
Transcription Factor Interactions: Selectors of 

I?osi&veor Negative Regulation from a 


Single DNA Element 


The mechanism by which a single factor evokes opposite 
regulatory effects from a specific DNA sequence is not 
well understood. In this study, a 25-base pair element 
that resides upstream of the mouse proliferin gene was 
examined; it conferred on linked promoters either posi- 
tive or negative glucocorticoid regulation, depending 
upon physiological context. This sequence, denoted a 
"composite" glucocorticoid response element (GRE), was 
bound selectively in vitro both by the glucocorticoid 
receptor and by c-Jun and c-Fos, components of the 
phorbol ester-activated AP-1 transcription factor. In- 
deed, c-Jun and c-Fos served as selectors of hormone 
responsiveness: the composite GRE was inactive in the 
absence of c- Jun, whereas it conferred a positive glucocor- 
ticoid effect in the presence of c-Jun, and a negative 
glucocorticoid effect in the presence of c-Jun and relative- 
ly high levels of c-Fos. The receptor also interacted 
selectively with c-Jun in vitro. A general model for 
composite GRE action is proposed that invokes both 
DNA binding and protein-protein interactions by recep- 
tor and nonreceptor factors. 

The authors are in the Deparunent of Biochemistry and Biophysics, University of 
California, San Francisco, San Francisco, CA 94143-0448. 

purified glucocorticoid receptor in vitro and confers in various cell 
types hormone-mediated repression on heterologous promoters to 
which it is fused. This so-called "negative glucocorticoid response 
element" (nGRE) differed substantially from the consensus se- 
quence identified for positive GRE's (6) although as few as two site- 
directed alterations of the nGRE were sufficient to convert it to a 
positive GRE (8). 

To explain the lack of receptor-mediated enhancement at nGRE's, 
it was suggested that the interaction of receptor with nGRE 
sequences might alter receptor conformation, thereby inhibiting its 
positive activity (6) .  Recent results indicate, however, that DNA 
sequence is not the sole determinant of positive or negative regula- 
tion, as an nGRE from the mouse proliferin gene (9) conferred 
hormone-dependent repression on a test promoter in certain mam- 
malian cell types as expected, but activated expression upon hor- 
mone stimulation when introduced together with the receptor into 
cultured Dvorophila cells (10). Thus, denoting a sequencL element 
exclusively as an "nGREn is an oversimplification, as the context of 
the cell can clearly affect the nature of the hormonal response. 

In any case, the glucocorticoid receptor achieves negative regula- 
tion by counteracting transcriptional enhancement apparently con- 
ferred by nonreceptor stimulatory factors binding to the same 
segment of DNA that is recognized by the receptor. For example, 
when the prolactin nGRE fragment is fused to a test promoter, 
promoter activity is enhanced even in the absence of receptor, 
presumably through the action of a factor bound to the fragment 
(6). Characterization of the proliferin "nGRE" and of other nGRE's 
has revealed similar behavibr, although different nonreceptor en-
hancement factors appear to act at the different nGRE's (7, 11, 12). 
Taken together, these findings suggest that the glucocorticoid 
receptor represses transcription by displacement or inactivation of 
nonreceptor stimulatory factors, that the DNA sequence of the 
element plays a role in determining positive or negative control, and 
that still other factors might also be required to preclude receptor- 
mediated enhancement at an nGRE. 

To pursue further the determinants of enhancement or repression 
by the glucocorticoid receptor, we have begun to investigate the 
"nGRE" of proliferin (9). Mitogenic signals and phorbol esters such 
as TPA, which stimulate the activity of the transcription factor 
AP-1, activate expression of this gene in placenta and in various 
cultured cells; in the same cells, glucocorticoids repress proliferin 
gene transcription (9). Mordacq and Linzer (9) showed that a 
fragment from the proliferin regulatory region increases the basal 
activity of a test promoter and confers enhancement by TPA and 
repression by glucocorticoids in CHO, L, and 10TY2 cells; indeed, 
this fragment encompasses a receptor binding site adjacent to a 
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consensus AP-1 sequence (9). 
0 - 1effects are mediated by protein dimers composed of prod-

ucts ofthe jun and P s  gene f M e s  (13). The Fos-Jun heterodimer 
binds to AP-1 sites with much higher &ty than does the Jun 
homodher, and Fos alone is unable to homadimerize or bind ( 1 4  
16); in vim, Fos-Jun hetecodimers strongly enhance transcription 
and Jun homodimers enhance weakly (17, 18). In HeLa cells, AP-1 
activity derives mainly from the c-Jun protein (13, 17, 19). 

We now describe a minimal fkgment of the proliferin regulatory 
region that is suflicient for receptor and AP-1 binding, for confer-
ring positive regulation by TPA,and fbr specifying both negative 
and positive regulation by glucocorticoids. We then characterize 
receptor action at thiselement in the presence of variousamounts of 
c-Jun and c-Fos. Finally, we test in v im whether the receptor 
interacts with c-Jun or c-Fos. 

Rbfepcorbindingsiteconfaspositmeandnegativeregulation. 
Mordacq and Linzer (9) identified a site between -254 and -225 
relative to the proliferina;mscription initiationsite that is selectively 
protected in deoxycibonudease (DNase) I tbotprinting studies by a 
p d e d  168-aafi.agmentof the glucocorticoid receptor encompass-
ing the DNA binding domain (20). We obtained similar results 
using either the full-length receptor or a 93-aa fkgment that 
includes only the "zinc fin@ DNA binding motif of the receptor 
(20). Our resultswece consistent with previous findings (6) that the 
fill-length receptor binds to nGRE's with generally lower &ties 
than to consensuspositive GRE's. 

One, two, or three copies of a 25-bp oligonucleotide, p E ,  
corresponding to the receptor footprint sequence upstream of 
probferin, were inserted upstream of a minimal promoter driving a 
chlorarnphenicol acetyltransferasc (CAT) reporter gene (Fig. 1A). 
DNase faofprinting assays continned that these sequences wece 
bound selectively by the 4 4 to 525 receptor fragment and by the 
fU-length receptor (Fig. 1B).The p E 3  insect substantiallyelevat-
ed basal CAT expression in CV-1cells relative to the parental vector 
lacking the inserted element and conferred a modest stimulation of 
basal activity in HeLa cells (Fig. 2). This effect of p E 3  is 
independentofhormone (indoed,it is ohserved in the absence of the 
co-transfected receptor expression plasmid) and presumably reflects 
the activity of a nonreccptor enhancer fictor. When dexamethasone 
was added to the cultures c o d e c t e d  with receptor and reporter 
plasmids, CV-1 and HeLa cells showed a striking di&rence; 
hormone treatment repressed CAT activity two-to threefbld in CV-
1(Fig. 2A), whereas in HeLa cells, dexamerhasonestimulated CAT 
activity three- to fourfold (Fig. 2B). Thus, p E 3 ,  independent of 
either hormone or receptor, activates promoter function; moreover, 
the samc element confers hormone-dependent positive or negative 
regulation depending on cell context. Similar effects were okrved 
with the p E  CAT and p E 2  CAT constructs, although the 
magnitudeof the regulatory dfcrrswas relatively modest. 

Control of ghwmdaid rqcmsc by Jun and Pos. Because 
the p E  element did not indude the TPA-responsive AP-1 site 
identified by Mordacq and Linzer (9), the observed pE3-mediated 
increase in basalpromoter activity was h e .More surpris'hg-
ly, treatment of the tramfeaed HeLa cells with TPA produced a 
doublingof p E 3  CAT expressionin the absenceof hormone, and a 
70-fold increase in dcxamethasone-treatedcultures (Fig. 3); TPA 
had no effect on transcription tiom the reporter construct lacking 
the p E 3  elements. Closer examination of p E  revealed two 
sequenceswithin the receptor footprintregion that resemble an AP-
1site, containing4 and 6bp, respectively, in common with the 7-bp 
consensus AP-1 element (Fig. 4 4 .  Indeed, DNasc footprinting 
with c-Jun and c-Fos revealed that AP-1 binds within the p E  
element (Fig. 4B). Thus, in addition to the TPA response element 
identified within the proliferin regulatory region (9), we conclude 

that AP-1 also binds selectively within the p E  receptor-binding 
segment, and that AP-1 binding is likely responsible both b r  
enhancing basal promom activity and fbr conferring TPA respon-
siveness in the p E 3  CAT reporter c o m u .  Moreover, the strong 
synergism of d d a s o n e  and TPA at p E 3  implies that the 
receptor and AP-1 simultaneously can occupy this element. 

It seemed that the intracellular composition or concentration of 
AP-1 complexes might influence the receptor's conf&g positive 
or negative regulation at p E 3 .  We therdbre cotcansfected HeLa 
cells with constant amounts of the p E 3  CAT and feceptor 
expression vectors but with various amounts of cjun or c-Ps 
expression vectors. Increasing the amount of c-Jun produced pro-
gressive increases in CAT expressionin the absenceof hormone, and 
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Flg. 1. CAT I C ~ ILCI genes containing 
one to three copies of a glucocorticoid 
receptor binding site from the motwe 
proliferin gene. (A) Diagrams of con-
structs. A 25-hp oligonucleotide corre-
sponding to  -254 to  -230 relative to  
the proliferin gene transcription initia-
tion site, and flanked by Pst I and Xba I 
sites, was synthesized and inserted as 
one, nvo. or three copies as shown up-
stream of the ~ r o s o ~ l ~ ~ l adistal Adh pro-
moter TL4TAelement. The vector con-
tains Drosopllila sequences knveen -33 
and +53, relative to  the alcohol dehy-
drogenase nanscriprion initiation site 
fused to the hacterial chlorarnphenicol 
acetyltransferase (CAT) gene (.?6);this 
promoter is also functional in cultured 
animal cells (37) .(B) DNase I fmtprint 
of full-lengh glucocorticoid receptor 
and the 440 to 525 receptor derivative 
(zinc finger fragment) on plfG2 DNA. A 
260-hp Iragment containing the pIfG2 
element was end-labeled with 3'I'. incu-
hated \wth protein? as described, and - - - -*-.. -
sublected to  Dhjase I footprinting (38). - -
Reactions ~nlanes 2 to  6 contained 100 &&----a 

. - .  - - _ .  -
ng of polp(d1. dC). (Lanes 1.7. and 11) 
S o  protein; (lanes 2 and 6) 6 p.1 of 
cytoplasmic extracts from HeLa cells in-
fected with wild-ype vaccinia virus (3.25 k g t ~ l ) ;(lanes 3, 4, and 5) these 
contain. respectively, 2, 4, and 6 pl of cytoplasmic extract from HeLa cells 
infected with a recombinant vaccinia virus producing full-length glucocorti-
coid receptor (3.25 ~ g / k I )(22); (lanes 8, 9, and 10) these contain, 
respectively. 300, 600, and 900 ng of purified glucocomcoid receptor 
derivative. 440-525 (20). Arrou,s on left margin indicate positions and 
orientation of plfG receptor hinding sequences on the fragments. 
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Fig. 2 Thc p E 3  ckment displays negativeor positive GRE activity. (A) 
CV-1&. Subcon&lcnt culturrsof CV-1&wac co-transW withthe 
calcium phosphate prodwe (39) with 3 aof rat ghmcorticoidrrceptor 
exprcssfon vector (p6RGR) (3), 3 pg of either -33 CAT or plS3 CAT 
rcporter plamids, and 50 ngof @-gala- qtession plasmid (pLac82 
SU) (40); as an in& control of ansfktion &ciency. Ceh were 
mcubatcd ovumght with the calcium phosphate precipitates, after which 
they were washed twice with phosphate-bufkred saline (PBS), and fresh 
medium was added togahcr with 100 nM dexamhsone (Dex)whcrc 
indicated. Afta an additid48hous cellswar h a r v d  andextractswere 
prrpared by fwr k - t h a w  cydes (-70°C, 37°C) and cemhgation at 
15,000g. Heat-treated portions (5 minutes, 68°C) wac subjected to a 
nonchmmaqpphic CAT assay (41); a secondportionwas subjcctcdto a @-
galactosidase assay (42). CAT activities shown, normalized to $-gal?cto-
sidase activity, arc fiwn a repmmtative eqakent Tnnsfection atperi-
rnents shown here and in F i .  3,5,6, and 8 were repeated three or more 
times.In this figure,average repressionin CV-1was 3.7-fold with a standard 
deviation of 0.61; in HeLa, average induction was 3.3-fold with a standard 
deviation of 0.65. (B) HeLa ceh.Conditions for growth, tmmbion, and 
assay were as in (A). 

Fig. 3. Both TPA and dmmchsme  
modulvcrrgulationinHeLaccllsviathe 
p m 3  ekment HeLa& werr t r a d k t d  
as in Fig. 2 with 3 pgeach o f d ~p m 3  
CAT and p6RGR DNA,and treated after 
tmmbion with 100 nM daamcthasone 
or TPA at 0.125 ~glrnlfor 48 hours as 
indicated. CAT and kgdactosidase were 
assayed as in Fig. 2. 

dcxamcbmne addition d t e d  in a h t h e r  three- to eightfold 
enhancement (Fig. 5A). In parallel tran&uions, increasing 
amounts of c-Fos stimulated CAT expression in the abscna of 
hormone. but in con& to the dowith c-Jun. daamdnmne 
trea& had no &a on cultures-with 1pg of c+s, 
and repressed by about dvedbld the CAT expression in cultures 
tansf& with 4 p g  of c-fbJ (Fig. 5B). Thus, pH33 confinrad a 
positive glucocorticoid mponse in HcLa cells and in cells bearing 
tmnd& c-jun coding sequences. In contrast, the same elanent 
mediated negative glucocorticoid regulation in HeLa cells when c-
Fos was ehated. -

To examine h h e r  the c-Jun and c-Fos depcndena of p K 3  
activity, we perfolmed a similar scriesoftrade&ons in dm-
tiated7~9&bryonal &om cells, which lack endogenous AP-1 
activity (14, 19, 21). When receptor and p K 3  CAT were intro-
duced into these cells in the absence of c-jm or c-fbJ, neither basal 
exprcssion nor hormone-dated enhancement was detected. 

A 
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and c-Fos (see below); similar results were ob-

1 i=;tained with purified c-Jun and c-Fos. Arrows on 
left margin indicate position and orientation of 
plfG elements; open rectangles denote positions 
of the putative AP-1 sites within plffi2. (Lanes 1 

Fig. 4. The plffi element contains sequences B 1 2 3 4 5 6 7 
related to AP-1 binding sites, and is specifically 
bound by AP-1 protein. (A) Nucleotide sequence 
of glucocorticoid receptor footprint region (un-
derlying arrow) upstream of the prolifcrin pro-
moter. The sequence of the plffi oligonucleotide &
itself is also shown, together with the AP-1 
consensus sequence (13), and two related se-
quences within plffi. The AP-1-related sequence 
elements are marked on the plffi sequence; lines 
indjcate consensus positions, small squares denote 
depamres from consensus. (8) DNase I foot-
pr~ntingof AP-1 on plffi2. A plfG2-containing 

pa- -

and 7 j  No protein; (lanes 2 and 6) 3.2 pg of 
control nuclear extracts (see below); (lanes 3, 4, 
and 5) these contain, respectivelv 0.25,0.5, or 1.0 

fragment, which also contains a head-to-head 
dimer of the PLF GR binding sequence, as in the 
diagram of (A), was end-labeled with 32P for 
DSase I footprinting as in Fig. 1, except that the 
labeled fragments were mived with HeLa cell 
nuclear extract containing high amounts of c-Jun 

K I  of AP-l-containing ixtract (3.2 p,g/pI). Rind-
ing reactions were done in 10 percent glycerol, 2 
percent polyvinvl alcohol, 25 mM tris-CI, pH 7.9,6.25 rnM MgCI,, 50 mM 
KCL, 0.5 mM DTI' (dithiothreitol), 0.5 mM EDTA, 0.05 percent NP-40, 
with approximately 1 Em01 of plfG2 probe. Reactions in lanes 2 to 6 
contained 100 ng of p l y  (dl.dC). Reactions were incubated for 14minutes 
at 0°C and 1 minute at room temperature before DNase I digestion; 
reactions in lanes 1 and 7 received 0.3 ng of DNase I; lanes 2, 5, and 6 
received 7.5 ng; lane 3, 1.9 ng; lane 4, 3.8 ng. Samples were fractionated on 
an 8 M urea, 8 percent polyacnlamide gel. Overproduction of AP-1 was 
achieved by transfecting 150-mm dishes of subconfluent HeLa cells with 18 
p,g each of c$os and c:jitn expression vectors driven bv a bacteriophage T 7  
promoter (43, 44). Four hours after removal of calcium phosphate precipi-
tates, the culrures were infected with vaccinia virus encoding 7 7  polymerase 
(30 pfu per cell) (45) and were incubated for 24 hours. Cells were harvested 
bv scraping into PRS, and nuclear extracts were prepared (46); control 
extracts were prepared in parallel from untransfected infected HeLa cells. 

--a- --
8=8 -a 

However, upon addition of relatively low lev& of c+n and c-@s 
together, basal promoter activity was strongly activated, and dcxa-
methasone suppressed that activation by as much as 30-fold (Fig. 
64.Exopous c-Fos exprcssion in the absencc of exogenous c-Jun 
yielded similar d t s  (Fig. 6B). As observed in HeLa cells, 
coaansfbcton of c-jun into F9 cells in the absence of added c-fi 
reversed the diredon of hormonal regulation: the Jun-stimulated 
basal expression was h t h e r  enhanced upon daamcdwone addi-
tion (Fig. 6B). 

These findings indicate that components of the AP-1family arc 
essential for each of the activities of the p K 3  element. That k, 
activation of basal expression is o b w n r e d  F9 cells only in the 
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presence of exogenous c-Jun or c-Fos. The capacity for exogenous 
c-Fos alone to trigger plfG3-mediated enhancement in F9 cells 
implies a background level of an endogenous Jun-related protein 
that itself is insufficient to activate from plfG3 [or from other AP-1 
sites (14, 19, 21)], but is functional upon heterodimerization with 
exogenously introduced c-Fos. The glucocorticoid receptor fails to 
regulate plfG3 CAT in F9 cells in the absence of added c-jun or c-fos 
(Fig. 6A) despite the fact that the receptor is fully competent under 
these same conditions to enhance transcription from the well-
characterized tyrosine aminotransferase GRE (22, 23). This suggests 
that an interaction, direct or indirect, between receptor and c-Jun is 
required for hormonal regulation from plfG3, and that c-Jun alone 
(presumably as Jun homodimers) both activates the promoter and 
mediates glucocorticoid receptor-dependent enhancement, whereas 
Jun-Fos heterodimers strongly activate the promoter in a manner 
that is fully suppressed by the hormone-receptor complex. 

Interactions of glucocorticoid receptor with AP-1 and DNA. 
To examine the possibility that the glucocorticoid receptor might 
associate with components of the AP-1 complex, we tested whether 
the proteins in solution could be chemically cross-linked. For these 
experiments, c-Fos and c-Jun were synthesized in reticulocyte lysates 
in the presence of [35~]methionine,and glucocorticoid receptor was 
produced in HeLa cells infected with a recombinant vaccinia virus 
expressing receptor coding sequences (22). Cytoplasmic extracts 
from the infected cells were incubated with hormone, mixed with 
labeled c-Jun, c-Fos, or both, and the mixtures were treated with the 
cross-linking agent dithio-bis (succinimidyl proprionate) (DSP). 
The reactions were immunoprecipitated with receptor-specific 
monoclonal antibody (24), the cross-links were reversed, and the 
labeled proteins were subjected to SDS gel electrophoresis. 

Under these conditions c-Jun was coprecipitated, whereas c-Fos 
alone was not (Fig. 7, lanes 2 and 4); however, labeled c-Fos was 
detected in complexeswith the receptor when c-Jun was also present 
in the reaction (Fig. 7, lane 6 ) .Control reactions with cytoplasmic 
extracts from HeLa cells infected with wild-type vaccinia virus 
yielded no detectable coprecipitated c-Jun or c-Fos (Fig. 7, lanes 1, 
3, and 5 ) ;  similarly, labeled proteins were not precipitated by 
control antiserum. Thus, the receptor appears to form specific 
complexes with c-Jun, perhaps as Jun homodimers, and with Jun-
Fos heterodimers. No complexes of receptor and AP-1 were ob-
sewed in the absence of DSP, implying that the interactions are 
transient under these conditions. 

Binding of receptor to the plfG sequence is selective but weak 
relative to its association with consensus GRE's (Fig. 1B).Together 
with results indicating that c-Jun interacts with receptor in vitro and 
is required for plfG activity in vivo, it seemed conceivable that AP-1 
(and c-Jun in particular) might passively "tether" the receptor at 
plfG sequences, and that DNA binding by the receptor itself might 
therefore be whollj~dispensable. To test this idea, we cotransfected 
into HeLa cells the plfG3 CAT reporter, c-fos, and receptor deriva-
tives bearing point mutations in the zinc finger region that selective-
ly abrogate DNA binding (4). We found no hormonal regulation 
under these conditions (Fig. 8), consistent with the idea that DNA 
binding by the receptor at plfG is essential. Similarly, NLxC, a 
chimeric receptor lacking entirely the zinc finger region and instead 
containing the DNA binding domain of the bacterial lexA repressor 
(6 ) ,also failed to modulate plfG3 CAT activity, whereas it strongly 
enhanced expression from a lex operator-linked promoter (Fig. 8). 
In addition, the receptor zinc finger mutants failed to activate 
transcription from plfG3 CAT in HeLa cells when transfected alone 
or with c-jtrn. w e  infer from these results that receptor action at the 
plfG3 element requires receptor binding both to c-Jun and to a 
specific DNA sequence. 

Regulation by composite GRE's. Our experiments define a new 

class of glucocorticoid response element at which hormonal regula-
tion depends not only on DNA binding by the receptor protein, but 
also on nonreceptor factors with which the receptor interacts. We 
denote these as "composite GRE's" to distinguish them from 
previously characterized "simple GRE's," which are defined by three 
types of experiments: First, fusion of simple GRE's to test promot-
ers has no effect on basal promoter activity in the absence of 

Dex 

Fig. 5. Exogenous c-Junor c-Fos have differentialeffectson plfG3 action in 
HeLa cells. ( A )HeLa cell cultures were transfected with 2 pg o fplfG3 CAT 
reporter, 2 pg o f  p6RGR receptor expression vector, 50 ng o f  pLac82 SU 
internal control plasmid, and either 0, 0.25, 1.0, or 4.0 pg o f  pRSV c-jurz 
(47) expression vector. Extracts were prepared and assayed as in Fig. 2, 
except that a mock reaction containing no protein was included in the CAT 
assay to establish a baseline activity which was subtracted from each value. 
(B) HeLa cells were transfected and assayed as above,except that pRSV clfos 
(47)replaced pRSV cjun. 

No Dex 

Dex 

-
0 0.01 

c fos/c jun (pg) c ion (kg) c fos ( ~ g )  

Fig. 6. Effectso f  exogenous c-Jun and c-Fos on plfG3 composite GRE 
activity in F9 embryonal carcinoma cells. ( A )Co-transfectionof  cjun and c-
4 s .  Subconfluentmonolayers o fF9 cells were cotransfected as in Fig. 2 with 
increasing amounts o f  pRSV clfos and cjun expression vectors together with 
2 pg o f  plfG3 CAT, 2 pg o f  p6RGR receptor expression vector, and 50 ng 
o f  pLac82 SU control plasmid. Extracts were prepared and enzymes assayed 
as in Fig. 2. (6) Separate transfections o f  c-jun and c-fas. Experiment was 
carried out as in (A ) ,except the pRSV cjun and egos expression plasmids 
were introduced separately. 
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Fig. 7. G l u ~ c o i d  receptor interacts selectively with c-Jun and AP-1 in 
vim. [35S]methionine-labeled c-Fos and c-Jun proteins were produced by in 
v im mnsaiption (T7 and SP6 RNA polymerase, rrspectively; I~romega) 
and in vim translation in miculocyte lysatcs (Promega). The labeled 
products were mixed with cytoplasmic amaccs of HeLa cells infixted either 
with wild-type vaccinia virus or with a rccomb'mant vaccinia virus expressing 
the rat glucaorticoid receptor (22). The labeled Jun and Fos products in 
these reaction mixes arc shown in lVKs 7 to 12. The reaction mixtum were 
then subjected to chemical cross-hking with DSP and the cross-linked 
products were immunoprecipitated with a receptor-specific monoclonal 
antibody (48); the immunoprecipitates were washed mensively before cross- 
Links were reversed in 4 percent p-me~ptoethanol and the products were 
subjected to elecaophoresis, fluorography, and autoradiography. Labeled 
Jun and Fos immunoprecipitated with the receptor arc shown in lanes 1 to 6. 
In each lane, the presence of a given protein in the initial reaction is denoted 
by plus signs. Bands at the stacking gel interface in lanes 2 and 6 arc due to 
in&dent reversal of cross-links. 

hormone or receptor (25). Second, all mutations that affect the 
activity of simple GRE's in vivo also receptor binding in vitro 
(26). Finally, "domain swaps," in which the zinc finger DNA 
binding region of the receptor is replaced by the DNA biding 
domains of heterologous proteins, yield chimeric rtceptors that 
recognix the corresp&di@ heterologous target sequences as M y  
functional GRE's (3). Thus, all simple GRE's confer enhancement in 
a manner that d'p'nds solely on %thering" the receptor to DNA. 
In contrast, all of the described "nGREYs" appear to depend upon 
both receptor and nonreceptor factors, and certain positive steroid 
responses similarly have been shown to be mediated by composite 
elements (27); we show here, for example, that hormone-dependent 
enhancement from pH33 requires c-Jun. 
Because simple GRE's depend only upon a single faaor, their 

analysis is relatively straightforward, but their regulatory diversity is 
limited. In contrast, composite GRE's employ protein-protein 
interactions between the receptor and other hctors to achieve 
combmatorial regulation. In fact, hormonal control of the intact 
proliferin promoter likely involves components in addition to those 
implicated with the synthetic pH33-minimal promoter constructs 
characterized in this study (28). Because of their regulatory versa- 
tility, it seems likely that composite GRE's will prove to be the 
prevalent mode for regulation by glucocomcoids. 

Without altering cell type, regulatory element, promoter, recep 
tor, or hormonal ligand, we have shown that transuiption from 
pH33 can be activated, repressed, or unaffected by hormone, and 
that c- Jun and c-Fos serve as "selectors" for these shifts of regulatory 
activity. Thus, the positive glucocomcoid response conferred by 
pH33 in HeLa cells was switched to a negative response in the 

presence of increased c-Fos. Similarly, elevated expression of c-Jun 
in CV-1 cells reversed the repression n o d y  mediated by pH33 in 
that line, producing a stimulation of tramaiption in response to 
hormone. Therefore, the ratio of functional Jun and Fos, not their 
absolute amounts, is the key determinant; in this way, cell-specific 
action of pH33 is defined by the relative activities of two non-cell- 
specific factors. 

On the basis of our results, we prbpose a simple model to account 
for selector activity (Fig. 9). According to this speculative scheme, 
the receptor would function at pH33 only by interacting both with a 
specific DNA sequence and with bound c-Jun; hence, pH33 would 
be inactive in F9 cells, which la& AP-1 activity (Fig. 9A). The 
model envisions W e r  that the "aanscrivtional -enh&cement do- 
mains'' of receptor and c-Jun would remain functional in a receptor- 
Jun-pH33 complex (Fig. 9B); thus, pH33 would be a strong 
positive GRE in this state. In contrast, receptor association with a 
Jun-Fos heterodimer at pH33 would produce a DNA-protein 
complex in which Jun-Fos and receptor co-occupy the element but 
are inactive (Fig. 9C); alternatively, the receptor interaction with 
bound Jun-Fos at pH33 might produce a confonnational change 
that destabilizes DNA binding by both receptor and Jun-Fos. 
Preliminary results are consistent with co-occupancy of the DNA 
(29), although in either case, pH33 would be a strong negative GRE 
under these-conditions. 

It remains f o d y  possible that c-Jun and c-Fos might affect 
pH33 indirectly, perhaps by inducing the expression of other factors 
that bind at pH33 and interact with receptor. We have shown, 
however, that the plfG element contains AP-1-like consensus 
sequences, that AP-1 b ids  specifically within the element, that the 
receptor can interact selectiv~ly with c-~un, and that regulation by 
the receptor requires its DNA binding domain. Thus, the simplest 
interpretation of our experiments is that c- Jun and c-Fos act directly 
at pH33, and that receptor-AP-1 complexes form on the element. As 
higher order oligomers are well known among molecules that 
interact via coiled coils (M), the protein structure motif that governs 
dimetintion of AP-1 commnents. heterotrirnerization of factors. 

I 

resulting in protein complexes witfi distinct activities, provides a 
feasible mechanism for 'combinatorial control. We suggest that 

Fig. 8. Role of the re- 
ceptor DNA binding d e  
main in composite GRE 
activity. HeLa cells were 
tramkted as in Fig. 2 
with 2 CLg of pH33 
CAT, 4 C L ~  of pRSV c- 
fus, 50 ng of Lac82 SU, F and 2 C L ~  o expression 
plasmids encoding vari- 
ous receptor derivatives: 
wt, wild type; cA.u)R, 
M P ,  C492R, three 
receptor derivatives with 
point mutations in the 
zinc finger region, each 
of which abrogates 
DNA binding -(4); Ptm CAT 
NLxC. a chimeric recemr in which the zinc f i t  repion 

3 

2 

1 

NLxC 

XYCO 
has been 

substituted by the  binding motif of the bacteriz - rep- (3). 
To danons&te that W is f;lctional, a separate conml transTcction w& 
carried out in which W was co-transfected with a CAT remrter dasmid 
linked to the lex operator sequence (3, 49). Extmcts wereAprcpo;ed and 
enzymes were assayed as in Fig. 2; for ease of comparison, CAT activities in 
the absence of hormone were norm- to the maximum activity obtained 
for cells d e c t e d  with the wild-type receptor. Repression by wild-type 
receptor is somewhat weaker in this case due to relatively low levels of 
receptor expression from the particular expression vector [pVARO (50)] 
used for this experiment. 
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Fig. 9. A model for composite GRE activity by the plfG3 element. I n  each 
panel, the solid line depicts DNA surrounding the promoter (different sized 
arrows represent relative levels of  transcriptional activity) and plfG sequence 
element (thickened line). Stippled forms with solid sector depict the 
receptor-hormone complex; open ovals represent c-Jun; open rectangles, c- 
Fos; dotted arrows between factors and promoter indicate enhancement 
activity. Shown are three conditions in the absence and presence of 
hormone: (A) I n  the absence of  AP-1 activity, the hormone-receptor 
complex fails t o  interact functionally with the plfG element. (B) The  c-Jun 
homodimer alone binds weakly t o  plfG and activates the promoter; the 
hormone-receptor complex interacts both with the plfG sequence and with c- 
Jun, producing a stable complex that strongly enhances promoter function. 
(C) The  Jun-Fos heterodimer strongly enhances promoter function; the 
hormone-receptor complex interacts both with plfG and with Jun-Fos 
producing a complex with altered conformation that is not  functional for 
enhancement; an alternative possibility is that the structural alteration leads 
t o  release of all components from the DNA. 

selector functions of the types inferred here might operate at 
composite GREs in vivo to modulate the extent and the direction of 
glucocorticoid responsiveness under different physiologic condi- 
tions. In fact, certain single copy genes, such as phosphoenolpyr- 
uvate carboxykinase (PEPCK), are glucocorticoid-stimulated in 
some tissues and repressed in others (31'1.\ ,  

The selector function of Jun and Fos provides a simple mechanism 
for communication between distinct signal transduction networks. 
In this regard, it is intriguing that AP-1 itself represents a family of 
transcription factors that may derive functional diversity from 
alternate pairwise association of different Jun- and Fos-related 
components (16, 17).In fact, we have not determined whether c- Jun 
and c-Fos are the precise AP-1components that serve as selectors at 
plfG3 in vivo. Interestingly, glucocorticoid-mediated repression of 
the glycoprotein hormone a-subunit and PEPCK genes appears to 
involve receptor-dependent inhibition of CREB (11, 31), a CAMP 
signal transducer that is c-Jun-related (32).Thus, different compos- 
ite GRE's may employ a range of AP-1 family members as selectors. 

General features o f  negative regulation. One view of negative 
transcriptional regulation is that repressor proteins exclude positive 
factors by competitive binding to common or overlapping sites (2, 
33). Such a scheme requires that repressors bind tightly and 
efficiently to their target sites. The receptor, however, binds to plfG 
with relatively low affinity in vitro. Moreover, the receptor is 
produced at limiting concentrations, and therefore occupies ineffi- 
ciently even strong consensus GRE elements (34); similarly, other 
regulatory factors are expressed at limiting levels (35).Therefore, the 
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competition model cannot readily explain repression by the receptor 
or by many other factors. 

It is instructive to consider that even low fractional occupancy of a 
single regulator at sites near an otherwise inactive promoter can 
suffice to strongly activate transcription. In contrast, efficient repres- 
sion by steric hindrance requires that the repressor efficiently occupy 
binding sites at all potentially activatable promoters. As the amount 
of regulatory proteins produced is generally limiting, negative 
regulation in particular must occur by other mechanisms. In our 
model for the plfG3 composite GRE, we suggest a scheme whereby 
limiting amounts of receptor repress efficiently and specifically 
despite inability to occupy fully even cognate GRE sequences. The 
key feature is that the receptor interacts at the composite GRE not 
merely with a DNA sequence but also with the bound Jun-Fos 
complex. Thus, the receptor associates only with activated promot- 
ers. The finding that the receptor interacts both with DNA and with 
Jun-Fos implies that the composite GRE may facilitate or stabilize 
the protein-protein interaction, and provides a mechanism for 
selectivity that explains why glucocorticoids do not regulate all 
promoters that utilize AP-1. Moreover, our studies of the plfG3 
composite GRE underscore the regulatory versatility of such ele- 
ments. 
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"...furthennore, thirty-four percent of our population control one percent 
of the wealth which is the same as in your country - ifI'm not mistaken." 
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