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The glucocorticoid receptor regulates transcriptional ini- 
tiation upon binding to its cognate hormone. A series of 
fusion genes was constructed to examine the mechanism 
of hormone-regulated transcriptional enhancement. The 
DNA binding domain of the bacterial LexA repressor was 
fused to receptor derivatives lacking the region that is 
necessary and sufficient for specific DNA binding and 
transcriptional enhancement at glucocorticoid response 
elements (GREYs). The resultant hybrid proteins activated 
transcription from promoters linked to the lex operator. 
Enhancement still required hormone binding by the 
hybrid receptor regardless of the exact positioning of the 
LexA binding domain within the protein. Thus, the 
unliganded hormone binding domain of the receptor acts 
as a strong but reversible inhibitor of receptor activity in a 
manner that is independent of the means by which the 
receptor recognizes DNA. The results also show directly 
that the receptor contains at least one "enhancement 
domain" other than that overlapping the GRE binding 
region; the second domain, enh2, occupies a region near 
the receptor amino terminus. 

T HE GLUCOCORTICOID RECEPTOR IS AN INTRACELLULAR 

protein that, upon interaction with functional hormonal 
ligands, binds to specific DNA sequences termed glucocorti- 

coid response elements (GRE's) and enhances transcription from 
linked promoters (1). Receptor complementary DNA's have been 
cloned from rat (2-4), and in vitro studies of the 795-amino acid 
gene product have localized the steroid binding domain to the 
carboxyl-terminal third of the protein, amino acid residues 540 to 
795, whereas the DNA binding domain is between amino acids 440 
and 525 (5, 6). It has been suggested that the DNA binding regions 
of all members of the "nuclear receptor gene family" contain two 
"zinc finger" structural motifs (7); indeed, this region of the rat 
glucocorticoid receptor associates with two metal ions, and metal 
coordination is necessary for GRE binding (8). 

The DNA binding domain is itself sufficient to confer transcrip- 
tional enhancement in transfected cells, albeit at low levels (9, 10). 
The overlap of the DNA binding and enhancement (denoted enhl) 
regions has compromised attempts to assess whether additional 
enhancement regions might lie elsewhere in the receptor, since any 
added segment that increased enhancement activity might simply be 
facilitating the proper folding of the enhl domain (10). 

Receptor derivatives that lack the hormone binding domain 

enhance transcription constitutively from GRE-linked promoters (5, 
9). Thus, the interaction between hormone and receptor derepresses 
one or more functional activities outside of the hormone binding 
region. Data from early investigations implied that the DNA 
binding activity is subject to such derepression (11) and, more 
recently, nuclear localization of the receptor has also been shown to 
be hormone-dependent (12). The precise mechanism of this ligand- 
mediated derep-ression, and the possibility that additional receptor 
activities might also be subject to derepression, remain open ques- 
tions. 

Activation regions of several yeast transcriptional regulators have 
been mapped Gy fusing segments of those-proteins to the DNA 
binding domain from a heterologous protein, such as the Escherichia 
coli repressor, LexA (13-15). I t  seemed conceivable that this strategy 
could-be ex~loited to determine. first. whether additional enhance- , , 

ment domains reside within the receptor at positions other than the 
DNA binding domain and, second, whether hormonal regulation of 
receDtor function is maintained in receDtor s~ecies that contain a 
nonreceptor DNA binding region. We describe here the construc- 
tion and functional analysis of a series of receptor-Led fusions to 
approach novel issues concerning transcriptional regulation and 
signal transduction. 

Lex operator functions as a transcriptional enhancer. We 
constructed a chimeric gene, NLxC, in which the sequences encod- 
ing receptor amino acids 1 to 449 (denoted N) and 524 to 795 
(denoted C) are fused amino and carboxyl terminal, respectively, to 
those coding for the DNA binding domain of the E ,  coli LexA 
repressor (amino acids 1 to 87) (16); thus, this manipulation 
replaces the receptor DNA binding domain with that of LexA. In 
transfected CV- 1 cells (which lack endogenous receptor), the NLxC 
protein had no effect on expression from a cotransfected reporter 
gene GMCO, in which the murine mammary tumor virus (MTV) 
GRE and promoter direct transcription of bacterial chlorampheni- 
col acetyltransferase (CAT) (Fig. 1); as expected (3, 5), the intact 
receptor, N795, strongly enhances GMCO transcription upon 
hormone treatment (17) (Fig. 1). However, NLxC strongly induced 
transcription from XMCO, a GMCO derivative containing a 26-bp 
lex operator (18) inserted between the MTV GRE and promoter; 
moreover, induction by NLxC is fully hormone-dependent (Fig. 1). 
As was expected, the intact receptor also activated XMCO transcrip- 
tion, since the MTV GRE is retained in XMCO. In control 
experiments, the LexA DNA binding domain alone, Lx87, did not 
affect expression from either XMCO or GMCO (Pig. 1). Thus, 
NLxC s~lectively stimulates transcription in a hormone-dependent 
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Fig. 1. Transcriptional regulation by receptor-LeA N795 Lx87 NLxC 
h i o n  proteins. (Top) Schematic representation of 
receptor, the LexA DNA biding domain Lx87, 1 87 
the receptor-LeA h i o n  protein NLxC, and the 
regulatory region of reporter genes (32, 33). N795 
is the wild-type receptor. Lx87 contains amino acids 
1 to 87 of the LexA protein; to express Lx87 done, M N  LTR 
it is f k d  in fi.ame via a Barn HI linker to sequences 
encoding the first five amino acids of HW (herpes -- 300 -1 00 ? J W  -CW 

simplex virus) thymidine kinase, which provide a pnmr - .-.-.-A 1 1  :I 11- 
*ode translation start. Accumulation of Lx87 
in transfected cells has not been measured. In 
NLxC, Lx87 replaces receptor amino acids 450 to 
523. Expression of the chloramphenicol acetyltrans- 
terase (CAT) gene is directed by the MTV promot- 
er in GMCO. Binding sites for the glumcomcoid 
receptor (GRE) and the CAAT uansaiption factor 
(CTF) and the TATAA box are indicated. XMCO 
was derived from GMCO by insemon of a lex 
operator (Lop) (18) at the Sac I site at -109 
relative to the transcription start site. (Bottom) 
CAT assays correspond to transient transfection (3) 
of duplicate cultures of receptor-deficient CV-1 c& 
with 5 pg of a receptor (or Lx87) expression 
plasmid and 0.5 C L ~  of either GMCO or XMCO per 
loan culture dish. Duplicate transfested cultures 
were incubated for 30 hours with (+) or without Dex ' + - + - + Dex - + - + 
(-) 1 pM dexamethasone (Dex). b c t s  were N795 Lx87 NLxC N795 LX87 
prepared, and CAT activities were determined by a 
thin-layer chromatographic assay (34); the two upper spots in the appropriate lanes are the reaction products. 

- + 
NLxC 

fashion from a lex operator-MTV promoter construct; furthermore, 
these results suggest that at least one segment of the receptor in 
addition to the DNA binding-enhl region is sficient for transcrip- 
tional enhancement (see below). 

We next tested whether NLxC could regulate transcription from 
promoters not normally subject to glucocorticoid control. We 
constructed reporter plasmids that contained a P-globin promoter- 
CAT fusion with the lex operator fragment inserted either at - 125 
bp (pXBCO) or at + 1.65 kb (pOBCX) relative to the transcription 
start site. In hormone-treated cultures, NLxC stimulated XBCO 
expression more than 50-fold (Fig. 2C), similar to the extent of 
induction by the intact receptor of an analogous GRE-P-globin 
promoter construct (19); transcripts induced by NLxC displayed the 
correct start sites (see below). The expression of OBCX was also 
induced by NLxC in the presence of hormone, albeit at lower levels, 
as would be expected for constructs in which the promoter and 
regulatory elements are widely separated (Fig. 2C). Similarly, NLxC 
also induced transcription from thymidine kinase promoter con- 
structs bearing upstream or downstream operator sequences (19). 
Thus, the lex operator is a transcriptional enhancer under these 
conditions, and the NLxC fusion protein functions as a bona fide 
enhancer activating protein. 

Hormonal regulation of receptor-LexA hybrid proteins. It 
was striking that hormonal regulation persisted in the NLxC 
derivative in which the zinc finger DNA binding structure of the 
receptor has been substituted by a helix-turn-helix motif. This 
demonstrates that receptor activity is controlled by ligand biding 
regardless of the conformation of the DNA binding domain. To 
examine the effect of altering the relative position of the DNA 
binding region within the receptor, we substituted the NH2- 
terminal 150 amino acids of receptor with Lx87. The receptor 
derivative used for this construct was AZ, which lacks receptor 
amino acids 450 to 505, and therefore lacks the receptor DNA 
binding domain. This chimeric receptor, LxAZ, enhanced XBCO 
and OBCX expression in a hormone-dependent manner, whereas 
AZ itself had no effect (Fig. 2). Thus, hormonal regulation of 
receptor activity is maintained even when a heterologous DNA 

binding region is introduced into the protein at a heterologous 
position. 

Picard and Yamamoto (12) mapped two nuclear localization 
signals in the glucocorticoid receptor and showed that accumulation 
of receptor within the nucleus is hormone-dependent. Therefore, 
hormonal regulation of transcriptional regulation by the receptor- 
Lx87 hybrid proteins might simply reflect control of their intracellu- 
lar location. However, when we visualized NLxC and LxAZ by 
immunofluorescence, a substantial fraction of each was detected in 
nuclei even in the absence of hormone (Fig. 3); after the hormone 
was added, the residual cytoplasmic receptor migrated stably into 
nuclei. These results suggest that regulation of nudear localization is 
relaxed in the receptor-Lx87 chimeras, and therefore that control of 
nuclear localization cannot fully account for the hormone depen- 
dence of enhancement by these fusion proteins. 

Deletion of the hormone binding domain from the receptor yields - - 
derivatives that constitutively enhance transcription from appropri- 
ate GRE's (5, 9). To determine whether analogous receptor-Lx87 
fusion proteins might function similarly in association with the lex 
operator, we deleted sequences encoding 272 COOH-terminal 
amino acids from NLxC. The resultant species, NLx, lacks the 
hormone binding domain, and strongly activates XBCO expression 
even in the absence of hormone (Fig. 4C). Moreover, both NLxC 
and NLx stimulate transcription from the normal p-globin tran- 
scription initiation sites, as assessed by ribonuclease (RNase) protec- 
tion analysis (Fig. 4D). 

Multiple enhancement domains. Receptor derivatives lacking 
amino acids 1 through 439 retain DNA and hormone binding 
activities and mediate hormone-dependent transcriptional enhance- 
ment, albeit at reduced levels (10). To test directly whether the 
hormone binding region itself is a competent enhancement domain, 
we fused receptor amino acids 524 to 795 to Lx87. This derivative, 
LxC, had no effect on XBCO expression, although it was produced 
at levels similar to NLxC and NLx, as judged by protein blotting 
(Fig. 4B), and was localized to nuclei as shown by immunofluo- 
rescence (Fig. 3). 

We next determined whether LxC protein was actually binding to 
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lex operator sequences in vivo. It has been shown that the E. coli lac 
repressor inhibits transcription in mammalian cells from an SV40 
promoter bearing a lac operator insert near the transcription start 
sites (20,21). We therefore constructed an analogous reporter gene, 
W(X)CO, which contains the lex operator between the SV40 
promoter and the CAT gene. As expected, CAT levels in transfected 
CV-1 cells were unaffected by coexpression of AZ, a receptor 
derivative lacking a DNA binding domain (Fig. 5). In contrast, 
W(X)CO expression was greatly reduced in hormone-treated cells 
containing either NLxC or LxC (Fig. 5); similar results were 
obtained by direct measurement of CAT mRNA by primer exten- 

sion assays (19). These species failed to inhibit expression of W C O  
(21) [the W(X)CO parent, which la& operator sequences], 
demonstrating that the LexA binding site is essential for repression. 
We conclude that LxC binds to the lex operator in vivo, but that it 
fails to enhance transcription of an operator-&globin promoter 
fusion in CV-1 cells (22). 

The observation that NLx stimulates XBCO transcription indi- 
cates that at least one "enhancement domain" resides outside the 
receptor DNA binding region and within the NH2-terminal half of 
the receptor. To delimit further the active region, we constructed 
and analyzed the activity and subcellular distribution of a series of 
NLxC deletion derivatives. Protein blotting established that these 
species accumulate to similar levels in transfected cells (19). As 
shown in Fig. 6, large portions of the NH2-terminus can be deleted 
without apparent effect on enhancement; analogous results have 
been obtained with the bona fide receptor (9, 10). A LexA fusion 
protein containing 2 13 amino acids of the receptor, residues 106 to 
318, enhances XBCO transcription nearly as well as the derivative 
containing the intact NH2-terminal portion of receptor; we term 
this region enh2. Moreover, a sigmiicant fraction of enh2 activity 
can be further localized to an 82-amino acid region between 237 
and 318 (Fig. 6). Consistent with these results, NA150-300Lx, 

A 
XBC 

1c 

OBC 

C 

Dex 
795 
7 NLxC 

I LxC 

Fig. 2. Receptor-Lx87 fusion proteins enhance transcription of the p-glot 
promoter. (A) Structure of reporter genes. XBCO contains a lex operator at 
-125 relative to the transcription initiation site of the rabbit p-globin 
promoter; in OBCX, the lex operator (Lop) is at +1.65 kb, positioned 
downstream of the SV40 polyadenylation site (An). (6) Structure of 
receptor derivatives. AZ contains a 56-amino acid deletion in the receptor 
DNA binding domain, NLxC is as described in Fig. 1; LxAZ contains Lx87 
fbed via an Xho I linker to AZ receptor sequences at amino acid 151 (32). 
(C) CAT assays of transiently transfected CVl cells, as described in Fig. 1. 
Expression of OBCO, a p-globin CAT construct lacking a lex operator, was 
unatfected by NLxC or LxAZ (19). 

NLxC Lx AZ LxC Dex 

Fig. 4. Analysis of receptor-LexA derivatives with NHrterminal or COOH- 
t-al deietions. ( ~ f ~ t r u c t u r e  of receptor-LexA fusion proteins (32). (6) 
Accumulation of fusion  rotei ins in transfected cells. Whole cell extracts were 
prepared 36 hours after ksfect ion with receptor-LexA expression plasmids 
encoding the following fusion proteins: lane c, mock; lane 1, NLxC; lane 2, 
LxC; and lane 3, NLx. Equivalent amounts of protein were fractionated on a 
9.25 percent polyacrylamide gel and t r a n s f d  to nitrocellulose. The blots 
were reacted with a rabbit antiserum to LexA and then with a mouse 
antiserum to rabbit antibody coupled to horseradish roxidase. Positions of 
molecular markers are indicated. (C) CAT assays E m  cells mtransfected 
with receptor-LexA expression plasmids and the reporter plasmid pXBCO. 
Lane designations are as in (B). (D) Quantitative RNase protection analysis 
(35) of transcripts induced by receptor-LexA fusion proteins. Total cellular 
RNA was prepared 36 hours after cells were transfected with receptor-LexA 
expression plasmids and the reporter plasmid pXBBO, which contains a lex 
operator at -125 of the P-globin gene. The AREF plasmid (36) was 
included as an internal control; assays utilized 30 pg of total RNA, lane 
designations are as in (B). The protected bands for XBBO (179 nucleotides; 
solid arrow) and AREF (151 nucleotides; open arrow) are indicated. 

Fig. 3. Subcellular distribution of receptor-LexA fusion proteins. Irnmuno- 
fluorescence micrographs of fusion proteins NLxC, LxAZ, or LxC expressed 
transiently in CV1 cells in the absence (-Dex) or presence (+Dex) of 1 pbf 
dexamethasone. Transfected cells were fixed (12) and reacted with rabbit 
anti-serum to LexA (34) and then with a rhodarnine-labeled goat antiserum 
to rabbit antibody. 
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which lacks most of the enh2 region, retains little enhancement 
activity. However, fusion of the hormone binding domain to 
NA150-300Lx yields competent hormone-regulated enhancement 
(NA150-300LxC) (Fig. 6), despite the fact that neither NA150- 
300Lx nor LxC displays substantial activity. This result may imply 
the existence of yet another enhancement region (as discussed 
below). 
Our studies have defined two discrete segments of the glucocorti- 

mid receptor, enhl and enh2, that can function independently as 
enhancement domains. Consistent with our direct assays of enh2 
function, mutations within this region of the bona fide receptor 
result in reduced enhancement activity [ lo  to 50 percent, depending 
on the context of the remainder of the molecule (9, 10, 23, 24)]; 
taken together, these results support the idea that enh2 is functional 
within the intact receptor. Similarly, we have isolated a mutant in 
enhl that virtually abolishes enhancement without apparent effect 
on DNA binding (25); this suggests that enhl also functions within 
the intact receptor, and that enhl and enh2 probably communicate. 

VVCO VV(X)CO 

e d 72 72 - 

21 TATA 

NLxC - 
21 TATA Lop 

NLxC LxC 

Fig. 5. Occupancy of lex operator sequences in vivo by receptor-Len4 fusion 
proteins. (TOP) Schematic representation of reporter genes. In W C O  
[initially denoted pX8CAT (21)], the CAT gene is nanscribed fiom the 
SV40 early promoter and enhancer element; the 21- and 72-bp repeats and 
the position of the TATA element are shown. W(X)CO was constructed by 
insertion of a lex operator (Lop) at an Xho I site in W C O  just downstream 
of the TATA element. (Bottom) CAT assays are from duplicate cultures 
transbed with 5 pg of the appropriate receptor expression plasmid and 0.5 
pg of the indicated reporter plasmid, and incubated for 30 hours in the 
absence (-) or presence (+) of 1 pA4 dexamethasone. Similar results were 
obtained in five independent aansfections. 

Fig. 6 Transcriptional activation and subcellular 
dismbution of receptor-Len4 h i o n  proteins. 
The structure of the fusion proteins are dia- 
gramed, and their subcellular distribution in 
transfected cells in the absence (-) or presence 
(+) of 1 phf dexamethasone are indicated. Immu- 
nofluo~e~~ence was carried out as described (12). 
XBCO expression is presented as a percentage of 
that observed in ceh cotransfected with NLxC 
and incubated with 1 pA4 dexamethasone. The 
results represent the average of at least three 
independent transfections; standard deviations 
are shown in parentheses. Control tcansfections 
AZ were 1.5 or 3 percent of NLxC in the absence 
or presence of dexamerhasone, respectively. 

Interestingly, NA150-300LxC, which lacks both enhl and enh2, 
enhances XBCO transcription by 25- to 35-fold when hormone is 
present; this implies that the receptor may harbor a third enhance- 
ment domain. We have not directly identified such a region, as 
neither NA150-300Lx nor LxC is strongly active. Conceivably, the 
proper conformation of a putative "enh3" domain may be achieved 
only in the presence of both the NHz-terminal and COOH-terminal 
pomons of the receptor; whether such a region forms or functions 
in the context of the intact receptor is unknown. 

Multiple enhancement domains within a single regulator have 
been observed elsewhere. For example, the yeast transcriptional 
activator GAL4 contains two separable activation regions (26). It 
has been suggested that activation regions carry a net negative 
charge (1.5, 26, 27). Interestingly, enh2 contains an abundance of 
negatively charged amino acids: 17 acidic and only 8 basic residues 
are found between amino acids 237 and 318, and the charge 
distribution is nearly identical to that of "activation region 1" of 
GAIA (27). In striking contrast, however, the enhl region of the 
receptor is positively charged, containing 6 acidic and 17 basic 
residues between amino acids 440 and 525. Conceivably, different 
enhancement regions might display distinct activities in different cell 
or molecular contexts ( I ) ,  or they might even operate by entirely 
different mechanisms. It would be useful to test individually the 
activities of enhl and enh2 upon different promoters or in different 
cell types. 

Implications for signal transduction and receptor evolution. 
Previous studies of the hormone and the hormone binding domain 
as determinants of glucocorticoid receptor activity suggested that, in 
the absence of ligand, the hormone binding region assumes a 
structure that specifically precludes function of the DNA binding (5, 
9j and nuclear loahation activities (12) of the receptor, and that 
the ligand-receptor interaction specifically derepresses those activi- 
ties. Here we show that transcriptional enhancement remained fully 
hormone-dependent when the DNA binding domain was replaced 
with a structurally distinct DNA binding motif at either of two 
positions within the receptor. Thus, it appears that the unliganded 
hormone binding region can inhibit all receptor activities other than 
hormone binding itself without strict regard to the structure of the 
protein. This view is consistent with the results of a recent study in 
which the hormone binding region has been moved to other 
positions within the receptor, or fused to a nonreceptor protein 
(28). It has been reported that a heat shock protein, hsp90, interacts 
with steroid receptors in the absence but not in the presence of 
hormone (29). Perhaps the unliganded hormone binding domain is 
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sufficient for the formation of such a complex, which in turn might 
inhibit receptor function (28). By this view, hormone binding 
would derepress receptor activity by altering the conformation of 
the hormone binding region and disrupting the receptor-hsp90 
complex. 

It is now apparent that different segments of steroid receptors 
comprise hc t iona l  domains that can operate independently of one 
another, or when placed into different molecular contexts. Thus, 
Green and Chambon (30) showed that replacement of the estrogen 
receptor DNA binding domain with that from the glucocorticoid 
receptor yields a chimeric protein that induces transcription from 
GRE's in response to estrogen; similar "finger-swap" experiments 
involving other receptor proteins have been reported (31). Picard 
and Yamamoto (12) demonstrated that the hormone binding do- 
main of the glucocorticoid receptor functions as a ligand-dependent 
nuclear localization cassette when fused to P-galactosidase. Finally, 
we establish here that hormone-dependent transcriptional regula- 
tion is retained in chimeric receptor derivatives that contain a 
structurally distinct DNA binding domain and, conversely, that the 
enh2 region functions independently as an enhancement region in 
association with a heterologous DNA binding domain. Taken 
together, these results underscore the modular structure of steroid 
receptors, and suggest that these and other regulatory proteins 
might be evolving by independent reassortment of functional units, 
perhaps via exon shufing. 

REFERENCES AND NOTES 

1. For review, see K. R. Yamamoto, Annu.  Rev.  Genet. 19, 209 (1985). 
2. R. Miesfeld, S. Okret, A,-C. Wikstrom, 0. Wrange, J:A. Gustafsson, K. R. 

Yamamoto, Nature 312, 779 (1984). 
3. R. Miesfeld et a!., Cell 46, 389 (1986). 
4. Human and mouse glucocorticoid receptor cDNA's are highly homologous, as 

shown by S. M. Hollenberg et al. [Science 318,635 (1985)l and M. Danielsen, J. P. 
Northrop, and G. M. Ringold [ E M B O  J .  5, 2513 (1986)l. 

5. P. J. Godowski, S. Rusconi, R. Miesfeld, K. R. Yamamoto, Nature 325, 365 
(1987). 

6. S. Rusconi and K. R. Yamamoto, E M B O  J .  6, 1309 (1987). 
7. For review, see R. M. Evans and S. M. Hollenberg, Cell 52, 1 (1988). 
8. L. P. Freedman et al., Nature, in press. 
9. S. M. Hollenberg, V. Giguere, P. Segui, R. M. Evans, Cell 49, 39 (1987). 

10. R. ~Miesfeld, P. J. Godowski, B. Maler, K. R. Yamamoto, Science 236, 423 (1987). 
11. K. R. Yamamoto and B. M. Alberts, Proc. NatI. Acad. Sri. U . S . A .  69,2105 (1972); 

K .  R. Yan~amoto, M. R. Stampfer, G. M. Tomkins, ibid. 71, 3901 (1974). 
12. D. Picard and K. R. Yamamoto, E M B O  J. 6, 3333 (1987). 
13. R. Brent and M. Ptashne, Proc. Natl.  Acad. Sci. U . S . A .  78, 4204 (1981). 
14. , Cell 43, 729 (1985). 
15. I. A. Hope and K. Struhl, ibid. 45, 885 (1986). 
16. J. W. Little and A. Hill, Proc. Natl.  Acad. Sci U . S . A .  82, 2301 (1985). 

17. The low level of GMCO expression observed in cells cotransfected with the intact 
receptor (N795) in the absence of added dexamethasone apparently reflects 
agonists present in some lots of fetal calf serum. 

18. R. Brent and M. Ptashne, Nature 312, 612 (1984). 
19. P. J. Godowski, unpublished data. 
20. M. T. Hu and N. Davidson, Cell 48, 555, (1987). 
21. M. Brown et al., ibid. 49, 603 (1987). 
22. However, data presented below indicate that the hormone binding domain may 

function in certain contexts to modulate transcriotion. 
23. K. R. Yamamoto, U. Gehring, M. R. ~ t a m ~ f e r , ' ~ .  H. Sibley, Recent Prog. Horm. 

Res. 32, 3 (1976). 
24. V. Giguere, S. M. Hollenberg, M. G. Rosenfeld, R. M. Evans, Cell 46, 645 

(1986). 
25. P. J. Godowski, D. D. Sakai, K. R. Yamamoto, in DNA-Protein Interactions in 

Transcription, J. Gralla, Ed. (Liss, New York, in press). 
26. For review, see L. Guarente, Cell 52, 303 (1988); N. C. Jones, P. W. J. Rigby, E. 

B. Ziff, Genes Dev.  2, 269 (1988). 
27. J. Ma and M. Ptashne, Cell 48, 847 (1987); G. Gill and M. Ptashne, ibid. 51, 121 

11987). 
\ - -  - ,- 

28. D. Picard, S. J. Salser, K. R. Yamamoto, ibid., in press. 
29. I. Joab er a!., Nature 308, 850 (1984); M. G. Cotelli et al., E M B O  J .  4, 3131 

(1985): P. R. Housle~ et al., 1. Biol. Chem.  260, 13810 (1985); E. R. Sanchez, D. 
0. ~ o k ,  M. J. ~chlesin~er, W. B. Pratt, ibid., p. 12398; K.  J . ~ o w a r d  and C. W. 
Distelhorst, ibid. 263, 3474 (1988). 

30. S. Green and P. Chambon, Nature 325, 75 (1987). 
31. M. Petkovich, N. J. Brand, A. Krust, P. Chambon, ibid. 330, 444 (1987); V. 

Giguere, E. S. Ong, P. Segui, R. M. Evans, ibid., p. 624. 
32. Receptor-Lx87 protein constructs are denoted according to the following nomen- 

clature: constructs denoted N or C extend from the amino or carboxyl termini, 
respectively. Constructs containing Lx87 at the NH2-terminus initiate with a 
"translation inciation cassette" (6)-MASWG (33)Aerived from the HSV tk 
gene fused via a Bam HI linker to Lx87; the linker contributes SRGG. When Lx87 
is located at the COOH-terminus of fusion proteins, translation ends at a stop 
codon contained within the polylinker, adding linker amino acids RPR. An 
"initiation cassette" was fused to receptor amino acids 106 or 237 to initiate 
proteins containing NH2-terminal deletions. Lx87 was linked COOH-terminal to 
receptor amino acids 318 or 449 via linkers containing GSRGG and RSRGG (33), 
respectively. Lx87 was linked NH2-terminal ro receptor amino acids 151 and 525 
via amino acids RG or RP, respectively. AZ deletes receptor amino acids 450 to 
505 and joins amino acids 449 and 506 via a Bgl I1 linker, encoding linker amino 
acids RSV. Receptor expression plasmids were constructed with p6R, a pSP65 
derivative containing an RSV promoter and SV40 polyadenylation signals (19). 

33. Abbreviations for amino acid residues are A, Ala; G, Gly; M, Met; R, Arg; S, Ser; 
and W, Trp. 

34. C. M. Gorman, L. F. Moffat, B. H. Howard, Mol. Cell.  Biol. 2, 1049 (1982). 
35. D. A. Melton et dl., Nucleic Acid Res. 12, 7035 (1984). 
36. G. Westin, T. Gerster, M. M. Muller, G. Schafner, W. Schafner, ibid. 15, 6787 

(1987). 
37. We thank John Little (University of Arizona) for. antibodies to lexA, James Figge 

(Harvard Medical School) for pXBCAT, members of the Yamamoto laboratory for 
helpful discussions, Sandy Johnson and Dennis Sakai for comments on the 
manuscript, and Chuck Bevan and Bonnie Maler for the preparation of the 
manuscript and figures, respectively. Supported by grants from NSF and NIH; and 
postdoctoral fellowships from NIH (P.J.G.) and the Swiss National Research 
Foundation (D.P.). 

3 May 1988; accepted 15 July 1988 

Molecular Biology 
at the AAAS Annual Meeting 
14-19 January 1989 

Featured sessions: Special seminars on the protein For more information: See the 23 September 
folding problem; on plant molecular biologyibiotechnology. issue of Science, or the full Meeting Program in the 28 
Extended symposia on retroviruses and oncogenes; retrovi- October issue (or call 2021326-6466). 
ral infections: receptors; developmental biology and gene ex- Call for papen,. Contributed papers on these or related 
pression; the human genome. Other symposia on visualizing topics are welcome; see the 24 June issue of Science, 
macromolecules; AIDS-related problems; designer drugs; re- 
search at the frontiers of the life sciences. Plus sessions on call for exhibits: If your organization wishes to exhibit 

clinical and policy matters in health care, ethical issues in at the AAAS Annual Meeting, call 2021326-6462. 

science, and much more. 

816 SCIENCE, VOL. 241 




