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The expression of genes fused downstream of the Moloney murine sarcoma virus (MoMSV) long terminal
repeat is stimulated by glucocorticoids. We mapped the glucocorticoid response element that conferred this
hormonal regulation and found that it is a hormone-dependent transcriptional enhancer, designated Sg; it
resides within DNA fragments that also carry a previously described enhancer element (B. Levinson, G.
Khoury, G. Vande Woude, and P. Gruss, Nature [London] 295:568-572, 1982), here termed S., whose activity
is independent of the hormone. Nuclease footprinting revealed that purified glucocorticoid receptor bound at
multiple discrete sites within and at the borders of the tandemly repeated sequence motif that defines Sa. The
Sa and Sg activities stimulated the apparent efficiency of cognate or heterologous promoter utilization,
individually providing modest enhancement and in concert yielding higher levels of activity. A deletion mutant
lacking most of the tandem repeat but retaining a single receptor footprint sequence lost Sa activity but still
conferred Sg activity. The two enhancer components could also be distinguished physiologically: both were
operative within cultured rat fibroblasts, but only Sg activity was detectable in rat exocrine pancreas cells.
Therefore, the sequence determinants of Sa and Sg activity may be interdigitated, and when both components
are active, the receptor and a putative Sa factor can apparently bind and act simultaneously. We concluded that
MoMSV enhancer activity is effected by at least two distinct binding factors, suggesting that combinatorial
regulation of promoter function can be mediated even from a single genetic element.

Transcriptional enhancers are DNA sequence elements
that can stimulate the efficiency of initiation from linked
promoters without strict regard to the position and orienta-
tion of the enhancer relative to the transcription start site
(11, 39, 49). They are associated with various classes of
genes (10, 20, 27) and seem likely to be a common feature of
eucaryotic transcription. Two general biological roles can be
inferred from present results. Enhancers that are highly
active only within particular differentiated cell types may be
determinants of tissue-specific gene expression (10, 39, 55).
Also, other enhancers mediate specific modulation of tran-
scription in response to certain regulatory molecules (6, 12,
40, 43).

Substantial evidence suggests that diffusible factors may
be essential for the activity of all enhancers (5, 35, 44, 47).
One interpretation is that enhancers comprise a family of
DNA sequences at which cognate transcriptional regulatory
proteins specifically bind and act (62, 66). One such en-
hancer binding factor has been identified and studied in some
detail: in the presence of hormonal ligands such as
dexamethasone, glucocorticoid receptor protein associates
with specific DNA sequences (36, 46) termed glucocorticoid
response elements (GREs), resulting in hormone-dependent
enhancement at linked promoters (6). Thus, GREs are
modulatory enhancers; obviously, other specific protein-
DNA interactions could determine cell type-specific pro-
moter activity by a similar strategy.
Enhancer elements seem to encompass rather long (com-

monly 100 to 200 base pairs [bp]) segments of DNA which
often contain multiply repeated sequence motifs (3, 39). For
example, specific glucocorticoid receptor binding (37) and
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GRE activities (6) were first detected and characterized
within a 222-bp segment of mouse mammary tumor virus
(MTV) DNA; linker scanning mutagenesis of that sequence
revealed a consensus octanucleotide that is essential for
receptor footprinting and GRE enhancement, and yielded
evidence that the receptor may be the only protein whose
sequence-specific interaction is required for activity of that
enhancer (7, 64; 0. Wrange, D. DeFranco, S. Jones, S.
Tavtigian, and K. R. Yamamoto, manuscript in prepara-
tion). Consistent with this notion is the finding that the
element displays no enhancer activity in the absence of
bound receptor (6, 67).

In contrast to the apparent one enhancer-one activator
arrangement of the MTV GRE, studies with certain other
enhancer elements imply that more complex levels of organ-
ization and control may also exist. For example, Herbomel
et al. (18) showed that one subregion of the polyomavirus
enhancer displays relatively strong activity within fibro-
blasts, whereas a different subregion is particularly active
within teratocarcinoma cells, as if the enhancer contains
recognition sites for at least two distinct putative trans-
acting factors. The analysis of such complex enhancers
might be facilitated if one were identified in which the
glucocorticoid receptor was one of the activating proteins,
since GRE enhancer activity can be regulated exogenously
with hormone and since the precise DNA sequences in-
volved in receptor binding and action can be directly deter-
mined.
Khoury, Gruss, and co-workers (21-23, 48) characterized

an enhancer within a tandemly duplicated sequence element
upstream from the transcription initiation site within the
Moloney murine sarcoma virus long terminal repeat
(MoMSV LTR). This activity, here designated Sa, appears to
be preferentially operative in murine cells, and a putative
activating factor has been inferred from the results of
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transfections (47). Interestingly, Lowy and Scolnick (24)
reported several years ago that glucocorticoids stimulate the
accumulation of MoMSV RNA in infected cells, consistent
with the possibility that MoMSV might harbor a GRE
enhancek in addition to its Sa activity. In this report, we
show that the MoMSV LTR indeed contains a GRE, and we
test its characteristics and examine its spatial and functional
relationship to the Sa enhancer.

MATERIALS AND METHODS

Recombinant p!asmids. All procedures were performed
essentially according to the methods of Maniatis et al. (26).
The arrangement of relevant regulatory and structural
sequences are described generically by using a four-letter
code: the letters 1 and 4 denote enhancers located upstream
and downstream, respectively, of a promoter and structural
sequence, which are identified by letters 2 and 3, respectively.
T refers to a sequence element from herpes simplex thymidine
kinase (tk), S refers to a sequence element from MoMSV, V
refers to a sequence element from the simian virus 40 (SV40)
early region, C is the chloramphenicol acetyltransferase
(CAT) coding sequence, and 0 denotes the absence of a
promoter or enhancer element at a given position.
The following plasmids were used for transfection or as

starting material for further construction: pCAT3M (21),
which is organized as OOCO, i.e., it contains promoterless
CAT coding sequences; pSVlCAT (13), which is in the
OVCO arrangement, i.e., it contains the SV40 early pro-
moter upstream of CAT coding sequences; pMSVCAT (22),
which is an SVCO derivative of pSVlCAT containing the
MoMSV enhancer region (see Fig. 2, fragment iv) inserted at
the SphI site proximal to the SV40 early promoter;
pMSV42CAT (48), which is a derivative of pMSVCAT
lacking MoMSV sequences upstream of -224 bp from the
MoMSV transcription start site (57; see Fig. 2, fragment v)
and is designated dl-224 SVCO; wtMSV.tk (15), which is in
the SSTO configuration, containing the 3' LTR of MoMSV
(see Fig. 2, fragment i) fragment fused to the tk coding
sequence at +55 bp relative to the normal tk transcription
start site; A5'-111 MSV.tk (15), which is an OSTO derivative
of wtMSV.tk which lacks MoMSV sequences upstream of
-111 bp from the MoMSV start site (see Fig. 2, fragment ii)
and lacks MoMSV enhancer activity; pRSV3gal (M.
Walker, University of California, San Francisco), which
contains the Rous sarcoma virus (RSV) LTR upstream of the
P-galactosidase structural gene (2); pRSVCAT (22), which
contains the RSV LTR upstream of the CAT gene; and
ptkpwt (29), which contains the tk promoter and a pseudo-
wild-type gene with a net 10-bp deletion in the 5' nontrans-
lated leader.
To construct OTCO, a 164-bp BamHIIBglII DNA frag-

ment containing tk sequences from -109 to +55 bp (28) was
inserted into the BglII site of pCAT3M, fusing the tk
promoter to CAT. The termini of a 346-bp XhoIIIXbaI DNA
fragment extending from 147 bp upstream of the MoMSV
transcription start site through the remaining LTR sequences
and 47 bp of flanking mink cell DNA (8, 21; see Fig. 2,
fragment iii) were filled and BamHI linked; insertion into the
BamHI site of OTCO generated plasmids OTCS.1 and
OTCS.2, which carry the MoMSV fragment in the forward
and reverse orientation, respectively, 950 bp downstream of
CAT coding sequences. The same MoMSV fragment was
inserted in both orientations 109 bp upstream of the herpes
simplex virus tk gene at a BamHI linker in ptk/A5'-109 (28);
after partial BamHI and complete BglII digestion, the result-

ant 519-bp DNA fragment was inserted into the BglII site of
pCAT3M to yield plasmids STCO.1 and STCO.2.

Cell culture and transfection. Rat XC tk- and AR4-2J (55;
N. W. Jessup and R. J. Hay, In Vitro [Rockville] 16:212a,
1980) cells were propagated in Dulbecco modified Eagle
medium (GIBCO Laboratories, Grand Island, N.Y.) supple-
mented with 10% fetal calf serum (Sterile Systems, Inc.).
For DNA transfections, cultures at _5 x 105 cells per
100-mm dish were provided with fresh medium 4 h before
DNA addition; a mixture of a test plasmid and a half- or
equimolar amount of an internal control plasmid was pre-
pared as a calcium phosphate precipitate (59) and applied to
the cells for 4 h in the presence of 100 ,uM chloroquine (25),
followed by a glycerol shock (34). After DNA removal,
cultures were incubated at 37°C for 16 to 48 h in fresh
medium with or without 0.1 ,uM dexamethasone; no system-
atic effects of hormone treatment were observed on expres-
sion from control plasmids or from test plasmids lacking a
GRE.
Enzyme assays. CAT enzymatic activity was assayed in

clarified cell extracts as previously described (13). The
activity of ,-galactosidase expressed from cotransfected
pRSVpgal was determined in these extracts (2) as an internal
control of transfection efficiency. CAT activities in separate
transfections were compared by normalizing to the ,B-
galactosidase activities. Under the conditions chosen, ex-
pression from the CAT plasmids was unaffected by the
presence of cotransfected pRSVpgal.
Primer extension. Total RNA was isolated from trans-

fected cultures as previously described (6), and primer
extensions were performed by the method of McKnight et al.
(28) by using 5'-terminal-labeled synthetic single-stranded
deoxyribonucleotide primers and reverse transcriptase. In
transfections with test plasmids SSTO or OSTO, ptk*wt (29)
was cotransfected as an internal control, and primer exten-
sion was carried out from a synthetic 24-mer corresponding
to tk sequences from +55 to +78 relative to the tk transcrip-
tion initiation site. In transfections with OTCO or OTCS
plasmids, pRSVCAT was the internal control, and primer
extensions were initiated from a synthetic 24-mer corre-
sponding to CAT sequences from -31 to -8 relative to the
CAT translation start site (1).
DNA sequencing and footprinting. Sequence analysis of the

MoMSV LTR used in our studies revealed two additional
G:C base pairs not included in the originally published
sequence (8); the G residues resided in the top strand
between -276 and -275 bp, and between -203 and -202 bp
relative to the transcription start site. As a result of these
changes, the tandemly repeated sequence motifs were 74 and
73 bp, rather than 73 and 72 bp as previously described (23).

Purified glucocorticoid receptor (60, 61) was a generous
gift from J. A. Gustafsson, 0. Wrange, J. Carlstedt-Duke,
and their colleagues (Karolinska Institute, Stockholm). Pro-
cedures for DNase I footprinting of in vitro glucocorticoid
receptor binding sites on end-labeled DNA fragments were
the same as previously described (36).

RESULTS
Nomenclature and experimental strategy. Promoter activi-

ties, enhancer activities, or both were assessed in transiently
transfected cells either by mapping and quantitation of
transcription initiation events by using a primer extension
assay or by estimating promoter function from levels ofCAT
enzyme activity (13) encoded by sequences fused down-
stream of the promoter. As detailed in the Materials and
Methods section, results with both types of assays were
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normalized to expression from cotransfected internal control
plasmids.
For clarity, the arrangement of relevant regulatory and

structural sequences in each recombinant plasmid are de-
scribed generically by using a four-letter code: letters 1 and
4 denote enhancers placed upstream and downstream, re-
spectively, of a promoter and structural sequence, which are
identified by letters 2 and 3, respectively. In this code, T
refers to a sequence element from herpes simplex virus tk, S
refers to a sequence element from MoMSV, V refers to a
sequence element from the SV40 early region, C is the CAT
coding sequence, and 0 denotes the absence of a promoter
or enhancer element. For example, SSTO describes plas-
mids containing the MoMSV enhancer and promoter fused
upstream of the tk coding sequence, whereas OTCS de-
scribes those in which a tk promoter and CAT structural
gene fusion resides upstream of the MoMSV enhancer. Full
descriptions of the plasmids are given in the Materials and
Methods section (see also Fig. 2).
MoMSV LTR contains a GRE. Levinson et al. (23) local-

ized the MoMSV enhancer within a tandem duplication
located between 182 and 330 bp upstream from the transcrip-
tion initiation site (57) within a 590-bp MoMSV LTR (see the
Materials and Methods section). In our initial experiments,
we compared MoMSV promoter activity in plasmids of the
general arrangement SSTO and OSTO, the former contain-
ing an intact MoMSV LTR and the latter lacking LTR
sequences upstream of -111 bp, each fused to the tk coding
sequences. Each plasmid was cotransfected with an internal
control vector carrying a tk promoter and pseudo-wild-type
gene (29) into the rat fibroblast cell line XC. Transcripts were
quantitated by extension of a synthetic primer containing tk
sequences. Labeled fragments of 59 nucleotides, or 69 and
65 nucleotides, corresponding to initiation events at the
MoMSV and tk promoters, respectively, were distinguished
and quantitated on polyacrylamide gels (Fig. 1). Normalizing
to the tkWwt internal control in each transfection, we found
that SSTO specified a 25-fold-higher level of initiation than
OSTO (Table 1; Fig. 1, lanes b and d), a result consistent
with previous reports (22). In transfected cultures treated
with 0.1 ,uM dexamethasone, transcription was increased an
additional fourfold with SSTO (Table 1; Fig. 1, compare
lanes b and c, and a 24-fold-shorter exposure, lanes g and h,
for untreated and hormone-treated cultures, respectively).
Hormone had no effect on promoter function in OSTO (Fig.
1, lanes d and e). Thus, a GRE resides within a segment of
the MoMSV LTR that also contains the previously defined
Sa enhancer element.
MoMSV GRE is an enhancer. To determine whether the

MoMSV GRE is an enhancer, a 346-bp XhoIIIXbaI DNA
fragment from the MoMSV LTR (Fig. 2, fragment iii) that
retains complete Sa activity (21, 48) was used to construct
STCO and OTCS plasmids containing the inserted fragment
upstream (STCO) or downstream (OTCS) of the tk promoter
in either its normal (STCO.1, OTCS.1) or inverted (STCO.2,
OTCS.2) orientation (see the Materials and Methods sec-
tion). In each case, Sa enhancer activity was detected in
transfected XC cells in measurements of normalized CAT
activity (Table 1 and the Materials and Methods section)
relative to parallel transfections with OTCO. Table 1
presents data averaged from three separate experiments; as
expected, the absolute magnitude of Sa activity differed
somewhat as a function of its precise position and orienta-
tion in the different constructions, ranging from 4- to 27-fold
stimulation in tk promoter activity. Nevertheless, it is clear
that dexamethasone treatment of the transfected cultures

a b c d e f g h

.".

FIG. 1. Identification of a GRE in the MoMSV LTR: primer
extension 5' terminus mapping of transcripts synthesized in
transfected XC cells. Rat XC cells were transfected with 5 p.g of
ptk4iwt (lane f) or cotransfected with 5 i.g each of ptk*Jwt and
wtMSV.tk (SSTO) (lanes b, c, g and h), or A5'-111 MSV.tk (OSTO)
(lanes d and e). Cultures were propagated for 48 h in the absence
(lanes b, d, f, and g) or presence (lanes c, e, and h) of 0.1 ~.M
dexamethasone; total RNA was isolated, and 75-p.g aliquots were
hybridized with an end-labeled (26) synthetic oligonucleotide corre-
sponding to tk sequences from +55 to +78 relative to the tk
transcription start site (see the Materials and Methods section).
After primer extension with reverse transcriptase, labeled products
were separated on a 6% denaturing polyacrylamide gel followed by
autoradiography for 48 h (lanes a through f) or 2 h (lanes g and h).
Lane a shows the results of a primer extension reaction carried out
in the absence of added RNA. Bracket encloses 69- and 65-
nucleotide extension products from the ptk*wt internal control
plasmid; the arrow marks the 59-nucleotide extension product from
the SSTO and OSTO test plasmids.

produced an additional three- to fivefold increase in CAT
activity with each of the plasmids. Thus, the MoMSV GRE
is indeed an enhancer, here denoted Sg, which coresides
with Sa within a 346-bp segment of the LTR.

S. anid Sg can simultaneously enhance a single promoter.
Primer extension assays were carried out to determine
whether Sa and Sg enhanced initiation from the tk promoter
at the same sites or at distinct positions. Therefore, OTCS
plasmids were transiently introduced into XC cells (together
with pRSVCAT [22], an internal control plasmid which uses
the RSV enhancer and promoter to express CAT sequences)
in the presence or absence of dexamethasone; the extent and
sites of initiation at the respective promoters were monitored
by extension of a synthetic primer homologous to a segment
of the CAT coding sequences. Transcripts initiated at the
RSV promoter in the pRSVCAT plasmid gave rise to a
66-nucleotide extension product, whereas 86- and 82-
nucleotide species were produced from the tk promoter
transcripts specified by the OTCO and the OTCS plasmids.
Figure 3 shows that under conditions in which the OTCO
extension products were barely detectable (Fig. 3, lanes a
and b), they were readily observed in transfections with
either OTCS.1 or OTCS.2 (Fig. 3, lanes c and e) and were an
additional four- to fivefold more abundant in cultures treated
with dexamethasone (Fig. 3, lanes d and f). Importantly,
extension products from OTCS transcripts in control (Fig. 3,

VOL. 6, 1986



996 DEFRANCO AND YAMAMOTO

TABLE 1. Mapping and identification of two distinct components
of the MoMSV enhancer

Relative transcriptional
Cell linea Plasmid activityb

Sa Sa + Sg

XCC SSTO 25 100

XCd STCO.1 20 100
STCO.2 4 20
OTCS.1 27 92
OTCS.2 19 61

XCe SvCo 5 40
dl-224 SVCO 0.8 14

AR4-2Yf STCO.1 1 65
STCO.2 1 8
OTCS.1 1 16
OTCS.2 1 39

a Cells were cotransfected with test plasmid and intemal control plasmid
DNAs as described in the Materials and Methods section (also see Fig. 2);
data represent average values from three to four separate transfections.

b Activity (enhanced) relative to a basal (unenhanced) level of 1; Sa and Sa
+ Sg denote enhancer activities in cells transfected in the absence and
presence of 0.1 FM dexamethasone, respectively. Dexamethasone had no
effect on promoter activities in constructions lacking the enhancer. One unit
of activity = 1 nmol of chloramphenicol acetylated per min per 50 ,g of
extract protein at 300C.

c Relative promoter activities were quantitated by primer extension assays
and subsequent densitometric scans of autoradiograms.

d Relative transcription inferred from assays of CAT activity. Absolute
basal CAT activity was 1.3 mU (see footnote b).

e Relative transcription inferred from assays of CAT activity. Absolute
basal CAT activity was 35 mU.
f Relative transcription inferred from assays of CAT activity. Absolute

basal CAT activity was 0.03 mU.

lanes c and e) and hormone-treated (Fig. 3, lanes d and f)
cells were identical. Thus, the precise sites of transcription
initiation were not altered by the activity of either Sa or Sg;
similar results were obtained in cells transfected with
STCO.1 and STCO.2 plasmids (data not shown). Taken

I

Xho 11 -400

together with the results shown in Fig. 1, we conclude that
the Sa and Sg enhancers can operate simultaneously upon
their cognate MoMSV promoter or upon a heterologous
promoter and that they do so by increasing the efficiency of
promoter utilization without affecting the positions at which
initiation occurs.
MoMSV GRE contains multiple glucocorticoid receptor

footprints. It seemed probable that the glucocorticoid-
dependent Sg enhancer activity, as with the MTV GREs, is
mediated by sequence-specific binding of the receptor. If so,
nuclease footprinting experiments with purified receptor
could provide a preliminary view of the spatial relationship
of the Sa and Sg elements within the MoMSV LTR. Figure 4
shows that multiple DNase I footprints on MoMSV LTR
DNA appeared as increasing levels of receptor were added
to the reactions. Three discrete regions (footprints 1, 2, and
3) were strongly protected on both strands within an LTR
segment 174 to 378 bp upstream of the MoMSV transcription
start site. All three first appeared at the same input re-
ceptor concentration (Fig. 4A, lane c, and Fig. 4B, lane c),
suggesting that receptor bound at each position with roughly
equivalent affinity. In addition, somewhat weaker receptor
interactions could be discerned between the predominant
footprints, particularly on the noncoding (top) strand be-
tween footprints 1 and 2, and on the coding (bottom) strand
between footprints 2 and 3. Examination of the underlying
DNA sequences revealed that each footprint included at
least one sequence motif closely related to the consensus
octanucleotide AGA*CAG , that has been found within all
glucocorticoid receptor footprints (19, 36, 45, 46), and shown
to be functional in GRE enhancement (7, 64; Wrange et al.,
in preparation); the best matches to the consensus sequence
reside within the three strong footprints.
As diagrammed in Fig. 2, footprints 1 and 3 bracketed the

tandemly repeated sequence element that encompasses the
Sa enhancer, and footprint 2 covered the junction of the
repeat. This suggests that the MoMSV enhancer is a com-
plex element that can interact simultaneously with at least
two different activating factors, and that the sequences that
mediate the Sa and Sg activities are interdigitated.

2 3
_- -

-300
-200 XaI -100

-200 Xba I -100 +1 SI

I

It

-m1 +31
li,

IV

-352

-224 -147
FIG. 2. Structure of the MoMSV LTR. Upper diagram shows a 526-bp XhoII/SmaI fragment encompassing most of the MoMSV LTR,

plus 47 bp of 5' flanking mink DNA (----), from an integrated provirus isolated and sequenced by Dhar et al. (8). XIz, A 74- to 73-bp tandem
repeat associated with the Sa enhancer component (21, 23, 48). Brackets show the positions of the three predominant receptor footprints on
the top and bottom strands (see the legend to Fig. 4); transcription initiates at +1 and proceeds rightward. Lines below the map depict the
MoMSV LTR fragments used in the present study: i, in SSTO; ii, in OSTO; iii, in STCO.1, STCO.2, OTCS.1, and OTCS.2; iv, in SVCO; and
v in dl-224 SVCO (see the Materials and Methods section).
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S. and Sg enhancer components are functionally distinct and
independent. The apparent overlap of the Sa and Sg se-
quences obviously complicates attempts to uncouple the two
activities simply by altering the sequence within that region
of the LTR. However, Wrange et al. (in preparation) showed
in a study of an MTV GRE containing five receptor foot-
prints that activity is detectable even in subfragments con-
taining only a single footprint sequence. This implied that
fragments lacking sequences upstream of footprint 3 in the
MoMSV enhancer region might retain Sg activity in the
absence of Sa enhancer function. We tested this idea by
using SVCO plasmids containing intact or partially deleted
MoMSV enhancers fused upstream of an SV40 promoter-
CAT gene fusion (48; provided by F. Schulze and P. Gruss,
Heidelberg; see the Materials and Methods section). Figure
5A displays CAT assays of rat XC cell extracts from cultures
transfected with pMSV42 CAT (48; here designated dl-224
SVCO) which includes only the promoter proximal 42 bp of
one tandem repeat plus additional sequences to -147 bp
relative to the MoMSV start site (see Fig. 2). In transfected
mouse L cells, .80% of wild-type Sa activity is lost as a
result of this deletion (48), and Sa was completely inactive
when dl-224 SVCO was introduced into rat XC cells (Fig.
5A, compare lanes b and f; Table 1); this apparent difference
may reflect the preferential activity of Sa in mouse cells (22,
52). In contrast, Sa activity was readily observed in an SVCO

a b c d e f g h

FIG. 3 a and Sg can simultaneously enhance a single promoter.
XC cells were transfected with 2.5 p.g of pRSVCAT (lane g) or
cotransfected with 2.5 ~Lg pRSVCAT and 10 pg of OTCO (lanes a
and b), OTCS.1. (lanes c and d) or OTCS.2 (lanes e and f0. Cultures
were incubated for 48 h after transfection in the absence (lanes a, c,
e, and g) or presence (lanes b, d, and f) of 0.1 p.M dexamethasone.
Total RNA was then isolated and 50-p.g aliquots were hybridized
with an end-labeled synthetic oligonucleotide corresponding to CAT
sequences from -31 to -8 relative to the CAT translation start site.
After primer extension with reverse transcriptase, labeled products
were separated on a 6% denaturing polyacrylamide gel followed by
autoradiography for 72 h. Lane h shows the result of a primer
extension reaction carried out in the absence of added RNA; bracket
demarcates the 66-nucleotide extension product from the pRSVCAT
internal control; arrows identify the 86- and 82-nucleotide species
generated from the tk promoter transcripts.
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FIG. 4. DNase I footprints of glucocorticoid receptor bound to
MoMSV LTR sequences. (A) Coding (bottom) strand. A 390-bp
HindIII/EcoRl fragment (5 ng) was isolated from pUC18MSV (con-
structed by K. Zaret), containing MoMSV LTR sequences upstream
of -124, and end labeled at the HindIII site. The fragment was
incubated with 0, 100, 200, and 300 ng (lanes a through d, respec-
tively) of purified glucocorticoid receptor (60, 61) and subjected to
partial DNase I digestion as previously described (36). Labeled
fragments were electrophoresed in a 6% denaturing polyacrylamide
gel together with the products of Maxam-Gilbert sequencing reac-
tions (data not shown). (B) Noncoding (top) strand. A 670-bp
EcoRlINruI fragment from STCO.2 was end labeled at the EcoRI
site and subjected to DNase I footprinting as described above. Three
major footprints are bracketed on each strand, and their positions
relative to the MoMSV transcription initiation site are shown (Fig.
2).

plasmid containing an intact MoMSV enhancer fragment.
Most importantly, Sg enhancement was observed in both the
wild-type and the deletion mutant SVCO constructs. There-
fore, the MoMSV LTR sequences that remain in dl-224
SVCO, which include receptor footprint 3, are sufficient to
specify hormone-dependent Sg enhancement but fail to elicit
Sa activity in transfected rat XC cells. The two activities can
therefore be uncoupled genetically, and consistent with
previous findings (64; Wrange et al., in preparation), it
appears that a single receptor footprint sequence can medi-
ate Sg activity.
As an independent approach, we tested whether the Sa

and Sg activities might be distinguished with respect to their
relative activities in different cell types. Therefore, the four
STCO and OTCS plasmids containing the intact MoMSV
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FIG. 5. Sa and Sg enhancer components are functionally distinct
and independent. (A) XC cells were cotransfected with 1 pLg of
pRSVpgal plus 0.5 Rg of either CAT3M (lane a), pSVlCAT (OVCO)
(lanes b and c), pMSVCAT (SVCO) (lanes d and e), or dl-224
(SVCO) (lanes f and g). After transfection, cultures were propagated
for 18 h in the absence (lanes a, b, d, and f) or presence (lanes c, e,
and g) of 0.1 ,uM dexamethasone. CAT activity was assayed in
extracts as previously described (13), and chromatograms were
autoradiographed for 24 h; signals at the bottom represent unreacted
substrate near the origin of the thin-layer chromatograph, and upper
spots represent mono- and multiacetylated chloramphenicol prod-
ucts. (B) Transfections were carried out and processed as for panel
A, except that 2 ,ug of OTCO (lanes a and b) or 2 p.g of STCO.1
(lanes c and d) was used as the test plasmid in control (lanes a and
c) and hormone-treated (lanes b and d) cells. (C) Transfections were
carried out and processed as for panel B, except that 10 ,ug of the
test plasmid was used, and AR4-2J was the recipient cell line.

enhancer region were transfected into various rat cell lines.
Whereas Sa and Sg both enhanced tk promoter function in
XC cells (Fig. SB and Table 1), only Sg activity was observed
in AR4-2J (55; Jessup and Hay, In Vitro [Rockville], 1980),
a rat exocrine pancreas cell line (Fig. 5C and Table 1). We
concluded that the Sa and Sg components of the MoMSV
enhancer can be distinguished and observed independently
under appropriate physiological conditions: Sg alone appears
to act upon the tk promoter in hormone-treated AR4-2J cells,
and Sa activity alone is observed in untreated XC cultures.

DISCUSSION

The known physiological roles of glucocorticoid recep-
tors, coupled with the demonstration that GREs are recep-
tor-dependent enhancers (6, 40, 62), led to the suggestion
that the general function of all enhancers might be to serve as
specific binding sites for a class of transcriptional regulatory
proteins (62, 63). Studies of receptor action at GREs are
facilitated by the ability to modulate receptor activity with

exogenous hormone, by the selection and characterization of
receptor mutations (4, 16, 51, 65), by the purification of
receptor to near-homogeneity (60, 61), and by isolation of
receptor-specific monoclonal antibodies (9, 32, 58) and
cDNA clones (30, 31, 56). By using these tools, it has been
shown that the pure protein binds in vitro to specific se-
quences that mediate GRE enhancer function in vivo, and
that hormonal activation of GREs is accompanied by a rapid
change in chromatin structure at the positions of receptor
binding (38, 67).

Genetic and molecular analyses of the MTV enhancer
suggest that the glucocorticoid receptor is the only se-
quence-specific determinant of its activity (7, 64; Wrange et
al., in preparation). In contrast, the MoMSV enhancer is a
complex element apparently recognized by at least two
distinct activator proteins: an unidentified effector of Sa
activity (47), and the glucocorticoid receptor acting upon Sg.
It seems likely that both factors recognize multiple sites
within the MoMSV enhancer, in view of both our results
with receptor footprinting and previous studies suggesting
that Sa activity is conferred by several subregions (21, 48).
Thus, the simplest interpretation of our present results is
that specific binding sites for the receptor and for the
putative Sa factor are overlapping and interdigitated and that
they can function either separately or concurrently; by this
interpretation, it appears that both factors can simulta-
neously occupy at least a subset of their multiple binding
sites at a single MoMSV enhancer element to form a
functional complex.

Other reports suggest that the binding and action of
distinct regulatory factors within a single complex element
may prove to be a general arrangement. Thus, the polyoma
enhancer appears to be composed of subdomains that dis-
play distinct cell-type tropism (18), an upstream activator
sequence in Saccharomyces cerevisiae has been divided into
two sequence components whose activities require the ac-
tion of different trans-acting gene products (17), and purified
glucocorticoid and progesterone receptors bind selectively
to overlapping sequences that appear to be involved in the
regulation of chicken lysozyme gene transcription by these
hormones (42, 54). Indeed, such tight packing of regulatory
protein binding sequences is reminiscent of the organization
of transcriptional regulatory regions in procaryotes (14, 41).

Consistent with previous work (7, 64), the present results
demonstrate clearly that the apparent strength of a given
enhancer is a complex function of the cell type in which it
resides, the specific promoter to which it is linked, the DNA
sequences between the enhancer and promoter, the presence
and activity of other enhancers, and the physiological con-
ditions. Although our observations alter an earlier interpre-
tation (7) of transfections of AR4-2J with plasmids contain-
ing the MTV and MoMSV enhancers together with the tk
promoter, the overall conclusions of that study and the
resultant general proposals (63, 64) are supported and ex-
tended by our present findings. We speculate that each
enhancer element, in association with its specific regulator
proteins, might potentiate the activity of a particular tran-
scription factor, and that different enhancers are specific for
different factors (63, 64). Given that the nucleotide sequence
of each promoter determines which factors limit its intrinsic
efficiency, an enhancer, according to this scheme, could
relieve rate-limiting steps in the function of some promoters
but not those of others. Moreover, this interpretation sug-
gests that multiple enhancers positioned near a given pro-
moter could readily explain combinatorial effects by which
relatively few regulatory components can specify many
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different cell-specific patterns of expression and control (63,
64).

Since Sa clearly can relieve a rate-limiting step in tk
promoter function in XC cells, the simplest interpretation of
its failure to act in AR4-2J is that the putative Sa factor may
be absent or inactive in the latter cell line; the lack of Sa
activity in fusions to several other promoters in AR4-2J (D.
Defranco, unpublished data; M. Walker and A. Boulet,
personal communication) is consistent with this view. In
contrast, both cell lines contained functional glucocorticoid
receptors, and in the presence of an active Sa component in
XC cells, Sg appeared to stimulate all three promoters to an
approximately similar (four- to sevenfold) extent. In AR4-2J,
hormonal activation of Sg strongly stimulated tk promoter
function in the absence of detectable Sa activity.
These studies furnish evidence that combinatorial regula-

tion can be effected from even a single genetic element. This
raises provocative questions about the molecular structure
and composition of the various protein-DNA complexes that
define and distinguish the activities of such an enhancer and
whether protein-protein interactions between the heterolo-
gous activators might define functionally unique structures.
The cloning (30, 31, 56) and expression of glucocorticoid
receptor coding sequences should facilitate approaches to
these issues and may also contribute to the isolation and
characterization of the putative Sa factor.
The potential to uncouple and genetically dissect the

sequences involved in specifying Sa and Sg activities was
demonstrated with a large deletion of MoMSV sequences
within the enhancer region; it should be possible to extend
this analysis to the nucleotide level. In this context, it seems
particularly interesting that Sg activity was not detected in
the enhancer region of the Moloney murine leukemia virus
(33). A comparison of our MoMSV LTR sequence data (8;
see the Materials and Methods section) with a published
sequence of the Moloney murine leukemia virus enhancer
region (53) suggests that the two enhancers may differ in only
six positions. That is, the Moloney murine leukemia virus
enhancer can be viewed as a mutant of the MoMSV element
that has selectively Iost Sg activity.
By pursuing these types of molecular and genetic ap-

proaches, together with cell-free biochemical studies of
transcriptional enhancement (44, 50), it should eventually be
possible to dissect the molecular mechanisms by which
enhancement operates, and also to discern the biological
rationale for this regulatory strategy.
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