
deed involved in GTP hydrolysis (17). 
RaplA-p2 1 (T6 lQ) ,  unlike wild-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 affinity of 
RaplA-p21 (T61Q) for GAP was greatly 
decreased (Ki = 1 * 0.20 pm). 

In summary, we have found that the 
protein product of the Krev- 1 gene, RaplA- 
p21, acts as a potent inhibitor of GAP- 
medlated activation of Ras-p21 GTPase ac- 
tivity. 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-p2 1. 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 express- 
ing high concentrations of oncogenic Ras 
proteins that have high affinities 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 dlrect- 
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 
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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, ~ 1 s ' )  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]mpo-inositol (12) dis- 
played a significant increase in I ~ H ] P I  turn- 
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over, sustained for 60 min in response to 
concanavalin A (Con A)-pulsed cells (Fig. 
1B). Mlsa-bearing AKR/J stimulators elicit- 
ed only a marginal [3~]inositol  phosphate 
response by the same Vp6+ population, and 
only after 30 min of incubation did this 
response become significantly greater than 
the level detected on incubation with synge- 
neic cells. The level of inositol phosphates 

Stimulators: ConA AKRlJ 
CBNCa CBNJ 

detected, although low, might represent a 
true Mlsa-stimulated signaling mechanism. 
Alternatively, this low response might be 
directed to non-Mlsa minor antigens ex- 
pressed by the stimulating strain. To address 
this second possibility, we examined PI hy- 
drolysis in a T helper clone, K3.9 [B10.D2 
(H-2d, . ~ l s ~ ) ] .  This clone can be stimulated 
either by Mlsa on a variety of different H-2 

0 2 0 4 0  6 0  

Incubation time (min) 

Fig. 1. (A) Proliferation and (B) [3H]inositol phosphate production by LTp6+ T cells in response to 
do-class I1 and Mlsa determinants. (A) V p 6 +  CBAICa (H-2" Mlsb) secondanr T cells (11) were 
cultured at 2.5 x lo4 cells per well with 5 x lo5  mitomycin C-treated spleen stimulators depleted of T 
cells by treatment with antibody to Thy-1 and complement as described (14). Con A was added at 5 
@ml. Cultures were pulsed with 1 kCi of [3H]thymidme after 48 hours and harvested 18 hours later. 
Results are means of triplicate cultures and SEM were less than 20% in all cases. (B) V p 6 +  T cells ( l o 6  
per point) were labeled with [3H]myoinositol (12) before incubation with 5 x lo6 irradiated T- 
depleted spleen stimulator cells for the indicated times. [3H]Inositol phosphates were extracted and 
purified as in Fig. 2. Stimulators were CBAiCa (H-P, MIsh) (W), AKWJ (H-P, Mlsa) (O), or CBAiCa 
pulsed with 5 ~ g / m l  Con A (0). Results are mean + SEM of triplicate samples. 

Table 1. IL-2 secretion and inositol phosphate production by an allo4ass I1 and Mlsa-reactive T cell 
hybridoma. KW1 cells ( l o 6 )  that had been [3H]inositol ([3H]Ins)-labeled were incubated for 
the indicated times with 5 X lo6 stimulators as described for Fig. 1 .  Total [3H]inositol phosphates are 
mean + SEM for triplicate samples. IL-2 secretion was assayed by culturing lo5 hybridoma cells with 
5 x lo5 irradiated spleen stimulators for 24 hours. Supernatants were incubated for 24 hours with HT- 
2 (IL-2-dependent) cells. [3H]Thymidine ([3H]Tdr) was then added to the cultures, which were 
harvested 18 hours later (18). [3H]Thymidine incorporation by HT-2 cells at a 1 : 2  dilution of 
hybridoma culture supernatant is shown. IL-2 units were determined by serial dilution of supernatants, 
with one IL-2 unit defined as the volume of summatant reauired to eive half-maximal oroliferation. 

Stimulators Total [3H]Ins IL-2 secretion 

Strain Haplotype Time 
(mi4 

C P ~  [3H]Tdr Unit1 
106 cells uptake ml 

H-zk, MIsh 
H-zk, A41sb 
H-P, . M I S ~ ~ ~  
~ - 2 ~ ,  ~ 1 s " "  

H-2P, MIsb 
H-ZP, MIsb 

H-P, 1w1sb 
H-zk, A41sh 
H-2" , ~ l s " ' ~  
H-2" .bIls"" 
H-zk, Mls"" 

H-ZP, Mlsb 
H-ZP, MIsb 
H-2P, A41sb 

Expenrnent 1 
0 315 + 67 

30 699 + 152 784 < 1 
60 961 +- 192 
30 738 + 185 
60 719 + 79 65,942 217 
30 4262 + 675 
60 3751 + 535 59,194 118 

Experiment 2 
0 506 + 66 

30 565 + 213 856 <1 
60 629 + 207 
15 467 +- 254 
30 418 + 80 59,066 143 
60 385 + 48 
15 1252 + 92 
30 1843 + 323 34,724 23 
60 1458 + 154 

haplotypes or by ~ - 2 ~ , ~ , ~  but not ~ - 2 ~ 3 ~ , ~  
doantigen (13). The [3H]inositol phos- 
phate response to d e H - 2  (B1O.P) stimu- 
lators was rapid and sustained (Fig. 2). The 
inositol trisphosphate response could not be 
detected, since the formation of this species 
is rapid and it does not accumulate in the 
presence of LiCI. Mls-disparate stimulators 
(DBA12: ~ - 2 ~ ,  Mlsa) failed to stimulate 
detectable PI hvdrolvsis in the clone; levels . . 
of inositol phosphates were not significantly 
different from syngeneic stimulators 
(BlO.D2) at any incubation time. Although 
we cannot rule out formation of inositol 
trisphosphate in response to Mlsa, its turn- 
over is not reflected in an accunlulation of 
the breakdown products inositol bisphos- 
phate or inositol monophosphate (Fig. 2). 
The proliferative response of clone K3.9 was 
similar for both Mlsa and d e H - 2  stirnula- 
tion (Fig. 2). These data with cloned T cells 
confirm the findings with purified Vp6+ cells 
(Fig. 1B) and suggest that Mlsa-reactivity is 
not associated with sigdcant PI turnover. 

The failure to detect PI turnover in re- 
sponse to Mls antigens does not reflect the 
&e of u l  inadequate number of stimulator 
cells. K3.9 showed no detectable PI hydrol- 
ysis with Mlsa-positive highly purified B cell 
stimulators even when responder cell:stimu- 
lator cell ratios were as high as 1 :  10 (Fig. 
3B). With allo-H-2P B cell stimulators, by 
contrast, reducing the number of stimula- 
tors by tenfold (1  : 1) still elicited strong PI 
turnover. Day 2 proliferative responses to 
Mlsa and d e H - 2  stimulators both required 
about the same dose of stimulator cells for 
optimal responses (lo6); both responses 
then declined in parallel with lower numbers 
(Fig. 3A). Thus, in the case of both normal 
T cells and the T cell clone. the stimulator 
cells are of similar potency with respect to 
proliferation, but in neither case was PI 
hydrolysis stimulated with Mlsa. 

We next examined PI hydrolysis in T 
hybridoma cells. This was of interest, since 
independence of IL-2 secretion from PI 
hydrolysis has previously been shown in a 
mutant TCR-negative helper hybridoma 
that had been reconstituted with the TCR 
complex by gene transfection (10). The T 
cell hybridoma we used, KW3, is a fusion 
product of clone K3.9 and the TCR alp- 
mutant of the murine thvmoma BW5147. 
This hybridoma has the. same pattern of 
Mls- and do-reactivity as the parent clone 
K3.9 (14). IL-2 secretion bv KW3 occurred 
in response to both d & ~ - 2 - a n d  Mlsa- 
positive stimulators (Table 1) and displayed 
a comparable dose dependency for the num- 
ber of stimulators required. However, PI 
hydrolysis in KW3 was evident only in 
response to allo-H-2. Thus, the failure of T 
cells to show PI hydrolysis in response to 

SCIENCE, VOL. 249 



Fig. 2. Inositol phosphate production by dual- 
reactive clone K3.9 in response to allcxlass I1 
and Mls" determinants. T cell clone K3.9 (lo6 per 
point) was first labeled with [3H]myo-inositol 
and then incubated with 5 x lo6 T-depleted, 
mitomycin C-treated spleen stimulators. Incuba- 
tions were stopped at the indicated times, and 
[3H]inositol phosphates were extracted as de- 
scribed (12 Stimulators were syngeneic B10.D2 2 .  ' .  (H-Z~, A4ls ) (H), DBAI2 (H-2d, Mlsa) ( a ) ;  and 
B1O.P (H-ZP, ~ 1 s ~ )  (0). Results are mean- 
* SEM of triplicate samples. In a T cell prolifera- 

tion assay measured on day 2, clone K3.9 gave 
proliferative responses to Mlsa-positive DBAl2 
stimulators and to H-24sparate B1O.P stimula- 
tors, but not to syngeneic B10.D2 stimulators. 
Stimulators (S) were kept constant at 2 x 105 per 
well, and the number of responders (R) varied. At 
a ratio of R:S of 1 :4, [3H]thymidine incorpo- 
ration in response to syngeneic stimulators was 
600 cpm; to allo-class 11, 21,700 cpm; and to 
Mlsa, 26,500 cpm. At R:S of 1: 8, [3H]thymi&~e 
incorporation was 300 cpm, 10,100 cpm, and 
16,600 cpm, and at R:S of 1 :  16 was 200 cpm, 
5,100 cpm, and 7,600 cpm, respectively. Thus, 
comparable cell numbers were required to achieve 
similar proliferative responses to both allcxlass I1 
and MIS" antigens. 

Mlsa antigens applies not only to the T cell 
line and clone but also to the T hybridoma. 

In accounting for the failure of Mlsa 
antigens to elicit PI hydrolysis, one must 
consider the receptor:ligand interactions in- 
volved in Mlsa recognition. There are cur- 
rently three models for MIS determinant 
recognition by T cells. One suggests that 
Mls determinants are presented as peptide 
fragments associated with class I1 molecules 
and are seen as such by responding T cells 
(4, 15). A second model suggests the exis- 
tence of a unique, independent receptor for 
MIS determinants which, coupled with 
TCR-class I1 interaction, initiates the re- 
sponse (1 618) .  A third model proposes that 
the Mls gene product is a cell surface mole- 
cule that can associate with class I1 mole- 
cules and interact directly with certain dis- 
crete regions of the TCR Vp chain (19). All 
of these models are in accord with the view 
that interaction with the TCR accounts for 
the selective Vg gene usage observed in anti- 
Mlsa responses. One explanation for why PI 
turnover is stimulated by atlo-H-2 but not 
Mlsa antigens is that responses to Mlsa anti- 
gens might involve relatively low-avidity 
interactions: the threshold TCR occupancy 
required for an anti-Mls response might 
thus be below that necessary to detect PI 
metabolism. Although it is difficult to mea- 
sure avidity of T cell:stimulator interactions, 
the degree of inhibition seen with limiting 
concentrations of monoclonal antibodies 
(MAb) to CD4 and to class I1 does not 
support differences in the relative avidity of 
the K3.9 clone for these ligands (20). 

Our data are not inconsistent with a mod- 
el proposing the existence of a unique recep- 
tor for Mls (1 6-1 8); but another explanation 

100000 100000 

Total Ins P Ins P I  

0 

f 

10 
0) 0 2 0  4 0  6 0  0 2 0  4 0  6 0  

Ins P3 

0 1 I I 
0 2 0  4 0  6 0  0 2 0 4 0  6 0 

Incubation time (min) 

BIO.P 

CBNJ 

H B1O.Br 

0 2 4 6 8 1 0  1 2  1:l 1: 5 1: 10 

Stimulators per well (x lo5) Ratio of responders to stimulators 

Fig. 3. Dose response of (A) ProMeration and (6) PI hydrolysis by K3.9 in response to allcxlass I1 and 
Mlsa stimulation. (A) Clone K3.9 was cultured at 4 x lo4 per well with 2 x 10' to lo6 mitomycin C- 
treated, T-depleted spleen cells, prepared as in Fig. 1. Cells were cultured for 24 hours before wells were 
pulsed with 1 F C ~  of [3~] thyn~idine .  Cultures were harvested 18 hours later. Stimulators were BIO.P 
(H-2P, Mlrb) (0); CBAIJ (H-Z", ~ 1 s " ' ~ )  ( a ) ;  and B1O.Br (H-Z", Mlsb) (H). (B) Clone K3.9 ( lo6 per 
point) was first labeled with [3H]myo-inositol and then incubated with the indicated number of 
stimulator B cells for 45 min. Highly purified B cell stimulators were prepared as described (14). 
[3H]Inositol phosphates were extracted and purified as in Fig. 2. Results are mean * SEM of triplicate 
samples. Open bars, BIO.P; striped bars, CBNJ; solid bars, B1O.Br. 

is suggested by the observation that there 
are at least two different forms of the TCR- 
CD3 complex. In the T cell hybridomas 
studied, about 80% of complexes were 
found to have <-< disulphide-linked homo- 
dimers, whereas 20% have <-q heterodimers 
(21). Although both forms of the TCR 
complex can lead to cell triggering as mani- 
fested by IL-2 secretion (10) and activation- 
induced growth inhibition (22), only <-q- 
containing TCR-CD3 complexes are cou- 
pled to PI turnover (22). In view of this 

finding, it is conceivable that anti-Mlsa re- 
sponses involve only <-<+ontaining TCR. 
Until Mls determinants are characterized 
biochemically, this possibility is difficult to 
address directly. IL-2 secretion (Table 1) 
(lo), activation-induced growth inhibition 
(22), proliferation (Figs. 1 to 3), and target 
cell lysis by cytolytic T lymphocytes (9) can 
all occur in the absence of detectable activa- 
tion of the PI pathway. This does not 
preclude a role for the PI pathway in T cell 
activation. It does, however, suggest that PI 
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hydrolysis is not essential for at least some T 
cell func~ions, and that alternative second 
messenger systems that are coupled to the 
TCR-CD3 complex are likely. 
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Structural Mutations of the T Cell Receptor 5 Chain 
and Its Role in T Cell Activation 

T cell hybridomas that express 55, but not 1;q, dimers in their T cell receptors (TCRs) 
produce interleukin-2 (IL-2) and undergo an inhibition of spontaneous growth when 
activated by antigen, antibodies to the receptor, or antibodies to Thy-1. Hybridomas 
without 1; and q were reconstituted with mutated 1; chains. Cytoplasmic truncations of 
up to 40% of the 1; molecule reconstituted normal surface assembly of TCRs, but 
antigen-induced IL-2 secretion and growth inhibition were lost. In contrast, cross- 
linking antibodies to the TCR activated these cells. A point mutation conferred the 
same signaling phenotype as did the truncations and caused defective antigen-induced 
tyrosine kinase activation. Thus, 5 allows the binding of antigenlmajor histocompati- 
bility complex (MHC) to a p  to effect TCR signaling. 

T HE TCR IS A MULTIMERIC COM- 

plex that recognizes peptide antigens 
bound to MHC-encoded proteins 

on the surface of antigen-presenting cells. 
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Three types of polypeptide chain make up 
the subunits of this receptor. The disulfide- 
linked a p  heterodimer forms the clonotypic 
antigen recognition unit, while the invariant 
chains of CD3, consisting of y, 6, E, and 5 
and q, are presumably responsible for cou- 
pling ligand binding to signaling pathways 
that result in T cell activation and the elabo- 
ration of the cellular immune response. The 
5 chain is a 16-kD nonglycosylat-ed protein 
that exists in nvo forms in the receptor 

complex (1, 2). Eighty to 90% of receptors 
contain 5 homodimers, while the remainder 
contain 5 disulfide linked to the 22-kD 
chain, a distinct protein that is related to 5 
(3). The 5 chain is stnlcnlrally unrelated to 
the three homologous CD3 chains. The 
distinctness of 5 is further emphasized by the 
finding that it is expressed in the absence of 
CD3 on NK cells (4).  There it appears to be 
part of a complex with CD16, a receptor for 
immunoglobulin G (IgG) (j), that is capa- 
ble of transducing signals. These obsenra- 
tions suggest that < may represent an even 
more widely used coupling molecule than 
formerly thought. 

Variants of the antigen-specific murine T 
cell hybridoma 2B4.11 have been isolated 
that fail to synthesize any detectable < or 
chains and express only 2 to 5% of surface 
TCR found on the parental cells (6). When 
the full-length < cDNA is transfected into 
these cells, a structurally normal TCR is 
transported to the surface (7) and antigen 
induces interle~llun-2 (IL-2) production and 
a Gl/S cell cycle block (growth inhibition). 
Antigen does not induce apoptosis in these 
?-deficient cells (8). and, as previously re- 
ported, the lack of q correlated with the 
absence of antigen-induced phosphoinosi- 
tide hvdrolysis (9). Because these reconsti- 
tuted cells could signal to produce IL-2 in 
the absence of any detectable T, lve were 
encouraged to analyze further the s~gnaling 
role of 5 by reconstitution uslng cDNAs 
encoding structurall\, altered 5 chains. Two 
truncated proteins, designated CT108 and 
CT150, were designed by changing the 
codons for residues G I U ' ~ ~  and ~ y s ' ~ '  to 
termination codons (Fig. 1A) (10) .  The 
products of these cDNAs and the full-length 
5 (FL), lvere analyzed after transient trans- 
fection into COS cells by metabolic labeling 
and immunoprecipitation with antibodies to 
a 5 peptide (11); the transfectants expressed 
eitherAfull-length < or 5 chains \$th the 
predicted truncations (Fig. 1B). 

The 1: cDNA constructs were transfected 
by electroporation into the (?-deficient vari- 
ant of 2B4.11, named 2M.2. The presence 
of the predicted < proteins in these transfor- 
mants , a s  verified by immunoprecipitation 
and immunoblotting with the antibody to 5 
peptide 2 (Fig. 2A). The full-length trans- 
formant produced a 16-kD < chain, whereas 
the only 5 chains detected in CT150 and 
CT108 were consistent with the predicted 
sizes of the proteins encoded by the mutated 
cDNAs. In addition. the i~nmunoblotting 
verified the absence of q in these transfor- 
mants (Fig. 2 4 .  The transformants were 
iodinated to evaluate the stnictural compo- 
nents of the assembled surface com~lexes. 
After immunoprecipitation ~71th monoclo- 
nal antibodies (MAbs) to the a or E chains, 
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