ras (upright triangles); 
and Arg 12, Thr 59 H-ms (invated triangles). Open symbols rep- 
sampks that wae incubated in the presence of the cell extract, and doscd 
symbols rcprrscnt TNMN buffer controls. 

- GTP - 
e 1, I 

- + - + - + - +  - + +  - +  - +  
I I I - U -  1- 

Rat IgG Y13-259 Y13-238 157-181 Rat IgG Y13-259 157-181 Ral lgG 

Fb. 2 The ability of m-specific monoclonal antibodies to block GAP stimulation of N-m and H-m 
p21 GTPase. (A) E&as of antibody binding in solution on stimulation by GAP. H-m and N-m 
proaias bound to aJ2P-GTP 10.8 kg of each protein in 15 (11 of bu&r A (20 mM ais-ha pH 7.5,l 
mM MgC12, 1 mM MT, and 50 d m 1  bovine serum albumin)] wae incubated in the presence of m- 
specific antibodies (13 pg) for 30 minutes at 0°C. Rat IgG was uscd in control sampks. Ten microlitas 
of MCF-7 cell cxuact (+) or TNMN buffer (-) wae added to 4 p l  aliquots of each sample and the 
reaction mimucs were incubated for 60 minutes at room temperature. Thirteen microliters of Y13-259 
were then addcd to the control sample and the immune complexes wae precipitated with either 10 pg 
ofshccp anti-mousc IgG (when 157-181 was the primary antibody) or 10 pg of goat anti-rat IgG (with 
the rest of the samples) and 10 pl of protein ASepharcsc beads. The bound nudeotidcs were analyzad 
by thin-layer chromatography. (B) Stimulation of immunoprccipitatcd H-ms by GAP. H-ms protein 
(0.8 pg) bound to U-~~P-GTP was precipitated with 13 p g  of 157-181 antibody, 10 of shcep anti- 
mouse IgG, and 10 pl of protein A S e p h  beads. (The control received rat IgG and goat anti-rat 
IgG.) The pcllct was washed with bu&r B [20 mM nis-HU (pH 7.5),20 mM NaU, lmMMgC12 and 
1mM D?T] and 4 p l  aliquots of the immunecomplex were then mixed with 10-4 of MCF-7 cell 
extract (+) or TNMN buffer (-). After 60 minutes incubation at rwm temperature, the beads were 
washed again and the bound nudcotides were analyzad as before. 

or platelm), (ii) nontransformed wntinu- 
ous cultures (NM 3T3 and Sf9), (iii) tumor 
cell cultures [human mammary cancer 
(MCF-7), rctinoblastoma (Y79), and 
Whys tumor (G401)], and (iv) tans- 
fbnned cultured cells [human mammary epi- 
thelial cells (Al) tcansfbnned with either 
SV40 T-antigen, v-H-rar, or v-mm (11); 
NIH 3T3 transformed with v-m]. GAP-like 
activitywasalsodacctodinextractsmade 
firm insect cells (SMcra-), but 
not from cells oftwo yeast species, S. mwi+ 
ac and S. pomtrc (6). 

The ubiquitous presence of GAP in meta- 
u w n c e l l s ~ e d t o u s t h a t G A P m a y  
intecaa not only with N-mr p21 but also 
with other p21 species. Indeed, the GTPase 
activities of both H-mr and N-mr proteins 
were greatly increased in the presence of an 
extract ofMCF-7 cells (Fig. 1A). The stimu- 
lated rate of GTP hydrolysis was identical 
fbr the two mr species, resulting in the 
wmplete wnversion of bound GTP to GDP 
within 30 minutes of incubation at room 
temperature (Fig. 1B). The rate of hydroly- 
sis of bound GTP was negIigible in the 

absenceofcellextract. Theviraltbrmofthc 
H-mr p21 protein (which is encoded by 
Harvey murine s a ~ ~ m a  virus and carries 
tram&- mutations at positions 12 and 
59) was wmpletely insensitive to GAP ac- 
tion. Other onwgenic variants of H-mr 
were also fbund to be ~ p o n s i v e  (see 
below), as were onwgenic mutants of N-mr 
p21 (Fi. 1) (4). Thus GAP seems to inter- 
act with both mr p21 proteins in the same 
fashion. Nevertheless, it is not yet dear 
whether each mr protein interacts with the 
same GAP species or with distinct versions 
of GAP that may co-exist within the cell. 

It is likely that GAP interacts with the 
same structural htuce in both mr proteins. 
We t h d o r e  suspected the GAP association 
docs not involve the variable COOH-termi- 
nal domain of mr p21 proteins (amino acid 
rcsidues 164-187), but that its binding site 
must be located within the first 163 mi- 
dues, which ace highly wnsecved among all 
ms proteins. This hypothesis is consistent 
with the observation (4) that a monoclonal 
antibody that binds to an epitope located 
within the NHz-terminal region of all mr 
proteins (Y13-259) (7) can blodr GAP stim- 
ulation of N-mr p21 GTPase activity. As 
eqmd, we tbund that this antibody also 
prevented GAP activation of H-mr p21 
(Fig. 24. Another monoclonal antibody 
(Y13-238) (7) had the same inhibitory ef- 
k t s  on H-mr p21. The epitope recognized 
by this H-mpecijic antibody, which ap- 
parently indudes some amino acids between 
93-139, is st i l l  incompletely defined (8). 

A monodona1 antibody directed agaiast 
the COOH-terminal rcsiducs 157-181 had 
no eEect on the ability of GAP to stimulate 
the GTF'ase activity of H-mr protein, unlike 



Y13-259 and Y13-238 (Fig. 2A). As it was 
not dear what fixtion of the H-mr p21 
protein in this reaction was actually bound 
to antibody, we d e d  out another cxpcri- 
ment in which H-1.nr protein was first pre- 
cipitated with the antibody to residues 157- 
181 and then tested the immune complex 
fbr its sensitivity to GAP. Thc intrinsic 
m a s e  activity of H-m could be stimulat- 
ed by GAP even though its COOH-tcrminal 
region was bound to the antibody (Fig. 2B). 
Thus GAP interaction does not appear to 
involve the COOH-terminal domain of p21. 

To localize more precisely the GAP inter- 
action site on the p21 mo1de, a series of 

Flg. 3. Sensitivity of c-H-rar c&aor binding sitc 
mutantp to GAP activity. GAP activity assays were 
paformcd exactly as described in Fig. 1. The 
three mutauts are described in Table 1. WT, wild- 
type c-H-mr protein. 

ddcdon and substitution mutations wcrc 
made in c-H-mr and their ability to be 
stimulated by GAP was tested (Table 1). 
Previous studies have identified fbur seg- 
mtmsoftheviral H-mprotcinthat arenot 
essential fbr transbrmation (amino acids 
64-76, 93-108, 120-138, and 166-183) 
(8). Amino acid residues in all of these 
regions (with the exception of residues 97- 
108) could be either substituted or deleted 
from C-H-m without &&ng GTPase 
stimulation by GAP (Table 1). The results 
with mutants carrying ddctions within re- 
gion 166-183 of c-H-m reinforces the 
andusion (Fig. 2) that the p21 COOH- 
tnminal end is not involved in GAP interac- 
tion. Further support fbr this comes from 
the @ation (9) that the substitution of 
Cys 186 by Ser 186 does not alter p21 
sensitivity to GAP. 

Deledon of residues 97-103 or 102-108 
resulted in a partial loss of sensitivity to 
GAP. The relatively large s k  of these 
deletions and their retention of some GAP 
activity suggested to us that the GAP bid- 
ing site may not have been deleted in these 
mutants. Furthermore, such deletions in the 
viralfbrmofH-mdtedinthefailmof 
the protein to bind the monoclonal anti- 

Table 1. Stimulation of c-H-ras mutant proteins ( I S )  by GAP. Wild-type and mutant pm&s 
p r o d ~ i n ~ a o J i w a c a t r ; a a e d f r o m ~ c c l l p c l l e t s b y s m ? U s c ? k ~ c a t i o n ~  
modifiod from Manne a al. (3). The proteins were tested br their sensitivity to GAP as described in the 
kgcnd to Fig. 1. 

Residue 
Chvlgc Stimulation Biological 

From To by- activi* 

M u t a t i m r i n ~ n - m m t i a l ~  
WT - + + - 
65 S A + + 

75,76 GE LIR + + 
93-95 MQ LIR + + 
101-103 KRV LIR + + 
107-108 DD ADE + + 
97-103 REQMRV LIR +I-* + 
102-108 RVKDSDD PDQ +I-* + 
124129 TVESRQ LIR + + 
166-179 HKLRKLNPPDESGP + + 
166-183 HKLRKLNPPDESGPGCMS PDQ + + PDQ 

body Y13-238 and to autophosphorylate 
the thrumine residue at position 59 (8), 
suggesting that the delaions caused anfbr- 
mational changes in the m protein. To 
demmhe whether the reduced GAP activi- 
ty had d t e d  from an altered conforma- 
tion or was sequence specific, the ability of 
GAPtoaaonthrctlcssdrasticmutantsin 
this region was tested. These mutants, each 
canying three novel amino acids replacing 
residues 93-95,101-103, or 107-108, ex- 
hibited normal sensitivity to GAP. It was 
&&re concluded that nonessential p21 
sequences, including amino acids 93-108, 
do not participate in GAP binding. 

TlxabiiofH-mmutantscanyingsub- 
stitutions within the GI? binding site to 
respondtoGAPwasdmtestcd.Thersults 
indicated that lesions involving r e s i b  that 
are in dost contact with the phosphotyl 
moicty of- (residues 1559, and 61) (I, 
10) abolished H-m M t y  to GAP (Table 
1 and Fig. 1). In corrtrast, s u b s h h m  of 
residues that interau with the purine moiety 
ofGTP ( d u e s  117 and 119) did not altex 
thescnsi~ofH-mproteintoGAP. 

F i ,  H-m p21 mutants carrying ami- 
no acid substitutions within the putative 
etfcaor-binding region (8,ll) were tested. 
It has been shown that v-H-mr mutants 
canying Asp 38 or Ala 35iLeu 36 substitu- 
tions lack biological activity, while the 
Ala 39 v-H-m mutant is fully active (11). 
While GAP interacted with Ala 39 substi- 
tuted H-m in a normal fashion, it had no 
&a on Ala 35iLeu 36 or Asp 38 mutants 
(Fig. 3). Thus, p21 residues that are re- 
quired for &axor binding also appear to be 
required fbr GAP interaction. 

In summary, a number of H - m  p21 
mutants were tested fbr their ability to inter- 
act with GAP. Only those that carried le- 
sions either in the phosphoryl binding site 
or in the putative &or binding domain 
lost the ability to respond to GAP. These 
d t s  suggest that GAP binds to the dm- 
tor biding site of mammalian m proteins. 
This conclusion is consistent with a recent 
x-ray aystallography study which showed 
that this region is present on the surface of 
the H-mr p21 molecule and, &&re, may 
associate with other proteins (lo). The same 
region in S. d RAS2 protein may 
interact dirraly with adenylate cyclase, 
which is thought to be a principal &&tor of 
RAS2 (2). We speculate that mutations 
within the phosphoryl-binding pocket (resi- 
dues 12,59, and 61) result in a anfbnna- 
tional change that does not allow the stimu- 
lation of the intrinsic GTPase activity, but 
probably does not int&rc with GAP bind- 
ing to the dfcaor region of the p21 mole- 
cule. 

It has been suggcstcd previously that the 
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physiological role of GAP is to down-regu- 
late rm p21 and that GAP, therefore, acts 
upstream from rm p21 in a signal transduc- 
tion pathway (4). However, the results pre- 
sented here, which suggest that GAP and 
the rm effector bind to the same site on p21, 
raise the possibility that GAP is the effector 
protein itself. If so, it would be expected 
that the interaction between GAP and p21 
occurs on the ~lasma membrane. since mem- 
brane association is known to be required 
for rm fknction (12). We therefore propose 
that GAP, which has been shown previously 
to be a cvtosolic protein (4). tranilocates to 
the membrane th;ough as'sokiation with the 
GTP-bound form of p21. We speculate that 
this translocation is necessary t i  bring GAP 
in close proximity to its own target (or 
targets) and that the formation of this com- 
plex generates a signal for cellular prolifera- 
tion. Thus, GAP activation may be analo- 
gous to that of protein kinase C, which has 
been shown to involve translocation to the 
plasma membrane in response to mitogenic 
stimulation (13). An interesting aspect of 
the model proposed here is that it provides a 
means for down-regulating the active com- 
plex through the stimulation of GTP hy- 
drolysis by GAP, resulting in the dissocia- 
tion of GAP from the complex. Since the 
GTPase activity of oncogenic p21 mutants 
cannot be stimulated by GAP, constitutive 
association between G ~ P  and its putative 
target (or targets) takes place, whici in turn 
results in loss of growth control. 
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Evidence from Cassette Mutagenesis for a Structure- 
Function Motif in a Protein of Unknown Structure 

The three-dimensional structure of most enzymes is unknown; however, many 
enzymes may have structural motifs similar to those in the known structures of 
functionally related enzymes. Evidence is presented that an enzyme of unknown 
structure [Ile-transfer RNA (tRNA) synthetase] may share a functionally important 
structural motif with an enzyme of related function (Tyr-tRNA synthetase). This 
approach involves (i) identifying segments of Ile-tRNA synthetase that have been 
unusually conserved during evolution, (ii) predicting the function of one such segment 
by assuming a structural relation between Ile-tRNA synthetase and Tyr-tRNA 
synthetase, and (iii) testing the predicted function by mutagenesis and subsequent 
biochemical analysis. Random mutations were introduced by cassette mutagenesis into 
a ten-amino-acid segment of Ile-tRNA synthetase that was predicted to be involved in 
the formation of the binding site for isoleucine. Pew amino acid substitutions appear to 
be tolerated in this region. However, one substitution (independently isolated twice) 
increased the Michaelis constant K,,, for isoleucine in the adenylate synthesis reaction 
by greater than 6000-fold, but had little effect on the Km for adenosine triphosphate, 
the apparent Km for tRNA, or the rate constant kwt. 

A LTHOUGH FUNCTIONALLY RELAT- 

ed, the members of the aminoacyl- 
transfer RNA (tRNA) synthetase 

class of enzymes are heterogeneous in qua- 
ternary structure and subunit size and in 
general show little sequence similarity. 
However, a subset of these enzymes (includ- 
ing Ile-tRNA synthetase) share a similar 11- 
amino-acid segment known as the signature 
sequence ( 1 ) .  In the two aminoacyl-tRNA 
synthetase structures that have been partially 
solved (Tyr- and Met-tRNA synthetase), 
this sequence occupies the same position in 

a mononucleotide binding fold (2) (Fig. 1). 
In the case of BuciEEus stearothe"ophz1zls Tyr- 
tRNA synthetase, residues in this sequence 
are known to be involved in the binding of 
adenosine triphosphate (ATP) (3) and in 
the catalytic formation of the aminoacyl- 
adenylate intermediate (4). We present evi- 
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Fig. 1. Schematic of the dinucleotide binding fold type structure of B. stearothnwqhilw Tyr-tRNA 
synthetase. This drawing (not to scale) represents one selected part of the solved structure of Tyr-tUTA 
synthetase based on published drawings and descriptions (2, 8, 9) .  The letters below the schematic 
indicate the p-strands according to the convention of Blow et d. (2) .  The approximate location of the 
signature sequence found in a subset of aminoacyl-tRNA synthetase is shown, as is the location of a 
segment that starts 26 amino acids beyond the end of the signature sequence. This segment may be 
analogous to the segment of Ile-tRNA synthetase that we have subjected to mutagenesis in this work. 
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