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Full transcriptional activation by steroid hormone
receptors requires functional synergy between two
transcriptional activation domains (AF) located in
the amino (AF-1) and carboxyl (AF-2) terminal regions. One possible mechanism for achieving this
functional synergy is a physical intramolecular association between amino (N-) and carboxyl (C-)
domains of the receptor. Human progesterone receptor (PR) is expressed in two forms that have
distinct functional activities: full-length PR-B and
the amino-terminally truncated PR-A. PR-B is generally a stronger activator than PR-A, whereas under certain conditions PR-A can act as a repressor
in trans of other steroid receptors. We have analyzed whether separately expressed N- (PR-A and
PR-B) and C-domains [hinge plus ligand-binding
domain (hLBD)] of PR can functionally interact
within cells by mammalian two-hybrid assay and
whether this involves direct protein contact as determined in vitro with purified expressed domains
of PR. A hormone agonist-dependent interaction
between N-domains and the hLBD was observed
functionally by mammalian two-hybrid assay and
by direct protein-protein interaction assay in vitro.
With both experimental approaches, N-C domain
interactions were not induced by the progestin antagonist RU486. However, in the presence of the
progestin agonist R5020, the N-domain of PR-B
interacted more efficiently with the hLBD than the
N-domain of PR-A. Coexpression of steroid receptor coactivator-1 (SRC-1) and the CREB binding
protein (CBP), enhanced functional interaction between N- and C-domains by mammalian two-hybrid assay. However, addition of SRC-1 and CBP in

vitro had no influence on direct interaction between purified N- and C-domains. These results
suggest that the interaction between N- and Cdomains of PR is direct and requires a hormone
agonist-induced conformational change in the LBD
that is not allowed by antagonists. Additionally,
coactivators are not required for physical association between the N- and C-domains but are capable of enhancing a functionally productive interaction. In addition, the more efficient interaction of
the hLBD with the N-domain of PR-B, compared
with that of PR-A, suggests that distinct interactions between N- and C-terminal regions contribute to functional differences between PR-A and
PR-B. (Molecular Endocrinology 13:910–924, 1999)

INTRODUCTION
The human progesterone receptor (PR) is a member of
the nuclear receptor superfamily of transcriptional activators that regulates development, differentiation,
and homeostasis of various reproductive functions (1,
2). PR is expressed as two distinct molecular forms
from a single gene: full-length PR-B and truncated
PR-A that lacks the first 164 amino acids of the amino
terminus (3). PR, as well as other steroid receptors,
has a conserved structural and functional organization
that has been well characterized (1, 2). Both forms of
PR are identical in their centrally located DNA-binding
domain (DBD) and carboxyl (C-) terminal ligand-binding domain (LBD). PR-A and PR-B also contain two
independent transcriptional activation domains (AF): a
constitutive AF-1 in the amino terminus and a hormone-dependent AF-2 in the LBD (4, 5). A third transcriptional modulatory domain has been defined in the
amino (N-) terminal segment unique to PR-B that re-
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quires interaction with other regions of the receptor (5,
6). Under certain cell and promoter contexts, PR-B is
a stronger transcriptional activator than PR-A (7–10).
This difference in activity is most likely due to conformational or other structural differences between the N
termini of the two-receptor isoforms (3, 11, 12). Under
conditions in which PR-A is not an activator, it can
functionally repress the transcriptional activity of other
steroid receptors (7–10). While the mechanism for this
repression by PR-A is not fully understood, a discrete
transcriptional inhibitory region has been identified in
human PR-A that may allow it to interact with factors
that do not interact with PR-B (11, 12).
Steroid receptors, including PR, are latent transcription factors that are inactive in the absence of hormone and undergo a multistep activation process
upon binding ligand. Receptor activation includes the
steps of ligand-induced conformational change, dissociation from an inactive oligomeric complex composed of heat shock proteins and immunophilins,
dimerization, and binding to specific DNA sequences
of steroid-responsive genes to thereby alter rates of
gene transcription (2, 13–15). The identification of coactivators that interact directly with a broad range of
nuclear receptors in a hormone- and AF-2-dependent
manner has provided important insights into the
mechanism by which receptor-DNA interaction modulates gene transcription. The p160 family of coactivators and the CREB binding protein (CBP) family of
coactivators (16–20) have been shown to enhance the
transcriptional activity of nuclear receptors and to be
essential for maximal hormonal responses in vivo (16,
21–23). Nuclear receptor coactivators appear to act as
bridging proteins between the receptor and general
transcription factors, thereby facilitating recruitment of
the preinitiation complex. Coactivators are also believed to be involved in targeted remodeling of chromatin due to their intrinsic histone acetyltransferase
activity (24–27). The coactivators identified so far primarily interact with and mediate the function of AF-2;
AF-1-specific coactivators have not been identified.
However, the p160 coactivators such as steroid receptor coactivator SRC-1 and glucocorticoid receptor-interacting protein GRIP-1 have been recently
shown to directly interact with amino-terminal sequences of PR or ER, albeit less efficiently than they
interact with AF-2, and to be capable of mediating
coactivation function through the amino terminus
(28–31).
Under certain cell and promoter contexts, both AF-1
and AF-2 can function independently. However, under
most conditions, functional synergy between AF-1 and
AF-2 is required for full transcriptional activity (4, 5,
32–39). Studies with estrogen receptor (ER) and androgen receptor (AR) have suggested that an intramolecular association between the amino- and carboxylterminal regions of receptor contributes to the
functional synergy between AF-1 and AF-2. In a modified mammalian cell two-hybrid interaction assay,
separately expressed amino- and carboxyl-terminal
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domains of ER were observed to functionally interact
in vivo in a hormone agonist-dependent manner (40).
Using both yeast and mammalian two-hybrid interaction assays, several groups have also observed a hormone-agonist dependent interaction between aminoand carboxyl-terminal domains of AR (30, 41–43). It is
not clear from these two-hybrid interaction experiments whether amino-carboxyl domain interactions
are direct or indirectly mediated by coactivators or
other proteins that associate with either domain of the
receptor. Functional interactions in a two-hybrid assay
could be the result of either direct or indirect binding.
Conflicting results have been reported for the effect of
nuclear coactivators on functional interactions between N- and C-domains as detected by two-hybrid
assays. It was reported that SRC-1 enhances ER N-C
domain interactions (44), both SRC-1 and CBP enhanced interactions between the N- and C-domains of
AR, while a truncated form of SRC-1 was observed to
inhibit these interactions in AR (30). In another study,
the transcriptional intermediary factor TIF-2 had no
effect on the functional interaction between the N- and
C-domains of AR (43). Direct in vitro interaction between purified N- and C-domains of steroid receptors
has not been reported.
In the present study we have investigated whether
the N- and C-domains of human PR are capable of
interacting in a hormone agonist-dependent manner.
To resolve the question of whether these interdomain
interactions are direct or indirect, they were analyzed
by direct protein-protein interaction assays in vitro
with purified N- and C-domain polypeptides of PR and
by a mammalian two-hybrid assay. We also investigated whether the N-domains of the A and B forms of
PR interact the same or differently with the C-terminal
LBD as a possible contributing factor to the different
functional activities of the two receptor forms.

RESULTS
Hormone-Agonist Dependent Interaction in Vitro
between Amino- and Carboxyl-Terminal Domain
Polypeptides of PR
Protein-protein interaction in vitro between separately
expressed N- and C-domains of PR was analyzed
initially by a polyhistidine-tagged protein pull-down
assay with the polypeptides shown schematically in
Fig. 1. The PR fragments included polyhistidinetagged N-domains of PR-A (ANhis; aa 165–535) and
PR-B (BNhis; aa 1–535) and nontagged C-domains
containing either the entire LBD (aa 688–933) or the
LBD plus hinge region (hLBD; aa 634–933). It should
be noted that the expressed N- and C-domains both
lack the DBD and thus share no overlapping sequences (Fig. 1) that might contribute to protein-protein interaction through homodimerization. Because
the baculovirus PR domain vectors contain polyhistidine tags, it was necessary to cleave the tag from one
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Fig. 1. PR Amino-Carboxyl Terminal Interactions Detected in Vitro by Polyhistidine Pull-Down Assay
Schematic of PR domains expressed in baculovirus (upper panel): The amino termini of PR-B (BNhis, aa 1–535) and PR-A
(ANhis, aa 165–535) were expressed with a 63 polyhistidine tag. The hinge region (h) and ligand binding domain (hLBD, aa
634–933) and the LBD alone (aa 688–933) were expressed and prepared as nonfusion proteins. Full-length PR-B (aa 1–933) is
shown for alignment of all the receptor domains. Six sequential N-terminal histidine residues (his). Whole-cell extracts of infected
Sf9 cells containing polyhistidine-tagged N-domains of PR-B (BNhis) or PR-A (ANhis) were mixed with equal amounts (determined
by Western blot and steroid-binding analysis) of C-terminal domains (LBD or hLBD) and incubated with metal ion affinity resins
(Talon). The LBD and hLBD were bound to the synthetic progestin R5020 during expression in Sf9 cells. After washes of the resin,
bound proteins were eluted with 2% SDS and analyzed by Western blot with a mixture of MAbs that recognize epitopes in either
the N-domain or the LBD of PR (AB-52 and C-262, respectively). Assay input (10%) of polyhistidine-tagged N-domains (ANhis
and BNhis), and the carboxyl-terminal, LBD and hLBD, are shown in lanes 1–4. Lanes 5–7 are the LBD incubated with metal resins
(Talon) in the absence (nonspecific binding control, lane 5) or presence of ANhis (lane 6) or BNhis (lane 7). Lanes 8–10 are the hLBD
incubated with metal resins in the absence (lane 8) or presence of ANhis (lane 9) or BNhis (lane 10). The Western blot detection
method was 35S-labeled protein A and autoradiography.

of the paired PR fragments, which was done with the
C-domain polypeptides by treatment with enterokinase as described previously (45). Each domain
polypeptide was expressed from baculovirus vectors
in Sf9 insect cells, and the C-domains were bound to
the synthetic progestin R5020 during expression before cell lysis. Whole-cell extracts containing N- or
C-domains were mixed and incubated for 30 min at 4
C before immobilization to metal affinity resins (Talon)
through the polyhistidine-tagged N-domain polypeptide. After washing the Talon resins with 15 mM imidazole and 100 mM NaCl to remove nonspecific proteins,
bound proteins were eluted and analyzed by Western
blot with a mixture of monoclonal antibodies (MAbs)
that recognize epitopes in the N terminus (AB-52) and
the C terminus of PR (C262) (46, 47). To determine the

nonspecific binding of C-domain polypeptides that
lack polyhistidine tags, the LBD and hLBD were incubated with Talon resins in the absence of the polyhistidine tagged N-domains of PR (Fig. 1, lanes 5 and 8).
By this pulldown assay, no specific association was
detected between the LBD and the N-domains of either form of PR (Fig. 1, lanes 5–7). However, a significant amount of hLBD associated in a specific manner
with the N-domain of either PR-A or PR-B (Fig. 1, lanes
8–10). It should be noted that the triplet bands of the
N-domain of PR-B are due to phosphorylation sites in
the unique N terminus of PR-B (48). The ratio of the
C-domain polypeptide specifically associated with
Talon-immobilized polyhistidine-tagged N-domains
was determined by Phosphorimager analysis from
multiple pull-down experiments, and the results are
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summarized in Table 1. These quantitative analyses
confirmed there was no detectable specific interaction
between the LBD and the N-domains of PR-A (LBD/
ANhis ratio 5 0.02 6 0.01, n 5 3) or PR-B (LBD/BNhis
ratio 5 0.01 6 0.01, n 5 3). In contrast, a substantial
amount of the hLBD specifically associated with the
N-domains of either PR-A or PR-B. We also observed
a significantly higher ratio of hLBD interaction with the
N-domain of PR-B (ratio of hLBD/BNhis 5 0.27 6
0.04) than with the N-domain of PR-A (ratio of hLBD/
Anhis 5 0.14 6 0.03; P , 0.05), (Table 1, R5020
column). Taken together, these results suggest a direct protein interaction between N- and C-domains of
PR that requires both the hinge plus LBD as the minimal C-terminal region and that there is a more efficient
interaction of the hLBD with the N terminus of PR-B
than with the N-domain of PR-A.
To determine whether interaction between N-domains and the hLBD is dependent on ligand binding,
similar polyhistidine-tagged protein pull-down experiments were performed with the hLBD prepared in the
unliganded state, or bound to R5020 or the progesterone antagonist RU486. The hLBD did not physically
associate with the N-domains of PR-A or PR-B in the
absence of ligand (Fig. 2, lanes 4–6) or when bound to
RU486 (Fig. 2, lanes 7–9). The hLBD efficiently interacted with the N-domains of PR (A or B form) only
when bound to R5020 (Fig. 2, lanes 10–12). Results of
quantitative analysis by Phosphorimaging of multiple
pull-down experiments are summarized in Table 1 and
confirm that interaction between the N- and C-domains of PR in vitro is dependent on hormone agonist
binding to the hLBD and is not allowed by the antagonist RU486.
Interaction between Amino and Carboxyl
Domains of PR Is Direct between Purified PR
Fragments and Does Not Require Other Proteins
The in vitro protein interaction experiments depicted in
Figs. 1 and 2 and summarized in Table 1 were performed with PR domain polypeptides present in crude
extracts of Sf9 insect cells. To determine whether
these interactions are direct or require other proteins,
similar pull-down experiments were done using purified PR domain polypeptides. Baculovirus expressed
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N-domains of PR (ANhis and BNhis) were purified as
described in Materials and Methods by affinity chromatography on nickel chelation resins using imidazole
to elute the proteins under nondenaturing conditions.
Because we encountered problems with low yields of
purified polyhistidine-tagged hLBD from nickel resin,
followed by enterokinase cleavage necessary to generate nontagged hLBD for polyhistidine pull-down assays, we used a baculovirus-expressed glutathione
S-transferase (GST)-tagged hLBD and GST-pull down
assays for experiments with purified PR fragments.
The hLBD-GST was bound to R5020 during expression in Sf9 insect cells and was purified by affinity
chromatography with glutathione-Sepharose resins as
described in Materials and Methods using reduced
glutathione to elute the hLBD under nondenaturing
conditions. Silver-stained SDS-gels and Western blot
to confirm the identity of the PR domain polypeptides
shows that the N-domains of PR-A (AN) and PR-B (BN)
and the GST-hLBD were purified to greater than 90%
(Fig. 3).
Approximately equal amounts (determined from
silver-stained SDS gels) of purified N-domains and
hLBD-GST were mixed together in GST pull-down
assays. The hLBD-GST and a baculovirus-expressed GST as a control for nonspecific binding
were preimmobilized to glutathione-Sepharose resins. The hLBD-GST, GST, and blank resins were
then incubated with purified N-domain polypeptides, and after washing of the resins in buffer with
125 mM NaCl, bound proteins were eluted and analyzed by Western blot. Detection of specifically
associated N-domains was by use of a MAb (1294)
that recognizes an epitope in the N-terminal region
of human PR that is common to both A and B
isoforms (Fig. 4). To confirm equal loading and binding of hLBD-GST to the glutathione-Sepharose resins, separate Western blots were performed with the
C-262 MAb that recognizes an epitope in the LBD
(not shown). A significant fraction of the N-domain of
PR-A (AN) (Fig. 4A) and the N-domain of PR-B (BN)
(Fig. 4B) specifically associated with hLBD-GST
above the little to no binding of the N-domains to
GST, or to blank glutathione-Sepharose resins.
Quantitative Phosphorimager analysis from multiple

Table 1. Effect of Ligands on PR Amino-Carboxyl Terminal Domain Interactions in Vitro
Ratio of hLBD to Amino-Terminal Domain (Mean 6

Interacting Domains
R5020

hLBD/ANhis
hLBD/BNhis

0.14 6 0.03 (n510)
0.27 6 0.04 (n57)a

a

SEM)

No Ligand

RU486

0.0 (n53)
0.0 (n53)

0.01 6 0.01 (n53)
0.02 6 0.02 (n53)

Multiple polyhistidine-tagged protein pull-down assays were quantified by determining the ratio of hLBD to polyhistidine tagged
N-domains of PR specifically bound to metal ion affinity resins (Talon). Values (mean 6 SEM) were measured by direct
PhosphorImager scanning of Western blots for radioactivity (bound [35S]Protein A) in the receptor bands. The hLBD was bound
to 200 nM R5020, 200 nM RU486, or no ligand for the final 6 h of infection of Sf9 cells before cell lysis. Receptor was also exposed
to the appropriate ligand in vitro during the polyhistidine-tagged protein pull-down assay.
a
P , 0.05.
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Fig. 2. Interactions of Amino-Carboxyl Domains in Vitro are Hormone Agonist Dependent
Whole-cell extracts of Sf9 cells containing the PR domains shown in the schematic were mixed, and association between the
N-domains and the hLBD was detected by polyhistidine-tagged pull-down assay as described in Fig. 1. The hLBD was either
unliganded (lanes 4–6) or was bound to RU486 (lanes 7–8) or R5020 (lanes 10–12). Proteins bound to Talon resins were eluted
and analyzed by Western blot with a mixture of MAbs (AB-52 and C-262) that together detect the N-domains and the hLBD. Inputs
(10% of total) of the hLBD and the polyhistidine-tagged N-domain (ANhis and BNhis) are shown in lanes 1–3.

GST pull-down assays similar to that in Fig. 4 revealed that, on average, 5.7% (SEM 6 1.12%, n 5 9)
of the assay input of the N-domain of PR-B and
6.51% (SEM 6 0.801, n 5 9) of the input of the
N-domain of PR-A specifically associated with immobilized hLBD-GST. Thus, the more efficient interaction of the hLBD with the N-domain of PR-B, as
compared with the N-domain of PR-A that was detected with PR domain polypeptides prepared as
crude cell extracts, was not detected by GST pulldown assay with highly purified PR fragments.
Whether these different results are due to the use of
different assay methods (GST vs. polyhistidine pulldown assays) or to the presence of other bridging
proteins that facilitate interaction between the Ndomain of PR-B and the hLBD is not known. To
investigate this question further we analyzed the
influence of SRC-1 and CBP on the interaction between purified N- and C-domain PR fragments.
SRC-1 and CBP were each expressed as full-length
proteins with polyhistidine tags in the baculovirus
system and were purified by nickel chelation affinity
chromatography. As a control for the general effect
of other proteins on the stability of highly purified PR
fragments, ovalbumin (10 mg) was added and was
observed to have no effect on these in vitro interactions (not shown). Addition of SRC-1, CBP, or

both proteins together also had no influence on the
interactions detected by GST pull-down assay between purified N-domains of PR-A or PR-B with the
hLBD (not shown). Thus, we conclude that the Ndomains of PR-A and PR-B can make direct protein
contact with the hLBD in a manner that does not
require SRC-1 or CBP. These results with purified
PR fragments also suggest that the more efficient
interaction of the hLBD with the N-domain of PR-B,
as compared with the N-domain of PR-A observed
in whole-cell extracts, is likely due to proteins other
than SRC-1/CBP, or to a coactivator complex consisting of SRC-1 and CBP plus additional factors.
Functional Hormone-Agonist Dependent
Interaction between the Amino- and CarboxylTerminal Domains of PR by Mammalian TwoHybrid Assay
A mammalian two-hybrid assay was used to determine whether the N-terminal regions of PR-A and
PR-B can functionally interact with the C-terminal
hLBD within cells. The hybrid protein constructs
depicted in Fig. 5 included the hLBD fused to the
DBD of Gal4 (hLBD-Gal4) and the N-domains of
PR-A (AN-VP16) and PR-B (BN-VP16) fused to the
VP16 transcriptional activation domain. An SV40
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Fig. 3. Purification of PR Domain Polypeptides
Recombinant PR hLBD-GST purified by glutathione Sepharose 4B affinity chromatography, and the N-domains of PR-A (ANhis)
and PR-B (BNhis) purified by Ni-NTA affinity chromatography, were analyzed by SDS-PAGE and silver staining (panel A) and by
Western blot (panel B) with a mixture of MAbs that recognize epitopes in the N-domain common to PR-A and PR-B (AB-52) and
in the LBD (C262).

large T antigen fused to VP16 (T-VP16) was used as
a control for nonspecific interaction of the hLBD with
an unrelated protein. A luciferase gene inserted
downstream of five Gal4 DNA-binding sites (53
Gal4-RE-LUC) was used as the reporter for detection of functional interaction between hLBD-Gal4
and the VP16 fusion proteins (Fig. 5). Human hepatoma (HepG2) or human cervical carcinoma (HeLa)
cells were cotransfected with hLBD-Gal4 and one of
the three VP16-fusion constructs, and the cells were
treated without and with PR ligands for 48 h before
harvest and measurement of luciferase activity.
Western blot analysis confirmed that the fusion
products were expressed as correctly sized proteins
and at levels similar to full-length transfected wildtype PR (data not shown). For the experiments in
Fig. 6, the nonspecific luciferase expression resulting from interaction between SV40-VP16 and hLBDGal4 for each ligand treatment group was normalized to a value of 1.0, and the specific luciferase
expression, dependent on both hLBD-Gal4 and PR
N-domain VP16 fusion constructs, was calculated
as the fold induction over the nonspecific expression of luciferase.

In the absence of ligand, hLBD-Gal4 did not functionally interact in either HepG2 cells (Fig. 6A) or
HeLa cells (Fig. 6B) with the N-domain-VP16 fusions
of either PR-A (AN-VP16) or PR-B (BN-VP16) above
that of the background interaction with SV40-VP16
(T-VP16). However, progesterone addition to both
cell types induced a significant functional interaction
between hLBD-Gal4 and either PR N-domain VP16
construct (Fig. 6). Additionally, hLBD-Gal4 interacted more efficiently with the N terminus of PR-B
(5.2 6 0.1 fold induction in HepG2 and 6.3 6 0.7 in
HeLa cells) than the N-domain of PR-A (2.7 6 .01 in
HepG2 and 4.0 6 0.3 in HeLa cells; P , 0.05) in both
cell lines (Fig. 6). In agreement with the in vitro
protein-protein interaction results, RU486 failed to
induce a functional interaction between hLBD-Gal4
and either PR isoform N-domain construct in HepG2
cells (Fig. 6A) and with the N-domain of PR-A in
HeLa cells (Fig. 6B). However, in HeLa cells a small
but significant RU486 stimulation (1.9 6 0.3-fold
over the T-VP16 control, P , .01) of hLBD-Gal4
interaction with the N-domain of PR-B was observed, which was considerably less than that stimulated by progesterone (Fig. 6B). Thus, functional
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Fig. 4. Direct Interaction in Vitro between purified N- and C-Domains of PR
Purified hLBD-GST, or GST as a control, were preimmobilized to glutathione Sepharose. Equal amounts (determined by
Western blot) of purified N-domains of PR-A (panel A) or PR-B (panel B) were incubated with the hLBD-GST, GST, or blank resins
for 1 h at 4 C. After washing of resins, bound proteins were eluted and analyzed by Western blot with an MAb (1294) that detects
an epitope in the N-domain common to PR-A and PR-B. Assay input (10%) of the N terminus of PR-A (AN) or PR-B (BN) for each
GST-pull down assay is indicated.

Coactivators Are Involved in Functional
Interaction between Amino- and CarboxylTerminal Domains of PR within Whole Cells

Fig. 5. Mammalian Two-Hybrid Assay Constructs
Schematic diagram of the fusion constructs and reporter
gene used in the mammalian two-hybrid assay. The VP16
acidic activation domain (aa 411–455) was fused to the N
terminus of PR-B (aa 1–550, BN-VP16), the N terminus of
PR-A (aa 165–550, AN-VP16), or the SV40 large T antigen
(T-VP16). The Gal4 DBD (aa 1–147) was fused to the PR LBD
plus hinge sequences (aa 634–933) to yield hLBD-Gal4. Interaction between the hLBD-Gal4 and N-domain VP16 fusion
proteins was measured as an induction of expression of the
luciferase reporter gene under the regulation of five Gal4
DNA-binding sites (53 Gal4-RE-LUC).

interaction between the C- and N-domains of PR
within mammalian cells is hormone agonist-dependent and is either not allowed or greatly reduced
(hLBD interaction with the N-domain of PR-B in
HeLa cells) by the antagonist RU486.

To investigate the role of transcriptional coactivators in
the functional interaction between the N- and C-domains of PR, we analyzed whether coexpression of
full-length SRC-1, CBP, or both proteins would influence these interdomain interactions in the mammalian
two-hybrid assay. Separate cotransfections with either SRC-1 or CBP in HepG2 (Fig. 7) or HeLa cells
(data not shown) had minimal effect on progesteronedependent interaction between hLDB-Gal4 and the
N-domain VP16 constructs of PR-A and PR-B. However, cotransfection with SRC-1 and CBP together
resulted in a significant stimulation of progesteronedependent functional interaction between hLBD-Gal4
and the N-domains of PR-A or PR-B (Fig. 7). In HepG2
cells, cotransfected SRC-1 and CBP together increased hLBD-Gal4 interaction with PR-B N-domain
from a 4.6- to a 13-fold induction (2.83) and hLBDGal4 interaction with PR-A N-domain from a 3.2 to a
6.6 fold induction (2.063) (Fig. 7). A similar enhancement of functional interaction between hLBD and the
N terminus of PR-B (3.37-fold increase) and the Nterminus of PR-A (4.41-fold increase) was observed by
cotransfecting HeLa cells with SRC-1 and CBP (not
shown). Enhancement by SRC-1 and CBP is largely
PR specific and does not appear to be due to a coactivation effect on general transcription. Coexpression of SRC-1 and CBP together resulted in only a 1.4-
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Fig. 7. Coexpression of Coactivators Enhances Functional
Interaction between Amino and Carboxyl Domains of PR
HepG2 cells were transiently transfected with hLBD-Gal4
and the VP16 fusion constructs expressing SV40 large T
antigen (T), or the N-domains of PR-B (BN) or PR-A (AN), as
in Fig. 6, except in the absence (empty pCR3.1 vector) or
presence of expression vectors for SRC-1, CBP, or both
coactivators. The data are calculated as fold inductions over
the control interaction between hLBD-Gal4 and T-VP16 for
each group and are the mean of triplicate determinations
(6SEM) from a single representative experiment.
Fig. 6. Hormone Agonist-Dependent Functional Interaction
between Amino and Carboxyl Domains of PR
HepG2 cells (A) or HeLa cells (B) were transiently cotransfected with hLBD-Gal4 and VP16 fusion constructs containing the N-domains of PR-B (BN-VP16), PR-A (AN-VP16), or
the SV40 large T antigen (T-VP16). Transcriptional activity of
the luciferase gene was assayed on the 53 Gal4-RE-LUC
reporter as a measure of functional interaction between Gal4
and VP16 fusion proteins. Transcriptional activity was measured in the absence of ligand or in the presence of progesterone (1027 M) or the progesterone antagonist RU486 (1027
M). The data are represented as fold induction over the control interaction between hLBD-Gal4 and T-VP16 for each
ligand treatment group that was normalized to 1.0. Bars are
the mean 6 SEM from three independent experiments.

to 1.5-fold stimulation of Gal4-VP16 transactivation of
the Gal4-RE-LUC reporter gene in both HeLa and
HepG2 cells, indicating that SRC-1 and CBP are not
affecting transcription activation in general (not
shown).
To test the extent to which coactivators are essential for functional interaction between N- and C-domains of PR, the activities of endogenous SRC-1 and
CBP were inhibited in the mammalian two-hybrid assay. To inhibit SRC-1, cells were cotransfected with a
dominant-negative form of SRC-1 (0.8) that contains
the C-terminal nuclear receptor-binding site enabling it
to bind to PR, but lacks the centrally located nuclear
receptor-binding sites and both transcriptional activation domains (16, 28). Coexpression of SRC-1 (0.8) in
the mammalian two-hybrid assay effectively inhibited
progesterone-dependent interaction between hLBDGal4 and the N-domains of either PR isoform (Fig. 8A).
To inactivate endogenous CBP, cells were cotrans-

fected with an expression plasmid for the adenovirus
protein 12S E1A (E1A), which binds to the third zinc
finger motif of CBP and inactivates its coactivator
function (49). E1A cotransfection in the mammalian
two-hybrid assay effectively inhibited progesterone induction of the functional interaction between hLDBGal4 and the N-domains of either PR isoform (Fig. 8B).
As a control for effects on general transcription activation, the dominant negative SRC-1 (0.8) and E1A did
not affect the constitutive transactivation of the GAL4RE-LUC reporter mediated by a Gal4-VP16 activator
(not shown). These mammalian two-hybrid results,
taken together with the in vitro protein-protein interaction data, suggest that SRC-1 and CBP are essential for functional hormone-dependent interaction between the amino- and carboxyl-terminal domains of
PR, but are not required as bridging, or adaptor, proteins for association between the N- and C-domains,
which occurs by direct contact in the absence of other
proteins.

DISCUSSION
Full transcriptional activity of steroid receptors requires functional synergy between activation functions
located in the amino and carboxyl domains of receptor
(4, 5, 32–39). Previous studies with ER (40) and AR (30,
41–44) using a standard or modified two-hybrid assay,
suggest that this functional synergy involves a liganddependent association between the amino and carboxyl domains of receptor. Using a mammalian twohybrid interaction system, we have also observed a
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Fig. 8. Inactivation of Endogenous Coactivators Inhibits
Functional Two-Hybrid Interaction Between N- and C-Domains of PR
HeLa cells were cotransfected with hLBD-Gal4 and VP16
fusion constructs (T-VP16, AN-VP16, and BN VD16) as in
Figs. 6 and 7, except that cells were also transfected with and
without (empty vector) a dominant negative SRC-1 (0.8) (panel A) or the adenovirus protein E1A (panel B). Luciferase
activity was normalized to b-galactosidase activity and calculated as in Figs. 6 and 7. The data are mean values of
triplicate determinations (6 SEM) from a single representative
experiment.

hormone-agonist dependent functional interaction between N-terminal domains and the hLBD of human
PR, suggesting that N-C interdomain interaction is a
common mechanism for all steroid hormone receptors. An unresolved question from previous two-hybrid
results is whether the observed functional interaction
represents direct protein contacts or is indirectly mediated by other proteins that associate with either Nor C-domains of the receptor. To resolve this question
we have investigated the ability of N- and C-domain
polypeptides of PR to interact directly in vitro. When
expressed as recombinant polypeptides in Sf9 cells
and prepared as whole-cell extracts, the N-domains of
both PR isoforms interacted efficiently with the Cterminal hLBD of PR. Furthermore, this in vitro interaction was dependent on the hormone agonist R5020
and was not detected in the absence of ligand (Figs. 1
and 2). When the N- and C-domain polypeptides were
purified to more than 90% from Sf9 whole-cell ex-
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tracts, they continued to interact by pull-down assay in
a specific manner indicating that the N- and C-domains of PR are capable of making direct protein
contacts and do not require other proteins to physically associate.
While the interaction between the amino- and carboxyl domains of PR in vitro (Fig. 2 and Table 1), and
within cells by mammalian two-hybrid assay, was observed to be hormone agonist dependent (Fig. 6), little
or no interaction was detected by either experimental
approach in the presence of the progesterone antagonist RU486. Androgen antagonists were similarly reported to diminish functional interaction between the
N- and C-domains of AR in a mammalian two-hybrid
assay (42). However, different results were observed
for the effects of the antiestrogen trans-hydroxytamoxifen (TOT), on ER N-C domain interactions. Separately expressed ER polypeptides containing the
amino terminus linked to the DBD and the LBD were
observed to functionally interact on an estrogen response element (ERE)-controlled reporter gene in response to estradiol, but not to TOT. In contrast, TOT
was observed to induce a strong functional interaction
between the N-terminal DBD construct and the LBD
on the ERE-responsive reporter gene when the LBD
was fused to VP16 (40). Because TOT only induced a
response between the N- and C-domains when the
LBD was expressed as a fusion protein with VP16, it
has been suggested that TOT produces a nonproductive interaction between the N- and C-domains (40). A
different conclusion must be drawn from the present
studies for the influence of RU486 on PR N-C domain
interactions, since RU486 failed to induce an interaction between the N-domains and the hLBD of PR in
vitro (Fig. 2) and functionally inhibited hLBD interaction
with N-domain VP16 fusion construct in whole cells by
mammalian two-hybrid assay (Fig. 6). Thus, we conclude that RU486 fails to induce, or impairs, a physical
association between the N- and C-domains of PR,
rather than promoting an interaction that is transcriptionally nonproductive as reported for the effect of
TOT on ER N-C domain interaction (40). The reason for
the apparent difference between RU486 and TOT is
not known. This could be due to differences in assay
methods, or to RU486 antagonism of PR operating by
a different mechanism than TOT antagonism of ER.
Indeed, TOT is well known to exhibit partial agonist
effects that are both cell type and promoter dependent, suggesting this difference between TOT and
RU486 may reflect the partial agonist effects of TOT. In
this regard, RU486 exhibits cell- and promoter-specific partial agonist effects that are mediated solely by
the B isoform of PR (4, 7, 10). RU486 stimulated a
weak functional interaction between the N terminus of
PR-B and the hLBD in HeLa cells that was not observed in HepG2 cells (Fig. 6). This weak RU486 stimulation of N-C interaction correlates with the previously reported weak agonist activity of RU486
mediated by full-length PR-B in HeLa cells on selected
promoters (4, 9). Many studies have revealed that ago-
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nists and antagonists induce distinct conformational
changes in the LBD of steroid receptors and that these
conformations are central to whether receptor is transcriptionally active or inactive (50–53). Therefore, an
altered conformation in the LBD of PR induced by
RU486 may contribute to inactivation of receptor by
not permitting an efficient physical association between the amino and carboxyl domains.
The p160 family of nuclear receptor coactivators
was initially identified as AF-2-interacting proteins
and has been shown to interact with AF-2 as a
complex of coactivators consisting minimally of
p160 as the direct binding component, CBP, and
pCAF (CBP-associated factor) (17–22). The p160
proteins, SRC-1 and GRIP1, have also been found
to be capable of interacting with and mediating coactivation effects through N-terminal regions of ER
and PR (28–31). Interestingly, separate regions of
p160 proteins interact with N- and C-domains of
receptors, suggesting that p160 proteins are capable of mediating, or bridging, an association between the N- and C-domains of the receptor (Ref. 31
and V. Boonyaratanakornkit and D. P. Edwards, unpublished). To address the role of coactivators in
terms of N-C-domain interactions of PR, the present
study analyzed the influence of SRC-1 and CBP on
direct N-C domain binding in vitro with purified PR
fragments and functionally by mammalian two-hybrid assay. Addition of SRC-1, CBP, or both proteins
together had no effect on the direct interactions
between purified N- and C-domains of PR. However, when cells were cotransfected with SRC-1 and
CBP expression plasmids together, functional hormone-dependent interaction between the N- and
C-domains of PR in the mammalian two-hybrid assay was enhanced (Fig. 7). Additionally, inactivation
of endogenous SRC-1 by transfecting cells with a
dominant negative mutant form of SRC-1 (16), or
inactivation of CBP with EIA (49), effectively inhibited functional interaction between the N- and Cdomains (Fig. 8). The influence of the dominant negative SRC-1 does not preclude other closely related
nuclear receptor coactivators from having a role in
mediating a functional N-C domain interaction. The
dominant negative SRC-1 may compete with other
coactivators containing the same nuclear receptor
interaction box sequences (LXXLL motif) that bind
AF-2 in the LBD. These direct in vitro binding and
functional two-hybrid results, taken together, are
consistent with the conclusion that the N- and Cdomains of PR are capable of making direct protein
contact without the aid of coactivators, but that
transcriptionally productive interactions require
both SRC-1 (or closely related coactivators) and
CBP.
Although SRC-1, CBP, or both proteins had no influence on interactions between purified N- and Cdomain PR fragments, we observed that CBP addition
to the PR domain polypeptides in crude extracts of Sf9
cells increased N-C domain interactions (not shown).
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Since coactivators appear to exist as preformed multiprotein complexes containing SRC-1, CBP, pCAF,
and other factors (17), this result suggests the possibility that CBP, as a component of a larger protein
complex, can facilitate or stabilize direct associations
between the C and N terminii of PR.
When comparing the interaction of the hLBD with
the N-domains of the two forms of PR, the N-domain
of PR-B was found to interact more efficiently than
the N-domain of PR-A. This differential interaction
was detected functionally by mammalian two-hybrid
assay and in vitro by pull-down assays with PR
domain polypeptides prepared as whole-cell extracts of Sf9 cells. However, this differential was not
observed in vitro with highly purified PR domain
polypeptides, suggesting that the more efficient interaction of the N-domain of PR-B with the hLBD is
dependent on other proteins, most likely coactivator
complexes containing SRC-1, CBP, and other components. Additionally, the more efficient interaction
observed between the hLBD and the N terminus of
PR-B, as compared with the N terminus of PR-A,
could be due to 1) additional protein contact sites
provided by the extended N-terminal segment
unique to PR-B; 2) a different overall conformation
conferred by the unique N terminus of PR-B on sites
that are common to the N-domains of PR-A and
PR-B; or 3) the three phosphorylation sites that are
located in the N-terminal segment unique to PR-B
(48). Further studies are required to distinguish between these possibilities. The more efficient interaction of the hLBD with the N terminus of PR-B,
compared with the N-terminus of PR-A, under the
conditions observed in this study, correlates with
PR-B functioning as a generally stronger transcriptional activator than PR-A (7–12). These results support the notion that a differential association between the C-terminal hLBD and the N terminus of
PR-A and PR-B contributes to the experimentally
observed differences in transcriptional activities of
the two PR isoforms.
Because the N- and C-domains of PR were expressed as separate polypeptides, the present results
cannot distinguish between an intramolecular association between the N and C termini in the full-length
receptor and an intermolecular interaction resulting
from antiparallel dimerization as suggested by studies
with AR (41, 54). Several lines of evidence indicate that
PR homodimerization occurs in a parallel fashion, thus
supporting the notion that the observed N-C domain
interactions reflect an intramolecular association. For
example, we and others have shown that the C-terminal hLBD of PR is capable of mediating homodimerization in the absence of N-terminal sequences (45,
55). Furthermore, fusion of the leucine zipper of c-fos
or c-jun to the C terminus of full-length PR forced
parallel dimers that were transcriptionally active (56).
However, whether fos/jun-forced antiparallel dimers
are also active was not tested. Additionally, the recently published three-dimensional structure of the
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LBD of PR bound to agonist revealed the presence of
a dimer interface that mediates parallel interactions
through the C terminus (57). As a further suggestion
that interactions between isolated N- and C-domains
detected in this study in vitro and in vivo by mammalian two-hybrid assay reflect an intramolecular interaction within the holoreceptor, the N- and C-domains
of PR coexpressed in mammalian cells attached to
their own DBD were observed to reconstitute a functional transcriptional response in trans on a progesterone response element-containing reporter gene (28).
Furthermore, cotransfection with SRC-1, or the closely
related TIF-2, markedly enhanced this transcriptional
response.
The hLBD was capable of interacting with the Ndomain of PR in vitro, while the LBD was not (Fig. 1),
suggesting the hinge region is involved in N-C domain
interactions. Whether hinge sequences are directly involved in protein interaction with N-domain fragments
has not been investigated. Although a direct involvement remains a possibility, we favor the idea that the
hinge exerts an effect on the conformation of the LBD
enabling it to make protein contacts with N-domains.
Although studies to show directly whether the hinge
confers structural stability on the PR LBD have not
been performed, indirect functional studies comparing
the LBD and hLBD fragments are consistent with this
role for the hinge. We have shown previously that the
expressed LBD alone is not capable of mediating homodimerization and binds ligand with an affinity that is
3- to 4-fold lower than the affinity of full-length receptor. The LBD with additional hinge sequences is the
minimum region of PR capable of binding ligand with
wild-type affinity and mediating homodimerization
(45).
In Fig. 9 we have modeled our findings in the context
of full-length PR. We propose that a fully active receptor requires assembly of AF-1 and AF-2 from different
regions of the same PR polypeptide. Receptor bound
to agonist undergoes a conformational change that
allows a direct intramolecular association between the
N- and C-domains (dashed lines). The p160 subunit of
the transcriptional coactivator complex is capable of
simultaneously binding with amino (AF-1) and carboxyl
(AF-2) regions of receptor, and this complex is required for a transcriptionally productive interaction between the N- and C-domains. The N terminus of PR-B
interacts more efficiently with the hLBD than the N
terminus of PR-A, suggesting that differential N-C domain interactions contribute to the distinct functional
activities of PR-A and PR-B. This differential interaction appears to be facilitated by protein components
(checkered symbol) of a coactivator complex through
the extended N-terminal segment of PR-B. Direct N-C
domain interactions are markedly inhibited in the presence of RU486, suggesting that failure to induce an
association between the N- and C-domains contributes to the mechanism by which antagonists inactivate the receptor.
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Fig. 9. Model of Hormone Agonist-Dependent Intramolecular Association of Amino and Carboxyl Domains of PR
The three major domains of PR-A and PR-B are indicated
schematically: the amino-terminal domain containing AF-1,
the DBD, and the carboxyl-terminal LBD containing AF-2.
The model depicts the hormone agonist-activated PR with
the stippled region representing the N-terminal extended
segment unique to PR-B. The dashed lines represent direct
contacts between N- and C-domains, and the coactivator
complexes associated with PR-A and PR-B contain distinct
subunit compositions.

MATERIALS AND METHODS
Materials
Unlabeled progesterone and ovalbumin were purchased
from Sigma Chemical Co. (St. Louis, MO). Unlabeled
RU486 (Mifepristone, 17-hydroxy-11 [4-dimethlyaminophenyl] 17-propynyl-estra-4, 5-diene-3-one) was a gift
from Roussel-UCLAF (Romainville, France) or Ligand Pharmaceuticals, Inc. (San Diego, CA). Nickel-NTA (Ni-NTA)
and metal ion affinity resins (Talon) were obtained from
Qiagen (Valencia, CA) and CLONTECH Laboratories, Inc.
(Palo Alto, CA), respectively. Mouse IgG1 MAbs generated
against human PR include AB-52 and 1294, which recognize epitopes in the amino terminus common to PR-A and
PR-B (Ref. 46 and B. Spaulding, L. Sherman, and D. P.
Edwards, unpublished data), B-30, which recognizes only
PR-B (46), and C-262, which is directed against the last 14
amino acids of the carboxyl-terminal end of PR (47). A
polyclonal antibody raised against PR-A (B13-TK) was a
gift from Nancy Weigel (Baylor College of Medicine, Houston, TX). A MAb generated against the polyhistidine tag
and enterokinase cleavage site fusion sequences (mouse
IgG clone 1162/F6) contained in the pBlueBacHis2 baculovirus transfer plasmid (Invitrogen) was used for Western
blot detection of baculovirus polyhistidine-tagged proteins
and a MAb produced to GST (mouse IgG clone 794/H12)
was used for Western blot detection of GST-fusion proteins (D. P. Edwards and S. Anderson, unpublished data).
Secondary antibodies, Hybond-C Extra (nitrocellulose)
transfer membrane, and x-ray developing film were obtained from Amersham (Arlington Heights, IL). DNA restriction and modification enzymes were obtained from Promega Corp. (Madison, WI), Boehringer Mannheim
(Indianapolis, IN), or New England Biolabs, Inc. (Beverly,
MA). PCR reagents were obtained from Perkin-Elmer Corp.
(Norwalk, CT) or Promega Corp.
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Expression of PR Fragments and Coactivators in the
Baculovirus Insect Cell System
Recombinant baculovirus vectors expressing different domains of PR with N-terminal polyhistidine tags (63) (Fig. 1)
included the N terminus of PR-B (BNhis, aa 1–535), the
N-terminus of PR-A (ANhis, aa 165–535), and the hLBD (aa
634–933). The LBD alone (aa 688–933) was expressed without polyhistidine tags. These vectors have been described
and used previously (45) except for BNhis, which was constructed by restriction digestion of PR-B from plasmid pH
PR-B (7, 59) by EcoNI, which dropped out the base pair
1779–2671 fragment of PR-B cDNA. The EcoNI ends were
made blunt by digestion with Mung Bean nuclease and then
religated resulting in a cDNA encoding a PR fragment, aa
1–535. For expression of the hLBD as a fusion protein containing an amino-terminal GST tag (hLBD-GST), the hLBD
was generated by PCR with the primers 59-GATCGGATCCGGCATGGTCCTTG GAGGT and 59-CTAGAATCCAAAGATGACATTCACTTTTTATG, using the pT7BhPR-A plasmid (provided by M. Tsai and B. O’Malley, Baylor College of Medicine,
Houston, TX) as the template cDNA (50). The PCR amplification product resulted in aa 634–933 of PR containing BamHI
and EcoRI restriction sites at the 59- and 39-ends, respectively, which was ligated into the respective restriction sites of
the pAcG2T baculovirus transfer vector (PharMingen, San
Diego, CA).
A recombinant baculovirus transfer vector for steroid receptor coactivator-1 (SRC-1) (16) was constructed by inserting the SRC-1 cDNA excised from pBK-CMVSRC-1 (provided by Sergio Oñate, M.-J. Tsai and B. O’Malley, Baylor
College of Medicine) into BamHI and PstI sites of the baculovirus transfer plasmid pBlueBacHis2(C) (Invitrogen). The
SRC-1 coding region was inserted in frame with amino-terminal sequences of the plasmid containing an ATG translation start site, six sequential histidine residues, and an enterokinase cleavage site encoding aa 361-1440 of SRC-1
(SRC-1 his). The recombinant virus for expression of fulllength mouse CBP as an N-terminally polyhistidine-tagged
protein (CBPhis) was provided by N. Weigel and B. O’Malley
(Baylor College of Medicine).
Spodoptera frugiperda (Sf9) insect cells were grown in
spinner vessels (150–500 ml) in Graces’ insect cell medium
supplemented with 10% FBS (HyClone Laboratories, Inc.,
Logan, UT). Cells were infected with recombinant viruses at a
multiplicity of infection of 1.0 for 48 h at 27 C as described
previously (51, 58). Insect cell cultures for expression of Cterminal PR fragments were incubated with 200 nM R5020 or
RU486, as indicated, for the final 6 h of infection before
harvest.
Purification of Baculovirus-Expressed PR Domains
and Coactivators
The N-terminal domains of PR-A and PR-B expressed in
baculovirus with a polyhistidine tag (ANhis and BNhis) were
purified by metal ion affinity chromatography as described
previously (58, 59) with minor modifications. Sf9 cells expressing either ANhis or BNhis were lysed in 20 mM Tris and
10% glycerol (TG) buffer, pH 8.0, containing 350 mM NaCl, 15
mM imidazole, 1 mM b-mercaptoethanol, and a mixture of
protease inhibitors (59). All procedures were done at 0–4 C.
Cell lysates were centrifuged at 100,000 3 g for 30 min, and
the supernatant was taken as a soluble whole-cell extract.
Whole-cell extracts were bound to nickel affinity resins (1 ml
packed Ni-NTA resins) by resuspension in a 50-ml siliconized
tube followed by incubation for 1 h on an end-over-end
rotator. The resins were then washed four times by centrifugation (1500 rpm) with lysis buffer. The resins were washed
once more in lysis buffer lacking salt and then transferred to
a 2-ml siliconized tube. Bound proteins were eluted from the
resin by suspension in lysis buffer containing 100 mM imida-

921

zole, and the supernatant containing the eluted protein was
collected by centrifugation. Eluates were stored at 280 C in
aliquots and analyzed by Lowry assay for protein concentration, by silver-stained SDS-PAGE for purity, and by Western
blot for identification of purified products. CBPhis and SRC-1
his were purified using the same procedure except that the
lysis buffer contained 2 mM imidazole.
The hLBD-GST fusion protein was purified by glutathione
Sepharose affinity chromatography. Whole-cell extracts were
made in cell lysis buffer (10 mM Tris-base, pH 8.0, 1 mM
EDTA, 1 mM dithiothreitol, and 10% glycerol, containing 350
mM NaCl) as described above and bound to glutathione
Sepharose 4B resins (Pharmacia Biotech, Piscataway, NJ) by
resuspension in a 50-ml siliconized tube for 2 h on an endover-end rotator. The resins were washed four times by centrifugation (1500 rpm) with lysis buffer. The resins were
washed once more in lysis buffer lacking salt, and then transferred to a 2-ml siliconized tube. Bound proteins were eluted
with 20 mM glutathione and collected by centrifugation.
Eluted samples were analyzed as described above.
Pull-Down Assays to Detect PR Domain Interactions
in Vitro
For experiments in crude extracts, Sf9 cells expressing different PR domains were lysed as above, and whole cell
extracts were dialyzed against lysis buffer lacking salt. PR
hLBDhis was treated with EnterokinaseMax (Invitrogen) to
cleave off the N-terminal polyhistidine tag as described previously (45). Sf9 whole-cell extracts were added to the hLBD
lacking the his-tag, which was then dialyzed against lysis
buffer without salt. The hLBD was analyzed by Western blot
with the PR-specific MAb C-262 and the anti-his tag MAb
(1162/F6) to confirm removal of the his-tag (data not shown).
The PR LBD was expressed as a non-his-tagged protein and
prepared as whole-cell extracts for Sf9 cells. The LBD or
hLBD was incubated with polyhistidine-tagged N-terminal
domain polypeptides of PR-A (ANhis), PR-B (BNhis), or
buffer, which served as a control for nonspecific binding of
non-his LBD or hLBD to metal resins, in siliconized microcentrifuge tubes for 30 min on ice. TG buffer (20 mM Tris-HCl,
pH 8.0, plus 10% glycerol) containing 45 mM imidazole and
300 mM NaCl was added to bring the final imidazole concentration to 15 mM imidazole and NaCl to 100 mM. One hundred
microliters of a 1:1 suspension of Talon (CLONTECH Laboratories, Inc.) metal affinity resin or Ni-NTA resin (Qiagen)
were added to each tube. Samples were then resuspended
and incubated in batch at 4 C for 1 h on an end-over-end
rotator followed by washing of the resins four times by centrifugation in TG buffer containing 15 mM imidazole and 100
mM NaCl. Resins were transferred to a new microcentrifuge
tube and washed twice more. Bound proteins were extracted
with 2% SDS sample buffer and electrophoresed on 10% or
7.5% polyacrylamide SDS gels as previously described (45–
47). Separated proteins were transferred to nitrocellulose
paper and detected by Western blot assays with a mixture of
MAbs including C-262 generated against the C terminus and
AB-52 generated against the N terminus common to PR-A
and PR-B (46, 47). [35S]protein A (Amersham) and autoradiography were used as the detection methods as described
previously (45).
For experiments using purified receptors, a GST pull-down
assay was developed that was similar to the polyhistidine
pull-down assay except for the following modifications. The
purified hLBD-GST was bound to 100 ml of a 1:1 suspension
of glutathione Sepharose 4B resin, which had been pretreated with ovalbumin (5 mg/100 ml of resin) for 15 min, on an
end-over-end rotator for 1 h at 4 C in TG buffer containing
100 mM NaCl. The resins were washed once by centrifugation
with TG buffer containing 100 mM NaCl. Ten micrograms of
ovalbumin and either purified ANhis or BNhis were added to
the sample. TG buffer containing 300 mM NaCl was added to
bring the final concentration of NaCl to 100 mM. Samples
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were incubated on an end-over-end rotator for 1 h at 4 C and
then washed by centrifugation once with TG containing 100
mM NaCl, twice with TG containing 125 mM NaCl, and once
more with TG containing 100 mM NaCl. Resins were transferred to a new microcentrifuge tube and washed twice more
with TG containing 100 mM NaCl. Bound proteins were eluted
and analyzed as described above for polyhistidine pull-down
assay.
Mammalian Two-Hybrid Assay
The PR hLBD (aa 634–933) was cloned as a fusion protein at
the amino terminus with Gal4-DBD (aa 1–147) into the pBKCMV mammalian expression vector (Stratagene, La Jolla, CA)
as described previously (11). The amino terminus of PR-A (aa
165–550) and PR-B (aa 1–550) were cloned into the pVP16
fusion vector (CLONTECH Laboratories, Inc.) to yield ANVP16 and BN-VP16, respectively, as follows: the fusion constructs Gal4-DBD-BN and Gal4-DBD-AN were digested with
EcoRI and XbaI, and the coding sequences for the respective
PR domains were ligated into pVP16, previously digested
with EcoRI and XbaI. A control vector for nonspecific protein
interaction contained the SV40 large T antigen fused to VP16
(T-VP16) and was purchased from CLONTECH Laboratories,
Inc. The luciferase reporter gene contained a TATA box and
five copies of the Gal4 DNA-binding sites (53 Gal4-TATALUC, a gift from X. F. Wang, Duke University, Durham, NC).
Mouse CBP cDNA was excised from pRc/RSV-mCBPHA-RK (a gift from R. Goodman, Oregon Health Sciences
Center, Portland, OR) (60) by digestion with HindIII and NotI.
The full-length CBP cDNA was then inserted into the HindIII
and NotI restriction sites of pCR3.1 mammalian expression
vector (Invitrogen) to yield pCR3.1-CBP, which expresses
full-length mouse CBP with an HA (hemagglutinin antigen)
tag. pCR3.1-SRC-1 and SRC-1(0.8) were gifts from B. W.
O’Malley (Baylor College of Medicine). The mammalian expression vector for E1A (pbcl2-E1A12S) was a gift from J.
Nevins (Duke University).
HeLa cells and HepG2 cells were maintained in MEM plus
10% FCS (Life Technologies, Gaithersburg, MD). Cells were
plated in 24-well dishes (coated with 0.1% gelatin for HepG2
cells) and allowed to grow 24 h before transfection. DNA was
introduced into the cells using Lipofectin (Life Technologies).
Briefly, triplicate transfections were performed using 3 mg of
total DNA. For standard transfections 50 ng of pBKC-b-gal
(normalization vector) (61), 500 ng of reporter (53 Gal4TATA-LUC), 1000 ng of hLBD-Gal4, 1000 ng of VP16 fusion
constructs, and 450 ng of pCR3.1, 450 ng pCR3.1-hSRC-1,
450 ng pCR3.1-CBP, or a combination of 225 ng of pCR3.1CBP and 225 ng of pCR3.1-SRC-1 (total of 450 ng of plasmid) were used. Cells were incubated with Lipofectin for 3 h,
at which time media were removed and cells were treated
with the appropriate hormone diluted in phenol red-free media containing 10% charcoal-stripped FCS (HyClone Laboratories, Inc., Logan, UT). Incubation with hormone continued
for 48 h, after which cells were lysed and assayed for luciferase and b-galactosidase activity as described previously
(62).
Data Analysis
Comparisons of results from protein-tagged pull-down and
mammalian two-hybrid assays were done by Student’s t
tests or ANOVA using Excel 5.0 (Microsoft Corp.) to determine whether there was a significant difference among
groups. Results were considered statistically significant at
P , 0.05.
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DeMarzo A, Beck CA, Oñate SA, Edwards DP 1991
Dimerization of mammalian progesterone receptors occurs in the absence of DNA and is related to the release
of the 90-kDa heat shock protein. Proc Natl Acad Sci
USA 88:72–76
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