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Glucocorticoid receptor (GR) and octamer transcription factors 1 and 2 (Oct-1/2) interact synergistically to
activate the transcription of mouse mammary tumor virus and many cellular genes. Synergism correlates with
cooperative DNA binding of the two factors in vitro. To examine the molecular basis for these cooperative
interactions, we have studied the consequences of protein-protein binding between GR and Oct-1/2. We have
determined that GR binds in solution to the octamer factor POU domain. Binding is mediated through an
interface in the GR DNA binding domain that includes amino acids C500 and L501. In transfected mammalian
cells, a transcriptionally inert wild-type but not an L501P GR peptide potentiated transcriptional activation by
Oct-2 100-fold above the level that could be attained in the cell by expressing Oct-2 alone. Transcriptional
activation correlated closely with a striking increase in the occupancy of octamer motifs adjacent to glucocor-
ticoid response elements (GREs) on transiently transfected DNAs. Intriguingly, GR–Oct-1/2 binding was
interrupted by the binding of GR to a GRE. We propose a model for transcriptional cooperativity in which
GR–Oct-1/2 binding promotes an increase in the local concentration of octamer factors over glucocorticoid-
responsive regulatory regions. These results reveal transcriptional cooperativity through a direct protein
interaction between two sequence-specific transcription factors that is mediated in a way that is expected to
restrict transcriptional effects to regulatory regions with DNA binding sites for both factors.

The initiation of transcription of genes by RNA polymerase
II is usually controlled through complex transcriptional regu-
latory regions containing multiple binding sites for sequence-
specific upstream transcription factors (74, 88). Overall tran-
scriptional responsiveness is determined by cooperative and
competitive interactions between the DNA-bound factors that
are often dependent upon the precise juxtaposition of DNA
binding sites (44). The regulatory potential of individual tran-
scription factors can be influenced indirectly through the ma-
nipulation of DNA and/or chromatin structure (6, 8, 55, 88,
91). The precise arrangement of the transcription factor bind-
ing sites is also important for the cooperative interactions of
sequence-specific transcription factors with transcriptional co-
activators and the basal transcription machinery (43, 53, 62, 80,
94).

In many instances, transcriptional cooperativity also corre-
lates with direct protein-protein interactions between individ-
ual sequence-specific transcription factors. Often, protein-pro-
tein contacts between heterologous factors stabilize DNA
binding or alter the sequence specificity of binding. Thus,
DNA-bound serum response factor is required for the forma-
tion of a ternary complex which includes serum response factor
accessory protein 1 (SAP-1) (90); the sequence-specific DNA
binding of DNA-dependent protein kinase is mediated
through its association with DNA-bound Ku autoantigen (30),
and the interaction of herpes simplex virus protein 16 (VP16)
with host cell factor and the POU homeodomain protein oc-
tamer transcription factor 1 (Oct-1) alters the DNA sequence
specificity of Oct-1 DNA binding (42, 98). Indeed, the se-

quence-specific DNA binding of several homeodomain pro-
teins has been demonstrated to depend on stabilizing interac-
tions with other sequence-specific transcription factors,
including Exd, Ubx, Pbx, Hox, Ftz-F1, Ear3, and Arp1 (16, 34,
36, 71, 95, 96, 105).

There have also been a number of recent reports of se-
quence-specific transcription factors effectively functioning as
transcriptional coactivators to potentiate activation of tran-
scription by binding to other DNA-bound factors without di-
rectly contacting DNA themselves. For example, the glucocor-
ticoid receptor (GR) has been demonstrated to act as a
coactivator of Stat5 in prolactin-responsive cells (82). Simi-
larly, GR and NF-IL6 appear to interact in a manner that
allows each factor to potentiate transcriptional activation by
the other from either a glucocorticoid response element
(GRE) or an NF-IL6 DNA recognition sequence (63). The
atypical homeodomain protein prospero enhances the DNA
binding of the homeodomain proteins Dfd and HoxA5 in the
absence of prospero DNA binding sites (35). In contrast, pro-
tein-protein binding can also restrict transcriptional activation
potential. Thus, the Stat5-GR interaction appears to repress
the activation of transcription through a GRE and prospero
inhibits DNA binding by Eve (35, 82).

GR is a ligand-activated nuclear hormone receptor (7) that
exists in the cytoplasms of unstimulated cells in an inactive
complex with heat shock proteins and immunophilins (72).
Hormone binding induces dissociation of the receptor-heat
shock protein complex and rapid transfer of the free, transcrip-
tionally active receptor to the nucleus, where it binds with high
affinity to GREs (5, 83) as a homodimer to regulate transcrip-
tion through interactions with transcriptional coactivators such
as steroid receptor coactivator and CREB binding protein (14,
82). DNA binding of each GR monomer is mediated through
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two Cys4 zinc fingers that are highly conserved within the
nuclear receptor superfamily (48).

Studies of the mouse mammary tumor virus (MMTV) pro-
moter-proximal regulatory region have revealed two ways in
which GR can influence the ability of other sequence-specific
transcription factors to regulate transcription (7). This region
of the MMTV long terminal repeat (LTR) encodes binding
sites for nuclear factor 1 (NF1) (9, 11, 59) and octamer tran-
scription factors (8, 10, 89) in addition to a complex GRE (15,
78). However, transcription from the MMTV promoter-prox-
imal regulatory region is tightly controlled by hormone, with
NF1 and Oct-1 having little effect on transcription in the ab-
sence of steroid (12, 65). Prior to stimulation, the MMTV LTR
is packaged into a series of precisely positioned or phased
nucleosomes that appear to specifically exclude NF1 from the
MMTV promoter (2, 3, 64, 67, 70, 102). Upon hormone treat-
ment, the binding of liganded GRs to the GRE is proposed to
initiate a remodelling of the chromatin that makes the pro-
moter accessible to NF1 and leads to the occupancy of the
MMTV NF1 binding site in vivo (3, 8, 21, 70). Support for this
hypothesis comes from a series of in vitro experiments which
have demonstrated that GR and NF1 bind to the MMTV LTR
and activate transcription independently on chromatin-free
templates (8, 40). Further, on transiently transfected plasmid
DNAs, which are not precisely packaged into chromatin, NF1
binding to the MMTV LTR occurs constitutively and is not
affected by GR (3, 50).

In contrast, DNA binding and the activation of MMTV
transcription by GR and Oct-1 have been shown to be highly
cooperative both in vivo and in vitro (8, 91). Although the
MMTV octamer motifs occur in vivo in linker DNA between
two nucleosomes (91), and thus are expected to be more ac-
cessible than the NF1 binding sites, binding to the octamer
motifs in vivo was also observed to be strictly hormone depen-
dent (91). The binding of Oct-1 to the MMTV LTR in vitro
was also dependent on GR (8). Specifically, addition of GR
decreased the concentration of octamer factor required to
saturate the octamer motifs in in vitro footprinting experi-
ments (8). Further, transcriptional regulation of chromatin-
free DNA templates by Oct-1 and GR was highly cooperative.
Preliminary experiments have indicated that GR and Oct-1
may bind directly in solution through an interaction requiring
the Oct-1 homeodomain (45). However, this interaction does
not appear sufficient for either GR or Oct-1 to act as a tran-
scriptional coactivator to potentiate transcription in the ab-
sence of octamer motifs or GREs. Rather, there is some evi-
dence to suggest that GR may antagonize the activation of
transcription by Oct-1 from regulatory regions that lack GR
binding sites (45, 101).

Octamer transcription factors bind through their POU do-
mains (100) to an 8-bp DNA recognition sequence known as
an octamer motif (27, 97). The POU domain is a bipartite
DNA binding domain (DBD) comprised of a homeodomain
and a POU-specific helix-turn-helix motif (41). Binding of the
two domains to DNA is highly cooperative. Oct-2 is highly
similar in its POU domain to Oct-1 but has a distinct transcrip-
tional regulatory potential (86) and does not interact with
VP16 (46). Oct-1 and Oct-2 are constitutively active in cells in
which they are expressed. Oct-1 is a ubiquitous protein, while
Oct-2 is expressed mainly in lymphoid cells (20, 85). Like
Oct-1, Oct-2 appears to activate transcription synergistically
with GR (101). Furthermore, this transcriptional synergism
also seems to result, at least in part, from the cooperative
binding of GR and Oct-2 to DNA (101).

In this study, we have investigated the mechanism of tran-
scriptional synergism between GR and Oct-1 or Oct-2 (Oct-

1/2) by examining the molecular basis for their direct binding.
Our results indicate that the POU domains of Oct-1 and Oct-2
bind to the DBD of GR in solution. We identified two point
mutations in the DNA-contact a-helix in the C-terminal zinc
finger of GR that individually prevented Oct-1/2 binding to GR
in vitro and in vivo. The result of GR–Oct-1/2 binding in
transiently transfected cells was a striking recruitment of the
octamer factor to binding sites adjacent to GR binding sites,
and this recruitment correlated directly with a dramatic in-
crease in reporter gene transcription. Indeed, recruitment of
Oct-2 to a promoter by a GR peptide unable to significantly
activate transcription on its own resulted in transcriptional
activation approximately 100-fold higher than could otherwise
be achieved by ectopic expression of Oct-2 alone. Intriguingly,
addition of a GRE to protein incubations was sufficient to
disrupt preformed GR-Oct complexes. Our data support a
mechanism for transcriptional cooperativity in which GR di-
rectly recruits Oct-1/2 to glucocorticoid-responsive promoters.
However, the nature of the GR–Oct-1/2 interaction seems to
ensure that Oct-1 and Oct-2 do not act as transcriptional co-
activators of DNA-bound GR on promoters lacking octamer
motifs.

MATERIALS AND METHODS

Plasmids. The plasmids pGALO (77), pNLVP16 (23), and pG5E1BCAT (54)
have been previously described, as have the GR and Oct plasmids GRWT
(pRDN93) (58), X795, X616, X568 (76), and pCGNOCT-2 (86). Most of the
plasmids containing point mutations in the GR DBD have also been described
previously (79) as has the MMTV CAT reporter plasmid pHCWT (13). Plasmids
used for in vitro translation include pSP6Luc (Promega) and pET11dCREB (24).
The plasmid encoding the G504R point mutation (pT7G504R) was constructed
by substituting the XhoI/PstI (blunted) GR fragment from pVAG504R (69) into
pT7X556 (29) (XhoI/SacI [blunted]), to produce a plasmid that expresses an
RNA encoding amino acids (aa) 407 to 523 of rat GR under the control of the
T7 promoter. The plasmid with an L501P mutation in the wild-type (WT) GR
full-length sequence (GRWT) was constructed by a site-directed mutagenesis
strategy and then subcloned into p6RGR (66). Vectors expressing GRWT and
GR with the L501P mutation (GRL501P) with N-terminal c-myc tags (pMTG-GR
and pMTG-GRL501P) were created by cloning the BglII/SmaI 350-bp fragment
from pCRIIMTG (a gift from J. Bell, University of Ottawa) and the MscI/BamHI
GR fragments from p6RGR into pTL2 (provided by M. Petkovich, Queen’s
University) digested with BglII and BamHI. GRWT, GRL501P, and GRC500Y
DBDs fused to the Gal4 DBD were constructed by inserting NdeI/SacI fragments
from the appropriate pT7-X556 vector (79) in frame into pGALO 39 to the Gal4
DBD. The plasmid expressing the Oct-1 POU domain fused to the VP16 tran-
scriptional activation domain was prepared by cloning a PCR-amplified Oct-1
fragment encoding aa 265 to 444 into pNLVP16. pGSTOct-2POU was cloned by
inserting a PCR-amplified DNA fragment encoding aa 186 to 367 of Oct-2 (20)
into pGEX 2T (Pharmacia).

The plasmids used in in vivo footprinting experiments were prepared by
subcloning oligonucleotides encoding a consensus GRE (HindIII/BamHI DNA
fragment from pTKCAT-GRE [93]) adjacent to the MMTV distal octamer motif
(pBSGREOCTd) (261 to 251; 59-GATCC ACCTT ATTTA CATAA GCA-39;
BamHI/HindIII), a Gal4 DNA binding site adjacent to the histone H2B octamer
motif (pBSGALOCT) (59-CGGAG TACTG TCCTC CGGTA CCTGT ATGCA
AAT-39) and a consensus Gal4 DNA binding site adjacent to an intracisternal A
particle (IAP) enhancer core binding site (pBSGALIAP) (59-CGGAG TACTG
TCCTC CGGTA CCCTG CGCAT GTG-39) into the HindIII site (GREOCTd)
or the SmaI site (GALOCTd and GALIAP) of pBluescript (Stratagene).

The reporter plasmids for transient transfection were constructed by multim-
erizing oligonucleotides prior to insertion into pG5E1BCAT. An oligonucleotide
containing four copies of the distal octamer motif (described above) was blunted
and inserted into the XbaI (blunted) site of pG5E1BCAT. pG54XOctmt was
produced by inserting two copies of a synthetic oligonucleotide containing two
mutant octamer motifs (59-CTAGA GCTTC GGCAA ATAAG GTGGC
TTCGG CAAAT AAGGT GT-39) into the XbaI site.

Cell culture, transfections, and chloramphenicol acetyltransferase (CAT) as-
says. CHOK1 cells (American Type Culture Collection, Manassas, Va.) were
maintained in a-minimal essential medium supplemented with 10% fetal bovine
serum (Life Technologies, Burlington, Vt.). HeLa and Sf7 cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum.

Transfections for the selection of stable cell lines were performed with Lipo-
fectamine (Life Technologies) (10 ml per 15-cm-diameter dish). Cells were in-
cubated with Lipofectamine-DNA for 6 h, and transfection was stopped by the
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addition of fetal bovine serum to 10%. Selection with 400 mg of G418 per ml was
initiated 24 h after transfection.

For CAT analysis, transfections (30) were performed with DEAE dextran as
previously described (12) (2 mg of CAT reporter, 3 mg Rous sarcoma virus
b-galactosidase (b-Gal), and 10 mg of total DNA) or with Lipofectamine (10 ml
per 60-mm-diameter dish). Highly sheared salmon sperm DNA was used to
equalize the DNA loadings between experiments where necessary. Equivalent
results were obtained by both techniques. Following transfection, the cells were
incubated overnight. The medium was changed the next morning, and cells were
harvested 24 to 48 h later. CAT assays were performed as previously described,
and parallel b-Gal assays were used to normalize results for variations in trans-
fection efficiencies. Each experiment was repeated in duplicate a minimum of
three separate times. The error bars in the figures reflect the standard errors of
the means of all repetitions. The levels of expression of the various Gal and
Gal-GR constructs employed in these assays were quantified by Western blot
analysis with a Gal4 antibody (Santa Cruz Biotechnologies, Santa Cruz, Calif.)
and a Bio-Rad model GS-525 phosphorimager. In all instances, transfections
were performed with amounts of Gal4 DBD (GalO)-, Gal-GRWT-, and Gal-
GRL501P-expressing plasmids that expressed equal levels of the proteins.

Transfection of cells for in vivo footprinting assays was performed with CaPO4
exactly as previously described (3), with 1.5 mg of footprinting template, and with
1.5 mg of GR, Gal-GR, and Oct-2 expression plasmids, as indicated in the figures,
in DNA mixtures supplemented to 5 mg with highly sheared salmon sperm DNA.
Cells were harvested for footprinting 24 h after transfection. In experiments with
full-length GRWT cells were treated with 1026 M dexamethasone (Dex) or
vehicle for 15 min prior to harvesting.

Finally, transfections to prepare nuclear extracts for electrophoretic mobility
shift assays (EMSA) were performed with Lipofectamine (15 ml per 60-mm-
diameter dish). Cells were harvested 48 h after transfection.

In vitro binding to GST fusion proteins. Glutathione S-transferase (GST)
fusion proteins were expressed and purified on glutathione-Sepharose essentially
as described previously (46). GR peptides were in vitro translated in the presence
of [35S]methionine with the coupled transcription-translation TNT reticulocyte
lysate system (Promega). Steroid binding was accomplished by addition of 1026

M Dex to the in vitro-translated GR for at least 2 h at 4°C followed by incubation
at 25°C for 25 min as previously described (25). The association of GR with heat
shock proteins was stabilized by the addition of 20 mM MoNa2O4 (49). The
levels of binding of the in vitro-translated GRs to the GST fusion proteins were
determined essentially as described previously (46). Briefly, equal amounts of in
vitro-translated proteins were incubated with 0.5 mg of immobilized GST fusion
protein in 200 ml of binding buffer (20 mM HEPES [pH 7.9], 60 mM KCl, 12%
glycerol, 1.5 mM EDTA, 1 mM dithiothreitol [DTT], 0.15 mM phenylmethyl-
sulfonyl fluoride, 0.1% Nonidet P-40) for 90 min at 4°C. Following four washes
with binding buffer, the proteins retained on the affinity matrix were eluted in
sodium dodecyl sulfate (SDS) sample buffer and resolved by SDS-polyacrylamide
gel electrophoresis (PAGE). Levels of binding were compared to those of 10%
of the in vitro-translated proteins added to the incubations.

In oligonucleotide competition experiments, following the 90-min incubation
at 4°C, 100 ng of oligonucleotides encoding a GRE (59-ACAGT TCGAC
ATAGA ACAAA CTGTT CTTAA AAGGT ACCCA-39), an IAP enhancer
core (28) (59-CTGCG CATGT GCCAA GGGTA TCTTA TGACT-39), a Ku
antigen DNA binding site from the C3H strain of MMTV (51) (59-AGCTT
GTCTC AAGAA GAAAA AGACG AGAG-39), or highly sheared calf thymus
(CT) DNA was added and the incubations were continued for a further 20 min
at room temperature. Subsequently, samples were washed and processed as in
the standard assay.

Peroxide treatment of the GR. The GR DBD peptide X556 was expressed in
BL21 (DE3) and partially purified as previously described (29). X556 was ap-
proximately 10% pure, as estimated by Coomassie blue staining of SDS-poly-
acrylamide gels.

In vitro-translated X616 and bacterially expressed X556 were treated with 20
mM H2O2 in the presence of 50 mM EDTA for 1 h at 4°C followed by neutral-
ization for 15 min with catalase as previously described (39, 87). Restoration of
zinc was attempted by treatment with 0.1 M DTT in the presence of 250 mM
ZnCl2 (29).

Immunoprecipitations and Western blot analysis. Western blotting was per-
formed with Immobilon-P membranes (Millipore), and proteins were visualized
by enhanced chemiluminescence (Amersham).

Cell lines stably expressing WT and L501P GRs with N-terminal c-myc tags
were prepared by cotransfecting pMTG-GRWT or pMTG-GRL501P and
pSV2NEO into murine Sf7 fibroblasts and selecting stable colonies by treatment
with G418. Western blot analysis of whole-cell extracts with myc-tag antibody
9E10 identified two cell lines, Sf7 myc-GR and Sf7 myc-GRL501P, expressing
nearly equal levels of GRWT and GRL501P as determined by phosphorimager
analysis. Binding assays were performed as previously described with 9E10 and
whole-cell extracts prepared 1 h following treatment of the cells with 1026 M Dex
and full-length 35S-labelled in vitro-translated Oct-1/2. Following vigorous wash-
ing, phosphorimager quantification of SDS-polyacrylamide gels was used to
compare specific binding by myc-GR-containing cell extracts to that of an extract
prepared from parental Sf7 cells that do not express myc-tagged GR. myc-GR
loading in each experiment was confirmed by Western blot analysis.

In vivo footprinting of transiently transfected plasmids. Nucleus preparation
and l exonuclease analysis were performed essentially as described previously
(61). A total of 1.5 3 105 nuclei were used for each l exonuclease analysis.
Restriction enzyme digestion of the nuclei was used to create specific entry
points for exonuclease digestion. Nuclei from cells transfected with pHCWT
were digested with BamHI, pBSGREOCTd was digested with SmaI, and
pBSGALOCT and pBSGALIAP were digested with XhoI. Each sample was
simultaneously digested with 100 U of restriction enzyme and 15 U of l exonu-
clease (Life Technologies) for 15 min at 30°C. Reactions were stopped with
SDS-EDTA, and the DNAs were purified by proteinase K digestion and phenol-
chloroform extraction.

Linear PCR extension (25 cycles) to reveal exonuclease pausing was per-
formed with primers extending from 174 to 152 of the MMTV LTR for plasmid
pHCWT, a T3 polymerase promoter primer for pBSGALOCT, and a T7 poly-
merase promoter primer for pBSGALIAP. Reactions were carried out as de-
scribed previously (61) with Taq DNA polymerase (Perkin-Elmer) in the buffer
supplied by the manufacturer. Products were resolved on 6% polyacrylamide–7
M urea gels.

Nuclear extracts and EMSA. Nuclear extracts from transiently transfected
cells were prepared by a micropreparation procedure (1) from confluent 60-mm-
diameter plates. In all extracts used for EMSA, levels of transiently expressed
proteins were first verified by Western blotting. 32P-labelled oligonucleotides for
GALOCTd and GALIAP have been described above. The GALmtOCT oligo-
nucleotide had a 2-bp mutation (underlined) that is said to eliminate Oct-1/2
binding (19) (59-CGGAG TACTG TCCTC CGGTA CCTGT CGGCA AATAA
GGT-39). Nuclear extracts (1 mg) were preincubated alone or in combination for
4 h at 4°C. This incubation was followed by addition of 2 ng of 32P-labelled
oligonucleotides, 1 mg of poly(dI-dC), 1 mg of bovine serum albumin, and 100 ng
of competitor oligonucleotides, as indicated in the figures, for 20 min at room
temperature in 12 mM HEPES (pH 7.9)–12% glycerol–60 mM NaCl–0.12 mM
EDTA. Protein-DNA complexes were resolved on 4% polyacrylamide (acryl-
amide-bisacrylamide [39.5:1]) gels in 0.53 Tris-borate-EDTA.

An EMSA with bacterially expressed GRX556 treated as described above was
performed with the 32P-labelled 42-bp GRE oligonucleotide from pTKCAT
GRE (93) in the same buffer for 20 min at room temperature followed by PAGE
as described above.

RESULTS

The GR DBD directs binding of GR to the Oct-1 POU
domain in vitro. To begin a detailed examination of the po-
tential for the GR to bind directly to Oct-1/2, we expressed the
POU domain of Oct-1 as a GST fusion protein (46). A previ-
ous report implicating the POU homeodomain of Oct-1 in GR
binding and the lack of similarity between Oct-1 and Oct-2
outside of the POU domain suggested this region as the likely
target for GR binding (45, 86). In a first series of experiments,
we tested the ability of in vitro-translated rat GR fragments to
bind to the GST–Oct-1 POU domain fusion protein (Fig. 1). In
vitro-translated GR is incorporated into a heat shock protein-
containing multiprotein complex that closely mimics the com-
plexed state of unliganded GR in the cytoplasm (22). In addi-
tion to stabilizing the ligand binding domain in a conformation
able to accept ligand, association of GR with these accessory
proteins masks DNA binding, nuclear localization, and other
functions of GR (72). Addition of the synthetic steroid Dex to
in vitro-translated receptor results in the release of the heat
shock proteins from the liganded receptor (22).

As expected, in vitro-translated, liganded rat GR was ob-
served to bind directly to GST–Oct-1 POU (Fig. 1B, lane 1).
Binding appeared to be specific, as neither in vitro-translated
CREB nor luciferase bound to GST–Oct-1 POU (Fig. 1B,
lanes 2 and 3). Further, GR was not retained by GST alone and
binding was completely resistant to the addition of ethidium
bromide (47, 73). Finally, binding of GR to GST–Oct-1 POU
appeared to require the dissociation of heat shock proteins
induced by ligand, as binding was undetectable in the absence
of added steroid (Fig. 1C, lanes 1 and 2).

Preliminary mapping of the GST–Oct-1 POU binding do-
main on GR indicated that deletion of the N- or C-terminal
domain of the receptor had no significant effect on POU do-
main binding but that omission of the heat shock protein bind-
ing domain in the C terminus of GR rendered binding consti-
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tutive (Fig. 1C, lanes 3 to 6). Exactly the same results were
obtained for the binding of GRWT and GR fragments to a
GST–Oct-2 POU domain fusion protein (73). Binding assays
with additional GR constructs mapped the C-terminal bound-
ary for GST–Oct-1 POU binding between aa 494 and 523 of
the GR DBD (Fig. 1D).

To analyze the interaction of the GR DBD to the POU
domain of Oct-1 in more detail, the effect of specific GR DBD
point mutations on the binding of in vitro-translated GR pep-
tides to GST–Oct-1 POU was assessed (Fig. 2). Two of the
peptides tested, containing C500Y and L501P mutations that
map within the DNA-contact a-helix of the second zinc finger
of the GR DBD, failed to bind GST–Oct-1 POU (Fig. 2B,
lanes 9 and 10). By contrast, several other mutations, including
cysteine mutations that disrupt zinc coordination (C460Y,
C492R, and C495Y), had no effect on GST–Oct-1 POU bind-
ing. Repetition of the binding assay with WT and C500Y GR
fragments purified from bacteria verified that binding was di-
rect and did not require additional factors present in the re-
ticulocyte lysate (73).

The GR DBD zinc requirements for Oct-1 binding were
examined further by removing zinc from the GR DBD by
treatment with hydrogen peroxide in the presence of EDTA
(39, 87) (Fig. 3). This treatment completely eliminated se-
quence-specific DNA binding of a bacterially expressed GR
DBD fragment (Fig. 3A, lanes 3 and 4). Approximately 10% of
the DNA binding activity of GR could subsequently be re-
stored by DTT treatment in the presence of 250 mM zinc
chloride (lanes 5 and 6). The same treatments had no discern-
ible effect on the binding of the in vitro-translated GR DBD to
GST–Oct-1 POU (Fig. 3B, lanes 1 to 3). Taken together, these
results indicate that while coordination of zinc, and thus the
zinc-stabilized tertiary structure of the GR DBD, did not ap-
pear to be required for binding to GST–Oct-1 POU, the DNA-
contact a-helix within the second GR zinc finger contained at
least two determinants, Cys500 and Leu501, required for Oct-1
POU domain binding.

Point mutations in the GR DBD prevent the binding of GR
to Oct-1/2 in vivo. To determine the involvement of residues in
the a-helix extending from the second finger of the GR DBD
in the binding of full-length GR to WT Oct-1/2 in solution,
cellular extracts were prepared from murine Sf7 fibroblasts
stably transfected to express similar levels of full-length WT
and L501P GRs with N-terminal c-myc tags. The binding of
full-length, in vitro-translated, Oct-1 and Oct-2 to the GRs in
extracts prepared 1 h after glucocorticoid hormone treatment
was determined by examining the amounts of Oct-1 and Oct-2
immunoprecipitated with an antibody to the c-myc tag (Fig. 4).
Both Oct-1 and Oct-2 were efficiently immunoprecipitated
with GRWT, but neither protein was detected above back-

FIG. 1. Specific binding of the GR to the POU domain of Oct-1 in vitro is
abrogated by C-terminal truncation into the DBD. (A) Schematic presentation
of in vitro-translated rat GR fragments used in panels B and C. The positions of
the DBD, ligand binding domain, and heat shock protein binding domains of GR
are diagrammed. (B) In vitro-translated Dex-treated GR, CREB, and firefly
luciferase (Luc.) were tested for binding to GST–Oct-1 POU by a pulldown

assay. Levels of binding (lanes 1 to 3) were compared to those of 10% of the
receptors added to the incubations (lanes 4 to 6). The migrations of molecular
mass markers are indicated to the left of the autoradiographs. (C) In vitro-
translated GR fragments were tested for binding to GST–Oct-1 POU. GRWT
and X795, which contain intact ligand binding domains and which were com-
plexed with heat shock proteins in the absence of ligand, were tested for Oct-1
POU binding in both the presence (1) and absence (2) of bound steroid (Dex).
SDS-polyacrylamide gels were exposed equally to compare specific levels of
binding (lanes 1 to 6) to those of 10% of the in vitro-translated proteins added
to the incubation (lanes 7 to 12). (D) In vitro-translated full-length and C-
terminally deleted GRs produced by transcription of a restricted DNA template
were tested for binding to immobilized recombinant GST–Oct-1 POU. Bound
untreated and Dex-treated full-length receptors are shown in lanes 1 and 2,
respectively, while the C-terminal truncations are shown in lanes 3 to 5. Levels of
binding of proteins are compared to levels of binding of 10% of the input
proteins shown in lanes 6 to 10.

VOL. 18, 1998 Oct-1/2 RECRUITMENT BY GR 3419



ground in GRL501P immunoprecipitates. Thus, both Oct-1 and
Oct-2 were observed to bind full-length, liganded GR and this
binding was completely abrogated by the L501P point muta-
tion in the GR DBD.

In a third test of GR-Oct binding, we examined the ability of
the Oct-1 POU domain to bind to the GR DBD in two hybrid
experiments in mammalian cells (Fig. 5). Because L501P and
C500Y mutations in the GR DBD interrupt DNA binding by
GR as well as binding to Oct-1/2, a Gal4 DBD was added to
GR DBD constructs (aa 407 to 556) to distinguish transcrip-
tional effects resulting from the loss of GR-octamer protein
binding from effects due to the abrogation of the binding of
GR to DNA. Transcription was monitored from a reporter
gene with Gal4 DNA binding sites immediately adjacent to a
minimal adenovirus E1B promoter.

The Gal4 DBD (GalO) and Gal4 DBD-GR DBD fusion
proteins (Gal-GRWT and Gal-GRL501P) coexpressed with the
acidic activation domain of VP16 in CHO cells had no effect on
E1B expression. Similarly, expression of a construct with the

FIG. 2. The mutations C500Y and L501P in the GR DBD eliminate binding to GST–Oct-1 POU in vitro. (A) Schematic summary of the DNA binding domain of
the rat GR DBD showing the position of the zinc-coordinating cysteines and the two a-helices that contact DNA. (B) The in vitro-translated GRWT DBD (aa 407 to
568) (lanes 8 and 19) and specific point mutation-containing peptides (all of which were in the aa 407 to 556 GR backbone except G504R, which was in the aa 407
to 523 backbone) (lanes 2 to 11) were tested for binding to GST–Oct-1 POU (lanes 2 to 11) in comparison to that of X616 (lanes 1 and 12), as described for Fig. 1.

FIG. 3. Removal of zinc from the GR DBD has no effect on binding to
GST–Oct-1 POU. (A) The effects of peroxide-EDTA treatment, which strips the
coordinated zinc from the GR DBD, and the subsequent partial reconstitution of
zinc coordination on the binding of bacterially expressed X556 to a GRE was
evaluated by EMSA. (B) Effects of the same treatment described for panel A on
the binding of in vitro-translated X616 to GST–Oct-1 POU.
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Oct-1 POU domain fused to the activation domain of VP16
failed to induce transcription when the construct was coex-
pressed with GalO. E1B expression was activated over 80-fold,
however, when Gal-GRWT was coexpressed with Oct-1–VP16.
By contrast, Gal-GRL501P expressed at similar levels was com-
pletely unable to induce E1B transcription. The same result
was obtained with Gal-GRC500Y (52). Essentially the same
results also were obtained with full-length Oct-2 (see below).
These results confirmed that the GR DBD interacted with the
POU domains of Oct-1 and -2 in the nucleus in a way that was
completely sensitive to C500Y and L501P mutations in the GR
DBD.

GR recruits octamer factors to adjacent octamer motifs in
vivo. DNA binding experiments have shown that, in vitro, GR
decreases the concentration of octamer factor required to sat-
urate binding sites adjacent to GREs (8). Further, we have
demonstrated that the levels of occupancy of the MMTV pro-
moter octamer motifs by Oct-1 in vivo on chromatin closely

paralleled the levels of binding of GR to the MMTV GREs
(91). However, in this instance, GR binding to the MMTV
promoter induced a rearrangement of chromatin structure that
may have promoted Oct-1 binding by increasing the accessi-
bility of the octamer motifs. Thus, it was not possible in these
experiments to distinguish the extent to which occupancy of
the octamer motifs resulted from the cooperativity in DNA
binding observed in vitro between Oct-1 and GR.

One way in which to distinguish direct effects on DNA bind-
ing from indirect effects resulting from the remodelling of the
chromatin structure is to examine the binding of transcription
factors to transiently transfected DNAs that fail to adopt a
regular chromatin structure in the absence of DNA replication
(75). This approach has previously been used to support the
hypothesis that the binding of NF1 to the MMTV promoter is
dependent solely on chromatin remodelling (3). Therefore, in
order to dissociate rearrangements in chromatin structure
from cooperativity in DNA binding, we examined the effect of
GR on the binding of Oct-2 with a series of transiently trans-
fected DNA templates (Fig. 6).

Sequence-specific binding of transcription factors to DNA in
the cell can be detected directly in nuclei by exonuclease di-
gestion of restricted DNA (60, 61, 103). Many DNA-bound
transcription factors, including NF1, provide a barrier to the
exonuclease, forcing a pause in digestion that can be subse-
quently viewed by primer extension or PCR. Because binding
is revealed as a positive signal, this method is particularly
useful for footprinting sequence-specific binding to transiently
transfected plasmid DNAs which rarely become saturated with
factors due to what are often very high copy numbers of plas-
mids in individual cells.

The MMTV promoter contains a complex GRE, an NF1
binding site and two adjacent octamer motifs (17, 92). Binding
to the NF1 site can be detected by l exonuclease digestion of
transiently transfected templates, but GR binding does not
impede l exonuclease sufficiently to be revealed as a pause site
(61). Further, NF1 binding to the transiently transfected
MMTV DNA is known to be constitutive and unaffected by
steroid (3) and can thus be used as an internal control for the
binding of other factors like Oct-1/2 to the promoter.

FIG. 4. An L501P substitution in full-length GRWT eliminates binding to
full-length WT Oct-1 and Oct-2. GRWT (lanes 2 and 6) and GRL501P (lanes 3 and
7) with N-terminal c-myc tags in nuclear extracts of stably transfected CHOK1
fibroblasts were tested for binding to in vitro-translated full-length Oct-2 (A) and
Oct-1 (B) by immunoprecipitation with anti-myc antibody 9E10. Binding to
immunoprecipitated control extracts lacking myc-tagged GR is shown in lanes 4
and 8. Levels of binding were compared to those of 10% of input Oct-2 and Oct-1
(lanes 1 and 5, respectively) and were quantified by exposure of the SDS-
polyacrylamide gels to a storage phosphor screen. The relative counts are dis-
played beneath the lanes. (C) A Western blot of the immunoprecipitated GRWT,
GRL501P, and control nuclear extracts with BUGR2, a GR-specific antibody,
demonstrates that equal amounts of the two receptor forms were immunopre-
cipitated from the extracts.

FIG. 5. Two-hybrid analysis of the binding of the GR DBD to the Oct-1 POU
domain in CHO cells as reflected by the activation of pG5E1bCAT transcription.
Gal-GRWT, Gal-GRL501P, or the Gal4 DBD (GalO) were coexpressed with the
VP16 activation domain alone (left) or tethered to the POU domain of Oct-1
(right). The means and standard errors of the means of results of five indepen-
dent transfections are shown. Western blot analysis indicated that GalO, Gal-
GRWT, and Gal-GRL501P were expressed at the same level (73). Similar results
were also obtained with HeLa cells (73).
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FIG. 6. GR binding recruits Oct-2 to octamer motifs adjacent to GR binding sites in the nucleus. (A) Nuclei prepared from CHO cells transfected with the MMTV
promoter construct pHCWT, GR, and/or Oct-2 expression plasmids and treated with 1026 M Dex or vehicle for 15 min were restricted with HindIII and digested with
l exonuclease (lexo) as indicated. Digestion was revealed by linear PCR extension of a primer extending from 174 to 152 of the MMTV LTR, and pause sites were
positioned relative to A and T sequencing tracks amplified with the same primer. The Dex-, GR-, and Oct-2-specific l pause site is indicated by the solid arrow, while
the constitutive pause site generated by NF1 is indicated by the open arrow. The positions of transcription factor binding sites in the MMTV LTR are indicated
schematically to the right of the autoradiogram. (B) Nuclei prepared from CHO cells transfected with pBluescript containing the strong GRE and octamer motif
sequences from the MMTV LTR separated by 29 nucleotides (8) and GR and/or Oct-2 expression plasmids and treated with 1026 M Dex or vehicle for 15 min were
restricted with SmaI and digested with l exonuclease as indicated. Digestion was revealed by linear PCR extension of a T3 polymerase primer, and pause sites were
positioned relative to an A sequencing track amplified with the same primer. The positions of the octamer motif sequence and GRE sequences in the MMTV LTR
are summarized schematically. The Dex-, GR-, and Oct-2-specific l pause site is indicated by the arrow. (C) Nuclei prepared from CHO cells transfected with
pBluescript containing either a Gal4 binding site separated by 8 nucleotides from the octamer motif sequence from the MMTV LTR (left) or a nonspecific
oligonucleotide encoding an IAP enhancer core (right) along with Gal-GRWT, Gal-GRL501P, and/or Oct-2 expression plasmids were restricted with XhoI and digested
with l exonuclease as indicated. Digestion was revealed by linear PCR extension of a T7 polymerase primer, and pause sites were positioned relative to an A sequencing
track amplified with the same primer. The positions of the octamer motif-IAP sequence and of the Gal4 sequence are summarized schematically. The Gal-GRWT-,
Oct-2-, and octamer motif-dependent specific l pause site is indicated by the arrow. Western blots of cellular extracts verified that Gal-GRWT and Gal-GRL501P were
expressed to the same levels (73).
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In the first instance, we examined transcription factor bind-
ing to the MMTV LTR in plasmid pHCWT (Fig. 6A). In the
absence of steroid, a l exonuclease pause site immediately
upstream of the NF1 binding site on the MMTV promoter was
readily detected by linear PCR, both in the presence and in the
absence of full-length GRWT (lanes 4 and 6). As expected, the
intensity of this pause site was unaffected by Dex treatment in
the presence of full-length GRWT or coexpressed Oct-2 (lanes
8, 10, and 12). By contrast, no pausing adjacent to the octamer
motifs in the MMTV LTR was detectable at this level of
amplification in the absence of steroid hormone, even upon
ectopic expression of Oct-2 (lanes 4, 6, 8, and 10). Upon hor-
mone treatment, however, a strong Oct-2-dependent pause site
was detected (lane 12). Somewhat unexpectedly, this pause site
mapped exactly between the two MMTV octamer motifs at
249 (lane 12) rather than near 260, adjacent to the upstream
octamer motif.

To confirm that this pause site did indeed reflect the binding
of Oct-2 to the MMTV LTR, and to show that Oct-2 binding
was not dependent on any other factor that might bind to the
MMTV promoter but GR, we repeated the footprinting with a
promoterless pBluescript construct into which the distal
MMTV octamer motif (261 to 251) was cloned adjacent to
the strong single GRE from the MMTV LTR (2187 to 2172)
(Fig. 6B). On this plasmid, a single steroid- and Oct-2-depen-
dent pause site was detected immediately adjacent to the oc-
tamer motif (lane 6). We therefore conclude that steroid-acti-
vated GR can promote the binding of Oct-2 to octamer motifs
adjacent to GREs on plasmid DNA in the cell nucleus. This
experiment also indicated that the promotion of Oct-2 DNA
binding was not sensitive to the orientations and relative po-
sitioning of the GREs and octamer motifs, as both the spacing
between and the orientations of the MMTV GRE and octamer
motif were altered in the pBluescript plasmid in comparison to
those of the natural promoter.

To evaluate the effect of the L501P mutation, which disrupts
GR–Oct-1/2 protein-protein binding, on the binding of Oct-2
to octamer motifs in the nucleus, we examined the ability of
Gal4 DBD-GR DBD fusion proteins to promote the binding of
Oct-2 to a histone H2B octamer motif cloned into pBluescript
adjacent to a single Gal4 DNA binding site (Fig. 6C). Inter-
estingly, expression of the Gal-GR proteins alone did not re-
sult in a exonuclease pause site adjacent to the Gal4 DNA
binding site (lanes 5 and 7), suggesting that binding of the Gal4
DBD to DNA, like binding of GR to DNA, does not impede
progress of the l exonuclease. However, coexpression of Gal-
GRWT and Oct-2 again led to the appearance of an exonucle-
ase pause site immediately adjacent to the octamer motif (lane
13). Oct-2 DNA binding was completely sensitive to the L501P
mutation in GR, as coexpression of Gal-GRL501P to the same
levels as Gal-GRWT (73) was completely unable to promote
Oct-2-dependent exonuclease pausing (lane 11). Further, no
pause was detected on templates in which a nonspecific oligo-
nucleotide had been substituted for the octamer motif (lanes
14 to 26). Together, these results suggest that the L501P-
sensitive binding of GR to Oct-2 in the cell strongly promotes
the binding of Oct-2 to octamer motifs adjacent to binding sites
for GR. Further, the DNA binding of Oct-2 was not dependent
on the sequence-specific binding of GR to DNA, as Gal-GRWT
appeared to be as effective in recruiting Oct-2 from a Gal4
DNA binding site as full-length GRWT was from a GRE.

Recruitment potentiates the activation of transcription by
the octamer factors to levels that cannot otherwise be attained
in the cell. The ability of many transcription factors, including
Oct-1/2, to activate transcription is usually directly propor-
tional to their affinities for individual response elements and to

their concentrations in the nucleus. Thus, when joined to min-
imal promoters, weak octamer factor binding sites direct the
activation of transcription by Oct-1/2 more poorly than high-
affinity binding sites (19). When considered in this context, the
dramatic L501P-sensitive increase of Oct-2 DNA binding we
observed with GR might be expected to dramatically potenti-
ate the activation of transcription by Oct-2 from promoters
with octamer motifs and GR binding sites linked in cis. Fur-
ther, this effect might be expected to account for a significant
proportion of the transcriptional cooperativity observed be-
tween GR and Oct-1/2 on such promoters (8, 101).

We examined the potential of GR–Oct-1/2 binding to pro-
mote transcriptional activation from consensus, high-affinity
octamer motifs (19) linked in cis to GR binding sites in tran-
sient transfection assays (Fig. 7). In these experiments, the use
of transcriptionally inert Gal DBD-GR DBD fusion proteins
allowed us to focus specifically on transcription induced by
Oct-2 and by an Oct-1–VP16 fusion protein, in the absence of
the N- and C-terminal GR transcriptional activation functions.
Further, linking the GR DBD to a Gal4 DBD enabled us to
evaluate the consequences of the L501P GR mutation, which
abrogated both GR–Oct-1/2 binding and the promotion of
Oct-2 binding to transiently transfected plasmids.

Transcription was recorded from two reporter constructs
derived from the original G5E1BCAT plasmid used in the
two-hybrid experiments described above. The first construct
contained four copies of a consensus octamer motif oligonu-
cleotide inserted between the five Gal4 motifs and the E1B
promoter (G54xOctE1B). The second construct contained four
copies of a related oligonucleotide with two substitutions in the
octamer motif that have been previously described as eliminat-
ing Oct-1/2 DNA binding and transcriptional induction
(G54xOctmtE1B) (19). Under our conditions in CHO cells, this
previously reported mutation eliminated transcriptional acti-
vation by Oct-1–VP16, and was 90 to 95% effective in abro-
gating the induction of transcription by Oct-2 (Fig. 7).

Coexpression of Oct-2 or Oct-1–VP16 with the Gal4 DBD
(GalO) or Gal-GRL501P had no additional effect on the activity
derived from the reporter gene with the mutant octamer motifs
(Fig. 7A). However, when Gal-GRWT was coexpressed with
Oct-1–VP16 or Oct-2, reporter activity was induced 5-fold
(Oct-2) to 10-fold (Oct-1–VP16). Interestingly, while a strong
activation of reporter gene expression still existed, the 95-bp
increase in separation between the Gal4 DNA binding sites
and the E1B minimal promoter reduced the activation of tran-
scription by Oct-1–VP16 by approximately eightfold (compare
Fig. 7A with Fig. 5). This reduction suggested that proximity to
the E1B promoter was important for translating two-hybrid
GR–Oct-1–VP16 binding into activation of transcription.

For the E1B construct containing WT octamer motifs (Fig.
7B), expression of Oct-1–VP16 or Oct-2 alone or together with
GalO or Gal-GRL501P resulted in a 10- to 25-fold induction of
transcription over the level obtained from the reporter with the
mutant octamer motifs (lanes 2 and 4; note the difference in
scale from that of Fig. 7A). Coexpression with Gal-GRWT
further potentiated the induction of CAT activity 10-fold (Oct-
1–VP16) to 100-fold (Oct-2). Thus, the striking recruitment of
Oct-2 to octamer motifs by Gal-GRWT was directly reflected by
a very strong increase in octamer factor-dependent transcrip-
tion. By contrast, coexpression of GalO or the Gal-GRs had no
significant effect on the activation of E1B transcription by
Oct-2 from an E1B CAT reporter gene containing the octamer
motifs but from which the Gal4 binding sites had been re-
moved (52).

The experiments described above were performed at levels
of Oct-2 and Oct-1–VP16 expression that maximally activated
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transcription of the G54xOctE1B reporter gene in the absence
of coexpressed GR. Therefore, our results indicated that GR-
mediated recruitment of the octamer factors not only in-
creased the efficiency of the use of limiting quantities of oc-
tamer factor in the cell but actually increased octamer motif-
dependent transcription beyond the level that could otherwise
be attained in the cell, regardless of the amount of octamer
factor expressed.

This finding is illustrated further by the results shown in Fig.
8. Transfection of increasing amounts of the Oct-2 expression
vector in the presence of Gal-GRL501P yielded a curve for
transcriptional induction consistent with rising concentrations
of Oct-2 at first increasing transcription but eventually saturat-
ing the system to effect transcriptional squelching (31) at high
concentrations (Fig. 8, inset). The shape of the curve obtained
for the dose-dependent induction of the G54xOctE1B pro-
moter when increasing amounts of Oct-2 were coexpressed
with Gal-GRWT was strikingly similar. Notably, squelching was
observed at the same Oct-2 concentration in both instances.
However, across the entire range of Oct-2 concentrations, co-
expression of Gal-GRWT resulted in a consistent 100-fold in-
crease in Oct-2-dependent E1B transcription.

Binding of GR to a GRE destabilizes association with Oct-
1/2. Despite the strength of the two-hybrid effect we observed
with the GR DBD tethered to DNA through the Gal4 DBD,
previous authors have demonstrated that Oct-1 and Oct-2 do
not appear to enhance the activation of transcription through
a GRE in the absence of octamer motifs (101). Similarly, we
observed that expression of Oct-2 had no effect on the ability
of the Gal-GR fusion protein to activate transcription from a
GRE (52). These results suggested the intriguing possibility
that the binding of GR to DNA might be exclusive of the
continued interaction with Oct-1/2 that we have observed in
solution.

To examine how GR binding to DNA might affect GR–Oct-

1/2 binding, we first examined the effect of various DNAs on
GR–Oct-1/2 binding in a GST pulldown assay (Fig. 9A). In
vitro-translated Dex-liganded GR was preincubated with
GST–Oct-1 POU beads under standard binding conditions to
allow complex formation to reach equilibrium. Subsequently,
the GR–Oct-1 complex was challenged with various DNAs.

FIG. 7. Gal-GRWT dramatically potentiates octamer motif-dependent activation of transcription by Oct-2 and Oct-1–VP16. The interaction of full-length Oct-2
(shaded bars) and Oct-1–VP16 (hatched bars) with Gal-GR fusion proteins was examined with reporter plasmids containing five Gal4 binding sites 59 to four mutated
(A) or WT (B) octamer motifs upstream of a minimal E1B promoter and CAT gene. The Gal4 DBD alone (GalO) or Gal-GR fusion proteins were coexpressed with
Oct-2 (shaded bars) or Oct-1–VP16 (hatched bars). The black bars show activity in the absence of ectopically expressed proteins (lanes 1). Expression of GalO alone
had no significant effect on CAT activity generated from the octamer mutant reporter construct (52).

FIG. 8. GR binding potentiates the activation of transcription by Oct-2 far
above the level that can be obtained by ectopic expression of Oct-2 alone. CAT
activity from the E1B reporter with five Gal4 binding sites and four octamer
motifs was determined upon cotransfection of increasing amounts of Oct-2
expression plasmid in the presence of a fixed amount of a Gal-GRWT (circles) or
Gal-GRL501P (squares) expression vector. The results with Gal-GRL501P are
shown on an enlarged scale in the inset. CAT activity from experiments with
increasing amounts of Oct-2 transfected alone or in the presence of GalO
reached a plateau of activation (;5 relative CAT units) by 400 ng of Oct-2, with
a slow decline thereafter to background levels (;0.3 relative CAT units) (data
not shown). The data represent the means and standard errors of the means of
results from three to five independent experiments.
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The preformed GR–Oct-1 complexes were unaffected by the
addition of highly sheared CT DNA or two different nonspe-
cific oligonucleotides to the binding assay (lanes 3 to 5; com-
pare with Fig. 1). However, the addition of an oligonucleotide
encoding a GRE following the equilibration of GR-Oct bind-
ing completely disrupted the preformed GR–Oct-1 POU com-
plexes. Thus, GR–Oct-1 binding appeared to be highly sensi-
tive to the exposure of the GR to a GRE.

To examine the relationship between GR-Oct protein-pro-
tein and protein-DNA binding in more detail, mobility shift
assays were performed with nuclear extracts prepared from
cells transfected to overexpress high levels of either Gal-
GRWT, Gal-GRL501P, or Oct-2 (Fig. 9B). The Gal-GR fusion
proteins and Oct-2 formed specific complexes with an oligo-
nucleotide containing both an octamer motif and a Gal4 bind-
ing site (lanes 2 to 4). By chance, the Oct-2 and the Gal-GR
peptides formed complexes on the Gal-octamer oligonucleo-

tide that migrated similarly. Further, the abundance of the
Gal-GR peptides and Oct-2 in these extracts was such that the
binding of endogenous Oct-1 to the oligonucleotide could not
be detected even with five times the maximum amount of
nuclear extract used in each incubation (lane 1). WT and
L501P Gal-GR binding was competed by excess Gal4 oligonu-
cleotide but not by a consensus GRE or octamer motif (lanes
5 to 10). Similarly, Oct-2 binding was not affected by a GRE or
Gal4 binding site but was competed by an unlabelled octamer
motif oligonucleotide (lanes 11 to 13). When Gal-GRWT was
preincubated together with Oct-2 prior to the addition of the
labelled oligonucleotide, only a single, lower-mobility Gal–
GRWT–Oct-2 DNA ternary complex was detected, even
though the bound complex contained less than 5% of the total
labelled oligonucleotide added to the incubation (lane 14). The
lack of higher-mobility complexes representing the binding of
Gal-GRWT or Oct-2 alone to DNA suggests that, under these
binding conditions, nearly all of the GR and Oct-2 was asso-
ciated with heterocomplexes in solution and that the GR–
Oct-2 complexes bound coordinately to DNA. However, when
Gal-GRL501P was preincubated with Oct-2, only the higher-
mobility complexes containing individually bound Gal-
GRL501P and Oct-2 were detected (lane 17).

Formation of the Gal–GRWT–Oct-2 low-mobility complex
was specifically sensitive to the addition of unlabelled GRE-
containing oligonucleotide. Addition of the GRE together with
the radiolabelled Gal4-octamer motif oligonucleotide follow-
ing preincubation of Oct-2–Gal–GRWT completely prevented
formation of the lower-mobility ternary complex (lane 15). By
contrast, the nonspecific IAP oligonucleotide had no detect-
able effect on the formation of the low-mobility complex (lane
16). Thus, in two separate assays, GR–Oct-1/2 binding ap-
peared to be not just inhibited but actually disrupted by addi-
tion of a GRE to incubations containing preformed GR–Oct-
1/2 complexes.

DISCUSSION

We have examined the ability of GR to bind directly to
Oct-1/2 and have investigated the consequences of this pro-
tein-protein interaction for DNA binding and transcriptional
activation by Oct-1/2. Our results indicate that the binding of
the GR DBD to the POU domains of Oct-1 and Oct-2 dra-
matically potentiates the ability of the octamer factors to acti-
vate transcription in a promoter-specific manner by encourag-
ing the occupancy of octamer motifs adjacent to GREs.
Interestingly, GR–Oct-1/2 binding appeared to be incompati-
ble with the binding of GR to a GRE. These data suggest a
mechanism for transcriptional cooperativity between GR and
Oct-1/2 in which protein-protein interactions between GR and
the octamer factors occur in a way designed to restrict tran-
scriptional cooperativity to promoters containing DNA bind-
ing sites for both factors.

The formation of a complex between the DNA binding do-
main of GR and the POU domain of Oct-1 was evidenced in
several different assays. GST pulldown experiments demon-
strated that full-length GR could bind specifically to the POU
domains of Oct-1 and Oct-2. Binding was localized to the GR
DBD and occurred in a manner that was independent of zinc
coordination, as neither point mutation of zinc-coordinating
cysteines or treatment of the zinc fingers with H2O2 influenced
POU domain binding in vitro. However, individual mutation of
two amino acids in the DNA-contact helix of finger 2 of the GR
DBD (56), C500Y and L501P, did block GR–Oct-1/2 binding
in vitro and in two-hybrid assays in mammalian cells. Further,
the L501P mutation was sufficient to prevent the binding of

FIG. 9. The binding of GR to Oct-1 POU in solution is sensitive to the
presence of a GRE. (A) Following the incubation of GR with GST–Oct-1 POU,
binding was challenged with a consensus GRE (lane 2), highly sheared CT DNA
(lane 3), or nonspecific oligonucleotides encoding an IAP enhancer core (lane 4)
or a binding site for the Ku autoantigen on the C3H MMTV LTR (lane 5).
GST–Oct-1 POU binding was determined by exposure of an SDS-polyacrylamide
gel and compared to that of 10% of the in vitro-translated GR added to the
incubation. (B) EMSA with nuclear extracts prepared from untransfected CHO
cells and cells transfected with expression plasmids for Gal-GRWT, Gal-GRL501P,
or Oct-2. The radiolabelled oligonucleotide employed contained a single Gal4
binding site and an octamer motif. Nuclear extracts were preincubated prior to
the addition of the labelled probe and competitor DNAs. Incubation was con-
tinued for a further 20 min prior to PAGE. The individual combinations of
nuclear extracts and unlabelled competitor oligonucleotides (added at a 100-fold
molar excess) are summarized at the top of the panel.

VOL. 18, 1998 Oct-1/2 RECRUITMENT BY GR 3425



full-length GR to full-length Oct-1/2 in immunoprecipitation
experiments and abrogated the coordinate binding of GR and
Oct-2 to DNA in EMSA.

These results suggest that a surface in the GR DBD that is
distinct from, but that overlaps, the DNA binding interface of
the DBD, mediates specific binding to Oct-1/2 in the cell.
Overlap between the two interfaces appears to be limited, as
several point mutations that interfered with GR DNA binding
and/or DNA-dependent dimerization (R479K, R489K, and
N491S), had no effect on POU domain binding. Further, al-
though the mutations C500Y and L501P interfere with POU
domain binding, crystallographic (56) and nuclear magnetic
resonance (4) analysis of the GR DBD places these amino
acids on the surface of the second DNA-contact a-helix of the
GR DBD that is oriented inwards, towards the core of the
DBD. It therefore seems unlikely that either amino acid di-
rectly contacts the POU domain. We suggest that it is more
probable that the C500Y and L501P mutations force a change
in the tertiary structure of the GR DBD that alters the con-
figuration of the POU binding surface in a way that results in
a loss of binding.

Many protein-protein interactions have also been mapped to
the POU domains of Oct-1 and -2 and to the homeodomain of
other homeobox proteins that affect either DNA binding site
selection or the transcriptional response of these factors (18,
32, 98). The two best-characterized interactions with octamer
factors are those with VP16 (42, 46) and the coactivator Bob1
(also known as Oca-B and OBF-1) (33, 57, 84), with binding to
VP16 being specific to Oct-1. In additional binding studies, we
have verified that GR can bind specifically to the homeodo-
mains of Oct-1 and Oct-2 (99a). Further, in our experiments, a
point mutation in the homeodomain that has previously been
reported to distinguish VP16 binding (46) has no effect on GR
binding (data not shown). Therefore, it seems that while the
presence of a POU-specific domain increases the specificity
and affinity of DNA sequence recognition by POU homeodo-
main proteins, additional interactions, including that observed
here with GR, may still be required to direct and increase the
binding of these factors to octamer motifs in the cell.

Truncation of GR from the C terminus indicated that the
potential to bind Oct-1/2 was lost upon deletion into the DBD.
Perhaps surprisingly, preliminary binding and two-hybrid stud-
ies attempting to delimit the N-terminal requirements for the
binding of GR to Oct-1/2 suggest that the entire GR DBD may
be required (99). Thus, although the zinc-coordinated tertiary
structure of the GR zinc fingers was not required for octamer
factor binding, other determinants within this region, or the
overall folding of the DBD, are likely to prove necessary for
Oct-1/2 binding.

It is interesting that the GR DBD can engage in protein-
protein interactions with a number of other sequence-specific
transcription factors, including AP-1, NF-kB, NF-IL6, Stat5,
and Nur77 (37, 63, 68, 81, 82, 104). Moreover, these interac-
tions are usually mediated by the DBD of the other factor as
well. By contrast, interactions between GR and other factors
that do not bind DNA, transcriptional coactivators or heat
shock protein 90, for example (14, 38), occur outside the DBD.
In vitro DNA binding experiments suggest that DBD-DBD
interactions can modify the DNA binding potential of GR
and/or its partner. Thus, GR binding to AP-1 modifies the
DNA binding potentials of both factors, repressing binding to
simple motifs in favor of composite elements (26). Similarly,
GR binding to NF-kB and Nur77 represses the levels of DNA
binding of these factors (37, 68). By contrast, binding to Stat5
represses GR DNA binding (82).

The consequences of the binding of GR to Oct-1/2 appear to

be distinct from those of other protein-protein interactions
with the GR DBD described to date. Unlike Stat5, AP-1,
NF-kB, and Nur77 binding, association with Oct-1/2 is not
expected to impair or modify GR DNA binding. Furthermore,
the C500Y and L501P mutations that we have identified have
not been reported to disrupt the binding of GR to the other
factors. However, as no direct comparison has been made, a
more detailed analysis of GR–Oct-1/2 binding requirements
will be needed to clarify the distinction between this interac-
tion and other protein binding events mediated by the GR
DBD.

In vitro footprinting of the DNA binding of GR and Oct-1/2
indicated that GR binding to the MMTV LTR decreased the
concentration of Oct-1 required to saturate the MMTV oc-
tamer motifs (8). Our results indicate that GR has a similar
ability to promote the binding of Oct-1/2 to the MMTV oc-
tamer motifs on plasmid DNA in the cell. They also indicate
that this recruitment of Oct-1/2 to the MMTV LTR is depen-
dent upon L501P-sensitive GR–Oct-1/2 binding. Exonuclease
footprinting of specific nuclear factor binding to a DNA tem-
plate containing a single GRE and an MMTV octamer motif
showed that Oct-2-dependent occupancy of the octamer motifs
was strongly induced by liganded GR and did not involve any
additional sequence-specific or general transcription factors.
The same potentiation of binding was observed when the GR
DBD was tethered to DNA by a Gal4 DNA binding site ad-
jacent to the octamer motif. Further, in this instance, binding
to the octamer motif was completely sensitive to the L501P
mutation in the GR DBD, which abrogated GR–Oct-1/2 bind-
ing in other assays. The implication of these results is that the
steroid-dependent occupancy of octamer motifs in the MMTV
LTR observed in vivo on chromatin is likely to depend to a
large extent on the association of GR and Oct-1/2. This pos-
sibility is in direct contrast to NF1 binding to the MMTV LTR,
which appears to be entirely dependent on the remodelling of
the chromatin structure (91).

Interestingly, the Oct-2- and GR-dependent pause site that
we observed on the MMTV LTR mapped at 249, exactly
between the two octamer motifs. An explanation for the loca-
tion of this pause is not obvious as GR–Oct-2-dependent bind-
ing to a subcloned distal octamer motif (261 to 251) was able
to impede digestion by the exonuclease. However, this result is
exactly consistent with exonuclease pausing previously re-
ported in in vivo footprinting of MMTV LTR chromatin that
also placed a steroid-dependent pause site at 249 (21). At the
time, this pause was ascribed to basal transcription factor bind-
ing to the MMTV TATA box. Our results now suggest that it
is more likely that this pause reflects the binding of octamer
factors to the MMTV LTR.

While our results agree with almost all of the in vitro and in
vivo GR–Oct-1/2 DNA binding data obtained to date, they at
first glance appear to conflict with the results of a previous
report in which Oct-1 binding to the transiently transfected
MMTV LTR was not detected to increase in response to hor-
mone treatment (50). However, in these experiments, exonu-
clease III was the processive enzyme employed in the foot-
printing. A subsequent report demonstrated that the 249
pause site, and thus Oct-1/2 binding, can be detected only with
l exonuclease (61).

The extent to which the promotion of octamer factor DNA
binding by GR affected transcriptional activation by Oct-1/2
was examined in transient transfection assays. The use of trun-
cated GR-Gal4 DBD fusion proteins unable to activate re-
porter gene expression when they were expressed alone al-
lowed us to directly correlate octamer factor DNA binding
with transcriptional activation. With the simple reporter sys-
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tem employed, the L501P-sensitive promotion of octamer fac-
tor DNA binding directly correlated with an increase in the
transcriptional activation potential of Oct-1/2 of close to 2
orders of magnitude. This transcriptional effect was entirely
dependent upon the presence of Gal4 DNA binding sites in the
reporter gene promoter. Therefore, we propose that binding to
GR provides a strong selective advantage for the activation of
transcription by octamer factors from glucocorticoid-respon-
sive promoters. Furthermore, these results suggest one way in
which transcriptional activation by a constitutively active nu-
clear factor can be made dependent on inducible signals.

An unusual feature of the potentiation of Oct-1/2 DNA
binding by GR was that the GR–Oct-1/2 association in solution
was at least significantly weakened by the binding of GR to a
GRE. In both GST pulldown experiments and EMSA, the
addition of a GRE but not nonspecific DNAs resulted in the
disruption of GR–Oct-1/2 binding. This result has not previ-
ously been reported for other instances of cooperative DNA
binding of transcription factors. One obvious potential advan-
tage to weakening the link between GR and Oct-1/2 following
the binding of GR to DNA would be a tighter control of gene
expression by reducing the potential for Oct-1/2 to influence
the transcription of GR-responsive genes lacking octamer mo-
tifs. Thus, Oct-1 and Oct-2 are not expected to act as tran-
scriptional coactivators of GR, despite their ability to bind in
solution. A potential disadvantage of this effect is predicted to
be the inability of GR to recruit Oct-1/2 to octamer motifs
following the DNA binding of GR. However, as demonstrated
in our experiments and by in vivo footprinting experiments
performed with cells expressing normal levels of GR and Oct-1
(91), this limitation does not appear to be a major detriment to
recruiting Oct-1/2 to the MMTV promoter.

Two potential ways in which GR–Oct-1/2 binding in solution
may lead to the simultaneous binding of GR and Oct-1/2 to
promoters are summarized schematically in Fig. 10. In the first
instance (Fig. 10A), association of GR and Oct-1/2 DBDs in
solution occurs in a manner which leaves the GR DBD free to
recognize and initiate binding to GREs (step i). However,
binding of GR to the GRE is incompatible with continued
association with Oct-1/2 and leads to the release of the octamer
factors from GR (step ii). When release occurs within tran-
scriptional regulatory regions containing octamer motifs, Oct-1
and -2 binding is encouraged through an increase in their local
concentrations (step iii). In the absence of an octamer motif,
however, the octamer factor is not retained. One additional
advantage of this mechanism is that it minimizes the require-
ment for precise juxtaposition of the GREs and octamer mo-
tifs. While we have not performed a rigorous evaluation of this
possibility, the promotion of Oct-2 binding to transiently trans-
fected plasmid DNAs by GR was not observed to be sensitive
to the spacing between, or the orientations of, the GREs and
octamer motifs used in this study.

A second possibility is that on transcriptional regulatory
regions containing both octamer motifs and GREs, associated
GR and Oct-1/2 initiate DNA binding at the same time (Fig.
10B). This joint binding would be a more direct way to facili-
tate octamer factor binding and is supported by our results
demonstrating that Gal-GR fusion proteins also promoted the
binding of Oct-2 adjacent to Gal4 binding sites. However,
another report that full-length GR represses the ability of
Oct-1 to bind to octamer motifs in the absence of GREs (45)
suggests that GR may still need to release the octamer factor
for DNA binding to occur. Interestingly, in both the previous
study and in preliminary experiments that we have performed
(73), the GR DBD alone is unable to repress octamer factor
DNA binding in vitro or to repress octamer factor-dependent

transcription in transfection experiments. Thus, it seems that
the repression of octamer factor DNA binding by full-length
GR depends on determinants outside the minimal region of
GR required for octamer factor binding in solution. Finally,
while not indicated in Fig. 10, neither model for recruitment of
Oct-1/2 to DNA by GR specifically excludes the possibility of
continued, but fundamentally altered, interaction between GR
and Oct-1 or Oct-2 when both factors are bound to their
respective response elements.

One approach that is expected to provide additional insight
into the mechanism through which GR–Oct-1/2 association
promotes the binding of Oct-1/2 to DNA would be to examine
how complex formation affects the kinetics of Oct-1/2 DNA
binding. For example, continued association of GR and Oct-
1/2 following DNA binding might be expected to decrease the
rate of dissociation of Oct-1/2 from octamer motifs. By con-
trast, the release of Oct-1/2 into solution adjacent to octamer
motifs is expected to increase the on rate for Oct-1/2 DNA
binding.

Finally, our results suggest that the recruitment of Oct-1/2 to
DNA by GR plays a major role in promoting the occupancy of
octamer motifs in the MMTV and other glucocorticoid-re-

FIG. 10. Two possible mechanisms for the recruitment of Oct-1/2 by GR to
octamer motifs adjacent to GREs. (A) Upon treatment with steroid, liganded
GR is transported into the nucleus, where it can form a complex with Oct-1/2
through an interface that involves the zinc fingers of GR and the POU domain
of Oct-1/2 (step i). Mutations L501P and C500Y in the GR DBD specifically
abrogate octamer factor binding. Although the binding to Oct-1/2 requires de-
terminants in the GR DBD, GR complexed with Oct-1/2 retains the ability to
recognize and bind to a GRE (step ii). Binding of GR to a GRE is preferred to,
and destabilizes, binding to Oct-1/2. During the course of GR DNA binding, the
interaction between GR and Oct-1/2 is weakened in a manner that leads to the
release of the octamer factor from GR in vitro. In the absence of nearby octamer
motifs, the octamer factor is not retained. However, in the presence of an
adjacent octamer motif, the release of Oct-1/2 directly promotes octamer motif
binding (step iii). (B) The second mechanism is similar to that shown in panel A,
except that the associated GR and octamer factors bind coordinately to tran-
scriptional regulatory regions containing GREs and octamer motifs linked in cis.
Coordinate binding may potentially occur in preference to binding by the indi-
vidual factors to regulatory regions with binding sites for only GR or Oct-1/2.
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sponsive promoters in vivo on chromatin templates. However,
in order to directly evaluate this prediction, it will be necessary
to identify mutations in the GR DBD that block Oct-1/2 bind-
ing without affecting the binding of GR to DNA or the ability
of GR to promote the rearrangement of chromatin.
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102. Wrange, Ö., J. Carlstedt-Duke, and J. Å. Gustafsson. 1986. Stoichiometric
analysis of the specific interaction of the glucocorticoid receptor with
DNA. J. Biol. Chem. 261:11770–11778.

103. Wu, C. 1984. Two protein-binding sites in chromatin implicated in the
activation of heat-shock genes. Nature 309:229–234.

104. Yang-Yen, H. F., J. C. Chambard, Y. L. Sun, T. Smeal, T. J. Schmidt, J.

Drouin, and M. Karin. 1990. Transcriptional interference between c-Jun
and the glucocorticoid receptor: mutual inhibition of DNA binding due to
direct protein-protein interaction. Cell 62:1205–1215.

105. Yu, Y., W. Li, K. Su, M. Yussa, W. Han, N. Perrimon, and L. Pick. 1997.
The nuclear hormone receptor Ftz-F1 is a cofactor for the Drosophila
homeodomain protein Ftz. Nature 385:552–555.
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