
Self-Association Energetics of an Intact, Full-Length Nuclear Receptor: The
B-Isoform of Human Progesterone Receptor Dimerizes in the Micromolar Range†

Aaron F. Heneghan, Nancy Berton, Michael T. Miura, and David L. Bain*

Department of Pharmaceutical Sciences, UniVersity of Colorado Health Sciences Center, DenVer, Colorado 80262

ReceiVed April 1, 2005; ReVised Manuscript ReceiVed May 10, 2005

ABSTRACT: We are focused on understanding the mechanisms underlying eukaryotic gene regulation, using
the human progesterone receptor (PR) and its interactions with its DNA response elements as a model
system. An understanding of PR function is complicated by the presence of two transcriptionally distinct
isoforms, an 83 kDa A-receptor (PR-A) and a 99 kDa B-receptor (PR-B). The two isoforms are identical
except the B-receptor contains an additional 164 residues at its N-terminus. As a first step toward
understanding the principles by which the two isoforms assemble at complex promoters, we examined
the energetics of PR-B self-association using sedimentation velocity and sedimentation equilibrium methods.
Full-length human PR-B was purified to 95% homogeneity from baculovirus-infected insect cells. Using
a fluorescence hormone binding assay, we determined the purified protein to be highly active in its ability
to bind ligand. Sedimentation velocity studies of hormone-bound PR-B at pH 8.0, 4°C, and 50 mM NaCl
demonstrate that it undergoes a concentration-dependent change in its sedimentation coefficient, existing
as a 4.0S species at submicromolar concentrations but forming a 5.7S species at higher concentrations.
These results strongly suggest that PR-B undergoes self-association in the micromolar range. This hypothesis
was examined rigorously using sedimentation equilibrium. Global analysis of the sedimentation equilibrium
data demonstrated that PR-B self-association was well described by a monomer-dimer model with a
dimerization free energy of-7.2 ( 0.7 kcal/mol. The role of NaCl in regulating PR-B dimerization was
examined by carrying out sedimentation velocity and equilibrium studies under high salt conditions. At
300 mM NaCl, PR-B is exclusively monomeric in the micromolar range, thus revealing a significant
ionic contribution to the assembly energetics. Further, the monomer sediments as a structurally
homogeneous, but highly asymmetric, 4.0S species. Limited proteolysis of PR-B demonstrated that the
hydrodynamic asymmetry is due in part to an extended, nonglobular conformation localized to the
N-terminal region of PR-B. In contrast, the DNA binding domain (DBD) and hormone binding domain
(HBD) exist as independent structural units, and the activation function N-terminal to the DBD (AF-1)
shows moderate structure. These results represent the first rigorous analysis of the self-assembly energetics
of an intact nuclear receptor and suggest that PR function is more complex than envisioned by traditional
models.

Progesterone receptors (PR)1 are members of the nuclear
receptor superfamily of ligand-activated transcription factors
(1). An understanding of PR function is complicated by the
fact that the receptors exist as two functionally distinct
isoforms: an 83 kDa A-receptor (PR-A) and a 99 kDa
B-receptor (PR-B). The two proteins are identical except for
a 164 amino acid extension at the N-terminus of PR-B (see
Figure 1). Both isoforms are characterized by a centrally
located DNA binding domain (DBD) and a C-terminal
hormone binding domain (HBD). The two domains are
linked by a 50 amino acid “hinge” sequence of unclear

function. Transcriptional activation functions are located
N-terminal to the DBD (AF-1) and within the HBD (AF-2).
The 164-residue B-unique sequence (BUS) contains a
context-dependent transcriptional activation function, AF-3
(2). Despite their near sequence identity, the two isoforms
display dramatically different functional properties on natural
and synthetic promoters. PR-B is typically a much stronger
transcriptional activator than PR-A (3). The antiprogestin
RU486 acts as a partial agonist toward the B-receptor though
it is a pure antagonist toward the A-receptor (4). PR-A
“knockout” mice develop uterine dysplasia and abnormal
ovaries (5), while PR-B gene knockouts affect the mammary
glands, causing premature ductal growth arrest and incom-
plete lobular-alveolar differentiation (6). Microarray studies
have revealed that PR-A and PR-B regulate different subsets
of genes (7). At the clinical level, breast cancer patients with
high PR-A:PR-B ratios relapse with higher frequency
compared to patients with low PR-A:PR-B ratios (8). A
molecular understanding of PR-A and PR-B functional
differences may permit the development of isoform-specific
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ligands and thus more targeted treatments for hormone-
dependent diseases such as breast or endometrial cancer.

PR and other steroid receptors (androgen receptor, glu-
cocorticoid receptor, estrogen receptor, and mineralocorticoid
receptor) are thought to activate transcription through a
multistep reaction pathway beginning with binding of their
respective hormone in the cytosol, release of heat shock
proteins, and dimerization of the receptor (1). Dimerization
is thought to be mediated through the C-terminal hormone
binding domain. Traditional models then propose that the
ligand-bound receptor is translocated into the nucleus, binds
its hormone response elements at upstream promoter sites,
and recruits an array of coactivating proteins capable of
remodeling chromatin and interacting with the basal tran-
scriptional machinery (9, 10). A key aspect of transcriptional
activation, however, remains the initial solution dimerization
of the hormone-bound receptor. Indeed, solution dimerization
of steroid receptors is taken to be a compulsory step in
transcriptional activation (1).

Exactly why PR and other steroid receptors undergo
solution assembly is not entirely clear. Generally speaking,
self-association serves to regulate the population of the active
DNA binding species (e.g., dimer), thus regulating transcrip-
tional activation. This interpretation derives from classic
studies of DNA binding proteins such as bacteriophageλ
repressor andtrp repressor that demonstrated a thermody-
namic linkage between protein self-assembly and high-
affinity dimer binding to palindromic operator sites (11, 12).
Consistent with this, early studies of the estrogen receptor
revealed that removal of sequences responsible for solution
dimerization resulted in extremely weak binding to its
palindromic response elements and significant loss of
transcriptional activity (13). The importance of a preformed
dimer was reinforced by studies indicating that glucocorticoid
receptor dimer formation was a rate-limiting step in GRE
binding (14). Work on progesterone receptors also indicated
that dimers formed in solution (15) and that only the dimer
species was competent to bind DNA (16). However, later
studies on PR demonstrated that binding activity did not
necessarily require prior dimerization (17), that PR dimer-
ization and DNA binding affinity were not significantly
influenced by ligand (18, 19), and that PR could regulate
genes in the absence of its hormone, progesterone (20, 21).
Moreover, naturally occurring PR-regulated promoters appear
not to contain an abundance of symmetric palindromic PREs
but rather are comprised of clusters of half-site PREs (B.
M. Jacobsen and K. B. Horwitz, personal communication).
Finally, recent studies demonstrate that steroid receptor-
mediated gene regulation is highly dynamic, involving
ordered and cyclical “hit and run” interactions with upward
of 50 different proteins (22, 23). Taken together, these studies
suggest that the complexity of eukaryotic gene regulation
may require PR dimers (and possibly monomers) to play
functional roles other than simply acting as a high-affinity
DNA binding species.

To better understand the role of solution dimerization in
PR isoform-mediated gene regulation, we have conducted a
quantitative analysis of PR-B self-association energetics. The
work presented here represents the first rigorous study of
the self-assembly properties for a full-length nuclear receptor
and demonstrates that PR-B self-association is significantly
less favorable than the typical nanomolar affinity estimated

for related estrogen and glucocorticoid receptors. As a result,
these studies raise questions about the relative roles of
monomer and dimer in PR-dependent biological function and
may additionally offer insight into the mechanisms by which
closely related steroid receptors generate transcriptional
diversity.

EXPERIMENTAL PROCEDURES

Expression and Purification of Hexahistidine-Tagged
Human Progesterone Receptor B (PR-B).An expression
vector encoding residues 1-933 of human PR-B fused to
an N-terminal hexahistidine sequence was a generous gift
of Dr. Dean P. Edwards. Saturating amounts of progesterone
were present at all times during purification and storage, and
all purification steps were carried out at 4°C. PR-B was
expressed in baculovirus-infected Sf9 insect cells as previ-
ously described (24). Whole cell extracts were prepared as
previously described (25). PR-B was first partially purified
using Ni2+-agarose chromatography (Qiagen). Loading
buffer conditions were 20 mM Tris (pH 8.0 at 4°C), 10%
glycerol (w/v), 500 mM NaCl, 15 mMâ-ME, 35 mM
imidazole, and 10-5 M progesterone. Upon binding PR-B
to the Ni2+-agarose column, the resin was extensively
washed with loading buffer, and PR-B was eluted with 250
mM imidazole. The PR-B-containing eluate was dialyzed
into a buffer containing 20 mM Tris (pH 8.0), 10% glycerol
(w/v), 100 mM NaCl, 15 mMâ-ME, and 10-5 M progest-
erone and concentrated using SP-Sepharose (Amersham-
Pharmacia). After elution with a 300 mM NaCl step gradient,
PR-B was loaded directly onto a Sephacryl S-200 size
exclusion column equilibrated in 20 mM Tris (pH 8.0), 10%
glycerol (w/v), 100 mM NaCl, 15 mMâ-ME, and 10-5 M
progesterone. The fractionated protein was then concentrated
using Q-Sepharose, eluted in high salt, flash-frozen, and
stored in liquid nitrogen. PR-B was judged to be ap-
proximately 95% pure by quantitation of Coomassie Blue-
stained SDS-PAGE. PR-B concentration was determined
using a calculated extinction coefficient of 65020 M-1 cm-1

(26). Experimental determination of the extinction coefficient
using the method of Edelhoch (27, 28) resolved a value
within 5% of the calculated value (data not shown). Typical
yields were 1-2 mg of pure PR-B/L of culture.

Preparation of Apoprotein and Determination of PR-B
Hormone Binding ActiVity. PR-B bound with progesterone
was dialyzed overnight (at least 15 h) at 4°C against 20
mM Tris, pH 8.0 (titrated at 4°C), 10% (w/v) glycerol, 100
mM NaCl, 1 mM DTT, and 0.05% Tween-20. After dialysis,
20 µL aliquots of the dialyzed protein were injected onto a
C18 reverse-phase HPLC column (0.25× 25 cm; Vydac).
The column was developed using a 0-55% acetonitrile
gradient in the presence of 0.1% H3PO4 in water. A dual
wavelength detector (Waters) was used to monitor products.
Integration of the eluted peaks was used to determine total
progesterone concentrations remaining in the dialysis sample
(i.e., progesterone still bound to PR-B and free progesterone
present in the dialysis membrane). Progesterone concentra-
tions were determined via a standard curve, generated by
injecting known concentrations of progesterone onto the
HPLC column.

For fluorescence studies, the dialyzed apoprotein was
diluted into the above dialysis buffer to a concentration of
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0.5 µM. RU486 (Sigma) was dissolved in ethanol and the
concentration determined by UV absorbance. All data were
collected at 4°C with a nitrogen flow around the cell to
prevent condensation. Data were collected with an Aviv
automated titrating differential/titrating ATF104 spectrof-
luorometer. To minimize photobleaching from the high-
intensity lamp, the excitation bandwidth was set at 0.16 nm,
and data were averaged at each point for 1 s. The emission
bandwidth was set at 6.4 nm. RU486 was incrementally
injected into the cuvette covering a range of 0.05 to 5µM,
with the ethanol concentration reaching 2% at the highest
concentration. Titration data were collected at 280 nm
excitation and 340 nm emission wavelengths. The sample
was stirred in the dark during the 5 min necessary to achieve
equilibrium upon ligand addition. Preceding and after each
titration experiment, an excitation spectrum at 340 nm
emission wavelength and emission spectra at 295, 280, and
260 nm excitation wavelengths were obtained to ensure the
spectra were consistent between runs. All data were corrected
for dark current, photobleaching, dilution, and inner filter
effects by standard methods (29).

Sedimentation Velocity.Sedimentation was carried out on
a Beckman XL-A analytical ultracentrifuge equipped with
absorbance optics, using a two-channel Epon centerpiece and
an An-60 rotor. PR-B at a series of concentrations ranging
from 2 to 0.25µM was sedimented at 4°C in a buffer
containing 20 mM Hepes, pH 8.0, 2.5 mM MgCl2, 1 mM
DTT, 1 mM CaCl2, and 10-5 M progesterone and either 50
mM NaCl (low salt buffer) or 300 mM NaCl (high salt
buffer). The rotor speed for all experiments was 50000 rpm
with scans taken as quickly as the ultracentrifuge would
allow, typically every 4 min with the absorbance monitored
at 230 nm. The sedimentation coefficient distribution,g(s*),
was calculated using the program DCDT+ (30). Theg(s*)
distribution was corrected to 20°C and water (s20,w) using
standard methods (31). Under conditions wheres could be
assigned to a discrete assembly state (e.g., monomer), the
frictional coefficient (f) was calculated using the Svedberg
equation

whereM is the molecular weight,ν is the partial specific
volume of the protein,F is the solvent density, andN is
Avogadro’s number. The frictional coefficient of a sphere
of the same molecular weight,f0, was calculated assuming
a degree of hydration of 0.3 g of water/g of protein (32,
33).

Sedimentation Equilibrium.Sedimentation equilibrium was
carried out under the identical two buffer conditions as
described for the sedimentation velocity experiments. The
samples were spun to sedimentation equilibrium on a
Beckman XL-A analytical ultracentrifuge using a six-channel
Epon centerpiece. Three different protein concentrations were
allowed to reach equilibrium at 4°C in the ratios of
approximately 10:5:2.5, with the highest concentration being
0.9µM. The three concentrations of PR-B were equilibrated
at 14000, 18000, and 21000 rpm. Samples were judged to
be at equilibrium by successive subtraction of scans. Buffer
density was calculated on the basis of the salt composition
and the temperature of the buffer (34). The partial specific
volume for PR-B was calculated by summing the partial

specific volumes of each individual amino acid (0.7232 mL/
g) (35). Data were analyzed using nonlinear least squares
(NLLS) parameter estimation as implemented in the program
NONLIN (36). All data were first analyzed to resolveσ, the
reduced molecular weight. Using the equation

the weight average molecular weight,M, was calculated for
each initial loading concentration. In this equation,ν is the
partial specific volume of the protein,F is the solvent density,
ω is the angular velocity,R is the gas constant, andT is the
absolute temperature in kelvin. The data were also analyzed
globally in order to resolve self-association constants using
the equation

whereYr is absorbance at radiusr, δ is the baseline offset,
R is the monomer absorbance at the reference radius,r0, σ
is the reduced molecular weight (eq 2),N is the stoichiometry
of the reaction, andKN is the association constant of the
reaction NMT MN. σ for all fits was set at the value of the
monomer calculated by the amino acid composition. Re-
solved values ofKN were converted from absorbance to molar
association constants on the basis of the calculatedε230 (37).
Free energies for the assembly reactions (∆GN) were
calculated using the equation∆GN ) -RT ln KN.

Limited Proteolysis of PR-B.EndoGluC was of sequencing
grade obtained from Roche Applied Science. Digestion was
carried out using 1µM PR-B in buffer conditions and
temperature identical to the low salt sedimentation studies.
Enzyme was added at a PR-B:enzyme mass ratio of 50:1.
The reaction was allowed to proceed for 2 h with aliquots
taken as a function of time. Reactions were terminated by
addition of SDS-PAGE loading dye and boiling of the
sample. Aliquots containing 5µg of PR-B were electro-
phoresed on 10% SDS-PAGE and either stained with
Coomassie Brilliant Blue or transferred to nitrocellulose for
immunoblot analysis. The antibodies used for analysis were
R266, a polyclonal antibody raised against a peptide corre-
sponding to the DNA binding domain residues V611-C627
[generously donated by Dr. David Toft (38)], and C-19, a
polyclonal antibody specific for the C-terminal portion of
the PR hormone binding domain (Santa Cruz Biotechnology,
Inc.).

RESULTS

QuantitatiVe Ligand Binding Analysis Demonstrates That
PR-B Is Functionally Homogeneous.Milligram quantities of
PR-B (Figure 1a) were purified from baculovirus-infected
Sf9 insect cells using four chromatographic steps. SDS-
PAGE analysis showed that PR-B was at least 95% pure by
densitometric scans of Coomassie Blue-stained gels (Figure
1b). The purified protein was immunoreactive to antibodies
specific for the N-terminal hexahistidine sequence and
C-terminal HBD sequence, demonstrating that PR-B was not
significantly degraded or proteolyzed during purification
(data not shown). Finally, though hexahistidine sequences
can influence protein function (39), our work on PR isoforms

s20,w ) M(1 - νF)/Nf (1)

σ ) M(1 - νF)ω2/RT (2)

Yr ) δ + R exp[σ(r2 - r0
2)] +

∑RNKN exp[Nσ(r2 - r0
2)] (3)
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lacking only the HBD demonstrated that the sequence had
no effect on receptor properties (40, 41).

Though SDS-PAGE analysis demonstrates that PR-B is
highly pure, it does not address whether PR-B is functionally
homogeneous. That is, what fraction of the PR-B population
is competent to bind ligand? The fractional activity of PR-B
was determined using a quantitative ligand binding assay.
Traditional studies of nuclear receptor-ligand interactions
have used the charcoal adsorption assay. While unparalleled
for the semiquantitative analysis of impure protein, the
charcoal assay has long been known to have serious
limitations when used to quantitatively analyze highly
purified receptor preparations (42). More recently, studies
that directly compared the charcoal assay to quantitative
approaches confirmed this limitation (43). In light of this
concern, we have used the intrinsic fluorescence of PR-B
and the ability of the antiprogestin, RU486, to quench this
fluorescence in order to assess PR-B fractional ligand binding
activity.

Because PR-B was purified and stored in progesterone, it
was necessary to demonstrate that the ligand was removed
prior to conducting the ligand binding assay. Toward this
end, PR-B was extensively dialyzed against a buffer contain-
ing no progesterone (see Experimental Procedures). The
extent of total progesterone remaining within the dialysis

membrane (i.e., progesterone still bound to PR-B and free
progesterone) was determined by reverse-phase HPLC.
Figure 2a shows the result of residual progesterone concen-
tration determined as a function of PR-B dialysis time. It is
evident that greater than 90% of ligand is removed after
approximately 15 h of dialysis and falls below the limit of
detection by 24 h. It should be noted that the apparent rate
of progesterone loss reflects the off-rate for PR-B-proges-
terone dissociation, the diffusion rate of progesterone, and
the rate at which progesterone crosses the dialysis membrane.

The functional activity of PR-B was determined using a
fluorescence-based ligand binding assay. Upon generating
ligand-free receptor, RU486 was incrementally added to
PR-B under stoichiometric binding conditions (Figure 2b).
RU486 was chosen as a ligand due its ability to generate a
more significant change in PR-B intrinsic fluorescence
compared to the natural agonist, progesterone. This difference
is likely due to the different binding orientations of the two
ligands and their differential effects on PR structure (44-
46). Because the protein concentration was micromolar, well
above the nanomolar binding affinity of RU486 (47), the
change in fluorescence signal represents the stoichiometric

FIGURE 1: Progesterone receptor domain structure and purification
of PR-B. (a) Schematic of the primary amino acid sequence for
PR-A and PR-B isoforms. Functional regions are as indicated:
DBD, DNA binding domain; HBD, hormone binding domain; H,
hinge; AF, activation function; BUS, B-unique sequence. PR-B is
defined as amino acids 1-933; PR-A is defined as amino acids
165-933. (b) Baculovirus-expressed PR-B was purified as de-
scribed in Experimental Procedures. The purified protein (5µg)
was resolved by 10% SDS-PAGE and silver-stained. Molecular
mass markers are indicated to the right. Densitometric scanning of
Coomassie-stained gels indicates PR-B is∼95% pure.

FIGURE 2: Titration of PR-B with the ligand RU486 under
stoichiometric binding conditions. (a) HPLC analysis of residual
progesterone remaining as a function of PR-B dialysis time. Data
points were determined in triplicate; error bars correspond to 1 SD.
The solid line represents a phenomenological fit to emphasize the
trend in the data. Inset: Standard curve used to determine residual
progesterone concentrations. (b) Stoichiometric fluorescence-
monitored ligand binding assay to determine fractional activity for
PR-B. Data points represent normalized quenching of intrinsic PR-B
fluorescence as a function of RU486 concentration. The line
represents the best-fit, simultaneous analysis of data fit to a
phenomenological breakpoint transition curve. The PR-B concentra-
tion was 0.5µM.
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addition of ligand to PR-B. Using the universally accepted
1:1 stoichiometry of ligand to receptor, the breakpoint in
the binding curve reflects the fractional binding activity of
PR-B. By simultaneously fitting the data to two straight lines,
it is evident that the breakpoint for ligand binding occurs at
a ligand:protein molar ratio of 0.76( 0.1, indicating that
PR-B is ∼75% active in this experiment. The fractional
activity of different receptor preparations varied from 50%
to full activity. The extent of ligand binding was independent
of NaCl concentration, indicating that the receptor assembly
state (see below) does not influence stoichiometric binding
activity.

To conclude that the change in PR-B fluorescence was
due only to the site-specific binding of RU486, we repeated
the titration under denaturing conditions (either 6 M urea or
high temperature); in neither case did RU486 induce a change
in PR-B fluorescence. Further, there was also no change in
fluorescence when PR-B was titrated with dexamethasone,
a structurally similar ligand specific for the glucocorticoid
receptor. A PR construct lacking the HBD also showed no
change in fluorescence when titrated with RU486. Finally,
the RU486-induced signal change could be attenuated by
subsequent addition of progesterone, indicating that RU486
binding was both specific and reversible.

Sedimentation Velocity Demonstrates That PR-B Under-
goes Self-Association.We used analytical ultracentrifugation
to determine the hydrodynamic properties and energetics of
PR-B self-association. Studies were initially carried out at
50 mM NaCl in order to aid in the interpretation of
concurrent PR-B-DNA analyses, necessarily conducted
under low salt conditions. Sedimentation velocity was used
to examine the hydrodynamic shape and size of PR-B in
solution as a function of protein concentration. Figure 3
shows the sedimentation coefficient distributiong(s*) de-
termined for four initial protein loading concentrations. Each
distribution was calculated using DCDT+ analysis (30) to
determine the sedimentation coefficient distribution at each
initial loading concentration. These data were collected in a
buffer containing 20 mM Hepes, pH 8.0, 50 mM NaCl, 2.5
mM MgCl2, 1 mM DTT, 1 mM CaCl2, and 10-5 M

progesterone. Sedimentation velocity experiments at four
different initial PR-B loading concentrations, 2, 1, 0.5, and
0.25 µM, are shown in Figure 3. Under these conditions,
the temperature and buffer corrected distribution shifts from
a peak sedimentation coefficient of 5.7 S at higher PR-B
concentrations (>1 µM) to a value approaching 4.0 S at
lower PR-B concentrations (0.2µM). (Not shown are rapidly
sedimenting species that appear when PR-B concentrations
approach 2µM. These species likely correspond to polydis-
perse aggregates, suggesting that 2µM PR-B is near the
solubility limit under these conditions.) Concentration de-
pendence to the sedimentation coefficient is diagnostic for
a system undergoing self-association. Using complementary
sedimentation equilibrium techniques, we addressed the
nature of this self-association at 50 mM NaCl.

Sedimentation Equilibrium Demonstrates That PR-B Self-
Association Undergoes Monomer-Dimer Equilibrium.Fig-
ure 4a shows the results of a series of nine sedimentation
equilibrium experiments, carried out in the same buffer
conditions as described for the sedimentation velocity
experiments. These data consist of three initial loading
concentrations in the approximate ratio of 10:5:2.5, with the
highest loading concentration of 0.9µM, well below the

FIGURE 3: Concentration dependence ofg(s*) distribution for PR-B
at pH 8.0, 50 mM NaCl, and 4°C. Initial loading concentrations
were 2µM (solid line), 1µM (long dashed line), 0.5µM (medium
dashed line), and 0.2µM (short dashed line).g(s*) distributions
were determined by analysis of successive scans taken at each
loading concentration. Peakg(s*) values correspond to the apparent
sedimentation coefficient at each PR-B concentration.

FIGURE 4: Sedimentation equilibrium analysis of PR-B at pH 8.0,
50 mM NaCl, and 4°C, plotted as absorbance versusR2/2. (a) Initial
loading concentrations: 0.9µM (left), 0.45µM (center), and 0.23
µM (right). Symbols represent PR-B absorbance at 14000 (squares),
18000 (circles), and 21000 rpm (triangles). Solid lines represent
the best-fit model (monomer-dimer) from simultaneous analysis
of all nine data sets. The square root of the variance was 0.015
absorbance unit. (b) Residuals from the monomer-dimer equilib-
rium model plotted as change in absorbance vsR2/2.
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PR-B solubility limit. Each sample was allowed to reach
equilibrium at three rotor speeds (14000, 18000, and 21000
rpm). Attempts to globally fit the data to a single species
model (i.e., monomer) resulted in a poor quality fit, corre-
sponding to a square root of the variance of 0.022 absorbance
units. In contrast, simultaneous analysis of all nine data sets
was well described by a monomer-dimer model and a square
root of the variance of 0.015 absorbance units. This model
resolved a free energy of dimerization equal to-7.2 ( 0.7
kcal/mol, corresponding to a dimerization constant of 1.7
µM at 4 °C. Shown in Figure 4b are the residuals for the
global fit. These results are consistent with the sedimentation
velocity studies that demonstrated a concentration-dependent
change of the sedimentation coefficient in the micromolar
range. Attempts to describe the data with more complex
models (e.g., monomer-dimer-trimer) did not improve the
quality of the fit, allowing us to accept the monomer-dimer
model as most appropriate. Finally, the sedimentation equi-
librium and velocity results were independent of ligand
binding activity (Figure 2), suggesting that loss of binding
activity may be due to only localized changes in structure
(e.g., amino acid modification or deletion) rather than large-
scale unfolding events.

Increased Salt Concentration Decreases PR-B Dimeriza-
tion and ReVeals That the PR-B Monomer Is Structurally
Homogeneous.At 50 mM NaCl, PR-B undergoes monomer-
dimer assembly in the micromolar range. Thus the peak
sedimentation coefficient values seen in Figure 3 do not
correspond to any discrete species in solution. Rather, each
peak value is a composite average representing both the
monomer and the dimer. To assign a more detailed molecular
interpretation to the sedimentation coefficient values, we
carried out sedimentation equilibrium studies at 300 mM
NaCl. Global analysis of all nine data sets resolved a
molecular mass of 93436( 3224 Da, with a square root of
the variance of 0.011 absorbance units (data not shown). The
resolved molecular mass is in good agreement with the
calculated molecular mass of the monomer, 98995 Da (48).
The quality of the fit could not be improved by adding
additional parameters, such as a dimer component. This result
thus demonstrates that, at 300 mM NaCl, PR-B is purely
monomeric in the micromolar range. Further, taken together
with the 50 mM results, these studies demonstrate that PR-B
self-association energetics are governed by a strong ionic
component. A thermodynamic analysis of the salt dependence
(and hormone dependence) of PR-B self-association is
currently underway.

To assess the structural properties of the monomer under
these conditions, we carried out a sedimentation velocity
analysis of PR-B at the highest concentration used in the
sedimentation equilibrium studies. The results of the DCDT+
analysis are plotted in Figure 5. Under these conditions, PR-B
sediments with a narrow distribution and a peak value of
4.0 S. Direct fitting of theg(s*) data resolved a molecular
mass of 91236( 4234 Da, consistent with the molecular
mass of the monomer. The close agreement in molecular
masses determined by the two techniques demonstrates that
the PR-B monomer is hydrodynamically homogeneous under
these conditions. Since the sedimentation equilibrium and
velocity results equally underestimate the PR-B molecular
mass, it may be that the actual partial specific volume of
the protein is slightly higher than calculated, likely due to

posttranslational phosphorylation events (24, 49). Using the
Svedberg equation (eq 1) and the monomer molecular mass,
we can calculate a frictional coefficient (f) of 1.14× 10-8

g/s. Comparison of the frictional coefficient to that of a
sphere with the same molecular mass (f0) indicates that PR-B
is highly asymmetric with a frictional ratio (f/f0) of 1.42.
Modeling of PR-B as a hydrated prolate ellipsoid yields a
ratio of major to minor axes of∼8:1 and a Stokes radius of
64 Å. Table 1 lists all hydrodynamic properties for PR-B at
300 mM NaCl.

Limited Proteolysis Studies of PR-B Support a Nonglobu-
lar Conformation.To probe the structural implications of
the PR-B asymmetry, we carried out limited proteolysis
studies under conditions identical to those of the low salt
sedimentation studies. Figure 6 shows an EndoGluC time
course digestion of PR-B. It is evident that, in the first 30
min, PR-B is degraded from a full-length protein to three
relatively stable fragments with apparent molecular masses
of 55, 48, and 45 kDa (labeled as bands 1, 2, and 3 in panel
A). Immunoblot analysis (panel B) using antibodies specific
to the DBD and HBD demonstrates that each fragment
contains both domains. On the basis of approximate molec-
ular masses of 10 kDa for the isolated DBD and 29 kDa for
the isolated HBD, these fragments must additionally contain
some or all of the N-terminal AF-1 sequence (as diagramed

FIGURE 5: g(s*) distribution for PR-B at pH 8.0, 300 mM NaCl,
and 4°C. Open circles representg(s*) distribution at an initial PR-B
loading concentration of 0.9µM. The distribution was determined
by global analysis of successive scans. The peakg(s*) value
corresponds to the apparent sedimentation coefficient. The solid
line represents the best fit to a single Gaussian curve.

Table 1: Hydrodynamic Properties of the PR-B Monomer
Determined by Analytical Ultracentrifugation at pH 8.0, 300 mM
NaCl, and 4°C

S 4.0
f (g/s) 1.14× 10-8

f/f0 1.42
Stokes radius (Å) 64
axial ratio 8:1
Mw (Da)a 93436( 3224
Mw (Da)b 91236( 4234

a Determined by sedimentation equilibrium.b Determined by sedi-
mentation velocity.
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in panel C). Extended exposure to protease generates two
additional fragments with apparent molecular masses of 31
and 14 kDa (bands 4 and 5, respectively). These fragments
correspond to the isolated DNA binding and hormone
binding domains, respectively (see panels B and C). Of note
is the complete absence of intermediate fragments generated
between the full-length PR-B and the AF1-DBD-HDB
species (bands 1, 2, and 3). This result strongly suggests that
the ∼50 kDa polypeptide sequence N-terminal to AF-1 is
largely unstructured and/or in an extended conformation,
entirely consistent with the hydrodynamic asymmetry seen
in the sedimentation velocity studies. The enhanced pro-
teolysis of the N-terminal region may also be due to
noncanonical peptide bond conformations, though this
interpretation does not explain the strong asymmetry ob-
served in the sedimentation velocity results. Finally, these
results confirm early biochemical characterizations of PR that
led to the conclusion that it contained only two independent
structural units, the DNA binding domain and hormone
binding domain (1).

DISCUSSION

Energetics of PR-B Self-Assembly.For many transcription
factors, there is a significant thermodynamic linkage between
self-assembly and DNA binding (50). For example, estrogen
receptor solution dimerization is clearly prerequisite to high-
affinity binding at its DNA response elements (13). In the
absence of an explicit determination of the solution dimer-

ization constant, the analysis of protein-DNA binding
isotherms resolves only apparent binding constants, which
provide only minimal information for understanding DNA
binding mechanisms. Further, direct analysis of solution
assembly properties provides quantitative insight into the
physical and chemical forces that drive oligomerization.
Using sedimentation velocity, we demonstrate that, at pH
8.0, 50 mM NaCl, and 4°C, liganded PR-B undergoes a
concentration-dependent change in its average sedimentation
coefficient (Figure 3). Sedimentation equilibrium studies
carried out under identical conditions demonstrate that this
change is due to rapid and reversible monomer-dimer
assembly. Global analysis of the equilibrium data resolved
a dimerization free energy of-7.2 kcal/mol, equivalent to
a dissociation constant of 1.7× 10-6 M (Figure 4). This
relatively weak dimerization constant, determined in the
presence of progesterone, is entirely consistent with crystal-
lographic studies indicating that the PR-HBD dimer main-
tains a small dimerization interface of only 700 Å2 (51). By
comparison, the estrogen receptor dimer, thought to dissoci-
ate to monomers only in the nanomolar to subnanomolar
range (52), has a much more extensive dimerization interface
of approximately 1700 Å2 (53).

The resolved energetics are also in qualitative agreement
with early biochemical analyses of PR self-association (18).
Using partially purified, calf uterine receptor preparations,
Skafar demonstrated that the differential DNA binding
properties of estrogen receptors versus progesterone receptors
were due to a difference in their self-assembly properties:
Estrogen receptor was estimated to dimerize with a dissocia-
tion constant of 0.3 nM, while PR was estimated at 7 nM.
Contaminating proteins, different solution conditions, and
semiquantitative techniques make it difficult to directly
compare these earlier studies with our results. Nonetheless,
it is clear that even though PR dimers can form in solution
(15, 19), PR dimerization affinity is considerably weaker than
that of the more stable estrogen receptor.

Finally, in light of the observed self-association energetics
for the full-length progesterone receptor, it is worth noting
the absence of assembly for any isolated PR domain: Highly
purified PR constructs lacking the HBD are quantitatively
monomeric over a wide range of conditions and concentra-
tions (40, 41). Likewise, highly purified HBD was found to
be entirely monomeric in solution (51). These observations
suggest that PR-B dimerization is a system or global property
of PR-B rather than a “part” property attributable only to
the HBD (1). This result is presumably due to allosteric
contributions from other PR-B regions and domains, even
if the HBD provides the sole dimerization interface in
solution.

Hydrodynamics of PR-B Self-Assembly.Because the
sedimentation coefficient distributions at 50 mM NaCl reflect
both monomers and dimers in solution (Figure 3), the peak
sedimentation coefficient values at each protein concentration
do not correspond to any discrete species. For example, the
5.7S species seen at 2µM PR-B concentration reflects a near
1:1 ratio of monomer to dimer, based on the dissociation
constant of 1.7µM. However, sedimentation velocity experi-
ments carried out at 300 mM NaCl demonstrate the presence
of only a 4.0S species (Figure 5), and the sedimentation
equilibrium results demonstrate that this species corresponds
to the PR-B monomer. Moreover, direct fitting of the

FIGURE 6: Time course for EndoGluC digestion of PR-B. (A)
Purified PR-B was digested with EndoGluC for 0-120 min at pH
8.0, 50 mM NaCl, and 4°C. Resultant peptides were resolved and
visualized using Coomassie-stained SDS-PAGE. Major digestion
products are indicated by arrows. Molecular weight markers are
indicated to the left. (B) Peptides were also probed by immunoblot
analysis using antibodies specific to either the DBD (R266) or HBD
(C-19). (C) Schematic of intact PR-B structure and PR-B digestion
products estimated by apparent molecular weight.
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sedimentation velocityg(s*) results resolved a molecular
mass of 91236( 4234 Da, in close agreement to the 93436
( 3224 Da value determined by sedimentation equilibrium.
This concordance demonstrates that under these conditions
the PR-B monomer is structurally homogeneous (30) and
thus affords us insight into the molecular properties of PR-
B. For example, the observed asymmetry of the monomer
(as measured by a frictional coefficient of 1.42) must be due
to either a literal nonspherical PR-B structure (e.g., rodlike),
a natively unfolded or partially disordered conformation, or
a significantly increased hydration shell; each possibility
would lead to an increased apparent volume and thus
increased frictional resistance during sedimentation. Limited
proteolysis (Figure 6) supports the second hypothesis,
demonstrating that residues N-terminal to AF-1 are highly
susceptible to proteolytic attack, most likely because they
exist in an extended, partially disordered ensemble of
conformations. The proteolysis results are also qualitatively
similar to previous proteolytic studies carried out on PR
isoforms lacking the HBD (40, 41), thus indicating that the
HBD does not have an obvious influence on the N-terminal
structure. Further, these results confirm that there are only
two independent structural units in PR-B (DBD and HBD)
and that AF-1 may maintain a degree of stable structure.
Finally, the current results make it clear that the PR 4S
species long seen by classical glycerol gradient studies is
indeed the monomer (54).

Salt Dependence to the Assembly Reaction.Since PR-B
is exclusively monomeric at 300 mM NaCl, we can estimate
a lower limit to the dimerization constant at these conditions.
Analysis of the 300 mM sedimentation equilibrium data using
a monomer-dimer model (data not shown) suggests that the
dimerization dissociation constant under these conditions is
minimally 8.1 µM. This value translates into a 5-fold
decrease in dimerization affinity compared to the 1.7µM
constant obtained at 50 mM NaCl. The net number of
thermodynamic ions released over this range,∆νNaCl [where
∆νNaCl ) d ln Kassoc/d RNaCl (55)], corresponds to at least 1.7
ions. Comparison of this result to the crystal structure of
the PR HBD leads to the possibility that at least some of the
salt effect might be due to attenuation of hydrogen-bonding
interactions at the dimer interface (51). However, if self-
association is indeed a global property of PR-B, it is
reasonable to assume that other regions and domains of PR
play a role in the observed ionic linkage.

Functional Consequences of a Micromolar Dimerization
Constant.The weak dimerization affinity reported here has
important implications for the mechanisms of PR-B binding
to its DNA response elements. It is commonly accepted that,
upon binding ligand, steroid receptors release heat shock
proteins, dimerize, interact with their hormone response
elements, and recruit coactivating proteins to activate gene
expression. However, since the DNA binding affinity of
PR-B has typically been measured in the nanomolar range2

(56) and estimates of intracellular receptor concentration put
PR in the nanomolar range (57), essentially all (∼99.9%) of

the liganded PR-B in solution would be monomeric, assum-
ing a micromolar dissociation constant. Moreover, since PR
dimerization affinity decreases at higher NaCl concentrations
(see Results), the proportion of dimers likely becomes
infinitesimally small at physiological salt concentrations.
Keeping in mind that a nanomolar estimate of intracellular
PR concentration can only be taken as a rough guide due to
macromolecular compartmentalization and crowding effects,
it is nonetheless tempting to speculate that PR-B dimerization
does not precede binding to DNA response elements. That
is, in vivo, PR monomers only form dimers through a DNA-
induced dimerization event. Consistent with this are reports
indicating that chicken PR does not require solution dimer-
ization to function (17). The possibility that PR-B functions
as a monomer may also explain the puzzling fact that, unlike
estrogen, progesterone does not act as a strong effector for
driving dimerization of its cognate receptor (19).

The above hypothesis clearly contradicts the traditional
model of steroid receptor function indicating that a preformed
dimer is the active DNA binding species (1, 15, 19). If,
however, PR dimers are indeed the only species capable of
binding DNA response elements, then the self-assembly
energetics presented here make it clear that these molecules
must have equilibrium dissociation constants in the picomolar
range, given the nanomolar concentrations estimated for total
PR in vivo. Though picomolar binding affinities seem
unlikely, only pre-steady-state kinetic analyses of PR-PRE
interactions will reveal whether the protein binds as a DNA-
induced dimer, a preformed dimer, or both.

The micromolar self-association energetics become even
more intriguing when compared against estimates of the
dimerization constants for other members of the steroid
receptor family. Keeping in mind that these estimates were
carried out using semiquantitative techniques, isolated do-
mains, or partially purified proteins and under a variety of
solution conditions, the results suggest an extraordinary range
of dissociation constants accessible to steroid receptors. For
example, all estimates of estrogen receptor dimerization put
the dissociation constant at nanomolar or subnanomolar (ref
52and references cited therein). Estimates of glucocorticoid
receptor dimer dissociation have ranged from 4 to 20 nM
(58, 59). By contrast, androgen receptor has been estimated
to dimerize in the high nanomolar to low micromolar range
(60). (As of yet, there are no data on the self-assembly
properties of the final steroid receptor family member,
mineralocorticoid receptor.) Only rigorous thermodynamic
studies will confirm the accuracy of these estimates; thus
one must use caution in making direct comparisons to the
present study. However, these results suggest that closely
related receptors are capable of covering roughly 4 orders
of magnitude in dimerization affinities. We speculate that
this range of affinities plays a role in receptor-specific
function and diversity. With the exception of the estrogen
receptor, all steroid receptors are capable of binding the same
minimal hormone response element. It may be possible that
the arrangement and affinities for half-sites versus palindro-
mic sites are dictated by the assembly state of the specific
steroid receptor. For example, biochemical studies indicate
that glucocorticoid receptor binds to individual MMTV half-
sites as a dimer (59, 61); the weak dimerization affinity of
PR may allow it to bind to MMTV promoter half-sites as a
monomer. This differential stoichiometry would add another

2 Rigorous thermodynamic analysis of PR-B interactions with its
DNA response elements under the identical low salt conditions
described here confirms an apparent nanomolar binding affinity (A. F.
Heneghan, K. Connaghan-Jones, M. T. Miura, and D. L. Bain,
manuscript in preparation).
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level of control to the regulation of transcriptional activity,
perhaps through differential recruitment of coactivating
proteins (10). It may be then that evolutionary pressure has
selected for differential dimerization energetics not only as
a means to regulate the concentration of active DNA binding
species but further suggests that mechanisms of action for
one steroid receptor do not necessarily apply to all family
members.

SUMMARY

The results presented here demonstrate that PR-B self-
association is significantly weaker than predicted on the basis
of traditional models of receptor function. If receptors such
as PR-B bind DNA response elements only as preformed
dimers, then their intrinsic affinity toward PREs is likely to
be in the picomolar range rather than the nanomolar range.
Alternatively, if PR-B binds palindromic response elements
as a DNA-induced dimer, then this mechanism immediately
calls into question the role of solution dimerization and the
role of progesterone as a mediator of dimerization. Finally,
it is important to point out that the conclusions drawn here
could only be reached due to the rigorous and quantitative
approach employed; it will be interesting to see what
properties other nuclear receptors, in particular steroid
receptors, reveal when they are subjected to detailed ther-
modynamic and kinetic analyses.
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