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The human progesterone receptor (PR) is dependent upon hormone and a nuclear accessory
factor(s) for maximal binding to progesterone response elements (PRES) in vitro. Recombinant
full-length PR, expressed in a baculovirus system and purified to apparent homogeneity, was used
as a substrate to isolate and identify the accessory factor(s). The major PRE binding enhancement
activity present in nuclear extracts was shown to be associated with the high mobility group
chromatin protein HMG-1. Moreover, HMG-1 was equally effective in enhancing the DNA binding
of both the A and B isoforms of PR. Enhancement of PRE binding was highly selective for HMG-1
as a single purified protein and was not mimicked by a general protein stabilization effect. In gel
mobility shift assays, it appeared that HMG-1 enhanced PRE binding without stably participating
as a component of the final DNA-PR complex, suggesting that HMG-1 acts indirectly by modifying
the PR protein or the target DNA. HMG-1 is a sequence-independent DNA binding protein that
recognizes distorted DNA structures and is also able to promote further distortions by bending DNA.
Enhancement of PRE binding was found to be intrinsic to the conserved DNA binding domain of
HMG-1 suggesting that HMG-1 acts by promoting a structural alteration in the target PRE-DNA.
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INTRODUCTION mechanisms. A recurring theme in the literature is the
existence of nuclear auxiliary proteins that modulate
the in vitro DNA binding activity of sequence specific
transcription activators. In some cases, these auxiliary
proteins have also been shown to effect transcriptional
activity ¢n vivo. Accessory proteins that facilitate DNA
binding have been described for the activated T-cell
transcription factor NF-AT [2], serum response factor
SRF [3], fos—jun [4], NF-kB [5-7], CREB/ATF [7] and
several members of the steroid receptor family [8-22].
It appears that there may be common auxiliary proteins
for distinct subgroups of transcription activators. For
example, the DNA binding activities of fos—jun, NF-
kB, Myb, and CREB/ATF, are sensitive to oxi-
dation-reduction and a protein termed redox factor
ref-1 has been cloned and isolated that is capable of

Steroid hormone receptors are a family of ligand de-
pendent transcriptional activators that function by
binding to cis-acting hormone response elements
(HREs) of target genes [1]. Major unanswered ques-
tions in our understanding of steroid hormone action
are how the ligand converts receptors from an inactive
to an active transcriptional regulator and how receptor
binding to HREs increases transcription of target
genes. Although consensus nucleotide sequences for
functional HREs and structural features in the receptor
that are important for binding have been defined, much
remains to be learned about receptor—-DNA recognition
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mediating both redox regulation and enhancement of
the DNA binding of these transcription factors [7]. The
retinoic acid X receptor (RXR), which is itself a
member of the steroid receptor family, appears to serve



2 Paul Prendergast et al.

in this capacity for a subgroup of intracellular receptors
that includes thyroid hormone receptor (TR), vitamin
D, receptor (VDR), retinoic acid receptor (RAR) and
two orphan receptors, the peroxisome proliferator acti-
vator receptor (PPAR) and COUP-TF [12-15, 23, 24].
RXR is a former orphan receptor since a stereoisomer
of all-trans retinoic acid, 9-cis retinoic acid, has now
been identified as the endogenous ligand for RXR [25].
It appears that RXR enhances DNA binding by het-
erodimerization where both RXR and the other recep-
tor partner are both components of the DNA complex.
Whether proteins other than RXRs can also het-
erodimerize with and enhance DNA binding of this
subgroup of receptors remains to be resolved [8-11].

Nuclear proteins that enhance the DNA binding of
the classical steroid hormone receptors have also been
described. Two non-histone chromosomal proteins of
60-70 kDa that bind to the spacer nucleotides of palin-
dromic estrogen response elements (EREs) were shown
to enhance estrogen receptor (ER) binding [18]. It has
also been shown that efficient binding of highly purified
human ER to an ERE in vitro requires the addition of
a 45 kDa single stranded DNA binding protein [19]. A
small heat stable 3-7 kDa polypeptide was reported to
increase the binding of glucocorticoid receptor (GR) to
DNA-—cellulose [16] and a larger protein of 93 kDa was
described to increase binding of GR to chromatin {17].
More recently, a receptor accessory factor (RAF) as-
sociated with a protein of 130 kDa, was demonstrated
to enhance the binding of recombinant GR and andro-
gen receptor (AR) to their cognate target DNA se-
quences [20]. It appeared that enhancement of DNA
binding was associated with RAF forming a ternary
complex with receptor and DNA.

We have shown in earlier studies that the human
progesterone receptor (PR) also requires an auxiliary
nuclear protein for maximal binding to progesterone
response elements (PREs) in vitro [21]. The major PRE
enhancement activity present in nuclear extracts was
identified to be associated with the high mobility group
chromatin protein HMG-1 [22]. The present paper
provides an overview of our studies of auxiliary pro-
teins that enhance the DNA binding of PR and in-
cludes both published [21,22], and unpublished
results. A mechanism is proposed by which accessory
factors enhance receptor binding to specific DNA sites
by promoting structural alterations in the target DNA.

EXPERIMENTAL

Cell culture, baculovirus expression and receptor prep-
aration

PR-rich T47D human breast cancer cells and PR-
negative MDA231 cells were cultured as described
previously [26, 27]. S. frugiperda (Sf9) insect cells were
grown at 27°C in Grace’s insect medium (GIBCO)
supplemented with 3.3 g/l of yeastolate (GIBCO),
3.3 g/l of lactalbumin hydrolysate (GIBCO), 25 ug/ml
Gentamicin (Irvine) and 109, fetal bovine serum (Hy-
clone). For infection with recombinant baculovirus

vectors, Sf9 cells were plated at a density of 1 x 10°
cells/ml in spinner vessels. Cells in suspension culture
were infected with recombinant viruses at a multi-
plicity of infection of 2.0 for 48 h at 27°C. Construction
of recombinant baculoviruses expressing either the
intact full length A or B isoforms of human PR and
their functional properties have been detailed pre-
viously [28].

Recombinant receptors expressed from baculovirus
were prepared as whole cell extracts (WCE) of infected
Sf9 cells by lysing cells in TEDG [10 mM Tris-base,
pH7.4, 1mM EDTA, 1mM dithiothreitol (DTT),
109, glycerol] supplemented with a cocktail of protease
inhibitor [26] and 0.5 M NaCl. Samples were clarified
by centrifugation at 105,000 g for 30 min. Receptor
binding to hormone i» wvive was accomplished by
incubating Sf9 insect cells at 27°C for the last 4 h of
infection with 100nM of the synthetic progestin,
RS5020. WCEs were dialyzed at 4°C against TEDG to
reduce salt concentrations prior to immunoprecipita-
tion and DNA binding assays. Receptor concentrations
in cell extracts were estimated by steroid binding and
by immunodot blot assay as described previously [29],
and protein concentrations were measured by the
method of Bradford [30].

Purification of recombinant human PR

Separately expressed PR-A and PR-B from bac-
ulovirus vectors in Sf9 insect cells were purified by
immunoaffinity chromatography. Monoclonal antibody
(MADb) affinity resins were constructed by chemically
crosslinking the B-30 or the AB-52 MAD to protein G
Sepharose (Pharmacia-LKB) using 10 mM dimethyl-
pimelimidate by methods described previously [26].
MADbs were purified from ascites fluids and coupled to
protein G-Sepharose at a concentration of a 4-6 mg/ml.
The B-30 MAb which recognizes the B isoform of PR
was used to purify PR-B. AB-52 MAb which recog-
nizes both the A and B isoforms was used to purify
PR-A [26]. Approximately 300 x 10° Sf9 insect cells
were used for each receptor purification. To follow
receptor during purification, WCEs were incubated for
8 h at 4°C with [?H]R5020 to allow some exchange with
unlabeled R5020 bound to PR. Excess free [°’H]R5020
and NaCl concentrations in WCEs were reduced by
dialysis against TEDG. Dialyzed WCEs were then
incubated for 4 h at 4°C on an end-over-end rotator
with a 1.0ml suspension of MAb-coupled protein
G-Sepharose. The beads were then collected by cen-
trifugation at 1500 rpm for 5 min and washed by resus-
pension and centrifugation in 15ml of TEG (TEDG
minus DTT). This was followed by 3 more washes
with 15ml of TEG containing 0.5 M NaCl and one
additional wash with 15 ml of TEG. Resins were then
transferred to a new tube and washed twice more with
15ml of TEG. For elution of PR, resins were
transferred to a 2.0 ml microfuge tube and exposed to
alkaline pH. Briefly, beads were suspended in 600 ul of
50 mM Tris-base, 1 mM EDTA containing 20%, glyc-
erol that was adjusted to pH 11.3 with NaOH. The
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beads were immediately centrifuged and the super-
natant was removed and mixed with 200 pul of
a neutralization/renaturation buffer comprised of
400 mM Tris-HCI (pH 7.4), 40 mM MgCl,, 40 mM
DTT, 4mM EDTA, 0.4 mM EGTA, 100 mM NaCl,
0.2 mM ZnCl, and 509, glycerol. Alkaline pH elution
steps were repeated 4-6 times and the separate eluates
were pooled. The majority of hormone (609%,) orig-
inally bound to PR remains bound during alkaline pH
elution and neutralization (data not shown). Purified
PR can be frozen at —70°C in aliquots and will retain
biological activity for approx. 1-2 months, if not re-
peatedly freeze-thawed.

Gel electrophoresis and Western blotting

SDS polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot analyses of PR were carried
out as described previously [26,27,29] except that
peroxidase conjugated anti-mouse IgG and ELISA was
used as the detection method instead of radioactive
protein A and autoradiography. Silver staining of
SDS-PAGE was performed by the method of
Heukeshoven and Dernick [31].

Purification of HMG-1

HMG-1 was purified from calf thymus by a slight
modification of the method of Adachi er al. [32].
Briefly, acid soluble chromosomal proteins were ex-
tracted with 5%, perchloric acid and precipitated with
cold 259, trichloroacetic acid. The precipitate was
pelleted by centrifugation at 10,000 rpm for 20 min.
The pellet was dissolved in water and dialyzed against
10 mM Tris—HCI, pH 7.8. The dialysate was applied
directly to a PBE94 polybuffer-exchange resin (Phar-
macia-LLKB) used under anion exchange conditions.
The PBE94 column was washed in 10 mM Tris-HCI,
pH 7.8 to remove weakly bound proteins and then
eluted with a linear 0-1.5 M NaCl gradient prepared in
10mM Tris-HCl, pH7.8. Eluted fractions were
analyzed by SDS-PAGE and silver staining and by
Western blotting with a rabbit anti-sera to HMG-1.
Western blot of HMG-1 was performed as for PR
except that the detection method was by autoradiog-
raphy using an '*I-donkey anti-rabbit IgG (11 uCi/ug,
Amersham). The rabbit anti-sera to HMG-1 [33] was
diluted 1:150 in Western blot dilution buffer and
the '®I-secondary antibody was diluted 1:2000
(~ 100,000 dpm/ml).

Quantitative immunodot blot assay

To determine the quantity of PR protein present in
WCEs and after purification, an immunodot blot assay
was used as described previously with some minor
modifications [29]. As a standard for known amounts of
PR, cytosols from T47D breast cancer cells were
measured for the number of PR sites by steroid binding
assay and then serially diluted (2-fold) in TEDG to
generate a series of PR concentrations ranging from
2500 to 1.2 fmol/300 ul. An assumption in this assay is

that all PR in T47D extracts is capable of binding
steroid. Samples of purified PR were initially diluted
1:10 and WCEs were diluted 1:100. Whatman filter
paper (3 mm) and nitrocellulose were equilibrated for
30 min at 25°C (or room temperature) in TEDG and
then placed in a Biorad E6-well dot blot manifold.
Samples in 300 ul volumes were applied under vacuum
to each well of the manifold and washed once under
vacuum with 300 ul TEDG. The nitrocellulose was
then removed, blocked with 19, bovine serum albumin
(BSA)/0.1% Tween-20 and incubated with 10 ug/ml of
AB-52 MAD and processed in the same manner as for
Western blot assays. Nitrocellulose filters were
incubated with [>S]protein A (Amersham, at
50,000 cpm/ml), dried and exposed to X-ray film. Each
spot was quantitated by direct scanning of the radioac-
tivity of the nitrocellulose filter with a Phosphorimager
(Molecular Dynamics).

Gel-mobility shift assay

DNA-binding assays by gel-mobility shift were per-
formed as described previously with minor modifi-
cations [27,34]. PR (in fmol or ng as indicated in
the figure legends) in whole cell extracts or in purified
form were incubated for 1h at 4°C with 0.3 ng of
end-labeled [¥*P]PRE oligonucleotide (sp. act. of
20,000-30,000 cpm/0.1 ng of DNA). The DNA bind-
ing reaction also contained poly dA-dT :poly dA-dT as
non-specific competitor DNA and 2 ug of gelatin in a
DNA binding buffer consisting of 10 mM Tris-base,
pH 7.5, 50 mM NaCl, 5mM DTT, 2mM MgCl,, and
109, glycerol. The DNA binding reactions (25 pl) were
subjected to electrophoresis and autoradiography as
described previously [27, 34]. In experiments in which
other proteins were added to purified PR, the receptor
and protein fractions were mixed and preincubated for
30 min at 4°C prior to addition of DNA. Quantitation
of free [**P]PRE and PRE complexes was carried out
by direct scanning of dried gels for radioactivity using
the Series 400 Molecular Dynamics PhosphorImager.

RESULTS

PR requires both hormone and a nuclear accessory
protein(s) for efficient binding to specific DNA

In human cells, PR is expressed from the same gene
as two amino terminal variants termed PR-A
(90-94 kDa) and PR-B (118-120 kDa). PR-A is trun-
cated, missing 164 amino terminal residues, and arises
from alternative use of a second promoter. Otherwise,
PR-A and PR-B have identical sequences in the DNA
binding and C-terminal ligand binding domains [35].
Both PR isoforms have been shown to be capable of
binding to DNA and to require ligand for induction of
binding to specific PREs [34, 36-38]. Additionally,
human PR is capable of forming stable dimers in
solution and of binding to DNA in three dimeric forms
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composed of the possible PR subunits; AA, AB and BB
dimers [27, 36, 38, 39]. Previous studies from our lab-
oratory have also shown that PR bound and activated
by hormone ¢n vivo (intact cells and then extracted from
nuclei with 0.45M NaCl), exhibited substantially
higher binding activity (5- to 7-fold) for PREs than an
equal number of cytosolic receptors bound to hormone
and activated by salt treatment in vitro [21, 27, 34, 39].
This suggests that hormone binding modifies PR in a
manner in the intact cell that is not mimicked in vitro
or, that nuclear factors facilitate PRE binding that are
either absent or in low amounts in cytosols. In support
of the former possibility, PR is a phosphoprotein and
hormeone binding ¢n vive promotes hyperphosphoryla-
tion of PR whereas hormone-dependent phosphoryl-
ation does not occur in cell-free cytosols [39,40].
However, these are correlative results and there are no
direct data as yet to demonstrate a functional role for
phosphorylation in receptor—-DNA binding. As evi-
dence that the higher DNA binding activity of in vive
activated nuclear PR is due in part to a nuclear factor,
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we found that addition of nuclear extracts (lacking PR)
to cytosol receptors stimulated a 3- to 4-fold increase
in specific PRE binding [21].

The influence of hormone (synthetic progestin
R5020) in vitro and in vivo on DNA binding of PR from
T47D human breast cancer cells is shown by gel-mo-
bility shift assay in Fig. 1. The target *P-labeled DNA
is an oligonucleotide containing a single PRE from the
promoter distal partial palindromic response element of
MMTV [1]. Cytosolic PR prepared from T47D cells in
the absence of hormone and treated with 0.5 M NaCl
to dissociate receptors from hsp90 failed to bind to the
PRE and to form a retarded mobility complex
[Fig. 1(A), lane 1]. Incubation of salt-treated cytosol
PR with R5020 in vitro for 5 h was sufficient to induce
PRE binding [Fig. 1(A), lane 2]. Incubation with
hormone for longer periods of time did not produce a
further increase in binding [Fig. 1(A), lane 3]. In
contrast, PR activated in vivo by the addition of hor-
mone to intact cells and then extracted from nuclei
with high salt, displayed a markedly higher level of

B Cytosol PR
(- R5020)

1§ 30 60

NE(pg) ©

PR-DNA
Complex
C Cytosol PR
(+ R§020)
NE (pg) 0 15 3 60
PR-DNA
Complex

Fig. 1. PR binding to specific DNA is dependent on hormone and an accessory nuclear factor. (A) In vitro and
in vivo effect of hormone on binding of T47D PR to DNA. Unliganded cytosolic PR prepared from T47D cells
were treated with 0.5 M NaCl for 1 h at 4°C and incubated with R5020 (200 nM) at 4°C for the times indicated.
Receptors were also bound to R5020 in vivo (40 nM) for 1h at 37°C and the PR-R5020 complexes were then
extracted from isolated nuclei with 0.5 M NaCl. An estimated 0.05 pmol of PR in WCEs (as assessed by
hormone binding) were submitted to gel-shift assay with 0.3ng of a [¥P]PRE oligonucleotide. PR-DNA
complexes, non-specific protein-DNA complexes and free DNA are indicated. (B and C) Effect of receptor-de-
pleted nuclear extract on the DNA binding of cytosolic PR. Nuclear extracts from non-hormone treated T47D
cells were dialyzed and immunodepleted of PR by receptor-specific MAb affinity resins. Receptor depletion
was effective as demonstrated by Western immunoblot with receptor-specific MAb (not shown). Depleted
nuclear extracts (in ug of total proteins) were mixed in a DNA-binding buffer with 0.05 pmol of either
unliganded (—R5020) cytosolic PR (B) or with liganded (4 R5020) cytosolic PR (C) and incubated for another
30 min at 4°C. [*P]PRE was then added for another 30 min at 4°C and the entire reaction mixture (20 ul)
submitted to gel-electrophoresis. B and C show only the region of the gel containing the PR-DNA complex.
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DNA binding (5- to 10-fold). To determine whether
this difference could be due to the presence of _an
accessory nuclear protein mixing experiments were
done. Nuclear extracts from non-hormone treated
T47D cells were depleted of PR by MAb-affinity
chromatography as described previously [21]. Aliquots
of the PR-depleted nuclear extracts were then mixed
with cytosolic PR and tested for effects on PR-DNA
binding. Unliganded cytosolic PR continued to show
no DNA binding activity in the absence or presence of
added nuclear extracts [Fig. 1(B)]. In contrast, ad-
dition of nuclear extracts to cytosolic PR bound to
R5020, stimulated binding to higher levels than that
induced by the hormone alone [Fig. 1(C)]. This stimu-
latory effect was dependent on the amounts of protein
added and appeared to reach saturation, indicating that
a binding phenomenon was responsible for the en-
hancement activity. These results suggest that the
higher DNA binding activity of PR bound to hormone
in vivo is due, at least in part, to an auxiliary nuclear
factor.

To further characterize the nuclear factor we have
purified human PR to apparent homogeneity and have
used the purified receptor as a substrate for addition of
accessory factors. Because endogenous PR in mam-
malian cells is expressed at low levels, recombinant
receptor overexpressed in a baculovirus insect cell
system was used as a source for purification. Both PR
isoforms were expressed separately as intact full-length
proteins, and they have been shown previously to be
structurally and functionally indistinguishable from
their endogenous counterparts [28]. The recombinant
PRs bind hormone with the same affinity and steroid
specificity as endogenous PR and when present in
whole cell extracts they also bind with high affinity to
PREs in a hormone-dependent manner [28].

Each PR isoform was purified by MADb affinity
chromatography from whole cell extracts of bac-
ulovirus infected Sf9 insect cells. For simplicity of
presentation, most results in this paper are shown with
PR-B. Essentially identical results were obtained with
PR-A (see Fig. 6). PR was eluted from the MAD affinity
resin by exposure to alkaline pH and was immediately
neutralized with a buffer containing excess reducing
agent, zinc, and glycerol to attempt to renature any
unfolded PR. As shown by silver stained SDS-PAGE
in Fig. 2 (left panel), WCEs contain high levels of
soluble PR-B, detectable as major stainable bands at
118-120kDa, and the affinity purified receptors are
essentially homogenous. The Western blot in Fig. 2
(right panel) confirms the identity of the silver stained
bands in WCEs and after purification as authentic
PR-B. The band heterogeneity of PR-B on SDS-gels
that is evident in Fig. 2 is due to phosphorylation [28].
It should be noted that PR was bound to hormone
n vivo prior to cell lysis and MAb-affinity resins were
washed in buffers containing 0.5 M NaCl. These are
conditions that favor receptor dissociation from heat
shock proteins and immunophilins (p59) that associate
with the inactive cytosolic receptor complex [41]. Thus
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Fig. 2. Purification of recombinant PR-B by MAb affinity
chromatography. WCEs from Sf9 insect cells expressing
human PR-B were prepared and PR was purified by a
receptor-specific MAb (B-30) linked to protein G-Sepharose
as described in the Experimental section. PR in WCE (25 ug
of total protein) and after purification (5 ug) were analyzed
by SDS-PAGE and silver staining (left panel) and by Western
blet (right panel) adapted from Ref. [22].

purified PR appears to be essentially free of contami-
nants and other known receptor-associated proteins.
PR in WCEs and after purification was quantitated by
steroid binding assay and by dot blot immunoassay.
Approximately 80% of PR protein in WCEs can be
accounted for as having steroid binding activity (data
not shown). As found previously with endogenous
T47D PR [26], exposure to alkaline pH is a relatively
mild denaturation condition that maintains the ma-
jority (>60%) of the steroid originally bound to the
native receptor (not shown).

PR in WCEs and after purification were also ana-
lyzed for their ability to bind to specific DNA by
gel-mobility shift assay. As shown in Fig. 3 (left panel,
lane 2), hormone (R5020) activated PR-B present in
WCEs bound efficiently to the PRE oligonucleotide. By
contrast purified PR-B exhibited no DNA binding
activity under the conditions of the gel shift assay
(Fig. 3, left panel, lane 3). It should be noted that equal
amounts (estimated by dot blot immunoassay and
steroid binding) of PR in WCEs and in purified form
were added to DNA-binding reactions to ensure that
differences in DNA binding were not due to different
amounts of receptor protein. Remarkably, the DNA
binding activity of purified PR-B was nearly fully
restored to that of native PR by addition of 0.45 M
NaCl nuclear extracts that lacked PR [Fig. 3, left panel,
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lanes 3-8]. Moreover, the ability to stimulate DNA
binding was dependent on the amount (in ug of total
protein) of nuclear extract added and appeared to be
saturable. The reconstituted complex contained PR-B
as demonstrated by a further mobility shift induced by
addition of a PR-B specific MAb ([22], not shown).

Nuclear extracts prepared from several different eu-
karyotic cells enhanced the DNA binding of purified
PR-B including, PR-positive T47D breast cancer cells
(PR was immunodepleted), PR-negative MDA-231
breast cancer cells and non-infected Sf9 insect cells
(Fig. 4). Activity was also present in rabbit reticulocyte
lysates (not shown), but little or no activity was de-
tectable in E. coli extracts (see Fig. 6). This suggests
that the PRE binding enhancement activity is associ-
ated with a ubiquitous eukaryotic factor. By subcellular
fractionation the majority of activity was present in
0.45 M NaC(l extracts of isolated nuclei, although some
activity was found in cytosol (data not shown). Activity
also appeared to be associated with a protein(s) since it
was inactivated by heating or by trypsin digestion and
was retained by dialysis with membranes having mol-
ecular weight cut-offs in the range of 12-14,000 (data
not shown).

To determine whether enhancement of PRE binding
was due to a specific protein, as opposed to a general
effect of protein concentration on stabilization of highly
purified receptor, we examined the ability of various
purified proteins and other agents to enhance the DNA
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binding of purified PR-B. As shown in Fig. 3, addition
of ovalbumin in amounts equal to that of the total
protein of nuclear extracts, did not stimulate PRE
binding. Table 1 lists other proteins and compounds
tested which included charged and neutral polyamino
acids, nucleotide triphosphates, excess reducing agents
and 5%, polyethylene glycol as a water excluding agent.
Of all the agents above, only nuclear extracts were able
to effectively stimulate and restore the DNA binding
activity of purified PR. These results indicate that a
specific protein(s) present in nuclear extracts is respon-
sible for enhancement of PRE binding.

Nuclear accessory proteins do not affect steroid binding
activity, dimerization, or DNA binding spectficity

Since some of the steroid may have been stripped
from receptors during affinity purification coupled with
the fact that ligand is needed for DNA binding, we
questioned whether exposure of purified receptor to
additional ligand might have a stimulatory effect on the
PRE binding. As shown in Fig. 3 (right panel), addition
of excess free ligand to purified PR did not stimulate
PRE binding, nor did excess ligand influence the
stimulatory effect of nuclear extracts. We also ques-
tioned whether nuclear extracts might enhance DNA
binding indirectly by stimulating the steroid binding
activity of purified PR. However, addition of nuclear
extracts did not increase the steroid binding capacity of
purified PR-B (data not shown).
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Fig. 3. DNA binding of PR-B in whole cell extracts and after affinity purification. Left panel: equal amounts
(5 nm) of recombinant baculovirus expressed PR-B in WCE (lane 2) or affinity purified recombinant PR-B
(lane 3) were analyzed by gel shift with an end-labeled PRE oligonucleotide as in Fig. 1. In lanes 4-8, increasing
amounts (in pg of total protein) of nuclear extracts were added to purified PR-B. Nuclear extracts containing
DNA-binding stimulatory activity (DBSA) were prepared from PR-negative MDA-231 breast cancer cells. A
non-specific carrier protein, ovalbumin, was added in increasing amounts to purified PR-B (lanes 9-12). Right
panel: the identical samples were incubated with excess (200 nM) hormone (RS5020) (adapted from Ref. [22]).



Progesterone Receptor-DNA Interactions 7

] T47D

g (PR-) MDA Sf-9
NE -+ 4+ + o+ o+ o+ o+
Purified PR S S S

1 2 3 4 5§ 6 7 8 9

Fig. 4. PRE-binding enhancement activity is present in PR-
positive and -negative cells. Nuclear extracts were prepared
from two breast cancer cell lines, T47D (depleted of PR by
receptor-specific MAb resins) and MDA-231 (PR-negative)
and from non-infected Sf9 insect cells. Equal amounts of
recombinant PR-B in WCEs (lane 2) or affinity purified PR
(lane 3) were assayed for binding to a PRE oligonucleotide by
gel shift. In lanes 4-9, nuclear extracts from T47D, MDA-231,
and Sf9 cells were added to purified PR-B or assayed alone
(adapted from Ref. [22]). Non-specific DNA complexes and
free DNA are indicated.

Various steroid hormone receptors have been shown
to dimerize in solution in the absence of DNA and the
ability to dimerize has been correlated with DNA
binding activity [36, 39,42-44]. To investigate the
possibility that the nuclear accessory protein(s) medi-
ates its effect by modulation of PR dimerization, we
have employed a coimmunoprecipitation assay de-
scribed previously that detects dimerization between
truncated PR-A and full-length PR-B [36, 39]. The A

Table 1. Agents that do not stimulate DN A binding
of purified PR

General protemns Nucleotides

BSA ATP

Ovalbumin GTP

Insulin

RNAse Reducing agents
Gelatin BME

Histone H1 DTT

Polyamino acids Water excluding agent
Poly-L-lysine PEG

Poly-L-aspartic acid
Poly-L-proline

and B receptors were expressed separately in Sf9 insect
cells and purified by MAD affinity chromatography as
in Fig. 2. Varying amounts of purified PR-A and PR-B
(in a constant ratio) were mixed together in the pres-
ence or absence of nuclear extracts and samples were
immunoprecipitated with the B-30 MADb that recog-
nizes an epitope present in the amino terminus unique
to PR-B. Coimmunoprecipitation of PR-A with PR-B
is indicative of dimerization between the A and B
receptors. The amount of PR-A that specifically coim-
munoprecipitated with PR-B was the same at all con-
centrations of purified PR whether or not nuclear
extracts were added (not shown, see Ref. [22]). Thus,
stimulation of PR-DNA binding activity by the nuclear
factor(s) does not appear to occur by modulation of
receptor dimerization.

Standard gel-mobility shift assays contain excess
unlabeled competitor DNA to minimize binding to the
specific *2P-labeled oligonucleotide by other non-
specific DNA binding proteins present in crude nuclear
extracts. We thought it important to determine whether
nuclear extracts might stimulate the binding of purified
PR to specific PREs by simply displacing PR from
competitor DNA. However, when the amount of com-
petitor DNA in gel shift assays was reduced or elimi-
nated, purified PR still failed to bind to the PRE under
the conditions of the assay and continued to require
addition of nuclear proteins (data not shown). With
purified PR we routinely used 80ng of poly dA-
dT:poly dA-dT as competitor DNA which is consider-
ably reduced from the more standard amounts of
1-2 ug. The above results collectively are consistent
with the presence of a specific protein in nuclear
extracts that enhances the DNA binding of PR for its
response element DNA.

The high mobility group protein HMG-1 functionally
substitutes for nuclear extracts

Using nuclear extracts prepared from PR-negative
MDA-231 breast cancer cells as a source, we attempted
to purify a protein associated with PRE binding stimu-
latory activity. Conventional column chromatography
was used and column fractions were assayed for their
ability to enhance the binding of purified PR to PREs
by gel shift assay. The majority of PRE enhancement
activity was retained by heparin Sepharose and phos-
phocellulose and required high salt concentrations for
elution; 0.8 M NaCl for elution from heparin Sepha-
rose and 0.6 M for elution from phosphocellulose.
Activity bound poorly to double stranded DNA-
agarose and did not bind at all to a PRE oligonucleotide
column. In contrast, the majority of activity bound to
denatured single stranded DNA-agarose and was
eluted at 0.2 M NaCl (Fig. 5). Taking advantage of
these properties we used sequential column chromatog-
raphy steps of heparin Sepharose, phosphocellulose
and two passes over single-stranded DNA-agarose to
obtain an approx. 100-fold enrichment of activity per
unit of protein (not shown).
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Fig. 5. Fractionation of the PRE binding enhancement ac-
tivity by single-stranded DNA-agarose. Nuclear extracts pre-
pared from PR-negative MDA-231 breast cancer cells were
sequentially fractionated on heparin Sepharose, phosphocel-
lulose and then applied to a single-stranded DNA-agarose
column. Bound material was eluted stepwise with NaCl at the
concentrations indicated. The column flow through (FT) and
salt eluted fractions (lanes 2-13) were dialyzed and mixed
with purified recombinant PR-B in a gel-mobility shift assay

(adapted from Ref. [22]).

During the course of these fractionation experiments
we noticed that several other known nuclear proteins
have been reported to exhibit similar chromatographic
behavior, in particular binding to single-stranded
DNA-agarose. These proteins include the basal tran-
scription factors TFIID [45] and TFIIB [46] and the
high mobility group chromatin protein HMG-1 [47].
TFIIB was also of interest because of it was recently
identified as a protein that stabilizes the DNA binding
of an orphan receptor, COUP-TF, and it was shown to
bind directly to PR and ER [48]. TBP (TATA binding
protein of TFIID) and TFIIB were expressed as
GST-fusion proteins in E. coli and purified by gluta-
thione-Sepharose affinity chromatography [48]. HMG-
1 was purified from calf thymus by ion exchange
chromatography on polybuffer (PBE 94) chromatofo-
cusing resins [32]. Each purified protein, compared
with BSA, E. coli extracts and nuclear extracts pre-
pared from MDA-231 breast cancer cells, was tested
for its ability to enhance PRE-binding of purified PR.
As shown in Fig. 6, only HMG-1 and nuclear extracts
from MDA-231 cells had a substantial effect on en-
hancing PR-DNA binding. Figure 7 is a silver stained
SDS-PAGE of the purified HMG-1 used in these
experiments. This shows a single silver stained band at
28,000 kDa which was confirmed immunologically by
Western blot to correspond to HMG-1. HMG-1 was
purified from two sources, calf thymus and MDA-231

nuclear extracts. On a molar basis, HMG-1 was effec-
tive when added in stoichiometric amounts with PR. It
also appeared that HMG-1 enhanced PRE binding
without participating stably in the DN A-receptor com-
plex. As evidence of this, HMG-1 alone did not
directly bind to the PRE oligonucleotide, an HMG-1
antibody failed to induce a further mobility shift under
conditions where a PR-specific MAb induced a super-
shift, and enhancement of PRE binding occurred with-
out an obvious change in mobility of the DNA-PR
complex (not shown, see Ref. [22]).

HMG-1 harbors two domains termed “HMG-A and
-B boxes,” that comprise structure-specific sequence-
independent DNA binding motifs [49, 50]. The A and
B boxes are homologous (but not identical), 80 amino
acid regions located respectively in the N-terminus and
central portions of the protein. HMG boxes are pro-
posed to be a novel DNA binding motif that recognizes
angles or bends in DNA {49, 50]. Regions of homology
to HMG boxes have been found in several other
proteins including the sequence specific transcriptional
regulators, lymphoid cell enhancer factor LEF-1 [51]
and testes determining factor SRY [52]. HMG-1 box
domains expressed and purified from E. coli were tested
for their ability to stimulate the DNA binding of
purified PR. The A box exhibited weak enhancement
of PRE binding, whereas the B box exhibited strong
activity nearly equivalent to that of intact HMG-1. In
contrast, HMG boxes of LEF-1 and SRY failed to
enhance PRE binding of purified PR (not shown, see
Ref. [22]). Thus the HMG-B box alone is sufficient for
enhancement of PRE binding, but it appears that not
all HMG box motifs are equivalent in this respect.

HMG -1 increases the binding affinity of PR

Because essentially no specific PRE complexes were
detected with purified PR alone, it was not possible to
estimate a fold enhancement of PRE binding promoted
by HMG-1. Protein-DNA interactions that exhibit
high rates of dissociation are generally not maintained
under standard gel shift conditions, which suggested
that the affinity of PR alone may be too low for
detection under our conditions and that the effect of
HMG-1 is to increase PR affinity to a detectable level.
In order to estimate the binding affinity of purified PR
in the presence and absence of HMG-1, we performed
binding analysis with varying concentrations of PR
against a constant *P-labeled PRE DNA present in a
limiting amount. Much higher concentrations of recep-
tor were used here than the single concentration (5 nM)
of purified receptor used in previous experiments.
Specific PRE-receptor complexes were quantitated
by direct analysis (Phosphorimager) of the radio-
activity of dried mobility shift gels. As shown in Fig.
8, binding of native PR in WCEs to a synthetic
palindromic PRE was dose-responsive and saturable in
the nM range. Purified PR alone, over the concen-
tration range that gave saturable binding in WCEs,
failed to exhibit any detectable PRE binding. However,
some PRE complexes were obtained at much



Progesterone Receptor~-DNA Interactions 9

higher concentrations of purified receptor, but the
binding did not saturate and the number of complexes
obtained at the highest concentration of purified recep-
tor was less than that exhibited at saturation with much
lower concentrations of native PR in WCEs. Essentially
identical results were obtained with PR-A [Fig. 8(A)]
and PR-B [Fig. 8(B)]. Based on the concentration of
PR that gave a 509, upshift of the [**P]PRE, we have
estimated a kDa of 2 x 10~° M for both PR-A and
PR-B in WCE and a 10-fold higher kDa of 2 x 1078 M
for purified PR (the A and B isoforms were not
significantly different). Addition of nuclear extracts or
HMG-1 to purified PR resulted in a leftward shift of
the binding curve that was nearly superimposable on
the curve exhibited by native PR in WCEs. This
indicates that HMG-1 (and nuclear extracts) increased
the binding affinity of PR by approx. 10-fold. It is not
shown here, but it is important to note that HMG-1
appeared to stimulate the binding affinity of PR for the
partial palindromic element of MMTV by > 10-fold.
However, the difference in kDa in the presence and
absence of HMG-1 was not precisely measurable be-
cause PR binds less well to the imperfect than to the
perfect palindromic PRE. We had difficulty in obtain-
ing any binding of purified PR alone to the PRE of
MMTYV, even at the highest concentrations of receptor.

DISCUSSION

The RXR appears to be a common coregulator for
a subgroup of the steroid receptor family that

PR-B P“}.B

BSA
(I

1.5ug

includes TR, VDR, RAR, PPAR and COUP-TF
[12-15, 23, 24], acting to enhance DNA binding by
a heterodimerization mechanism. Nuclear accessory
factors, distinct from RXR, have been reported to
enhance the DNA binding of receptors for the
classical steroid hormones including receptors for pro-
gesterone [21, 22], estrogen [18, 19], glucocorticoids
[16,17,20] and androgen [20]. In general much less
is known about the identity and mechanism of action
of these accessory factors. We have demonstrated
that HMG-1 can function in this capacity to enhance
the binding of purified human PR to its specific
PRE and this has been shown when both PR and
HMG-1 were purified to apparent homogeneity. It is
unclear at present whether the classical steroid hor-
mone receptors (GR, MR, AR, ER, PR), as a
group, utilize a common accessory protein such as
HMG-1 or whether different accessory factors are
involved for each receptor. Based on the reported
differences in the literature in molecular mass, it would
appear that there are multiple accessory factors
[16-22]. However, from most of these studies, because
they have used either crude factor and/or receptor
preparations, it is difficult to interpret whether activity
is associated with the same, related or different pro-
teins. These accessory factors presumably do not func-
tion by a heterodimerization mechanism, since the
classical steroid hormone receptors bind efficiently to
DNA as homodimers [39, 42-44]. In order to deter-
mine whether HMG-1 has the ability to enhance the
DNA binding of other steroid hormone receptors will
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Fig. 6. HMG-1 enhanced the binding of purified PR-B to PREs. PR-B expressed in Sf9 cells and bound to
hormone (R5020) in vivo was prepared either as a WCE or was affinity purified. Equal amounts (25 ng) of PR-B
in WCE or in purified form were assayed by gel shift assay against 0.3 ng of an imperfect palindromic PRE
oligonucleotide derived from MMTYV. Purified PR-B was assayed alone (PR-B) or after addition of increasing
amounts of E. coli extract, BSA, purified TFIID, purified TFIIB, nuclear extracts from MDA-231 cells or
purified HMG-1 from calf thymus. The amounts in #g of protein added to purified recombinant PR-B are
indicated in the figure. Each panel shows only the region of the mobility shift gel that contains the
DNA-receptor complex (adapted from Ref. [22]).
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Fig. 7. Purification of high mobility group protein HMG-1. HMG-1 was purified from calf thymus and from
MDA-231 breast cancer cells by fractionation on a polybuffer-resin (PBE%94). The PBE94 column was used
under anion exchange chromatography conditions. Bound proteins were eluted from the column by a linear
0-1.5 M NaCl gradient. HMG-1 that elutes at about 0.6 M NaCl was dialyzed and rechromatographed in the
same manner on a seccond PBE9% column. The most purified fraction was analyzed by 12.5% SDS-PAGE and
silver staining and by Western blot with a rabbit polyclonal antibody raised to calf thymus HMG-1. '*I-donkey
anti-rabbit IgG secondary antibody and autoradiography was used as the Western blot detection method
(adapted from Ref. [22]).

require studies similar to those described here,
with both purified HMG-1 and various other purified
receptors.

Although our studies with HMG-1 have been con-
ducted in vitro, physiological relevance is suggested by
several observations. For instance, enhancement of
PRE binding is not confined to recombinant PR and
gel-shift as an assay method. As shown here enhance-
ment was observed by gel-shift assay both with en-
dogenous PR from T47D cells and recombinant PR. In
earlier studies, enhancement of PRE binding by nu-
clear extracts was also detected by an immunoprecipi-
tation assay [21] (immunoprecipitation of PR-DNA
complexes with PR-specific MAbs). Purified PR alone
is in fact able to bind to a PRE to some extent when
receptor 1s added in high enough concentrations
(Fig. 8) [22]. The effect of HMG-1 is to increase
PR-binding affinity so that receptor-DNA interactions
occur efficiently at low PR concentrations. Moreover,
enhancement of PRE binding did not require excess
HMG-1, but occurred when HMG-1 and PR were
present in equal molar amounts. Also, HMG-1 stimu-
lated a greater fold increase of PR binding affinity for
an imperfect palindromic PRE, than it did for a syn-
thetic perfect palindromic PRE [22]. In this regard, it
is interesting that naturally occurring progesterone

responsive genes contain imperfect palindromic
response elements [1]. Although the biological effect of
HMG-1 on PR function tn vivo is not known, our data
suggest that HMG-1 could modulate the affinity of
receptors for specific DNA sites in vivo and influence
transcriptional activity of PR.

HMG-1 is a sequence-independent DNA binding
protein that prefers to bind to distorted DNA struc-
tures including single-stranded DNA (presumably a
stable secondary structure), bends in DNA, cruci-
form DNA and DNA adducts (33,47, 49, 50-53].
Recognition of DNA structure is mediated by a con-
served HMG box motif and the HMG box alone is
necessary and sufficient for DNA binding. The sol-
ution structure of the HMG-B box has been solved by
2-D NMR [50]. It is composed of three a helices
arranged in an L shape with the two arms held at an
80° angle to each. This unusual shape has been
suggested to be important for recognition of bends or
kinks in DNA [50]. Regions of homology to the A and
B boxes of HMG-1 have been discovered in several
other proteins including, the sequence specific tran-
scription factors SRY and LEF-1 [51, 52]. Interest-
ingly, the HMG boxes of SRY and LEF-1 not only
bind to distorted DNA structure but also promote
sharp bends in DNA. As shown by cyclization assays,
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HMG-1 also promotes DNA bending but does so in a
sequence-independent manner [54]. In fact DNA
bending may be a general effect of all proteins with
HMG box motifs. The functional role of HMG-1 is not
well defined. It has been suggested to be involved in
replication, DNA repair, recombination and transcrip-
tion [33,47,49-53). Based on our results with PR,
HMG-1 may be a general facilitator of the binding of
sequence-specific proteins to DNA.
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Fig. 8. HMG-1 increased the binding affinity of purified PR-A
and PR-B for specific DNA. The PR concentration in gel-
shift assays was varied against a constant amount of a
3P-gynthetic palindromic PRE oligonucleotide. Recombi-
nant PR-A and PR-B (PR-A upper panel, PR-B lower panel)
were assayed in this manner when prepared as a crude WCE
or affinity purified. Affinity purified PR was assayed alone
(PR-A or PR-B) or after addition of 500 ng of nuclear extract
(PR-A + NE, PR-B + NE) or 200 ng of purified HMG-1 (PR-
A +HMG-1, PR-B + HMG-1). The mobility shift gels were
directly scanned for radioactivity (Phosphorimager, Molecu-
lar Dynamics) and the % upshifted PRE complexes were
quantitated for each concentration of PR. The midpoint
concentration of PR required to bind and upshift 50% of the
DNA was taken as an approximation of the binding dis-
sociation constant (reproduced from Ref. [22]).

We propose that high affinity PR binding is depen-
dent upon both nucleotide sequence and protein in-
duced conformational changes in DNA structure. As a
working hypothesis receptor alone is predicted to bind
with low affinity to PREs to produce a transient distor-
tion in DNA structure. This marks the DNA as a
binding site for the sequence-independent structure-
specific HMG-1. HMG-1 increases the binding affinity
of PR by either stabilizing a dynamic structural confor-
mation in the target PRE that is favored by PR or, by
promoting further distortions in DNA structure.
HMG-1 interaction appears to be transient or unstable
because it is not a component of the final
DNA-receptor complex. This model provides an ex-
planation for how a non-specific DNA binding protein
like HMG-1 can facilitate binding of a sequence
specific protein. It will be important in future studies
to determine the nature of the structural changes in
DNA that are promoted by the combined actions of PR
and HMG-1.

Recent studies on the ability of steroid receptors to
bend DNA provide support for this model. The ER
when bound to an ERE was reported to bend DNA,
however, this was observed with an ER-DNA binding
domain fragment and partially purified full-length ER,
but not with highly purified full-length ER that failed
to bind to EREs at all. This suggests that an accessory
factor may be required both for high affinity DNA
interaction and for DNA bending [55, 56]. The thyroid
hormone receptor has also been shown to bend DNA
when bound to its response element and bending was
found to be enhanced by nuclear factors of unknown
identity [57]. This raises the possibility that HMG-1 or
HMG related proteins may act to facilitate DNA
bending promoted by steroid receptors and that bend-
ing may be requisite for high affinity binding.

An important unanswered question is how members
of the GR subfamily (GR, MR, AR, PR) can elicit
specific responses to their cognate ligands in vivo when
each receptor can bind to and enhance transcription
from the same consensus glucocorticoid response el-
ement (GRE). It has been suggested that cell-specific
accessory proteins are involved in specifying responses
in vivo on the same GRE [1]. Several proteins with a
wide range in molecular mass have been discovered to
have HMG box motifs and to bind to DNA structures
[33, 47, 49-53]. It is possible that some of the proteins
of varying size that have been reported to enhance the
DNA binding of the classical steroid receptors may be
related to HMG-1 by virtue of containing an HMG
box motif. In theory other proteins that harbor HMG
boxes may be able to functionally substitute for HMG-
1. In support of this notion is the fact that enhancement
of PRE binding was found to be intrinsic to the
HMG-B box (see Ref. [22]). Not all HMG boxes,
however, appear to be equivalent in this regard since
the HMG boxes of LEF-1 and SRY failed to enhance
PR-DNA binding (see Ref. [22]). Perhaps, differential
utilization of HMG related proteins as accessory fac-
tors plays a role in dictating specificity within the GR
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subfamily by promoting alternative structural confor-
mations in the same GRE that will be favored by one
receptor.
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