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Mammalian Glucocorticoid Receptor Derivatives
Enhance Transcription in Yeast

MARK SCHENA AND KEITH R. YAMAMOTO

In mammalian cells, the glucocorticoid receptor binds specifically to glucocorticoid
response element (GRE) DNA sequences and enhances transcription from linked
promoters. It is shown here that derivatives of the glucocorticoid receptor also enhance
transcription when expressed in yeast. Receptor-mediated enhancement in yeast was
observed in fusions of GRE sequences to the yeast cytochrome ¢; (CYC1) promoter;
the CYC1 upstream activator sequences were not essential, since enhancement was
observed in fusions of GREs to mutant CYC1 promoters retaining only the TATA
region and transcription startpoints. It is concluded that the receptor operates by a
common, highly conserved mechanism in yeast and mammalian cells.

HE GLUCOCORTICOID RECEPTOR
selectively regulates gene transcrip-
tion in animal cells by binding in a
steroid-dependent manner to specific DNA
sequences termed GREs (1, 2). Those GREs
associated with the mouse mammary tumor
virus (MTV) promoter and with other
genes that are regulated positively by gluco-
corticoids are transcriptional enhancer ele-
ments that function only in the presence of
bound receptor (2-4). Discrete segments of
the 795—amino acid rat glucocorticoid re-
ceptor have been defined that mediate nucle-
ar translocation, hormone binding, GRE
recognition, and transcriptional regulation
(5-9). These studies also revealed that recep-
tor derivatives lacking the hormone binding
domain confer constitutive GRE-dependent
enhancement (7); moreover, the DNA bind-
ing domain is sufficient for enhancer activa-
tion, although its apparent specific activity is
low relative to the intact receptor (8, 9).
The phenomenon of transcriptional en-
hancement has now been documented in
organisms ranging from bacteria to mam-
mals (10). This widespread distribution in-
dicates that enhancement may operate by a
common mechanism and that its molecular
determinants may have been conserved dur-
ing evolution. Given the relatively simple
physiology and genetic manipulability of
Saccharomyces cerevisiae, we tested whether
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the rat glucocorticoid receptor expressed in
yeast could enhance transcription from yeast
promoters linked to GREs.

We first expressed in yeast a series of
receptor derivatives bearing a deletion of the
hormone binding domain, amino acids 557
to 795. Studies in tissue culture cells showed
that receptor derivatives lacking this region
confer high-level constitutive GRE-mediat-
ed enhancement. The receptor derivatives
were expressed from the yeast glycerol-3-
phosphate dehydrogenase promoter in par-
ent plasmid pGPD-2 (11) (Fig. 1). All spe-
cies except X556b, which contains receptor
amino acids 407 to 556, are translated from
the normal receptor initiation codon, and
each terminates translation in downstream
linker or vector sequences, resulting in addi-
tion of 4 to 13 nonreceptor amino acids.
Comparison of receptor derivatives differing
only in these COOH-terminal amino acids
(for example, see N556a and N556b in Fig.
1) revealed no systematic effects of the short
nonreceptor “tails.”

Expression and integrity of the various
receptor derivatives were assessed by immu-
noblotting of extracts from strains trans-
formed stably with the receptor expression
plasmids. For example, Fig. 2A (lanes 1 and
2) shows accumulation of the predicted 18-
and 65-kD proteins, X556b and N556a,
respectively, to steady-state levels of about
2500 molecules per cell; these intracellular
concentrations are comparable to those in
mammalian cells. Similar results were ob-

tained with the other receptor constructs
shown in Fig. 1.

As an initial test of DNA binding by
receptor derivatives in vivo in yeast, we
inserted GRE sequences between functional
elements of the yeast cytochrome ¢; (CYC1)
promoter. As shown in Fig. 3A, pLGA312S
is a plasmid containing the intact CYC1
promoter fused to the Escherichia coli B-
galactosidase (lacZ) coding sequences (12);
two different GRE-containing fragments
were inserted at position —178 between the
UAS and TATA elements of the promoter
(see legend to Fig. 3A). Others have shown
that insertions of nonspecific DNA frag-
ments as large as 350 bp at this site have

A
1 44? 525; .?40 79|5
|
I 77/ -
DNA binding ~ Hormone binding
1-795

1-556

1-525

1-508

1-464

——————  407-556
B
PGPD
pGPD-2 TRP1
Nonreceptor
Receptor COOH-terminal

Plasmid Receptor amino acids amino acids
pGPD-2 None None None
pGPD-795 N795 1-795 None
pGPD-556a N556a 1-556 GELEFPGLEDPST
pGPD-556b N556b 1-556 GANSRV
pGPD-525 N525 1-526 AGRL
pGPD-508 N508 1-508 AGRL
pGPD-464 N464 1-464 GSRGSVDLDK

pGPD-X556b X556b 407-556 GANSRV

Fig. 1. Yeast plasmids containing rat glucocorti-
coid receptor sequences. (A) The 795—amino acid
rat glucocorticoid receptor, denoting the DNA
binding domain (amino acids 440 to 525) and the
hormone binding domain (amino acids 540 to
795) (5, 8). Receptor segments cloned into yeast
plasmids are indicated below the diagram. (B)
Receptor sequences were inserted as Bam HI
fragments (5, 7) into the unique Bam HI site 15
bp downstream of the glycerol-3-phosphate dehy-
drogenase transcription start site in plasmid
pGPD-2 (11). The resultant expression plasmid
and receptor derivatives are indicated, together
with the precise receptor amino acids contained in
each derivative and the COOH-terminal amino
acids contributed by the polylinker (see text). In
each case, translation initiates at the normal recep-
tor NH, terminus, except for X556b, which uses a
seven—amino acid leader sequence (Met-Ala-Ser-
Trp-Gly-Ser-Pro) from herpes simplex virus thy-
midine kinase (23). The pGPD-2 vector contains
the replication origin and ampicillin resistance
gene of pBR322, and the TRP1 selectable marker
and 2. replication origin from yeast.
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only modest effects on promoter function
(12), but that specifically bound proteins at
this position could strongly inhibit tran-
scription (13). Paradoxically, we discovered
that insertion of either of the GRE frag-
ments reduced promoter activity by 10- to
100-fold in the absence of receptor and that
expression of the N556a receptor derivative
fully restored promoter activity (14). As

Table 1. Transcriptional enhancemént by various
glucocorticoid receptor derivatives. Shown are 8-
galactosidase data from strain 1205-9B double
transformants ing receptor derivatives and
cither pSX26.1 (+GRE26) or the same plasmid
lacking the GRE, pSS (—GRE26) (sce Fig. 3B).
Receptor derivatives are described in Fig. 1.
Enzyme assays were performed as in Fig. 3A,
except for the addition of 1 pM dexamethasone to
cultures expressing N795. Shown is the average
of at least three independent assays, which varied
by <20%.

Receptor B-Galactosidase
derivative —GRE26 +GRE26
N795 0.7 1.3

N556a 0.6 392
N556b 0.7 584
N525 0.6 420
N508 0.7 64
N464 0.8 5.7
X556b 1.1 34

Fig. 2. Expression of gluco- A 1 2
corticoid receptor deriva- |

tives in yeast (A) and primer
extension analysis of CYC1-
lacZ transcripts (B). (A)
Shown is an immunoblot
of yeast extracts fraction-
ated by SDS—polyacrylam-
ide gel electrophoresis,
transferred to nitrocellulose,
and probed with a receptor-
specific monoclonal anti-
body (24) and with goat
antibody to mouse immu-
noglobulin G horseradish
peroxidase—conjugated anti-
body (Bio-Rad). Arrows in-
dicate the intact receptor
(N795; 88 kD), and dele-
tion derivatives N556a (65
kD) and X556b (18 kD).
Yeast strains were 1205-9B
(from A. Mitchell, MATa,
leu2-3, leu2-112, wura3-52,

N795

N556a

X556b4 wwm

expected, initiation from the CYC1 promot-
er lacking a GRE was unaffected by the
receptor (Fig. 3A). The striking decrease in
CYC1 promoter activity brought about by
the GRE fragments is not understood, but it
implies that a yeast protein may bind tightly
to the inserted sequences. In any case, the
recovery of activity in the presence of N556a
indicates that this receptor derivative indeed
interacts with GREs in yeast.

These results suggest either that N556a
directly activates transcription in yeast or
that it relieves inhibition of UAS activity by
displacing a putative yeast protein bound to
the GRE fragment without itself blocking
UAS function. We examined these possibili-
ties by testing the effects of GRE sequences
inserted at position —178 in the absence of
CYC1 UAS eclements (see legend to Fig.
3B). Thus, pSXG carries a 340-bp fragment
of the MTV long terminal repeat (LTR)
sequence containing a GRE; pSX26.1 and
pSX26.2 include a 26-bp GRE fragment
from rat tyrosine aminotransferase inserted
in either orientation, and pXX46 contains a
synthetic 46-bp oligonucleotide with strong
GRE activity (15). Introduction of these
constructs into yeast together with plasmids
expressing N556a yielded PB-galactosidase
levels 30 to 150 times as high as controls
without receptor.

3 [ S R B N556a - + +
GRE - + 0+ o+ 0+
e UAB ol
—
g
-
-
-
-
110- wa
— N
Q. , s
& a 0=
- - - -
! 67- - L e
-
g L L L
g e e
L s W TR R

lys2, trp1, ade6) and W303-1B (from R. Rothstein, can1-100, his3-11, his3-15, leu2-3, leu2-112, trp1-1, ura3-
1, ade2-1). Extracts were prepared as described (25); each lane contained 100 pg of total protein. Lane
1, W303-1B with pGPD-X556b; lane 2, 1205-9B with pGPD-556a; lane 3, W303-1B with pGPD-2;
lane 4, 1205-9B with pGPD-2; lane 5, 1205-9B with pGPD-2 plus 50 ng of pure X556b protein
isolated from E. coli (26); lane 6, glucocorticoid receptor from HTC cell line 19G11.1 (23). (B) Total
RNA was isolated from transformed yeast strains (27) and subjected to primer extension (28) with a 20-
nucleotide primer (5-TCACCAGTGAGACGGGCAAC-3') complementary to lacZ sense strand se-
quences 17 bp downstream of the Bam HI site (29). Extension products from 25 pg of RNA were
fractionated on a sequencing gel adjacent to 32P-labeled Hae III fragments from pBR322; the 67- and
110-nucleotide fragments are noted. Lane 1, untransformed host strain 1205-9B; all others are 1205-
9B transformants containing: lane 2, pLGA312S and pGPD-2; lane 3, p312XG.2 and pGPD-2; lane 4,
p312XG.2 and pGPD-556a; lane 5, pSX26.1 and pGPD-2; lane 6, pSX26.1 and pGPD-556a.
Expression and reporter plasmids are described in Figs. 1 and 3; for clarity, the presence or absence of
N556a, of a GRE, and of the CYC1 UASs are indicated.
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The B-galactosidase assays imply that the
receptor derivatives stimulate transcription
initiation from the bona fide CYC1 promot-
er for all GRE-containing reporter plasmids
tested (Fig. 2B). Indeed, as measured by
primer extension, insertion of GREs be-
tween the CYC1 UAS and TATA motifs
drastically reduced promoter activity, and
this effect was reversed upon expression of
N556a (Fig. 2B, lanes 3 and 4). Similarly,
N556a-dependent activation of pSX26.1,
which contains a GRE but lacks UASs,
reflected increased initiation at the normal
start sites.

Using these same approaches, we com-
pared the activities of various glucocorticoid
receptor derivatives (see Fig. 1) in yeast.
N525, which contains the first 525 amino
acids of the receptor, is as active as N556a or
N556b (Table 1). However, deletion of 17
additional COOH-terminal amino acids
yielded N508, which retains only about
10% of the activity of N525; N464 is only
about 1% active relative to N525, and
X556b, which specifies receptor amino acids
407 to 556, displays similar low activity.
These results parallel closely those obtained
with expression of these receptor derivatives
in animal cells (7, 8).

In contrast, expression of the full-length
receptor (N795; Fig. 1) in yeast elicited no
detectable stimulation of B-galactosidase ac-
tivity in the presence of dexamethasone (Ta-
ble 1). We have recently discovered, howev-
er, that several related corticosteroids
strongly stimulate B-galactosidase expres-
sion via the intact receptor (16). The cause
of this apparent altered ligand specificity is
not understood, but these results imply the
competent entry of steroids into yeast cells
and that the receptor is functional for signal
transduction in yeast.

Taken together, our results suggest that
the glucocorticoid receptor enhances tran-
scription in yeast and mammalian cells by a
common mechanism. That is, the action of a
series of receptor constructs on three distinct
GREs (MTV, TAT, and a synthetic oligo-
mer) is closely correlated in yeast and animal
cells. Results similar to those obtained with
GRE-CYC1 fusions have been observed in
strains containing a chromosomal GRE-
LEUZ2 gene (16). The reduced activity of the
N508 receptor relative to N525 is consistent
with previous findings from DNA binding
studies in vitro (5) and from assays in trans-
fected animal cells (8). Likewise, N464,
which retains only one of the two “zinc
fingers” of the DNA binding domain, dis-
plays low levels of activity in animal cells
(17), as does X556, a small receptor frag-
ment that encompasses the complete DNA
binding domain (8). Finally, Godowski et al.
(18) have defined two distinct segments of
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Fig. 3. Receptor-mediated
enhancement of GRE-
linked CYC1 promoter

Reporter plasmid

B-Galactosidase
-N556a +N556a

constructs. (A) Receptor
derivative N556a increases A
GRE-linked CYC? pro-
moter activity. Cotransfor-
mants of strain 1205-9B
were obtained by the
method of Ito (30) and
were selected and propa-
gated in minimal medium
deficient in wuracil and
tryptophan  (31). Trans-
formed strains expressing
N556a or containing the
vector alone are indicated
as +N556a and —N556a, g
respectively. Reporter
plasmids were constructed
from pLGA312S (12) by
inserting GREs at the
Xhol site at position —178
between the UAS
(hatched box) and TATA
elements of the CYC1
promoter. GRE340 is a
340-bp Sau3A fragment
from the MTV LTR (1),
and GRE46 is a 46-bp pal-
indromic oligonucleotide

pLGA312S

p312XG.1

p312XG.2

p312X46

pSS

pSXG

pSX26.1

pSX26.2

pXX

mu AS )
cyct

—>
GRE340

[0]
mI
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o

GRE26

CYC1/lacZ

863
TATA |

639

6.9 509

<
7775 o

GRE340

11.1

442

108 493
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GRE46

CYC1/lacZ

+ 0.7 0.6
178 TATA

1.0 48

"y

1.4 392

)
m
N
o

1.1 35

"4
!

4.9 3.5

derived from that frag-
ment that displays strong
GRE activity (15); arrows
above GRE340 indicate
orientation relative to that

PXX4B s

GREA46

1.5

within the LTR. Results
represent the average of at

least three independent assays, which varied by less than 20%; B-galactosidase assays were performed
according to Yocum e al. (32) and units are defined as 1000 times the change in optical density (OD) at
420 nm due to hydrolysis of o-nitrophenyl-B-p-galactoside divided by the product of the assay time
(minutes) times the culture volume (milliliters) times OD at 600 nm of the culture. (B) Receptor-
mediated enhancement of CYC1? promoter activity is UAS-independent. Strains, plasmids, and assays
are as in (A), except that the reporter plasmids carry deletions of the CYC1 UAS: pSS was constructed
by deleting a 140-bp Sal I to Sma I fragment from pLGA312S (12), plasmid pXX arose by deletion of a
390-bp Xho I to Xho I fragment from RY52 (29); pXX contains about 1.5 kb of upstream CYC1 DNA
not present in pSS. GRE26 is a synthetic 26-bp oligonucleotide derived from the tyrosine aminotrans-

ferase GRE (33).

the receptor that confer enhancement in
animal cells; we find that deletions within
either of these regions reduce the extent of
enhancement in yeast (Table 1).

We have not detected enhancer activity in
yeast from GREs residing downstream of
promoters, whereas downstream activity has
been observed in animal cells. This result is
reminiscent of the lack of UAS activity when
those elements are inserted downstream of
promoters (12). It is interesting that UASs
function competently from downstream po-
sitions in animal cells that are expressing the
corresponding UAS binding protein (19).
This implies that the capacity of regulatory
elements and their cognate binding proteins
to act downstream of a promoter may reflect
structural or functional distinctions between
yeast and animal cell transcription initiation
complexes, rather than differences in the
regulatory mechanisms, per se.

Our results establish that a metazoan
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DNA-binding transcriptional regulatory
factor can function in an organism as dis-
tantly related as yeast. This finding comple-
ments reports that appeared after comple-
tion of this work showing that in cultured
animal cells the yeast regulatory factor
GAL4 constitutively activates animal cell
promoters fused to GAL4 binding sites (19,
20); analogously, a derivative of the animal
cell Fos protein stimulates yeast transcrip-
tion when tethered adjacent to a yeast pro-
moter through a bacterial repressor DNA
binding site (21). These and other recent
studies (22) may indicate strong conserva-
tion of protein-protein contacts between
regulatory factors and components of the
transcription initiation apparatus.

REFERENCES AND NOTES

1. F. Payvar et al., Cell 35, 381 (1983); C. Scheidereit
et al., Nature 304, 749 (1983).

2. V. L. Chandler, B. A. Maler, K. R. Yamamoto, Cell
33, 489 (1983).

10.

11
12,

13.

14,

15.
16.
17.
18.
19.
20.
21
22.
23.
. B. Gametchu and R. W. Harrison, Endocrinology

25.

28.
29.
30.
31.

32.

33.
. We thank S. Johnson and G. Bitter for primers and

K. S. Zaret and K. R. Yamamoto, ibid. 38, 29
(1984); H. Ponta, N. Kennedy, P. Skroch, N. E.
Hynes, B. Groner, Proc. Natl. Acad. Sci. U.S.A. 82,
1020 (1985).

. K. R. Yamamoto, Annu. Rev. Genet. 19, 209

(1985).

. S. Rusconi and K. R. Yamamoto, EMBO J. 6, 1309

(1987); D. Picard and K. R. Yamamoto, ibid., p.
3333.

. Parallel studies have been described for other steroid

receptors; for example, see V. Giguere, S. M. Hol-
lenberg, M. G. Rosenfeld, R. M. Evans, Cell 46,
645 (1986); V. Kumer, S. Green, A. Staub, P.
Chambon, EMBO J. 5, 2231 (1986).

. P. J. Godowski, S. Rusconi, R. Miesfeld, K. R.

Yamamoto, Nature 325, 365 (1987).

. R. Miesfeld, P. J. Godowski, B. A. Maler, K. R.

Yamamoto, Science 236, 423 (1987).

. S. M. Hollenberg, V. Giguere, P. Segui, R. M.

Evans, Cell 49, 39 (1987).

S. D. Voss, U. Schlokat, P. Gruss, Trends Biochem.
Sci. 11, 287 (1986); T. Maniatis, S. Goodbourn, J.
A. Fischer, Science 236, 1237 (1987); M. P. Timko
et al., Nature 318, 579 (1985); J. Simpson, J. Schell,
M. Van Montagu, L. Herrera-Estrella, ibid. 323,
551 (1986); M. J. Garabedian, B. M. Shepherd, P.
C. Wensink, Cell 45, 859 (1986); L. Guarente, ibid.
52, 303 (1988); L. J. Reitzer and B. Magasanik,
ibid. 45, 785 (1986).

G. A. Bitter and K. M. Egan, Gene 32, 263 (1984).
L. Guarente and E. Hoar, Proc. Natl. Acad. Sci.
U.S.A. 81, 7860 (1984).

R. Brent and M. Ptashne, Nature 312, 612 (1984);
A. D. Johnson and I. Herskowitz, Cell 42, 237
(1985).

Plasmid copy numbser in the transfected yeast strains
was monitored by DNA blotting and by DNA
transformation of Escherichia coli. Both methods re-
vealed that copy numbers varied by less than twofold
between clones. Thus, the 10- to 100-fold effects of
GREs and N556 cannot merely reflect copy number
fluctuations.

R. Palmiter, personal communication; D. D. Sakai et
al., Genes Dev., in press.

M. Garabedian, M. Schena, K. R. Yamamoto, un-
published data.

R. Miesfeld, P. J. Godowski, K. R. Yamamoto,
unpublished data.

P.J. Godowski, D. Picard, K. R. Yamamoto, Science
241, 812 (1988).

N. Webster, J. R. Jin, S. Green, M. Hollis, P.
Chambon, Cell 52, 169 (1988).

H. Kakidani and M. Ptashne, ibid., p.179.

K. Lech, K. Anderson, R. Brent, ibid., p.161.

L. A. Chodish et al., ibid. 53, 25 (1988).

R. Miesfeld et al., ibid. 46, 389 (1986).

114, 274 (1984).
K. Pfeifer, B. Arcangioli, L. Guarente, Cell 49, 9
(1987).

. L. Freedman et al., Nature, in press.
27.

G. A. Bitter et al., Methods Enzymol. 153, part D,
516 (1987).

H. Domdey et al., Cell 39, 611 (1984).

L. Guarente and T. Mason, ibid. 32, 1229 (1983).
H. Ito, J. Bacteriol. 153, 163 (1983).

F. Sherman, G. R. Fink, J. B. Hicks, Methods in Yeast
Genetics (Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY, 1986).

R. R. Yocum, S. Hanley, R. W. West, M. Ptashne,
Mol. Cell. Biol. 4, 1985 (1984).

H. M. Jantzen et al., Cell 49, 29 (1987).

plasmids, A. Mitchell and R. Rothstein for yeast
strains, B. Harrison for the BUGR-1 antibody, and
D. Silvera for construction of plasmids pSX26.1 and
pSX26.2. We also thank R. Rothstein for communi-
cation of results, and S. Johnson, L. Guarente, and
members of the Guthrie, Herskowitz, and Yamamo-
to labs for discussions. We thank R. Grosschedl, S.
Johnson, and J. LaBaer for critiques of the manu-
script, C. Bevan for its preparation, and B. Maler for
drafting the figures. Supported by NIH grant CA
20535-12 and NSF grants DCB 8403356 and
DMB 8716787.

26 April 1988; accepted 20 June 1988

REPORTS 967





