
which is particularly short in TSH and LH- 
CG receptors and which has been implicated 
in the interaction with the cr subunit of G, 
(G,cr) (8, 9) ,  is identical in both receptor 
types. This pattern of similarities gives sup- 
port to the view that the extracellular do- 

main hnctions in ligand recognition (4, 14. C. Maenhaut and F. Libert, in preparation. Y1 cells 

whereas the membrane-inserted domain is were grown as monolayers as described (13). Areas 
(1 mm2) were marked on the bottom of the dishes. 

responsible for the activation of G,cx (16, &d all cells in these areas were microiniected with 

17i. The partial clone HGMP09 also 'ap: 
pears 70% identical to corresponding re- 
gions of TSHR and the LH-CG receptors 
(Fig. 1). The fact that HGMP09 obviously 
belongs to the same G protein-coupled 
receptor subfamily, together with the tissue 
distribution of its transcript (Fig. 2A), 
makes HGMP09 a possible candidate for 
the FSH receptor. 
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Fig. 4. (A) TSH-induced CAMP accumulation in 
Xenopus oocytes that had been microinjected with 
TSH receptor mRNA. Xenopus oocytes were han- 
dled as described (23) and injected with water 
(open symbols) or recombinant TSHR mRNA 
(14) (50 nl at a concentration of 0.1 p g i ~ l )  (filled 
symbols). After 3 days in control medium, batch- 
es of 35 oocytes were incubated for 90 min in 
medium supplemented with various concentra- 
tions of TSH (circles), L H  (squares), or FSH 
(triangles), CAMP was determined as described 
(15). RO 201724 and isobutylmethylxanthine 
( 1 0 - 6 ~  each) were present in all incubations. 
Results were concordant in three independent 
experiments. Incubation of control oocytes with 
1 0 - 4 ~  forskolin resulted in a doubling of the 
CAMP concentration (M. Parmentier et a l . ,  un- 
published data). (B) Displacement of 125~-labeled 
TSH from TSH receptors expressed in COS7 
cells. COS7 cells were transfected with TSHR 
cDNA subcloned in pSVL (24). After 72 hours, 
cells were harvested and a membrane fraction was 
prepared (25). Membranes were similarly pre- 
pared from wild-type COS7 cells and from dog 
thvrocytes in primary culture (22). Binding of 
125~-labeled TSH (Trak, Henning Gmbh, Berlin, 
FRG) was performed at 0°C for 120 min m the 
presence of various concentrations of competitors 
(TSH; Armour, Chicago, IL. FSH and LH; UCB 
Bioproducts, Brussels, Belgium). Bound radioac- 
tivity was separated by centrifugation and mea- 
sured. Results are expressed as a percentage of the 
1251-labeled TSH bound by transfected cells in the 
absence of competitor (3000 cpm) after correct- 
ing for nonspecific binding (radioactivity bound 
in the presence of 100 nM unlabeled TSH, 800 
cpm). Open and filled circles, displacement by 
unlabeled TSH from COS7 cells and thyrocyte 
membranes, respectively. Open and filled squares, 
displacement for COS7 cells by LH and FSH, 
respectively. Diamonds, displacement by unla- 
beled TSH from untransfected COS7 cells. Simi- 
lar displacement curves were obtained in three 
independent experiments. 
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Regulation of Proenkephalin by Fos and Jun 

Fos and Jun form a heterodimeric complex that associates with the nucleotide 
sequence motif known as the AP-1 binding site. Although this complex has been 
proposed to function as a transcriptional regulator in neurons, no specific target gene 
has yet been identified. Proenkephalin rnRNA increased in the hippocampus during 
seizure just after an increase in c-fos and c-jun expression was detected. Fos-Jun 
complexes bound specifically to a regulatory sequence in the 5' control region of the 
proenkephalin gene. Furthermore, crfos and c-jun stimulated transcription from this 
control region synergistically in transactivation assays. These data suggest that the 
proenkephalin gene may be a physiological target for Pos and Jun in the hippocampus 
and indicate that these proto-oncogene transcription factors may play a role in 
neuronal responses to stimulation. 
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phenotype by regulating expression of spe- 
cific target genes (1). This hypothesis has 
been strengthened by the discovery that the 
Fa-associated protein p39 is the product of 
c-jun (2) and that Fos and Jun interact 
cooperatively with the DNA regulatory ele- 
ment known as the AP- 1 binding site (3, 4). 

Induction of cellular immediate-early 
gene expression occurs in response to a wide 
range of stimuli in many cell types (5). In 
neuronal cells in culture, nerve growth fac- 
tor, neurotransmitters, and agents that pro- 
voke a voltage-gated calcium influx are po- 
tent inducing agents of czfos and c-jun (6). 
We have utilized a seizure model system 
(pentylenetetrazole) to demonstrate that in- 
creases in the expression of c-fs, c-jun, egr-1, 
and several Fos-related antigens (Fra) occur 
in certain subsets of neurons in vivo, partic- 
ularly in the dentate gyms of the hippocam- 
pus, after induction of seizure (7-9). While 
immediate-early gene products, such as Fos 
and Jun, may contribute to some of the 
long-term consequences of seizure activity 
(7), it is not possible to ascribe a specific role 
to these proteins until target genes have 
been identified. Although in vitro transacti- 
vation studies have shown that Fos and Jun 
may stimulate expression of reporter genes 
linked to reiterated AP-1 sites (lo), a physio- 
logically relevant target gene has not yet 
been described. We chose to investigate the 
proenkephalin gene (enk) as a potential tar- 
get for the action of Fos and Jun in the 
hippocampus for two reasons. Proenkepha- 
lin mRNA levels increase in granule cells of 
the dentate gyms of the hippocampus in 
several seizure models (1 I), and the 5' re- 
gion of the proenkephalin genes has * AP- 
1 binding site (12). This binding site con- 
tributes to the regulation of proenkephalin 
by adenosine 3',5'-monophosphate (CAMP) 
and phorbol esters in C6 glioma cells (13). 

We compared the time course of induc- 
tion of several cellular immediate-early gene 
mRNAs and proenkephalin mRNA in 
whole brain and hippocampal extracts (Fig. 
1). The probes were hybridized to mRNA 
isolated from whole brain or hippocampal 
tissue at the indicated times after intraperi- 
toned injection of pentylenetetrazole. Sei- 
zures occurred within 3 min and continued 
fbr up to 30 min. Both junB and egr-l 
showed similar temporal patterns of induc- 
tion as cZfos, with maximal stimulation oc- 
curring in the hippocampus at 30 to 60 min 
after treatment and returning to basal levels 
by 2 to 4 hours. The time course of proenke- 
phaliin mRNA induction was slightly de- 
layed compared to the immediate-early gene 
mRNAs (Fig. 1). One hour after injec- 
tion of pentylenetetrazole, proenkephalin 
mRNA in the hippocampus was increased 
compared to control animals and remained 

elevated for at least 6 hours, consistent with 
the long half-life of this mRNA. Thus, the 
level of ~ roenke~hdin  mRNA increased in 
the hippocampus after elevation of c-fs and 
c-jun mRNAs. The basal level of proenke- 
phalin mRNA in whole brain samples was 
high and no increase was observed after 
seizure (Fig. 1). 

The 5' control region of the preproenke- 
phalin gene contains binding sites for several 
different transcription factors, including AP- 

1 (13) (Fig. 2). The AP-1 site is located in a 
regulatory element that is essential for basal 
and induced levels of transcription (1 3). Gel- 
shift assays were performed with the 321?- 
labeled oligonucleotides ENK-2 and AP-1 
(Fig. 2) and with Fos and Jun polypeptides 
that had been translated in vitro (3, 14). Fos 
and Jun interacted cooperatively with the 
proenkephalin AP-1 site (ENK-2); howev- 
er, the apparent a&ity of this interaction 
was lower than that with the human 

Fig. 1. T i e  course of immediate-early gene and enk mRNA expression after induction of seizure with 
pentylenetetrazole. Total cellular RNA was extracted from whole mouse brain (WB) and dissected rat 
hippocampus (H) as described (7, 8) at the indicated times (in hours) after induction of seizure by 
intraperitoneal injection of pentylenetetrazole (45 mg kg-'). Two micrograms of each RNA was 
analyzed by electrophoresis on 0.8% agarose gels in the presence of 2.2M formaldehyde. The total RNA 
content of each lane was monitored by staining with ethidium bromide. RNAs were transferred onto 
nitrocellulose and hybridized with czfos, c-jun, junB, egr-1 (8), and enk (23) probes. The nitrocellulose 
membrane was washed with 2 x  standard sodium citrate plus 0.1% SDS for 90 min at 55°C prior to 
autoradiography. 
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Fig. 2. Structure of the plasmids and oligonucleotides used for these studies. (A) The structure of the 
proenkephalin-CAT reporter plasmid (pENKAT-12) (13). The 5' flanking region from base -122 to 
-60 (relative to the CAP site) is expanded to show the biding sites for transcription factors AP-1, AP- 
2, AP-4, and ENKTF-1 (solid bars above nudeotide sequence) as defined by footprinting analyses in 
(13). The boxed sequences (ENK-1 and ENK-2) have been defined genetically by Comb et al. (13) to be 
necessary for basal and inducible transcription. The oligonucleotides containing the ENK-1 and ENK-2 
sequences (used in gel retardation assays) are shown below the expanded 5' region. The AP-1 
ohgonucleotide is from the promotor of the hMTIIA gene (3). Each oli onucleotide contained Sal I B (5') and Xho I (3') overhangs (not shown) to facilitate labeling with [ P]deoxynucleotide triphos- 
phates. (B) The (AP-1)3-CAT reporter plasmid contains three concatamerized AP-1 sites from the 
lMTIIA gene fused to the SV40 early promoter. The plasmid is equivalent to plasmid X3CAT as 
described in (24). (C) For transactivation assays, czfos and c-jun cDNAs were expressed from vectors 
containiig the CMV immediate-early promoter (CMV-IE). These plasmids included rat preproinsulin 
inmn sequences and SV40 polyadenylation signals. 
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mdothioneinIIA ( W I A )  AP-1 site (Fig. 
3). Although Fos and JunB formed a complex 
that associated efliaently with the ~MTIIA 
AP-1 site, only very low levels of Fos-JunB 
binding activity were detected with the ENK- 
2 site. This demonstrates that the various AP- 
1 complexes fbrmed between F a -  and Jun- 
related proteins may have differential specific- 
ities for DNA binding. 

To determine if the DNA-binding prop- 
erties of Fos and Jun on the proenkephalin 
enhancer reflected a functional interaction, 
we performed transactivation experiments 
(Fig. 4). These studies utilized chloram- 
phenicol acetyltransferase (CAT) reporter 
plasmids and F9 teratocarcinoma cells as 
described (10, 15). The data confirm that c- 
fos and c-jun stimulate expression from pro- 
moter elements h e d  to three synthetic AP- 
1 sites (16). Furthermore, a high level of 
synergistic transactivation was observed 
with the natural proenkephalin enhancer- 
promoter. We have not detected synergistic 
transactivation of ENK-CAT with c-fos plus 
junB, although these two genes stimulate 
expression of (AP-l)&4T cooperatively 
(16). This lack of activity appears to corre- 
late with the much reduced binding of Fos- 
JunB complexes to the ENK-2 site. 

The indktion of cellular immediate-early 
genes is a rather stereotypic response to 
several distinct extracellular stimuli. Many 
cellular imrnediate-early genes encode 
known or putative transcriptional regula- 
tors. In particular, several Fos-related and 
Jun-related proteins that can form hetero- 
meric and homomeric protein complexes 

capable of association with the AP-1 bind- 
ing site (17, 18) are induced with overlap- 
p&g time courses afier seizure (8, 19). ~ h G e  
proteins have been proposed to llfill a role 
in stimulus-response coupling by regulating 
target gene expression in response to envi- 
ronmental cues (1). However, the ubiquity 
of the cellular immediate-early gene respons- 
es raises the question of how specific target 
genes are regulated in different cell types. 
One partial answer to this question is that 
the cellular immediately-early gene response 
is not entirely stereotypic. For example, 
although a large set of c-fos-related genes is 
induced by serum stimulation of fibroblasts 
and by seizure in the hippocampus, at least 
one of these (ja-1) is induced in fibroblasts 
but not in neurons (20). Here, we demon- 
strate that there may also be specificity at the 
level of DNA binding, as Fos-JunB com- 
plexes have a lower apparent affinity for the 
ENK-2 AP-1 site than do Fos-Jun complex- 
es. In contrast, most of the complexes 
formed by the Fos and Jun families have 
similar ahities for the hMTIIA AP-1 site 
(17, 18). Comb and colleagues (13) have 
shown that proenkephalin transcription is 
controlled by the cooperative interaction of 
at least two regulatory elements and that 
multi~le factors-can bhd  to the 5' control 
region. It is possible that any one of the 
regulatory factors could be rate-limiting in 
specific cell types. Therefore, it is likely that 
the target genes of the cellular immediate- 
early response are controlled by a combina- 
torial interaction of resident and induced 
transcription factors. 
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Fig. 4. Synergistic transactivation of the procnke- 
phalin enhancer-promoter by c-jhs and c-jun. F9 
teratocarcinoma cells were aansfected (15) with 
10 pg of CAT reporter plasmids (Fig. 2) and 5 pg 
of each CMV plasmid expressing clfos or c-jun. 
The toml amount of CMV expression vector per 
dish was kept constant at 10 pg by adding CMV- 
plasmid containing no cDNA insem. Forty-eight 
hours after transfection cell extracts were pre- 
pared, and CAT enzyme activity was determined 
(16). 

Other candidate target genes for Fos and 
Jun in the hippocampus are those encoding 
secreted polypeptides, such as nerve growth 
factor (NGF), dynorphin, cholecystokinin, 
and somatostatin (1 1,21), that mediate neu- 

- F a  - hnB 

- 
Jun - Jun 

FoS - Jun - 

ronal responses. In particular, the increase in 
NGF expression has been proposed to pro- 
mote elaboration of axonal branches and 
somatic spines in dentate gyms granule cells, 
changes that occur after seizure (22). 

Induction of seizure by electrical and 
pharmacological stimuli or by lesion leads to 
increased levels of enkephalin peptides and 
proenkephalin mRNA (1 1). The physiologi- 
cal consequences of thcse increases in opiate 
peptide expression are unclear, although 
they have been suggested to mediate some 
of the behavioral alterations associated with 
seizure (11). Here, we show that Fos and 

Fig. 3. Fos and Jun complexes bind to ENK-2. (A) Fos and Jun were synthesized in vitro in reticulocyte 
lysates (14) and used in DNA-binding assays with [32P]AP-1 (the hMTIIA AP-1 site) or [32P]ENK-2 
(the enk AP-1 site) oligonucleotides. In addition to the [32P]-labeled oligonucleotide, antibody to Fos 
(raised to a Fos peptide comprising amino acids 127 to 152) or a tenfold molar excess of unlabeled 
competitor oligonucleotide was added to the DNA-binding reaction as indicated in each lane. The 
position of the Jun-Jun and the Fos-Jun complexes with DNA are indicated with arrows. An arrowhead 
indicates the position of a "super-retarded" band representing a Fos-Jun-DNA-antibody complex. NA, 
reticulocyte lysate that was incubated without added RNA. (B) The ability of Fos-JunB complexes to 
bind AP-1 and ENK-2 oligonucleotides was determined as in (A). No specific DNA-protein complexes 
were detected with the ENK-1 probe in lysates containing Fos-Jun or FosJunB complexes (not 
shown). 

- 
4 

1 

Jun can bind to the 5' regulatory region of 
the proenkephalin gene in vitro and that c- 
fos and c-jun stimulate expression fiom this 
region c&peratively in &activation as- 
says. This implies, but does not prove, that 
Fos and Jun conmbute to the regulation of 
proenkephalin expression in the hippocam- 
Pus. 

Under conditions in which peptide secre- 
tion exceeds biosynthesis, there could be a 
compensatory mechanism that involves a 
recruitment of the immediate-early genes 
with a subsequent activation of peptide pre- 
cursor gene transcription. In this context, 
stimulus-secretion and stirnulus--rip- 
tion coupling represent integrated compo- 
nents of a general homeostatic process. Un- 
der certain circumstances, this may result in 
a protracted elevation of neuropept..de lev- 
els, as occurs with enkephalin after seizure 
(1 1). Cellular immediate-early genes may 
underpin a general trophic response in neu- 
rons to stimulation that is mediated by 
neuropeptides and that may include alter- 
ations in synapse structure and function. 
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Functional Analysis of CAR, the Target Sequence for 
the Rev Protein of HIV-1 

Expression of high levels of the structural proteins of the human immunodeficiency 
virus type 1 (HIV-1) requires the presence of the protein encoded by the rev open 
reading frame (Rev) and its associated target sequence CAR (cis anti-repression 
sequence) which is present in the env region of viral RNA. Extensive mutagenesis 
demonstrated that CAR has a complex secondary structure consisting of a central stem 
and five stem/loops. Disruption of any of these structures severely impaired the Rev 
response, but many of the stendloops contain material that was unnecessary for Rev 
regulation and must be retained in these structures to avoid disturbing adjacent 
structures critical for CAR function. Probably no more than two of the described 
structural components are involved in sequence-specific recognition by regulatory 
proteins. 

H IV-1, THE ETIOLOGIC AGENT OF 

acquired immunodeficiency syn- 
drome (I) ,  encodes the Rev pro- 

tein, which enhances the accumulation of 
large virus genomic and virion structural 
mRNAs at the expense of the short, spliced 
viral mRNAs that code for many viral acces- 
sory or regulatory proteins (2-6). Rev regu- 
lates viral protein expression by regulating 
viral RNA transport from the nucleus (7- 
11). In the absence of Rev, HIV RNA is 
retained in the nucleus by CRS elements [cis 
repressor sequences (8-12)] located in gag 
and env. Viral RNA only exits the nucleus if 
the CRS have been removed by splicing or if 
Rev acts to overcome their repression and 
transport the RNA to the cytoplasm. 

The target sequence for Rev, CAR (cis 
anti-repressor) has been localized to a 269- 

bp region in the env RNA (12, 13) from nt 
7358 to 7627 (according to 14). Others 
have recently confirmed the localization of 
CAR (8-11, 15) suggesting the term RRE 
(rev-responsive element) (8,  9, 15). The size 
of CAR and the previous demonstration by 
deletion analysis that CAR is discontinuous 
(13) suggest the possibility of a complex 
interaction between CAR and multiple reg- 
ulatory proteins. Here we report a function- 
al analvsis of the CAR structure that under- 
lies these interactions. 

Computer analysis of CAR RNA struc- 
ture did not uniquely suggest a structure for 
CAR. Analysis of CAR from nt 7357 to 
7601 (14) by an IBM PC RNA folding 
program (16) suggested the triple stem/loop 
structure diagrammed as the central struc- 
ture in Fig. 1 with an approximate folding 
energy of -67.8 kcal as determined by the 
default parameters in the program. Howev- 
er, anaGsis of the same ;egi:n by Zuker's 
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