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Dwayne L. Barber, Lee M. Nadler vation as determined by immunoblot anal- 
ysis with antibody to phosphotyrosine (an- 
ti-phosphotyrosine) (Fig. lB, top). In con- 

In the absence of costimulation, T cells activated through their antigen receptor become trast, in control cells or cells productively 
unresponsive (anergic) and do not transcribe the gene encoding interleukin-2 (IL-2) when stimulated, the kinase activity of Fyn was 
restimulated with antigen. Anergic alloantigen-specific human T cells contained phos- transiently increased only after activation 
photylated Cbl that coimmunoprecipitated with Fyn. The adapter protein CrkL was (Fig. lB, top). The effects of anergy on the 
associated with both phosphotylated Cbl and the guanidine nucleotidereleasing factor kinase activity of Fyn were not a result of 
C3G, which catalyzes guanosine triphosphate (GTP) exchange on Rapl . Active Rapl quantitative changes in protein expres- 
(GTP-bound form) was present in anergic cells. Forced expression of low amounts of sion; equal amounts of Fyn were immuno- 
Rapl -GTP in Jurkat T cells recapitulated the anergic defect and blocked T cell antigen precipitated from anergic, productively 
receptor (TCR)- and CD28-mediated IL-2 gene transcription. Therefore, Rapl functions stimulated, and unstimulated cells (Fig. 
as a negative regulator of TCR-mediated IL-2 gene transcription and may be responsible lB, middle). Cbl, a 116-kD proto-onco- 
for the specific defect in IL-2 production in T cell anergy. protein, associates with Fyn in B and T 

cells (8-10); immunoblotting with Cbl- 
specific antiserum showed that the 116- 
kD protein immunoprecipitated with Fyn 

Ligation of TCR without costimulation re- DR7. T cell clones first cultured with t-DR7 was Cbl (Fig. lB, bottom). The prominent 
sults in a state of long-term functional un- were anergized and did not respond on re- association of phosphorylated Fyn with 
responsiveness termed anergy (I) .  Anergic challenge with LBL-DR7 cells. In contrast, Cbl in anergic T cells was confirmed in 
T cells do not transcribe the IL-2 gene T cell clones that were first cultured with the reciprocal experiment in which anti- 
when stimulated with specific antigen, even t-DR7/B7-1 were capable of proliferating in Cbl immunoprecipitated Fyn as revealed 
in the presence of costimulation. T cells in response to rechallenge with LBL-DR7 cells by immunoblot with monoclonal antibody 
the anergic state cannot activate ZAP-70, (6). to phosphotyrosine or antiserum to Fyn 
Ras, ERK, JNK, or AP-1 when stimulated Consistent with previous reports (5), (1 1 ). The band was confirmed to be Cbl 
with antigen (2-4). However, they have Fyn from anergic T cells had increased and not Cas or Cbl-b by immunoblot with 
constitutively increased concentrations of constitutive tyrosine kinase activity com- peptide-specific antibodies or antisera for 
intracellular free Ca2+ and phosphatidyl- pared with control cells or cells previously these proteins (I  1 ). 
inositol 1,4,5-triphosphate, increased ty- incubated with antigen and costimulation To determine the biochemical nature 
rosine phosphorylation of phospholipase C- (productively stimulated) as determined of the enhanced Fyn-Cbl associations in 
yl ,  and increased kinase activity of Fyn (5). by an in vitro kinase reaction (Fig. 1A). anergy, experiments were performed with 
Fyn, which is constitutively associated with The increased kinase activity of Fyn was glutathione S-transferase (GST) fusion 
the TCR, may be the only protein tyrosine 
kinase that has an active role in the main- 
tenance of the anergic state. The Fig. 1. Increased kinase acti"@ of FYn and A 
nism by which this proximal signaling increased phosphorylation of Fyn-ass--' , Ah. El- 
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proteins GST-Fyn-SH2 or GST-Fyn-SH3. 
The Src homology 3 (SH3) domain was 
associated with Cbl from anergized, con- 
trol, and productively stimulated cells, but 
only anergic cells had enhanced binding 
of Cbl to the SH2 domain (I I). Larger 
amounts of Cbl could be detected in Fyn 
immunoprecipitations from anergic cells 
in comparison with productively stimulat- 
ed and control cells (Fig. lB, bottom), 
consistent with previous reports, which 
showed enhancement of Fyn-Cbl associa- 
tion upon phosphorylation (9, 12). Kinet- 
ics experiments showed that tyrosine phos- 
phorylation of Cbl was detectable by 18 
hours of anergizing culture (Fig. 1C) and 
temporally coincided with the establish- 
ment of functional unresponsiveness (I 1 ). 

Cbl does not have enzymatic activity 
but has an SH3-dependent interaction 
with GrbZ (9, 10) and an SH2-dependent 
association with the Crk adapter proteins 
(12-14). GrbZ interacts wtth the guani- 
dine nucleotide-releasing factor (GNRF) 
Sos to facilitate guanosine triphosphate 
(GTP) exchange on Ras (15). Crk pro- 
teins constitutively associate with C3G, a 
GNRF that may catalyze GTP exchange 
on a Ras family member Rapl (1 6 ) .  Be- 
cause the Ras pathway is blocked in anergy 

(3), we investigated whether phosphoryl- 
ated Cbl might affect the activation of Ras 
and Ras-related proteins in anergic cells. 
In unstimulated T cell clones, Grb2 was 
associated with Cbl, and this association 
remained unchanged upon phosphoryl- 
ation of Cbl (Fig. 2A). In contrast, CrkL 
associated and coprecipitated with Cbl 
only after phosphorylation of Cbl, indicat- 
ing that this association was phosphoryl- 
ation dependent. Among the three Crk 
proteins (CrkI, CrkII, and CrkL), CrkL 
was predominantly associated with phos- 
phorylated Cbl (Fig. 2, A and B) (12); 
therefore, we focused on CrkL. 

In anergic cells (Fig. 2C, left), Cbl 
immunoprecipitation and anti-phosphoty- 
rosine immunoblot showed that phosphor- 
ylated Cbl remained unchanged after stim- 
ulation with anti-CD3 and anti-CD28. 
Phosphorylated Cbl coprecipitated with 
CrkL, which was constitutively associated 
with the GNRF C3G (Fig. 2C). Copre- 
cipitation of C3G and phosphorylated Cbl 
could be detected by immunoprecipita- 
tions with antiserum to either Cbl or C3G 
after prolonged exposure of the blot (I I); 
thus, the Cbl association with the CrkL- 
C3G complex was constitutive in anergic 
cells. Such ternary Cbl-CrkL-C3G com- 

plexes are present in Jurkat T cell lines 
that overexpress Cbl (12). In contrast, in 
control cells (Fig. 2C, right), Cbl became 
phosphorylated and associated with CrkL 
only after stimulation. Under these condi- 
tions, Cbl was phosphorylated less than in 
anergic cells, and the amount of Cbl that 
associated with CrkL after stimulation of 
control cells was less than the amount of 
Cbl constitutively associated with CrkL in 
anergic cells (Fig. 2C). Although C3G 
coprecipitated with CrkL in both anergic 
and control cells, CrkL-associated C3G in 
anergic but not control cells migrated with 
slower electrophoretic mobility (Fig. 2D). 
This slower electrophoretic mobility of 
C3G (14) may correspond to serine-threo- 
nine phosphorylation of C3G, similar to 
that induced to the related GNRF Sos 
after its serine-threonine phosphorylation 
(1 7). 

C3G catalyzes GTP exchange of Rapl 
(also known as Krev-1 and smg p21) (18- 
20). Therefore, the status of Rapl activa- 
tion before and after stimulation through 
TCR and CD28 was examined in anergic 
and control cells (21). Activated Rapl- 
GTP was constitutively present in anergic 
cells, whereas in controls it was only 
slightly induced after stimulation (Fig. 
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Fig. 2. (A) Constitutive association of Cbl with Grb2 and phosphorylation- 
dependent association of Cbl with CrkL in T cell clones. T cell clones (2 x 
lo7 cells per test) were stimulated (33) for the indicated time intervals. 
lmmunoprecipitations were done with antiserum to Cbl and analyzed by 
10% SDS-PAGE along with whole-cell lysates (WL). Proteins were trans- 
ferred to nitrocellulose membrane and immunoblotted with mAb 4G10, 
with antiserum specific for Cbl or CrkL (Santa Cruz Biotechnology), or with 
mAbs specific for Grb2 or Crkl/ll (Transduction Laboratories, Lexington, 
Kentucky). In all subsequent experiments that examined Cbl phosphoryl- 
ation, stimulation was done for 1 min, which generated maximum phos- 
phorylation of Cbl. (6) Among the three Crk proteins phosphorylated Cbl 
predominantly associates with CrkL. Lysates (4 x lo7 cells per test) from 
stimulated (33) T cell clones were immunoprecipitated with antiserum 
specific for Cbl or CrkL or mAb specific for Crkl/ll. Immune complexes were 

resolved by SDS-PAGE, transferred to nitrocellulose membrane, and im- 
munoblotted with mAb 4G10 or antiserum specific for Cbl. (C) Constitutive 
association of CrkL with C3G and phosphorylated Cbl in anergy. Lysates 
from anergic and control T cell clones (lo7 cells per test) either unstimu- 
lated (-) or stimulated (+) (33) were immunoprecipitated with antiserum 
specific for Cbl, CrkL, or C3G (Santa Cruz Biotechnology). Immune com- 
plexes were resolved by SDS-PAGE, transferred on nitrocellulose mem- 
brane, and immunoblotted with mAb 4G10. Blots were stripped and re- 
probed with antiserum specific for Cbl, CrkL, or C3G. (D) Shift in the 

, electrophoretic mobility of CrkL-associated C3G in anergic cells. Lysates 
(1 O7 cells per test) from anergic and control cells were immunoprecipitated 
with antiserum to either C3G or CrkL; immune complexes were resolved by 
electrophoresis on 8% SDS-PAGE and immunoblotted with antiserum to 
C3G. Molecular sizes are indicated in kilodaltons in all panels. 
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Fig. 3. (A and B) Activated Rapl is 
constitutively present in anergic 
cells, whereas Ras cannot be acti- 
vated. 32P-labeled anergic or con- 
trol cells (2 x 1 O7 cells per sample) 
were unstimulated (-)or stimulated 
(+) (33) for 5 min. Labeled guani- 
dine nucleotides bound to Rapl or 
Ras were quantitated, and results 
were expressed as percent of GTP 
bound to Rapl or Ras proteins rel- 
ative to the total amount of guani- 
dine nucleotides (GTP+GDP) com- 
plexed to these proteins. (C and D) 
Time course of Rapl and Ras acti- 
vation in anergic and control cells 
after stimulation. 32P-labeled cells 
(2 x lo7  cells per test) were un- 
stimulated or stimulated for the in- 
dicated time intervals. Labeled gua- 
nidine nucleotides bound to Rapl 
or Ras were quantitated, and re- 
sults were expressed as in (A). 

3 A )  and subsequently hydrolyzed (Fig. 
3C). In contrast, consistent w i th  previous 
reports (3), Ras was not  activated after 
stimulation o f  the anergic cells (Fig. 3, B 
and D). Thus, although activation o f  
ZAP-70, Ras, ERK, and JNK is blocked in 
anergy, a cascade o f  signaling events is 
initiated by increased Fyn activity that 
results in Cbl phosphorylation, recruit- 
ment of the CrkL-C3G complex, and 
Rap l  activation. 

W e  examined whether the activated 
GTP-bound form of Rap l  might be re- 
sponsible for the lack o f  IL-2 transcription 
upon antigen-specific restimulation in an- 
ergic T cells. T o  address this question, we 
transiently transfected the T cell l ine Jur- 
kat w i th  either wild-type Rap l  (Rapl- 
W T )  or constitutively activated GTP- 
bound Rap l  (Rapl-63E) (22) and wi th  a 
reporter construct o f  luciferase driven by 
the IL-2 promoter, to indicate IL-2 gene 
transcription (23). Transfected Jurkat 
cells were stimulated through TCR and 
CD28. Overexpression o f  Rap l -WT in-  
hibited IL-2 transcription by 63%, where- 
as overexpression o f  Rapl-63E inhibited 
IL-2 transcription by 94% in comparison 
w i th  control cells stimulated under iden- 
tical conditions (1 1 ). T o  further examine 
the role o f  Rapl-GTP as a selective neg- 
ative regulator o f  TCR-mediated IL-2 
gene transcription, IL-2 gene transcription 
induced through TCR and CD28 was 
compared wi th  the maximum IL-2 tran- 
scription for each transfection condition 
induced by P M A  and ionomycin (Fig. 
4A). IL-2 gene transcription mediated by 
TCR and CD28 was inhibited 25% by 
Rap l -WT and 83.7% by Rapl-63E (Rapl- 
GTP). This down-regulatory effect of 
Rapl-GTP o n  TCR-mediated signaling 
was further supported by titration o f  trans- 
fected Rap l  cDNA, showing that even 
small amounts of Rapl-63E, but not  Rapl-  
WT, induced selective inhibit ion o f  TCR- 
and CD28-mediated IL-2 gene transcrip- 
t ion (Fig. 4B). 

Rap l  antagonizes Ras function in mul- 
tiple systems (1 9, 20, 22, 24). I t  has been 
proposed, and there is some evidence (18, 
25), that the biological properties of Rap l  
are the result o f  direct competition for the 
same effectors as Ras and that Rap l  does 
not  activate those effectors because it is 
no t  localized in the plasma membrane (20, 
26). Raf-1 serine-threonine kinase, a 
downstream effector o f  Ras (27), is re- 
cruited by activated Ras to  the plasma 
membrane (28), where it becomes activat- 
ed in a Ras-independent manner. Activat- 
ed Raf-1 phosphorylates and activates 
MEK-1, which leads to activation o f  the 
mitogen-activated protein (MAP) kinase 
cascade (29) and IL-2 gene transcription 
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Fig. 4. Activated Rap1 functions as A B 
a negative regulator of TCR and 
CD28-mediated IL-2 transcription. 
(A) TAg Jurkat cells were trans- 
fected (23) with the reporter con- 
struct plL-2-luciferase and the 
pAXEF vector containing either no 
insert (empty vector), Rapl -WT, or 
Rapl -63E cDNA. Cells were cul- 
tured with either media, mAbs to 

Rapl-63E 

O Media TCR + CD28 
TCR and CD28, or PMA plus iono- Transfected Rap1 cDNA (pg) 
mycin (IM). Luciferase activity of cell 
lysates is presented as percent of maximum stimulation for each transfection condition, induced by PMA 
and IM. The data are the average of seven experiments. (B) Jurkat cells were transiently transfected with 
stable amounts of reporter construct plL-2 luciferase and variable amounts of Rapl -WT or Rapl -63E 
cDNA. Stimulation, luciferase assays, and expression of results were done as in (A). Results are 
representative of two experiments. 
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Fig. 5. In anergic cells Raf-1 kinase is neither activated nor associated with Ras after stimulation but is 
constitutively associated with Rap-1 . (A) Anergic and control alloantigen-specific T cell clones (1 O7 cells 
per test) were stimulated (33) for the indicated time intervals. lmmunoprecipitation was done with Raf-1 
antiserum (Santa Cruz Biotechnology), followed by an in vitro kinase reaction with MEK-1 (Santa Cruz 
Biotechnology) as exogenous substrate (34). Samples were analyzed by 8% SDS-PAGE, transferred to 
nitrocellulose membrane, and exposed to x-ray film (top panel). The same nitrocellulose membrane was 
immunoblotted with Raf-1 antiserum (bottom panel). Results are representative of three experiments. 
(B) Anergic and control Tcell clones (1 O7 cells per test) were either unstimulated (-)or stimulated (+) (33) 
for 5 min. Cells lysates were immunoprecipitated with the Ras mAb Y13-238 (Santa Cruz Biotechnol- 
ogy), which allows detection of Ras:Raf-1 complexes formed in vivo (35), and immunoblotted with Raf-1 
antiserum. (C) Lysates from anergic and control T cell clones (1 O7 cells per test), and from TAg-Jurkat 
cells (2 x lo7  cells per test) transfected with either Rapl -GTP (Rapl -63E) or with empty vector were 
immunoprecipitated with Rap-1 antiserum and analyzed along with whole lysates (WL) of TAg-Jurkat on 
8% SDS-PAGE. lmmunoblots were probed with Raf-1 antiserum. Equivalent amounts of Raf-1, Ras, 
and Rapl were present in both anergic and control cells (7 1). Molecular sizes are indicated in kilodaltons 
in all panels. 
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in T cells {30). Raf-1 kinase was not activat
ed after stimulation through TCR and CD28 
in anergic ce|ls as it was in control cells, 
although comparable amounts of protein 
were present (Fig. 4A). Similarly, Ras:Raf-l 
association was not induced after stimulation 
in anergic cells as it was induced in control 
cells (Fig. 4B). In contrast, Raf-1 was consti-
tutively associated and coprecipitated with 
Rapl in anergic cells (Fig. 4C). Such com
plexes were also detected in Jurkat cells 
transfected with Rapl-63E (Rapl-GTP), but 
not in control transfectants (Fig. 4C). 

We now show that in anergic T cells, 
Cbl was constitutively phosphorylated, 
crkL-C3G complexes were recruited, and 
Rapl, a negative regulator of IL-2 tran
scription, was activated. Cbl is one of the 
earliest phosphorylated substrates after op
timal TCR-mediated stimulation (9, 10, 
12, 13). Under these conditions, there is 
also activation of lck and ZAP-70, phos
phorylation of TCR, recruitment of Shc-
Grb2-Sos, activation of Ras, and tran
scription of IL-2 {31). In anergic cells, 
these events cannot be initiated (2-4) and 
activation of Rapl predominates. There
fore, Cbl may balance the activation of 
GTP-binding proteins by activating a neg
ative regulator of the Ras pathway. In 
support of this hypothesis, in Caenorhab-
ditis elegans the Cbl-like molecule sli-1 is a 
negative regulator ofLet-23y which affects 
activation of Let-60y a Ras homolog path
way {32). 

Our results suggest that the key deter
minant of the functional outcome of 
TCR-initiated signals may be the ratio of 
Ras-GTP to, Rapl-GTP. Increases of Ras-
GTP result in a positive balance for IL-2 
transcription even in the presence of 
Rapl-GTP. In contrast, in the absence of 
Ras activation, as occurs in anergy, Rapl-
GTP predominates, which results in 
blockade of IL-2 transcription. The ability 
of Rapl-GTP to antagonize TCR-mediat
ed IL-2 transcription suggests that stimu
lation of guanidine nucleotide exchange 
on Rapl or inhibition of Rapl-GAP are 
potential targets of therapeutic approaches 
for the modification of T cell immune 
response and the generation of antigen-
specific tolerance. 

REFERENCES AND NOTES 

1. M. K. Jenkins and R. H. Schwartz, J. Exp. Med. 165, 
302 (1987); H. Quill and R. H. Schwartz, J. Immunol. 
138, 3704 (1987); R. H. Schwartz, Science 248, 
1349 (1990); J. Exp. Med. 184, 1 (1996). 

2. K. Migitaef a/., J. Immunol. 155, 5083 (1995). 
3. W. Li, C. D. Whaley, A. Mondino, D. L. Mueller, Sci

ence 271, 1272 (1996); P. E. Fields, T. F. Gajewski, 
F. W. Fitch,/M., p. 1276. 

4. D. R. DeSilva, W. S. Feeser, E. J. Tancula, P. A. 
Scherle, J. Exp. Med. 183, 2017 (1996); S. M. Kang 
et'al., Science 257, 1134 (1992). 

5. T. F. Gajewski, D. Qian, P. Fields, F. W. Fitch, Proc. 

Natl. Acad. Sci. U.S.A. 91, 38 (1994); T. F. Gajewski, 
P. Fields, F. W. Fitch, Eur. J. Immunol. 25, 1836 
(1995). 

6. V. A. Boussiotis et al., Science. 266, 1039 (1994); 
V. A. Boussiotis etal., J. Exp. Med. 184, 365 (1996). 

7. HU\-DR7 alloantigen-specific T cell clones (6) were 
cultured with the indicated NIH-3T3 stimulators in a 
primary culture for 24 hours, separated from NIH-3T3 
transfectants by Percoll gradient centrifugation, and 
rested in media for 48 hours before biochemical anal
ysis. For the kinetics of Cbl tyrosine phosphorylation in 
anergy, T cell clones were cultured with anergizing 
stimulators (t-DR7) for the indicated time intervals and 
then separated and rested in media as above. 

8. G. Panchamoorthy et al., J. Biol. Chem. 271, 3187 
(1996); T. Tezuka et al., J. Exp. Med. 183, 675 (1996). 

9. T. Fukazawaefa/., J. Biol. Chem. 270,19141 (1995). 
10. J. A. Donovan, R. L. Wange, W. Y. Langdon, L. E. 

Samelson, ibid. 269, 22921 (1994). 
11. V. A. Boussiotis, G. J. Freeman, A. Berezovskaya, 

D. L. Barber, L. M. Nadler, unpublished results. 
12. K. A. Reedquist et al., J. Biol. Chem. 271, 8453 

(1996). 
13. S. Sawasdikosol, K. S. Ravichandran, K. K. Lee, 

J. H. Chang, S. J. Burakoff, ibid. 270, 2893 (1995); L. 
Buday, A. Khwaja, S. Sipeki, A. Farago, J. Down
ward, ibid. 271,6159(1996). 

14. D. L Barber et al., Blood 89, 3166 (1997). 
15. M. R. Rozakis-Adcock, R. Fernley, J. Wade, T. Paw-

son, D. Bowtell, Nature 363, 83 (1993); S. E. Egan et 
al., ibid, p. 45; N. Li etal., ibid., p. 85; N. W. Gale, S. 
Kaplan, E. J. Lowenstein, J. Schlessinger, ibid., p. 
88; L Buday and J. Downword, Cell 73, 611 (1993); 
K. Baltensperger et al., Science 260, 1950 (1993); 
E. Y. Skolnikef a/., ibid., p. 1953. 

16. S. Tanaka et al., Proc. Natl. Acad. Sci. U.S.A. 91, 
3443 (1994); T. Gotoh et al., Mol. Cell. Biol. 15, 6746 
(1995). 

17. S. B. Waters, K. Yamauchi, J. E. Pessin, Mol. Cell. 
Biol. 15, 2791 (1995); S. B. Waters et al., J. Biol. 
Chem. 271, 18224 (1996); A. D. Cherniack, J. K. 
Klarlund, B. R. Conway, M. P. Czech, ibid. 270, 
1485(1995). 

18. V. Pizon, P. Chardin, I. Lerosey, B. Olofsson, A. Ta-
vitian, Oncogene 3, 201 (1988). 

19. H. Kitayama, Y. Sugimoto, T. Matsuzaki, Y. Ikawa, 
M. Noda, Ce// 56, 77(1989). 

20. Y. Hata etal., J. Biol. Chem. 265, 7104 (1990). 
21. The 32P-labeled anergic or control cells (2 x 107 

per sample) were unstimulated or stimulated by 
TCR and CD28 cross-linking for the indicated time 
intervals in Fig. 3. Rapl was immunoprecipitated 
with Rapl -specific antiserum (Santa Cruz Biotech
nology) conjugated on protein A Sepharose, and 
Ras was immunoprecipitated with the Y13-259 
monoclonal antibody (mAb) agarose conjugate 
(Santa Cruz Biotechnology). Labeled guanidine nu
cleotides bound to Rapl or Ras were eluted, sep
arated by thin-layer chromatography (TLC), and 
quantitated by direct scanning for beta radiation 
(Alpha Innotech, San Leonardo, CA). 32P labeling, 
lysis, immunoprecipitation, elution of guanidine nu
cleotides bound to the proteins, and calculation of 
the GTP/(GTP+GDP) ratio were performed as de
scribed {30, 36). 

22. H. Kitayama, T. Matsuzaki, Y. Ikawa, M. Noda, Proc. 
Natl. Acad. Sci. U.S.A. 87, 4284 (1990). 

23. TAg Jurkat T cells are a derivative of the human T cell 
leukemia line Jurkat stably transfected with the SV40 
large T antigen {37). TAg Jurkat cells were transiently 
transfected by electroporation under previously es
tablished conditions {37) with 20 |xg of reporter con
struct plL-2-luciferase (2 kb of the promoter/enhancer 
sequence) and 50 |xg of the pAXEF vector containing 
either no insert (empty vector), Rap1-WT, or Rap1-
63E cDNA {22). Because the pAXEF vector contains 
an SV40 origin of replication, transfection into TAg 
Jurkat cells results in high-level gene expression. 
Transfection efficiency was determined by cotrans-
fection of B7-2 cDNA, which showed that expression, 
detected by fluorescence activated cell sorting 
(FACS) analysis, was consistently 65 to 70% for all 
transfection conditions. Transfection of equivalent 
amounts of Rapl -WT or Rapl -63E cDNA resulted in 
equivalent overexpression of Rapl above endoge-

nous levels as determined by protein immunoblot. 
Forty hours after transfection 5 x 105 viable cells were 
cultured in duplicates with either media or with a com
bination of TCR mAb [2Ad2, immunoglobulin M (IgM), 
1:200] plus CD28 mAb (3D10, lgG2a, 5 |xg/ml) or a 
combination of phorbol 12-myristate 13-acetate 
(PMA) (50 ng/ml) plus ionomycin (1 |xM) for 6 hours. 
Cell lysates were prepared and measured for lucif-
erase activity as described {38). For titration experi
ments Jurkat cells were transiently transfected with 
20 |xg of reporter construct plL-2 luciferase and vari
able amounts (1.9, 5.6, 16.7, or 50 jxg) of pAXEF 
vector containing Rapl -63E or Rapl -WT cDNA. The 
total amount of transfected cDNA was normalized to 
50 |xg by cotransfecting vector cDNA. 

24. S. J. Cook, B. Rubinfeld, I. Albert, F. McCormick, 
EMBOJ. 12, 3475 (1993); G. Bokoch, in GTPasesin 
Biology I, B. F. Dickey, and L. Bimbauer, Eds. 
(Springer, Berlin and Heidelberg, 1993, vol. 108/1), 
pp. 377-393; I. K. Hariharen, R. W. Carthew, G. M. 
Rubin, Cell 67, 717(1991). 

25. N. Nassar et al., Nature 375, 554 (1995). 
26. M. Freeh etal., Science 249,169 (1990); F. Hofer, S. 

Fields, C. Schneider, G. S. Martin, Proc. Natl. Acad. 
Sci. U.S.A. 91, 11089 (1994); A. Kikuchi, S. D. 
Demo, Z.-H. Ye, Y.-W. Chen, L. T. Williams, Mol. 
Cell. Biol. 14, 7483 (1994); M. Spaargaren and J. R. 
Bishoff, Proc. Natl. Acad. Sci. U.S.A. 91, 12609 
(1994); F. Beranger, B. Goud, A. Tavitian, J. De-
Gunzburg, ibid. 88, 1606 (1991). 

27. P. H. Warne, P. R. Rodriguez Viciana, J. Downward, 
Nature 364, 352 (1993); H. Koide, T. Satoh, M. Na-
kafuku, Y. Kaziro, Proc. Natl. Acad. Sci. U.S.A. 90, 
8683 (1993); X. F. Zhang et al., Nature 364, 308 
(1993); S. A. Moodie, B. M. Willumsen, M. J. Weber, 
A. Wolfman, Science 260, 1658 (1993); L. Van Aelst, 
M. Barr, S. Marcus, A. Polverino, M. Wingler, Proc. 
Natl. Acad. Sci. U.S.A. 90, 6213 (1993); A. B. Vojtek, 
S. M. Hollenberg, J. A. Cooper, Cell 74, 205 (1993). 

28. D. Stokoe, S. G. Macdonald, K. Cadwallader, M. 
Symonsa, J. F. Hancock, Science 264,1463 (1994); 
S. J. Leevers, H. J. Paterson, C. J. Marshall, Nature 
369,411 (1994). 

29. C. F. Zheng and K. L. Guan, EMBO J. 13, 1123 
(1994); D. R. Alessief a/., ibid, p. 1610. 

30. J. A. Nunes, Y. Collette, A. Truneh, D. Olive, D. A. 
Cantrell, J. Exp. Med. 180,1067 (1994); M. Izquierdo, 
D. Reif, D. Cantrell, Immunol. Today W, 159 (1995). 

31. M. P. Cooke, K. A. Abraham, K. A. Forbush, R. D. 
Perlmutter, Cell 65, 281 (1991); N. Glaichenhaus, N. 
Shastri, D. R. Littman, J. M. Turner, ibid. 64, 511 
(1991); S. H. Chan, M. Iwashima, C. W. Turck, A. 
Weiss, ibid. 71, 649 (1992); R. D. Klausner et al., 
J. Biol. Chem. 262, 12654 (1987); D. Quian, I. Gris-
wold-Prenner, M. Rich Rosner, F. W. Fitch, ibid. 
268, 4488 (1993); K. S. Ravichandran et al., Sci
ence 262, 902 (1993); J. Downward, J. D. Graves, 
S. Warne, S. Rayter, D. A. Cantrell, Nature 346, 
719 (1990); S. M. Rayter, S. C. Woodrow, S. C. 
Lucas, D. Cantrell, J. Downward, EMBO J. 11, 
4549(1992). 

32. C. H. Yoon, J. Lee, G. D. Jongeward, P. W. Stern
berg, Science 269, 1102 (1995); G. D. Jongeward, 
T. R. Clandinin, P. W. Sternberg, Genetics 139,1553 
(1995). 

33. Forthe stimulation procedure, cells were resuspend-
ed at 107 cells/ml and incubated with anti-CD3 
(OKT3, lgG1, American Type Culture Collection) (1 
ixg/ml) and anti-CD28 (3D10, lgG2a) (5 |xg/ml) at 4°C 
for 20 min. Cells were washed and incubated with 
rabbit antibody to mouse Ig (10 |xg/ml) at 37°C for 1 
min that could induce maximum activation and phos
phorylation of Fyn in control cells {11). 

34. K. Xia et al., Proc. Natl. Acad Sci. U.S.A. 93, 11681 
(1996); D. L Barber, C. N. Corless, K. Xia, T. Rob
erts, A. D. D'Andrea, Blood 89, 55 (1997). 

35. B. Hallberg, S. I. Rayter, J. Downward, J. Biol. 
Chem. 269,3913(1994). 

36. H. L Brownell etal., DNA Cell Biol. 15, 443 (1996). 
37. N. A. Clipstone and G. R. Crabtree, Nature 357, 695 

(1992). 
38. H. Pahl, T. Burn, D. Tenen, Exp. Hematol. 19, 1038 

(1991); D. R. Plas et al., Science 272, 1173 (1996); 
D. G. Motto, S. E. Ross, J. Wu, L R. Hendricks-
Taylor, G. A. Koretzky, J. Exp. Med. 183,1937 (1996). 

www.sciencemag.org • SCIENCE • VOL. 278 • 3 OCTOBER 1997 127 

http://www.sciencemag.org


39 We thank H. Kltayarna and M. Noda for provdnq the N. Malencov~tch for techncal support. Supported by MutT protein is kllowll to hydrolyze some 
Rap-I (Krev) and Rap1 -63E plasmds, D. ~ c ~ e a n  NIH grants A 35225, HL 54785, and A139671 rihonucleotide analogs, such as 8-brorno- 
and R. Abraham for provldng the IL-2-luc~ferase D.L.B IS a Special Fellow of the Leukernla Socety of 
plasrnld, T. Roberts and R Nars~mhan for helpful America. rGTP,  albeit with low efficiency (9) .  If 
suggest~ons on the GTP and GDP bndng assays, D. MutT protein can hydrolyze other ribonu- 
Tenen for assstance w~th the uc~ferase assays, and 1 May 1997, accepted 11 August 1997 cleotide analogs such as 8-0x0-rGTP as 

well as it hydrolyzes 8-0x0-dGTP, it may 
have an i~noortant  role in controlline the " 

Counteraction by MutT Protein of Transcriptional fidelity of information transfer from DNA 
to protein. 

Errors Caused by Oxidative Damage TO examine the effect of m u t ~  defi- 
7 - 

ciency on  the fidelity of these processes in  
F. Taddei,*W. Hayakawa, M.-F. Bouton, A.-M. Cirinesi, vivo, we used PI-mediated transduction to 

I. ~ a t i c ,  M. Sekiguchi, M. Radman introduce a mutT mutation into the LacZp 
strains used to measure leakiness (i.e., par- 

Oxidized guanine (8-0x0-7,8-dihydroguanine; 8-0x0-G) is a potent mutagen because of tial phenotypic suppression). A 30-fold 
its ambiguous pairing with cytosine and adenine. The Escherichia coli MutT protein increase in  leakiness in the strain requir- 
specifically hydrolyzes both 8-0x0-deoxyguanosine triphosphate (8-0x0-dGTP) and 8- ing template A to pair with G (namely, 
0x0-guanosinetriphosphate (8-0x0-rGTP), which are otherwise incorporated in DNA and A:T to C:G transversion strain) was oh- 
RNA opposite template A. In vivo, this cleaning of the nucleotide pools decreases both served; the other mutant strains were un- 
DNA replication and transcription errors. The effect of mutT mutation on transcription affected (Table 1).  
fidelity was shown to depend on oxidative metabolism. Such control of transcriptional The specific increase in P-galactosidase 
fidelity by the ubiquitous MutT function has implications for evolution of RNA-based life, activities in the A:T to C:G tester strains in a 
phenotypic expression, adaptive mutagenesis, and functional maintenance of nondi- mutTp background cannot easily be explained 
viding cells. solely by generation of Lacf bacteria. The 

following formula helps to consider the con- 
tribution of revertants to the p-galactosidase 
activity of the population, M(pop), nleasured 

Spontaneous errors in DNA,  RNA,  and increased in mutT-deficient bacteria. in Miller units: M(pop) = M(lac+)fllac+) + 
protein synthesis, all of which can influ- MutT protein hydrolyzes 8-0x0-dGTP, a M(lacp)f(lacp) where M(lac+) and M(lacP) 
ence protein activity, occur at  rates of major oxidation product, to 8-0x0-deoxy- are P-galactosidase activities of Lac+ and 
about lop9, I@-', and per residue, guanosine ~ n o n o ~ h o s p h a t e  (8-0x0-dGMP). Lacp cells, and f( lacf)  and J(lacp) their 
respectively ( I  ) .  Errors in  DNA synthesis 8-0x0-dGTP is a potent mutagen in that it respective frequencies. 
can produce lnutant genes, which lead to is readily incorporated into DNA and is This formula can be applied to a n  over- 
alteration of proteins derived from those inserted with equal frequency opposite tern- night liquid culture where the frequency 
genes in the lnutant cell clone. However, plate C or A (5). By rernoving 8-0x0-dGTP of Lac- is close to 1 and the frequency of 
the higher error rates of transcription and from the triphosphate pool, MutT protein A:T to C:G Lacf revertants is less than 
translation produce a wider variety and, in reduces spontaneous mutations by a factor I@-' in a mutTp context (4,  10). Cultures 
general, a greater number of error-contain- of 1000 (6-8). containing more Lacf were discarded from 
ing proteins. Erroneous proteins may have 8-0x0-dGTP is produced by oxidation the analysis. Appropriate reconstruction 
altered functions that trigger a n  error of dGTP mediated by free radicals. It is experiments were carried out that have 
propagation process ( 2 )  resulting in func- likely that oxygen free radicals oxidize validated these assu~nptions (10). Thus, if 
tional defects and, ultimately, cell death, ribonucleotides and deoxyribonucleotides the increase in P-galactosidase concentra- 
possibly by error catastrophe (3). with similar efficiencies and that the re- tion as a result of the mutT  nuta at ion 

T o  examine the cellular controls of the sulting ~nolecules are structurally similar. (from 0.013 to 0.39) were due only to 
fidelity of information transfer from DNA 
to protein) "Ie 'lave used six E. "li Table 1. MutT protein counteracts the effect of oxidatve metabolism on the resdual p-gaactosidase 
each containing a different single base activity (leakiness) of an E. coli IacZ mutant. For clar~ty, only the values obtained for the A:T to C:G 
substitution in codon 461, which encodes reversion mutaton stran are shown. For tester strains representng all other poss~ble base-par chang- 
glutalnic acid in the wild-type ( W T )  LacZ es, under both aerobic and anaerobic conditions, the mutT/WT ratio of p-galactosidase activities varied 

(4). ~h~ lowest levels of residual between 0.7 and 1.3, thus showing the specificity of mutTeffect. Bacterial strains were constructed by 
transferring CCIOI 1 0 6  (4) epsomes to NR3835 [&(pro-lac) ara thi trpE97771, which had previously 

P-galactosidase activity (leakilless) were been cured from its episome by treatment with acridine orange. A mutT mutaton was introduced in the 
observed in strains used to lneasure the six strains by PI -medated cotransduction with 1eu::TnlO. Liquid cultures were grown in rich 869 
mutations A:T to C:G and A:T to G:C medium (5 g of NaC per iter, 10 g of Bactotryptone per liter, 5 g of yeast extract per liter agar per iter) 
(about 0.013 Miller unit).  A t  the DNA under aerobic or anaerobic conditions (the latter were obtained by using Generbox), p-Galactosidase 
level, A:T to C:G lnutations are greatly activities were measured and are expressed as descr~bed by Miller (1 1). To measure ow levels of 

p-galactosidase activities, longer incubation times were necessary (up to 1 day, always controlling for 
spontaneous hydrolysis of o-nitropheny-p-D-gaactoside). Each value is the average i- standard error 
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