
transcription (14). To generate a muscle 
cell from nonmuscle tissue, fibrosarcoma 
cells may repress (or lose) these loci, result- 

5. The RD [R. M. McAllister. J. Melnyk, J. Z. Findel- 
stein, E. C. Adams, Jr., M. B. Gardner, Cancer 
(Phila.) 24, 520 (1969)l and Rh18 [B. J. Hazelton 
eta l .  CancerRes. 47,4501 (1987)l cell lines were 

ing in the activation of MyoD transcrip- established from embryonal rhabd~m~osarco-  
mas. Rh28 Rh30, and RhJT [E. C. Douglas et a/., Because can induce growth 
Cytogenet. Cell Genet. 45, 148 (1987): P. J. 

arrest ( 1  5), its expression in a fibrosarcoma Houahton. ~ersonal communication1 are cell lines 
may serve as a "fail-safe" mechanism to estailished from alveolar rhabdom~osarcomas. 

prevent cell growth. ~ d d i ~ i ~ ~ ~ l  genetic 6. The E2A gene codes for E72, E47, and E2-5 RNA 
( 3 ) .  defects that prevent MyoD such 7. Id is a negative regulator of MyoD [R. Benezra, R. 

as the recessive defects described here, L. Davis, D. Lockshon, D. L. Turner, H. Weintraub, 

would prevent differentiation and result in 
the generation of a rhabdomyosarcoma. A 
similar mechanism may apply to other types 
of tumors that express full or partial differ- 
entiation programs. 
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Antagonism of Catecholamine Receptor 
Signaling by Expression of Cytoplasmic 

Domains of the Receptors 

Louis M. Luttrell, Jacek Ostrowski ,* Susanna' Cotecchia,? 
Humphrey Kendall, Robert J. Lefkowitz$ 

The actions of many hormones and neurotransmitters are mediated by the members of a 
superfamily of receptors coupled to heterotrimeric guanine nucleotide-binding proteins (G 
proteins). These receptors are characterized by a highly conserved topographical ar- 
rangement in which seven transmembrane domains are connected by intracellular and 
extracellular loops. The interaction between these receptors and G proteins is mediated 
in large part by the third intracellular loop of the receptor. Coexpression of the third 
intracellular loop of the a, .-adrenergic receptor with its parent receptor inhibited receptor- 
mediated activation of phospholipase C. The inhibition extended to the closely related 
a,,-adrenergic receptor subtype, but not the phospholipase C-coupled M I  muscarinic 
acetylcholine receptor nor the adenylate cyclase-coupled Dl, dopamine receptor. These 
results suggest that the receptor-(; protein interface may represent a target for receptor 
antagonist drugs. 

T h e  binding of agonists to G protein- effector. The interaction between receptor 
coupled receptors induces conformational and G protein is mediated by the intracel- 
changes in the receptor that promote for- lular loops of the receptor. Mutagenesis 
mation of an agonist receptor-G protein studies of the third intracellular (3i) loop of 
ternary complex (1) that leads to G protein several G protein-coupled receptors indi- 
activation and productive coupling to the cate that this region is critical for produc- 
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tive coupling (2). Studies with chimeric 

Howard Hughes Medical Institute, Duke University adrenergic receptors (ARs) (3, 4) and mus- 
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zerland. A large number of clinically important 
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fixation, cells were treated with 4% paraformaide- 
hyde in phosphate-buffered saline (pH 7.4) for 5 
min at room temperature. Antisera for MyoD [S. J. 
Tapscott et a/., Science 242, 405 (1988)l and 
MyHC [D. Bader T. Masaki, D. A. Fischman, J. 
Cell Biol. 95, 763 (1982)l have been described. 
The antiserum to CAT was obtained from 5-Prime 
3-Prime (Boulder, CO). 

19. All cells were grown in DMEM containing penicillin 
and streptomycin and supplemented with 15% 
calf serum (Supplemented Calf Serum, Hyclone). 
Transient transfections and CAT assays were 
performed as described in (12). 
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py the ligand-binding pocket of G protein- 
coupled receptors without inducing recep- 
tor activation. als& known as recevtor an- 
tagonists. To date, virtually all known an- 
tagonists of such receptors share the 
common property of blocking access of the 
ligand to the receptor. We wondered 
whether an alternative strategy for design- 
ing receptor antagonists might be to block 
the interaction of the receptor itself with 
the G protein. Given the importance of the 
3i loop of several G protein-coupled recep- 
tors in forming the site of contact between 
the receptor and G protein, we tested the 
feasibility of expressing this isolated region 
of the receptor in intact cells and its effects 
on receDtor function. We report that coex- 
pression of the 3i loop with its homologous 
receptor resulted in a specific antagonism of 
receptor-mediated signaling. 

To determine the effects of the putative 
3i loop of the a,,-AR on basal and recep- 
tor-mediated second messenger production, 
we prepared minigene constructs (Fig. 1A) 
that encoded either the full 3i loop (resi- 
dues 225 to 295) (alB-3i), its NH2-terminal 
portion (residues 225 to 272) (alB-3iN), or 
its COOH-terminal portion (residues 273 
to 295) (alB-3iC). The a,,-3iN construct 
spans a 27-amino acid motif, residues 233 
to 259, important in determining the se:. 
lectivity of receptor-G protein coupling 
(4). The a,,-3iC construct contains a 
7-amino acid domain, residues 288 to 
294, that influences the affinity of agonist 
binding and the potency of agonist-stimu- 
lated activation of phospholipase C (PL- 
C) (3, 6). Another minigene construct 



was prepared encoding the full 3i loop, 
residues 215 to 273 (Dl, 3i), of the Dl, 
dopamine receptor (7). For transient cellu- 
lar expression, the minigene constructs 
were inserted into the expression vector 
pRK5 ( B ) ,  generating the plasmids 
pRKalB3i, pRKalB3iN, pRKalB3iC, and 
pRKDl,3i; the plasmid DNA was then 
transfected into 293 cells (human embryo- 
nal kidney). Cellular expression of the 
8-kD a,,-3i peptide was documented by 
protein immunoblotting of the peptide im- 
munoprecipitated from whole cell lysates 
with an antiserum to a,,-3i (Fig. 1B). The 
amount of peptide expression increased pro- 
portionately with the amount of plasmid 
DNA used in the transfection and was 
-170 finol per milligram of whole cell 
protein in cells transfected with 10 pg of 
pRKalB3i per dish of cells. 

Untransfected 293 cells expressed little 
endogenous a,-AR (< 10 finol per milligram 
of membrane protein) and no detectable 
epinephrine-stimulated inositol phosphate 
(IP) production. Cells transfected with 
pRKalB3i, pRKalB3iN, or pRKalB3iC ex- 
hibited no detectable intrinsic stimulation of 
IP production, as compared with cells trans- 
fected with equal amounts of pRK5 alone 
(9). To determine if expression of the a,,-3i 
peptide had any effect on a,,-AR-mediated 
activation of phosphatidylinositol (PI) hy- 
drolysis, we cotransfected 293 cells with pRK5 
containing cDNA encoding the a,,-AR 
(pRKa,,AR) and pRKalB3i. The amount 
of a,,-AR expression increased with the 
amount of transfected receptor DNA to a 
maximum of 4 pmol per milligram of mem- 
brane protein. A t  any amount of receptor 
expression, cells cotransfected with pRKalB3i 
exhibited marked attenuation of epinephrine- 
stimulated IP production, as compared with 
cells cotratisfected with pRK5 alone (Fig. 
2A). The range of receptor expression ob- 
tained (0.05 to 4 pmol per milligram of 
membrane protein) corresponds to approxi- 
mately 10 to 900 fmol per milligram of whole 
cell protein, similar to the estimated amount 
of a,,-3i loop expression determined from 
protein immunoblots. The extent of a,,-3i- 
mediated inhibition was dependent on the 
amount of pRKalB3i knsfected and was 
maximal (70% inhibition of control response) 
in cells transfected with 15 pg of plasmid 
DNA per dish of cells (Fig. 2B). 

To  determine whether the capacity of the 
a,,-3i loop to inhibit a,,-AR-mediated PI 
hydrolysis was contained solely within the 
NH,- or COOH-terminal regions of the 
peptide, we determined basal and epineph- 
rine-stimulated IP production in cells co- 
transfected with pRKa,,AR and either 
pRK5 alone, pRKalB3i, pRKalB3iN, or 
pRKalB3iC. None of the 3i loopderived 
constructs produced a significant effect on 
a,,-AR expression or basal IP production, as 

compared with pRK5 alone (Table 1). 
Whereas coexpression of the full a,,-3i loop 
resulted in a 60% attenuation of epinephrine- 
stimulated IP production, cotransfection with 
either pRKalB3iN or pRKalB3iC did not 
produce significant inhibition. In contrast, 
simultaneous cotransfection of pRKalB3iN 
and pKalB3iC with pRKoL,,AR resulted in 
a 44% inhibition, mimicking the effect of 
the intact a,,-3i loop. These data suggest 
that epitopes from both the NH,- and 
COOH-terminal domains of the 3i loop may 
be necessary to block productive receptors  
protein coupling. Alternatively, physical in- 
teraction between the two domains of the 3i 
loop may be necessary to impart the proper 
conformation to the domain that is critical 
for biological activity. The epinephrine con- 

centration required for half-maximal stimu- 
lation of IP production was similar in all of 
the cotransfectants; the inhibition resulted 
from a decrease in the maximal response 
(Fig. 2C). 

To define the specificity of the 3i l o o p  
mediated antagonism, we assessed the effect 
of a,,-3i loop expression on signal transduc- 
tion through other G protein-coupled recep- 
tors, including the alc-AR, M1 muscarinic 
AChR, and Dl, dopamine receptor. The 
a,,-AR stimulates PI hydrolysis catalyzed by 
PL-C by means of a pertussis toxin (PT)- 
insensitive G protein (1 O), probably a mem- 
ber of the G, family ( I  I). Coexpression of 
the a,,-3i loop with the a,,-AR attenuated 
receptor-mediated IP production (Fig. 3A). 
The alc-AR subtype is similar in amino acid 
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Fig. 1. Expression of the 3i loop of the a,,-AR in 293 cells. (A) Construction of a minigene encoding 
a,,-AR-derived peptides. The upper panel depicts the relative position of the 3i loop with respect to 
the putative membrane topography of the hamster a,,-AR. The center panels show the amino acid 
sequences (16) of the hamster a,,-AR and human Dl, receptor putative 3i loops used in each 
construct. Numbers refer to the amino acid positions within the receptor. Asterisks represent regions 
where the sequence is not shown. The areas bracketed by underlining and overlining indicate the 
positions of the 27amino acid region in the NH,-terminal portion and the 7amino acid region in the 
COOH-terminal portion of the 3i loop. The DNA encoding each of the peptides shown was cloned into 
a minigene construct depicted schematically in the lower panel (24). (B) Protein immunoblot 
depicting the expression of the 3i loop of the a,,-AR in 293 cells. Cells maintained in minimum 
essential medium supplemented with 10% fetal bovine serum and gentamicin (100 kg/ml) were 
plated in 100-mm dishes (2 x 1 O6 cells per dish) and transfected by coprecipitation of DNA in calcium 
phosphate (25) with pRK5 alone (10 pg) (lane 2), pRKal,3i (1 kg) and pRK5 (9 pg) (lane 3), or 
pRKal,3i (1 0 kg) (lane 4). Forty-eight hours after transfection, whole cell detergent lysates containing 
-6 mg of protein per milliliter were incubated with a 1 :50 dilution of rabbit polyclonal antiserum 285. 
The antiserum was raised to a synthetic peptide [SNSKELTLRIHSKNFHEDTLSRC (16)] derived from 
the third cytoplasmic domain of the a,,-AR and conjugated to keyhole limpet hemocyanin through the 
COOH-terminal cysteine. Immune complexes were collected on protein A-Sepharose (Pharmacia), 
washed, and denatured in Laemmli sample buffer. lmmunoprecipitated peptide was resolved by 
SDS-polyactylamide gel electrophoresis with the discontinuous procedure of Schagger and von 
Jagow (26) and then transferred to nitrocellulose. Filters were incubated in a 1 :I00 dilution of antiserum 
285 and probed with lZ51-labeled protein A. Peptides were visualized by autoradiography. Amount of 
expression was estimated by phosphorimage densitometry with known amounts of a puriiied glutathione 
S-transferase (GST) fusion protein containing the full a,,-3i (27) as standard. Cells transfected with 
pRKal,3i and immunoprecipitated with normal rabbit serum (NUS) (lane 1) and a purified GST fusion 
protein containing the full a,,-3i (residues 225 to 295) (lane 5) were used as negative and positive 
controls, respectively. Molecular size standards are shown at the left (in kilodaltons). 
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sequence to the a,,-AR (-72% identity in COOH-terminus of the loop. Coexpression 
the presumed membrane-spanning domains) of the a,,-3i loop and a,,-AR resulted in a 
(12) and also couples to PL-C through a 65% attenuation of a,,-AR-mediated PI 
PT-insensitive G protein (13). The putative production (Fig. 3B), equal to that observed 
3i loop of the a,,-AR is similar in length to with the a,,-AR. Thus, the two subtypes 
the a,,-3i loop and shares -52% identity appear to share a common signal transduc- 
with it, including 13 of 15 amino acids at the tion pathway. A t  amounts of a,,-AR ex- 

Fig. 2. Inhibition of a,,-AR-mediated IP production by 
coexpression of the 3i loop of the receptor. (A) Effect of .;; 
a,,-3i loop expression on a,,-AR-mediated IP production; 20 

293 cells were cotransfected with pRKa,,AR (0.1 to 5 pg per a 
2 15 dish) and pRK5 (0) or pRKa,,Si (a) (10 kg per dish). After 2 

binding and IP production and assayed after 48 hours. We 25pl transfection, cells were split for determination of ligand 10 

performed saturation binding of 1 n M  [i251]HEAT as de- 5 
scribed (4) using 1 pM prazosin to determine nonspecific a 

binding. Binding data were normalized per milligram of '0 1.0 2.0 3.0 4.0 
membrane protein. Nonspecific binding was less than 10% ~ I B - A R  (pmoVmg) 
of the total. IP production was determined in intact monolay- 
ers of transfected cells stimulated for 45 min with or without 
epinephrine (10 pM) as described (4). Data are presented in loo 
arbitrary un~ts such that 1 unit is the basal amount of IP = 
produced in the absence of epinephrine. Each point repre- 3 80 
sents the mean of triplicate determinations performed on an 
independent transfection Replicates varied by <lo% of the 60 

means. (B) Effect of increasing amounts of pRKa,,3i DNAon 
40 a,,-AR-mediated IP production. Cells were cotransfected - 

with pRKa,,AR (1 pg per dish) and various amounts of 20 
pRKa,,3i (a). The total amount of plasmid DNA per trans- 0.0 5.0 10.0 15.0 
fection was kept constant by the addition of pRK5. Expres- 3i Loop DNA (pg) 
sion of a,,-AR was -1 pmollmg and varied <lo% between 
transfections. Data were normalized to the amount of epi- loo 
nephrine-stimulated IP production observed in cells trans- 
fected with pRKa,,AR and pRK5 (control). Each point rep- =80 

E resents the mean * SEM for three separate experiments = 60 
performed in triplicate. (C) Effect of epinephrine on IP 8 
production. Cells were cotransfected with pRKa,,AR (1 kg 5 4 0  
per dish) and either pRK5 (0), pRKa1,3i (a), pRKa,,SiN g 20 
(O) ,  pRKa,,3iC (W) ,  pRKa,,SiN plus pRKa,,3iC (A),  or 
pRKD,,3i (A) (1 0 kg per dish) and stimulated as  described 
(4) with the indicated concentration of epinephrine. Data '0 -9 -8 -7 -6 -5 -4 -3 

were normalized to the maximum response observed in cells log[Epinephrine] (M) 

transfected with pRKa,,AR plus pRK5 in each experiment 
(control). Each curve represents the mean of three to six separate experiments performed in 
triplicate. Standard errors were <lo% of the means. 

pression between 0.1 and 6 pmol per milli- 
gram of membrane protein, inhibition by the 
3i loop was statistically significant (P < 
0.02; n = 7). 

The M I  AChR, like the a,,-AR and 
a,,-AR, promotes PI hydrolysis through a 
PT-insensitive G protein. This activity can 
be reconstituted in phospholipid vesicles 
with purified M1 AChR and G, or Gll 
(14). The putative 3i loop of the human 
MI AChR is much larger than the a,,-3i 
(15); however, 8 of 15 amino acids at the 
COOH-terminus of the putative 3i loop are 
common to both, including the sequence 
XEKKAAXT (16) just proximal to the 
sixth membrane-spanning domain. At 
amounts of M1 AChR receptor expression 
from 0.3 to 3 pmol per milligram of mem- 
brane protein, coexpression of the a,,-3i 
loop resulted in a small but significant 
reduction in carbachol-stimulated PI hy- 
drolysis (P < 0.05; n = 8) (Fig. 3C). If 
large amounts of receptor were expressed 
(>5  pmol per milligram of membrane pro- 
tein), carbachol-stimulated PI hydrolysis 
was not inhibited. Neither a,,-AR- nor 
M1 AChR-mediated PI production in 
transfected 293 cells was PT-sensitive (9). 

The Dl, dopamine receptor stimulates 
adenylyl cyclase though the stimulatory G 
protein G, (1 7). Despite this difference in G 
protein specificity, the putative 3i loop of the 
Dl, receptor shares significant homology at 
the COOH-terminus with the a,,-AR and 
M1 AChR (7). To  determine whether the 
a,,-3i loopmediated inhibition of signal 
transduction extended to G,-coupled recep- 
tors, we determined the effect of a,,-3i loop 
expression on activation of adenylyl cyclase 
by means of the Dl, receptor. Cotransfection 
of pRK5 containing the Dl, receptor cDNA 
(pRKD,,R) with pRKal,3i had no effect on 
fenoldopam-stimulated production of adeno- 

Table 1. Parameters of ligand binding and activation of PI hydrolysis in such that 1 unit is the basal amount of IP produced in cells transfected 
293 cells cotransfected with the a,,-AR and 3i loop constructs. Cells were with a,,-AR and pRK5. Rmax represents the epinephrine-stimulated (10 
transiently cotransfected with pRKa,,AR (1 pg per dish) and the indicated pM) increase in generation of IPS in arbitrary units such that 1 unit is the 
3i loop construct (10 kg per dish). Saturation binding (B,,) of 2-[p-(4- basal amount of IP produced under each set of cotransfection conditions. 
hydro~y-3-[~~~l]iodophenyl)ethylaminornethyl] tetralone ([lZ51]HEAT) (4) EC,, represents the concentration of epinephrine required for half- 
and basal and epinephrine-stimulated IP production were determined as maximal stimulation of PI hydrolysis. Statistical significance was assessed 
described (4). RbaSa, represents the amount of basal IP in arbitrary units with the Student's paired t test. 

Plasmid 3i loop 
residues 

Ligand 
binding 

['251]HEAT 

IP production 

Basal Epinephrine 

Rbasal &ax EC50 Inhibition of 
(arbitrary units)* (arbitrary units)* (nM) t Rmax (%) 

1 .OO 11.5 2 2.5 44.8 0.0 
1.05 2 0.14 4.6 t 0.6f 43.6 60.0 
1 .OO 2 0.09 9.9 2 2.60 30.4 13.9 
0.97 2 0.12 11.4 * 2.89 47.7 0.9 
0.90 * 0.08 6.5 * 1.5$ 33.9 43.5 

*Mean t SEM of four to six separate triplicate determinations. ?Mean of three to six separate triplicate experiments that agreed within 20%. $As compared with pRK5; 
P < 0.02. §Not significantly different from vector alone; P > 0.10. 
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Fig. 3. Specificity of the 3i loop- 25 
induced inhibition of IP and cAMP - 
production in 293 cells (A) Effects 20 

of the a,,-3i and D,, 3i loops on 15 
a,,-AR-mediated IP production. 2 
Cells were cotransfected with " 10 

pRKa,,AR (0.1 to 5 pg per dish) 
and pRK5 (0) pRKa1,3i (a), or 
pRKDlA3i (A) (10 pg per dish). o 
Expression of a,,-AR- and epi- 0.3 1.0 3.0 0.03 0.1 0.3 1.0 3.0 10 
nephrine-stimulated IP production al B-AR (Pmoumg) %CAR (pmoumg) 
were determined as described (4). 
(B) Effect of the a,,-3i loop on .;; 40 
a,,-AR-mediated IP production. 5 
Cells were cotransfected with 30 

pRKa,,AR (0.01 to 5 kg per dish) g 20 
and pRK5 (0) or pRKa,,3i (0) (10 S 
kg per dish). Expression of a,,- 5 10 
AR- and epinephrine-stimulated IP &? 
production were determined as 0.03 0.1 0.3 1.0 3.0 10 30 0.01 0.03 0.1 0.3 1.0 3.0 10 
described (4). (C) Effect of the MI AChR (pmoVmg) 
a,,-3i loop on M I  AChR-mediated Dl* R (pmoVmg) 

IP production. Cells were cotransfected with pRK5 containing the M1 AChR cDNA (0.01 to 5 pg per 
dish) and pRK5 (0) or pRKa,,31 (0) (10 pg per dlsh). We determined M1 AChR expression by 
ligand binding of a saturating concentration of L-[benzilic-4,4'-3H(N)]-quinuclidinyl benzilate (1 nM) 
to plasma membranes of transfected cells using 10 pM atropine to determine nonspecific binding 
under incubation conditions identical to those used for a,-AR binding (4). Carbachol-stimulated (10 
kM) IP production was determined as described (4). (D) Effects of the a,,-3i and Dl, 3i loops on 
D,, dopamine receptor-mediated cAMP production. Cells were cotransfected with pRKDlAR (0.01 
to 5 pg per dish) and either pRK5 (0), pRKa,,3i (@), or pRKD,,3i (A) (10 kg per dish). We 
measured Dl, receptor (Dl, R)  expression by ligand binding of a saturating concentration of the 
dopamine antagonist [3H]SCH 23390 (New England Nuclear) (1 nM) to plasma membranes using 
cis-flupentixol (1 pM) to determine nonspecific binding, under incubation conditions identical to 
those used for a,,-AR binding (4). Basal and fenoldopam (SKF 82526, SmithKline and Beecham)- 
stimulated (10 kM) production of cAMP were determined as described (28). In all panels, IP 
production is presented in arbitrary units such that 1 unit is the basal amount of IP produced in 
unstimulated cells. Each point represents the mean of triplicate determinations performed on an 
independent transfection. Replicates varied by 10% of the means. 

sine 3 ',5 '-monophosphate (CAMP) at any 
amount of receptor expression up to 7 pmol 
per milligram of membrane protein (Fig. 3D). 
In contrast, cotransfection of pRKDalAR 
with its own 3i loop construct pRKDalA3i 
resulted in a significant reduction in receptor- 
mediated CAMP production at amounts of 
receptor expression between 0.1 and 2 pmol 
per milligram of membrane protein (P < 
0.01; n = 7). At higher receptor density (>5 
pmol per milligram of membrane protein), 
this inhibitory effect was no longer detect- 
able, indicating that the inhibition could 
be surmounted by an increase in receptor 
density. In analogous experiments, cotrans- 
fection of pRKalBAR with pRKDl,3i pro- 
duced no effect on epinephrine-stimulated 
IP production (Figs. 2C and 3A), indicat- 
ing that the Dl, 3i loop-mediated inhibi- 
tion was also G orotein-soecific. 

These data suggest that cellular expres- 
sion of the 3i loop of both the a,,-AR and 
Dl, receptor results in specific receptor an- 
tagonism by impairing protein interaction at 
the receotor-G orotein interface. This could 
occur by several mechanisms, such as by 
competition for G, subunits between the 
hormone-receptor complex and the free 3i 
loop of the receptor. If this were the case, 
the inhibition should be surmountable by an 

increase in receptor density, thereby permit- 
ting the formation of more hormone-recep- 
tor complexes to compete with the 3i loop. 
The observation that the Dl, 3i loop- 
induced inhibition of Dl, receptor-stimu- 
lated cAMP production was not detected at 
high amounts of receptor expression supports 
this model, as does the failure of the a,,-3i 
loop to inhibit carbachol-stimulated IP pro- 
duction in cells expressing large amounts of 
M1 AChR. In contrast, the a,,-3i l o o p  
induced inhibition of a,,-AR- and alc-  
AR-stimulated PI hydrolysis was detected at 
all obtainable amounts of receptor expres- 
sion. However. this mav simolv reflect an , L ,  

inability to achieve sufficient receptor den- 
sity in these experiments. 

If the 3i loop peptide competes for a 
portion of the receptor binding site on the 
G, subunit, we would expect the antago- 
nism to be G, subunit specific so that any 
receptor that uses a common G, subunit 
would be affected. However, our data indi- 
cate that alB-3i loop peptide is more effec- 
tive in blocking a,,-AR- and alc-AR-G 
protein interactions than it is in blocking 
M1 AChR-G protein interactions, even 
though all are apparently mediated through 
the same PT-insensitive G protein (1 1, 14, 
18). These differences may be due to several 

factors, including the following: (i) hetero- 
geneity in the G, subunits involved with 
the coupling of the a,,-AR versus those 
involved with the MI AChR; (ii) stabiliza- 
tion of the hormone-M 1 AChR-G protein 
interaction throueh the involvement of u 

other intracellular regions of the receptor; 
or (iii) greater interaction between MI 
AChR and G protein in the absence of 
agonist (for example, precoupling) , result- 
ing in a decreased interaction between the 
3i loop peptide and G, subunit. 

Alternativelv. a different mechanism mav , , 
be involved, such as an interaction between 
the 3i loop peptide and the intracellular 
domains of the parent receptor, thus pro- 
ducing a more receptor-specific inhibition 
of G protein activation. Such interactions 
might mimic intramolecular interactions 
that normally serve to keep the unliganded 
receptor in its constrained or inactive con- 
formation, or they might disrupt receptor 
conformation in other ways. 

Peptides derived from the COOH-termi- 
nal region of the f3,-AR 3i loop (1 9), the 
COOH-terminal region of the M4 AChR 3i 
loop, and the COOH-terminal region of the 
a,-AR-C10 3i loop (20) mimic receptor by 
activating G proteins in vitro. Peptides de- 
rived from the CPOH-terminal region of 
the 3i loop of the a,-AR inhibit receptor-G 
protein interaction in membrane preparations 
(21), as do peptides derived from the 2i, 3i, 
and 4i domains of rhodopsin (22). An oligo- 
peptide substance P analog has been shown to 
competitively antagonize receptor-mediated 
activation of G,, Go, and G, in phospholipid 
vesicles by binding to G, subunits (23). Our 
data demonstrate that peptides derived from 
the 3i loop of G protein-coupled receptors 
produce G protein-specific inhibition of re- 
ceptor-mediated biological effects in the in- 
tact cell. This form of receptor antagonism 
might provide a model for the development of 
a class of receptor antagonists that specifically 
blocks signal transduction at the level of the 
receptor-(; protein interaction. 
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TH1 and T,2 Cell Antigen Receptors in 
Experimental Leishmaniasis 

Steven L. Reiner, Zhi-En Wang, Farah Hatam, Phillip Scott, 
Richard M. Locksley* 

The complexity and chronicity of parasitic infections have obscured the identification of 
biologically relevant antigens. Analysis of the T cell receptor repertoire used by mice 
infected with Leishmania majorrevealed the expansion of a restricted population of CD4+ 
cells. These cells expressed the Vu8-JmTA72,V,4 heterodimer in both progressive infection 
and protective immunity and across several major histocompatibility haplotypes. Thus, the 
same immunodominant parasite epitope drives the disparate outcomes of this infectious 
process, suggesting that candidate vaccine antigens selected by screening of immune 
individuals may be capable of exacerbating disease in genetically susceptible individuals. 

A number of infections, including leprosy, 
leishmaniasis, and tuberculosis, have polar- 
ized manifestations that range from asymp- 
tomatic seroconversion to disseminated dis- 
ease. Infection of BALBIc mice with L. 
major leads to parasitization of macrophages 
and progressive disease that closely mimics 
human visceral leishmaniasis. or kala-azar. 
Disease has been associated with expansion 
of the T helper 2 (TH2) CD4+ population. 
These cells contain transcripts for interleu- 
kin-4 (IL-4) and IL-10 ( I ) ,  cytokines that 
interfere with the activation of infected 
macrophages to a leishmanicidal state (2). 
Several immunologic manipulations, in- 
cluding transient CD4+ depletion (3) or 
administration of antibodv to IL-4 (4). 

~ ,, 

permit these animals to esiablish a healer 
phenotype comparable to genetically resist- 
ant mouse strains such as C57BLI6 and 
C3HmeN. This phenotype has been asso- 
ciated with expansion of T,1 CD4+ cells 
that contain transcripts fdr interferon-y 
(IFN-y) (1, 4). Transferred CD4+ cell lines 
of the TH1 or TH2 type are capable of 
establishing a healer or nonhealer pheno- 
type, respectively, in a manner dependent 
on the elaboration of one of two key cyto- 
kines, IFN-y or IL-4 (5). Administration of 
neutralizing antibodies to IFN-y or IL-4 can 
reverse a healer or nonhealer phenotype, 
respectively, but such interventions must 
occur close to the time of infection (4, 6). 
Although leishmaniasis, like most parasitic 
infections, is a chronic disease, these exper- 
iments implicate early events in determin- 
ing the critical CD4+ T cell response that 
mediates the eventual outcome. To define 
the relation between parasite antigens ca- 
pable of eliciting protective or nonprotec- 
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tive immune responses in a characterized 
model, we analyzed T cell receptor (TCR) 
usage at early time points. 

The expansion of CD4' T cells in 
BALB/c mice (nonhealer phenotype), 
BALB/c mice induced to heal by treatment 
with antibody to IL-4 (anti-IL-4), and in 
C57BL/6 mice (healer phenotype) was 
characterized by monoclonal antibodies 
(MAbs) to most of the variable regions of 
TCRP molecules. MAbs to four TCRa 
chains were also *analyzed (Fig. 1). As 
measured by flow cytofluorometric analysis, 
few differences were evident between ani- 
mals that cleared the infection and those 
that developed disease or between different 
major histocompatibility (MHC) haplo- 
types (BALBIc mice are H-Zd and C57BLl6 
mice are H-Zb). Vp4-bearing CD4+ cells 
were exoanded three to four times in all 
experimental groups. Among the V, fami- 
lies analyzed, V,8 was also increased four to 
seven times by 2 weeks after inoculation of 
the parasite. 

To assess TCR usage among parasite- 
specific T helper cells, we established 16 
consecutive Leishmania-specific TH2 clones 
(7) from six animals with progressive infec- 
tion and cloned and sequenced the TCRs 
(Table 1). A strong bias toward V,8 (50% 
of clones) and Vp4 (3 1%) usage was appar- 
ent: in three of the clones these gene 
products were paired and more than half of 
the V,8+ TH2 clones paired with J,TA72 
and had identical junctional nucleotide se- 
quences. The pairings of V,4 with J, gene 
products were more diverse- 

Three L. major-specific TH1 clones were 
established from mice induced to heal after 
treatment with anti-CD4. An additional 
TH1 clone, 9.1-2, which was established 
from a BALBIc mouse immunized by intra- 
venous injection of parasite antigens, con- 
fers protection after adoptive transfer (8). 
Three of these four clones, including 9.1-2, 
contained the identical V,8-J,TA72 se- 
quence found in several of the TH2 clones. 
Two of these three clones used the Vp4- 
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