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ABSTRACT: Cooperativity is a commonmechanism used by transcription factors to generate highly responsive
yet stable gene regulation. For the two isoforms of human progesterone receptor (PR-A and PR-B),
differences in cooperative DNA binding energetics may account for their differing transcriptional activation
properties. Here we report on the molecular origins responsible for cooperativity, finding that it can be
activated or repressed with Naþ and Kþ, respectively. We demonstrate that PR self-association and DNA-
dependent cooperativity are linked to a monovalent cation binding event and that this binding is coupled to
modulation of receptor structure. Kþ and Naþ are therefore allosteric effectors of PR function. Noting that
the apparent binding affinities of Naþ and Kþ are comparable to their intracellular concentrations and that
PR isoforms directly regulate the genes of a number of ion pumps and channels, these results suggest that Naþ

and Kþ may additionally function as physiological regulators of PR action.

Progesterone receptors (PR)1 are members of the steroid
receptor family of ligand-activated transcription factors (1).
The traditional understanding of PR function is that ligand-
bound receptors dimerize in solution, bind to progesterone
response elements (PREs) located within PR-regulated promo-
ters, and recruit an array of coactivating proteins in order to
remodel chromatin and activate transcription. Although PR
function is well understood within this biochemical framework,
we have yet to achieve a more fundamental and quantitative
understanding. Specifically lacking are the physical rules and
molecular states associated with receptor assembly at complex
promoter sequences and the chemicalmechanisms bywhich these
events are coupled to transcriptional activation. This lack of
knowledge is in part due to the great complexity of receptor
function, but it also arises because receptor activity has largely
been studied using only qualitative and semiquantitative ap-
proaches, despite the fact that PR-mediated transcriptional
activation is a fundamentally quantitative process.

Any understanding of PR function is further complicated by
the fact that the receptor exists naturally as two distinct isoforms,
PR-A and PR-B (2). As shown in Figure 1, the two isoforms are
identical except for an additional 164 residues at the N-terminus
of PR-B. Yet despite their near sequence identity, the two
isoforms maintain numerous differences in function (3-9). In
particular, PR-B is typically the stronger transcriptional activator
and regulates the bulk of PR-regulated genes (8). And yet the
smaller A-isoform, even when in the presence of equimolar
concentrations of PR-B, is able to preferentially activate gene
expression at remaining promoter sites. The mechanisms by

which the two isoforms can maintain differences in transcrip-
tional activity at any particular promoter and the principles they
utilize to generate opposing results at other promoters are largely
unknown.Our research is focused on themolecular origins of this
behavior, using the results as a paradigm for understanding the
receptor-specific activities for all of the proteins that define the
steroid receptor family.

As a step toward integrating the physical and chemical proper-
ties of PR isoforms with their biological roles, we previously
examined the thermodynamics of PR-A and PR-B interactions
with complex promoter sequences (10-12). The results of this
work revealed a number of unexpected findings, some of which
were contrary to the biochemically based model of function. For
example, despite the fact that both isoforms have identical DNA
binding domains, the receptors maintain large differences in
DNA binding energetics (10). Most notably, the B-isoform has
greatly enhanced cooperative interactions when binding at multi-
ple response elements relative to PR-A. Thus PR-B binding to a
promoter containing two identical palindromic progesterone
response elements (PRE2) is accompanied by a -3 kcal/mol or
∼200-fold increase in stabilization, whereas PR-A binding is
coupled to a more modest 5-fold increase. This large difference
accurately predicts differential PR-A and PR-B promoter occu-
pancy (and thus differential transcriptional activation) at physio-
logical conditions and suggests that it is cooperativity rather than
simply DNA binding that is the key determinant of isoform-
specific function. Consistent with this hypothesis, later work
demonstrated that the ability of the receptors to efficiently recruit
coactivators is coupled more to the extent of cooperative inter-
actions rather than to simply DNA binding (13). Thus coopera-
tivity and transcriptional activation appear to be linked
phenomena. Left unrevealed in these studies, however, were the
molecular forces responsible for cooperative assembly.

For PR and nearly all other transcription factors, themechani-
sms underlying cooperativity are poorly understood, even though
cooperative interactions have been observed in gene regulatory
systems ranging from bacteriophage to human (10, 14-18). Here
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we examine the chemical mechanism of cooperativity by inves-
tigating the role of ion type in controlling PR function. We
demonstrate that monovalent cations (Mþ) of the group 1a alkali
earth metal series (Liþ, Naþ, Kþ, Rbþ, and Csþ) modulate the
functional properties of both PR-A and PR-B. This occurs at the
level of self-association in the absence of DNA and in the degree
of cooperativity when bound to DNA. These ions are thus
allosteric effectors that directly control PR function. Consistent
with this, limited proteolysis studies reveal cation-specific regula-
tion of PR structure. Finally, since the apparent binding affinity
of the physiologically relevant cations Naþ and Kþ are in the low
millimolar range (therefore comparable to their intracellular
concentrations) and PR isoforms regulate a number of genes
encoding ion pumps and channels, we speculate that these ions
may also play important roles as regulatory ligands in vivo.

MATERIALS AND METHODS

Expression, Purification, and Characterization of Full-
Length, Human Progesterone Receptor Isoforms. Expres-
sion vectors encoding either human PR-A (residues 165- 933) or
PR-B (residues 1-933) fused to an N-terminal hexahistidine tag
were a gift from Dr. Dean Edwards (Baylor University). Each
isoform was expressed in baculovirus-infected Sf9 insect cells
using standard protocols (19). We previously characterized the
thermodynamics and hydrodynamics of both PR isoforms in
order to ensure that the purified proteins were amenable to
rigorous analysis. Briefly summarized, each receptor was purified
to at least 95% homogeneity and subjected to extensive sedi-
mentation velocity and equilibrium analyses (20, 21). These
studies demonstrated that, in buffers containing only Naþ as
the monovalent cation, each isoform maintained exclusively
a monomer-dimer equilibrium in the micromolar range
(ΔGdimerization = -7 kcal/mol). Just as importantly, the results
also demonstrated that both isoforms were structurally and
functionally homogeneous. Finally, we note that our previous
work on PR and PR deletion constructs indicates that the
hexahistidine tag has no detectable influence on the properties
of the protein (22, 23) and that the tagged receptormaintains high
functional activity (10-13, 20, 21).
Sedimentation Velocity and Equilibrium Analyses as a

Function of Monovalent Cation Type. All sedimentation
analyses were carried out on a Beckman XL-A analytical
ultracentrifuge equipped with absorbance optics and an An-60
Ti rotor. For the velocity studies, the isoforms were loaded at an
initial concentration of 1.0 μM and sedimented at 4 �C in MCl
concentrations ranging from10 to 300mM.The remaining buffer
contained 20 mM Tris, pH 8.0, 2.5 mM MgCl2, 1 mM CaCl2,
1mMDTT, and 10-5Mprogesterone. Tris rather thanHepes (as
used in our previous studies) was used as a buffering agent in
order to titrate all MCl solutions with HCl; this ensures that only
one type of monovalent cation is present in solution. We have
found no evidence that PR function is differentially influenced by

Hepes and Tris, nor is there any evidence that PR thermody-
namics are influenced by the Mg2þ or Ca2þ ions present in solu-
tion (necessary for carrying out the DNase footprinting studies).

Each isoform was sedimented at a rotor speed of 50000 rpm,
with data collected at 230 nm and as quickly as the instrument
would allow (typically every 4 min). A two-channel Epon
centerpiece was used in all experiments. The sedimentation
coefficient distribution, g(s*), and weight-average sedimentation
coefficient, at each PR concentration were calculated as imple-
mented in the program DCDTþ (24, 25). Each distribution was
corrected to 20 �C and water (s20,w) using standardmethods (26),
where s20,w is defined as

s20,w ¼ Mð1-νFÞ
Nf

ð1Þ

M is the weight-average molecular weight as determined by the
amino acid sequence and assembly stoichiometry, νh is the partial
specific volume of the protein, F is the water density at 20 �C, and
N is Avogadro’s number. The partial specific volume for both
isoforms was calculated by summing up the partial specific
volumes of each individual amino acid (0.7302 mL/g) (27).

The sedimentation equilibrium studies were carried out in
50 mM KCl, using otherwise identical buffer and temperature
conditions as described for the sedimentation velocity experi-
ments. Samples were allowed to reach equilibrium using six-
channel Epon centerpieces. Three PR-B concentrations were
analyzed at a ratio of 4:2:1, with the highest loading concentra-
tion being 0.9 μM. Samples were equilibrated at 14000, 18000,
and 21000 rpm and judged to be at equilibrium by successive
subtraction of scans. The nine data sets (three concentrations
collected at three rotor speeds) were analyzed individually and
globally using the nonlinear least-squares (NLLS) parameter
estimation as implemented in the program NONLIN (28).

Data were fit to the following equation in order to resolve the
self-association equilibrium constants:

Yr ¼ δþR exp½σðr2 -r0
2Þ� þ

X
RnKn exp½nσðr2 -r0

2Þ� ð2Þ

whereYr is absorbance at radius r, δ is the baseline offset, andR is
the monomer absorbance at the reference radius, r0. σ is the
reduced molecular weight (eq 3), n is the stoichiometry of the
reaction, and Kn is the product association constant of the
reaction nM T Mn.

σ, the reduced molecular weight, is defined as

σ ¼ Mð1-νFÞω2

RT
ð3Þ

whereM is the weight-average molecular weight of a single, ideal
species, νh is the partial specific volume of PR-B, F is the solvent
density (as calculated on the basis of the salt composition and
temperature (29)),ω is the angular velocity,R is the gas constant,
and T is the temperature in kelvin. The σ for the global analysis
was fixed at a value corresponding to the molecular weight (M)
and partial specific volume (νh) of the PR-B monomer. Resolved
values of Kn were converted from absorbance to molar associa-
tion constants on the basis of the calculated ε230. Free energies for
the assembly reactions were calculated using ΔGn = -RT ln Kn.
In all experiments used for analysis, salt-dependent changes in
pH were determined to be negligible, as were any salt-induced
changes in water activity (30).
DNA Preparation for DNase I Footprinting. A vector

containing a promoter made up of two tandemly linked PREs

FIGURE 1: Schematic of PR isoform primary sequence. Functional
regions are as indicated: HBD, hormone binding domain; DBD,
DNA binding domain; H, hinge; AF, activation functions; BUS,
B-unique sequence. PR-A is defined as amino acids 165-933.
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(PRE2) was a gift from Dr. Kathryn Horwitz (University of
Colorado Denver). Each PRE corresponds to an imperfect
palindrome within the tyrosine aminotransferase promoter,
TGTACAGGATGTTCT (31) spaced 25 base pairs apart. A
reduced-valency template (PRE1-) containing a G-to-T point
mutation in each half-site of the distal PRE (designated as site 1)
was created “in house”. Each template was excised from its
respective vector to generate a 1304 bp promoter fragment and
32P-end-labeled. The proximal PRE of each fragment (site 2) was
positioned 100 bp from the 30 end of the labeled strand.
Individual-Site Binding Experiments. Experiments were

carried out using quantitative DNase I footprint titrations as
originally described by Ackers and co-workers (32, 33), with the
following modifications. All reactions were carried out in an
assay buffer containing either 50 mM KCl or NaCl and the
following components: 20 mMHepes, 1 mMDTT, 1mMCaCl2,
2.5mMMgCl2, 10

-5Mprogesterone, 100 μg/mLBSA, and 2 μg/
mL salmon sperm DNA. (The addition of BSA and salmon
spermDNA changes the concentration ofNaþ orKþ by less than
1%). Other than the type of monovalent cation, these conditions
are identical to our earlier footprinting analyses (10-13). The
respective buffers were titrated to pH 8.0 using either KOH or
NaOH in order to maintain constant ion type. Six KCl footprint
reactions were performed, three on the PRE2 promoter and
three on the PRE1- promoter. Two NaCl footprint reactions
were carried out, one on the PRE2 promoter and one on the
PRE1- promoter.

Each footprinting reaction contained 20000 cpm of freshly
labeled DNA containing either the PRE2 promoter or PRE1-
promoter. PR-B was added to each reaction mix, covering a
concentration range from subnanomolar to micromolar, and
allowed to equilibrate at 4 �C for at least 45 min. DNase I
(Invitrogen) was diluted to a concentration of 0.0058 unit/μL in
the respective assay buffer less BSA and salmon sperm DNA.
After the samples reached equilibrium, 5 μLof the dilutedDNase
I solution was added to each 200 μL reaction, and digestion was
allowed to proceed for exactly 2 min. Digestion products were
electrophoresed on 6% acrylamide-urea gels and visualized
using phosphorimaging. Individual-site binding isotherms were
calculated as described byBrenowitz et al. (32) using the program
ImageQuant. All studies were carried out with DNase concen-
trations low enough to generate “single-hit kinetics” and there-
fore thermodynamically valid binding isotherms (33). Finally,
promoter DNA concentrations were estimated to be well below
PR-B binding affinity (maximally 5 pM), justifying the assump-
tion that PR-Bfree = PR-Btotal.
Resolution of Microscopic Interaction Free Energies.

The DNase I footprint titration technique resolves the fractional
occupancy of binding at each PRE. The statistical thermo-
dynamic expressions that describe the individual-site binding
isotherms are constructed by summing the probabilities of each
microscopic configuration that contributes to binding at each
site. A detailed approach for generating each mathematical
formulation has been presented previously (15). Briefly, the
probability (fs) of anymicroscopic configuration is defined as (34)

fs ¼ eð-ΔG�s=RTÞ½x2� j
Pj

s¼1

eð-ΔG�s=RTÞ½x2� j
ð4Þ

where ΔG�s is the free energy of configuration state s relative to
the unliganded reference state, x2 is the PR-B dimer concentra-

tion, j is the stoichiometry of the PR-B dimer bound to a response
element,R is the gas constant, andT is temperature in kelvin. The
dimer concentration is calculated using the experimentally de-
termined dimerization constant (kdi) from the sedimentation
equilibrium studies and the appropriate conservation of mass
equation.

The fractional saturation (Y) for dimer binding at any site on
the PRE2 promoter is the sum of probabilities for the isolated
dimer binding event and the cooperative interaction with the
adjacently bound dimer. Thus, the equation for PR-B dimer
binding to site 1 on the PRE2 promoter is defined as

YPRE2
¼ kx2 þ k2kcx2

2

1þ 2kx2 þ k2kcx22
ð5Þ

where x2 is as defined previously, k is the intrinsic association
constant for a preformed dimer binding to a PRE, and kc
corresponds to the intersite cooperativity term. Because the
PREs are identical in sequence, eq 5 also describes binding to
site 2 of the PRE2 promoter. Using the same approach, the
equation describing the fractional saturation of site 2 of the
PRE1- promoter is

YPRE1- ¼ kx2

1þ kx2
ð6Þ

In order to resolve the interaction parameters describing
PR-B-DNAbinding, the isotherms fromeach footprint titration
were analyzed globally using the program Scientist (Micromath,
Inc.). Because protein interactions at DNA binding sites do not
afford complete protection from DNase activity, binding data
were treated as transition curves fitted to upper (m) and lower (b)
end points:

Y app ¼ bþðm-bÞY ð7Þ
Limited Proteolysis. Sequencing grade trypsin was obtained

from Roche Applied Science (Indianapolis, IN). A 1 μM con-
centration of PR-B was digested in the identical buffer and
temperature conditions as described for the sedimentation velo-
city studies using either 300 mMNaCl or 300 mMKCl. Enzyme
was added at a PR:enzymemass ratio of 500:1. Each reactionwas
allowed to proceed for 90 min with aliquots removed as a
function of time. In order to ensure trypsinmaintained a constant
activity as a function of cation type, digests of control proteins
were performed inNaCl andKCl buffers. These digests produced
identical results, as predicted by the structural and biophysical
work of Di Cera and co-workers (35). Reactions were terminated
by addition of SDS-PAGE loading dye and boiling for 5 min.
Five micrograms of PR was electrophoresed using 10% SDS-
PAGE and transferred to nitrocellulose membrane for immuno-
blot analysis. The antibody used for analysis was C-19, a poly-
clonal antibody specific for the C-terminal portion of the PR
hormone binding domain obtained from Santa Cruz Biotechno-
logy (Santa Cruz, CA).

RESULTS

The traditional model for PR function is that receptors
dimerize and then bind to their response elements; binding at
multiple sites can potentially be coupled to cooperative interac-
tions (1, 36). This pathway is presented schematically in Figure 2.
Also listed are the microscopic interaction constants for each of
these reactions (kdi, k, kc). Each of the terms defines a physically
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meaningful interaction event and should therefore be contrasted
with the macroscopic, apparent binding affinities more com-
monly used in measuring receptor-DNA interactions. These
latter parameters are at best a composite of multiple interactions
and thus offer little mechanistic insight. Here we take the
approach of determining each of the microscopic parameters as
a function of Naþ and Kþ as a means to delineate the chemical
mechanism responsible for PR cooperative promoter binding.
Sedimentation studies were used to examine the self-association
properties of the PR isoforms (thus accounting for kdi), and
quantitative footprint titrations were used to determine the
intrinsic dimer DNA binding affinity (k) and intersite coopera-
tivity (kc).
Naþ and Kþ Modulate the Self-Association of PR Iso-

forms. Our previous work on PR-B demonstrated that when in
the presence of 50 mM NaCl the receptor undergoes rapid
monomer-dimer exchange in the micromolar range (21). Sedi-
mentation velocity was used to extend these studies by examining
the influence of other monovalent cation types. As an example,
plotted in Figure 3 are the g(s) sedimentation coefficient dis-
tributions for 1.0 μM PR-B determined in a buffer containing
50 mM NaCl and in an equivalent concentration of KCl. Note
that the weight-average sedimentation coefficient for PR-B (s20,w,
noted as vertical lines) increases from 7.1 s in Naþ to 7.6 s in Kþ

due to a rightward shift in the overall distribution. Identical
results were seen for PR-A (data not shown). From the Svedberg
equation (eq 1), an increase in s20,w can occur from either an
increase in average molecular weight (M) due to increased self-
association or a decrease in the frictional coefficient ( f ) due to
compaction ofmacromolecular structure.Aswewill demonstrate
below, the skewing of the distribution to larger s20,w values is due
to formation of PR-B assembly states beyond that of the dimer.

Shown in Figure 4 are sedimentation equilibrium results for
PR-B carried out in the identical KCl buffer as used in the
velocity experiment. The three concentrations consist of PR-B
loaded at a ratio of 4:2:1 with the highest concentration being
0.9 μM.Data from each concentration and rotor speed were first
individually fit to resolve the average molecular weight of the
sample; this analysis revealed a strong increase in apparent

FIGURE 2: Schematic of selected assembly states for PR-PRE2

interactions. Dimer binding pathway: Circles represent hormone-
bound PR monomers. Squares represent PR solution dimers or PR
bound to the PRE2 promoter (k). Binding at multiple response
elements is accompanied by an intersite cooperative interaction
(kc). Events potentially associated with cooperativity are indicated
by protein-protein contacts and bending of promoter DNA. The
arrow refers to the direction of the transcriptional start site.

FIGURE 4: PR-B sedimentation equilibrium in 50mMKCl. Panels A-C represent each initial loading concentration: 0.9 μM(panel A), 0.45 μM
(panel B), and 0.25 μM (panel C). Symbols represent PR-B absorbance at 14000 rpm (filled squares), 18000 rpm (open circles), and 21000 rpm
(filled triangles). Solid lines represent the best fitmodel (monomer-dimer-pentamer) from simultaneous analysis of all nine data sets. The square
rootof the variancewas 0.004 absorbanceunits. PanelsD-Fshowresiduals fromthemonomer-dimer-pentamer equilibriummodel plotted as a
change in absorbance versus radius squared divided by 2. For the sake of clarity only every other residual point is plotted. Buffer conditions were
20 mM Tris, pH 8.0, 50 mMKCl, 2.5 mMMgCl2, 1 mM CaCl2, 1 mM DTT, and 10-5 M progesterone at 4 �C.

FIGURE 3: Sedimentation velocity analysis of PR-B in eitherNaCl or
KCl. The initial loading concentration of PR-B for both NaCl (filled
squares) and KCl (line) was 1.0 μM. g(s*) distributions were deter-
mined by analysis of successive scans taken in each salt. Vertical lines
indicate the weight-average sedimentation coefficient determined by
analysis of each g(s*) distribution in NaCl (dotted line) and KCl
(solid line). In addition to either 50 mMNaCl or 50 mMKCl, buffer
conditions were 20 mM Tris, pH 8.0, 2.5 mM MgCl2, 1 mM CaCl2,
1 mM DTT, and 10-5 M progesterone at 4 �C.
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molecular weight as receptor concentration was increased, as
would be predicted for a self-associating system. The data were
then globally fit to various assembly schemes (e.g., mono-
mer-dimer, momomer-trimer) noting the quality of each fit.
The data were best described by an equilibrium distribution of
PR-B monomers, dimers, and pentamers (solid lines through
data), although models incorporating either tetramers or hex-
amers were also consistent with the data. By contrast, attempts to
force a fit using the traditional monomer-dimer association
scheme returned an unacceptable result, as judged both by visual
inspection and by a significantly increased standard deviation of
the fit (data not shown). Consequently, it can be concluded that
the assembly in Kþ is significantly increased compared to Naþ;
however, a determination of the number of higher order assembly
states and their exact stoichiometries is not possible.

Shown in Table 1 are the resolved assembly energetics and a
comparison to our previous sedimentation equilibrium studies on
PR-B in 50 mM NaCl (21). It can be seen that changing the
monovalent ion type from Naþ to Kþ has no statistically
significant effect on the dimerization energetics. The more
striking difference is that Kþ induces the formation of higher
order species not seen withNaþ. As noted, these species were best
described assuming the formation of PR-B pentamers but could
also be fit as tetramers or hexamers. This is because, at 50 mM
KCl, there is only a small proportion (maximally 10%of the total
population) of these higher order species, making an exact
characterization of the distribution difficult. As such, it is also
difficult to determine if the larger species are reversibly associat-
ing or are a nonreversible aggregate. As we will subsequently
show using the remaining group 1a salts, these higher order
assembly states represent an “aporeceptor” population not
bound by Kþ. The calculated species distribution for the various
assembly states is plotted as a function of total PR concentration
in Figure 5.
Nþ and Kþ Modulate Cooperative Binding Energetics.

We next assessed the role of Naþ and Kþ in PR function by
dissecting the energetics of binding to a promoter containing two

identical response elements (PRE2; see Figure 2). As a first step in
this assessment, footprint titrations were carried out in a KCl
buffer identical to that used in the sedimentation velocity and
equilibrium studies. Shown in Figure 6A is a representative PR-B
footprint titration of the PRE2 promoter in said buffer. Binding
isotherms for sites 1 and 2 are shown in Figure 6B. Also shown
are isotherms generated from a mutated promoter containing
only one competent response element (PRE1-).

The footprint titrations were then repeated under identical
conditions except that KCl was replaced with NaCl. The
resultant isotherms are shown in Figure 6C. Visual comparison
of the Kþ and Naþ data sets makes clear that the apparent
binding affinity of PR-B is decreased in KCl relative to NaCl. In
particular, there appears to be little cooperative binding inKCl as
evidenced by the near-identical binding isotherms seen for the
PRE2 and PRE1- promoters. By contrast, the strong coopera-
tivity in NaCl is observed in the leftward shift and increased
steepness of the PRE2 binding isotherms relative to the PRE1-
isotherm.

The three isotherms fromeachMCl data set were globally fit to
eqs 5 and 6. The microscopic free energy changes (ΔGi) for
receptor-promoter binding in each salt are shown in Table 2, as
are the differences in the energetics (ΔΔGi). It is evident that there
is only a slight effect in the cation-dependent binding energetics of
the PR-B dimer, with the affinity weakening only 0.9 kcal/mol
when Naþ is replaced withKþ. By contrast, there is an enormous
change in the cooperativity term, with it decreasing 3.2 kcal/mol
in the presence of Kþ, thus entirely eliminating any cooperative
interaction. These differences are not an artifact of cation-
dependent changes in the active dimer concentration, since we
explicitly accounted for this change using the resolved dimeriza-
tion and pentamerization constants determined in each salt and
the appropriate conservation of mass equations. Rather, these
are true differences in PR-B binding and reveal that the primary
consequence of changing monovalent cation type is not at the
level of DNA binding per se but at the level of cooperative
interactions between binding sites. With regard to the smaller
A-isoform, a complete linkage analysis was not possible due to
solubility issues in 50 mM KCl. However, we were unable to
qualitatively detect any effect of KCl on PR-A assembly at the
PRE2 promoter. This result is as predicted since the cooperativity
term inNaCl is already negligible and intrinsic binding energetics
are not influenced by Mþ type.
PR Isoforms Bind a Monovalent Cation. The simplest

explanation for the cation dependence to the sedimentation and
footprinting data is that PR-B function is allosterically regulated
by Naþ and Kþ binding events. In order to more directly test this
hypothesis, we carried out sedimentation velocity studies as a
function of the chloride salts of the group 1a cations (LiCl, NaCl,
KCl, RbCl, and CsCl). Plotted in Figure 7 are the resolved
weight-average sedimentation coefficients for PR-B determined
in these salts and at three salt concentrations. In 50mMMCl, the
sedimentation coefficient reaches a minimum when the protein is
in Naþ but reaches maximal values when determined in the
cations at the extremes of the series (Liþ andCsþ).When theMCl
concentration is decreased to 10 mM, the sedimentation coeffi-
cient increases only slightly in Naþ but increases significantly in
the presence of Liþ, Kþ, and Rbþ. It is not clear how these ion-
specific changes in PR-B sedimentation could be explained by
simple electrostatic screening.

As was determined from our sedimentation equilibrium stu-
dies, the ion-specific increases in s20,w are due to the formation of

Table 1: Resolved Self-Association Energetics of PR-B in either KCl

or NaCl

interaction

free energy

KCl

(kcal 3mol-1)

NaCl

(kcal 3mol-1)

ΔΔG
(kcal 3mol-1)

ΔGdi -7.6( 0.3 -7.2( 0.7 -0.4( 0.8

ΔGpent -30.9( 0.3

FIGURE 5: Calculated probabilities for PR-B solution assembly
states in 50 mM NaCl or KCl. Shown are the probabilities for PR-
Bmonomers (dotted line), dimers (solid line), and pentamers (dashed
line) in solutions containing either 50mMNaCl (blue) or 50mMKCl
(red).
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higher order species. This phenomenon is enhanced as the cations
become larger in effective volume relative to Naþ. For example,
the sedimentation coefficient in 10 mM Csþ was impossible to
determine due to aggregation that caused complete precipitation
of the receptor. With respect to a putative ion binding event, we
interpret these results to mean that bulky cations like Csþ or
highly hydrated ions like Liþ are too large to interact at a Mþ

binding site, resulting in enhanced assembly of that receptor
fraction unable to bind cation (i.e., aporeceptors). By this logic, if
the MCl concentration is made greater than the binding affinity
of each cation, the sedimentation coefficient in all salts should
reach a common value reflective of only PR-B monomers and
dimers. As seen in Figure 7, the MCl concentration needed to
saturate appears to be ∼300 mM.2

Our observations are not unique to PR-B; as shown in
Figure 8, a similar phenomenon is seen for PR-A. Again, a
minimum in s20,w is found at Naþ concentrations of 200 mM,
with larger values seen at the extreme of theMCl series. The same
qualitative result is seen at 100 mM NaCl and KCl, but again,
data collected in 100 mM LiCl, RbCl, and CsCl were unanalyz-
able due to heavy precipitation. By contrast, when the MCl
concentration is increased to 300 mM, Naþ, Kþ, and Rbþ

generate the same value, suggesting that the receptor is saturated
by the respective cations. It is worth noting that for both isoforms
the increases in sedimentation coefficient seen at the extremes of
the MCl series actually underestimate the extent of this pheno-
menon since we could not take into account larger assembly
states that were quickly sedimented to the base of the solution

FIGURE 6: Representative quantitative footprint titration of PR-B
binding to the PRE2 promoter in KCl and individual site binding
curves obtained for PR-B binding to both the PRE2 and PRE1-
promoters in KCl and NaCl. Panel A: Representative footprint
image of PR-B binding to the PRE2 promoter in 50 mM KCl.
Positions of the two PREs (site 1, filled rectangle; site 2, open
rectangle) are indicated in the schematic to the right of the image.
Panel B:All individual site binding isotherms for PR-Bbinding to site
1 (filled circles) and 2 (open circles) of the PRE2 promoter and site 1
(open rectangle) of the PRE1- promoter in 50 mMKCl. Also shown
are the best fit lines from the model presented in Figure 2 describing
binding to the PRE2 (solid line) and PRE1- (dotted line) promoters.
The standard deviation of the fit was 0.074 apparent fractional
saturation units. Panel C: All individual site binding isotherms from
matched experiments for PR-B binding to the PRE2 and PRE1-
promoters in 50 mM NaCl. Symbols and lines are as indicated in
panel B. The standard deviation of the fit was 0.080 apparent
fractional saturation units.

FIGURE 7: Measured PR-Bweight-average s plot as a function of ion
type and ion concentration. The initial PR-B loading concentration
was 1.0 μM. The weight-average sedimentation coefficient was
determined as implemented in the programDCDTþ. Error estimates
represent one standard deviation as reported by DCDTþ. Solution
conditions minus MCl were 20 mM Tris, pH 8.0, 2.5 mM MgCl2,
1 mM CaCl2, 1 mM DTT, and 10-5 M progesterone at 4 �C. The
concentration ofMCl was either 10mM (squares, solid line), 50 mM
(open circles, dashed line), or 300 mM (triangles, dotted line). Mþ is
as indicated on the plot.

Table 2: Resolved Energetics and Differences for PR-B-PRE2 Binding

Interactions in KCl and NaCl

interaction

free energy

KCl

(kcal 3mol-1)

NaCl

(kcal 3mol-1)

ΔΔG
(kcal 3mol-1)

ΔG -11.7( 0.1 -12.6 ( 0.2 0.9( 0.2

ΔGc 0.4( 0.4 -2.8( 0.1 3.2( 0.4

2Wewere unable tomeasure PR-B sedimentation behavior in 300mM
LiCl because at this concentration the salt generated a large change in
pH. Correcting this change would have required acid or base addition
sufficient enough to significantly perturb the total ionic strength.
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column. The resolved sedimentation coefficients for both iso-
forms under each salt condition are presented in Table 3.
Naþ and Kþ Modulate Receptor Structure. The sedimen-

tation and footprinting data provide strong hydrodynamic and
thermodynamic evidence that PR function is allosterically regu-
lated by Mþ binding. From a structural perspective, allosteric
ligands are typically capable of triggering conformational
changes within their target macromolecule. We examined this
possibility by carrying out limited proteolysis studies of PR-B as a
function of NaCl and KCl. Shown in Figure 9 are time-course
digests of PR-B using trypsin. These studies were carried out at
300 mM concentrations of KCl and NaCl in order to ensure that
the receptors were saturated with their respective cations.

Comparison of the two digests indicates that Naþ binding
results in PR-B adopting amore enzyme-accessible conformation
relative to Kþ binding, as evidenced by increased proteolysis of
the full-length receptor.However, this result is not due to a global

destabilization of the protein but occurs primarily because of the
more rapid appearance of several fragments encompassed by
bands 1 and 2 (with band 1 being indicative of the primary
cleavage site). All of these fragments are reactive to a C-terminal
anti-HBD antibody and have molecular masses ranging from 52
to 76 kDa (i.e., much greater than that of the isolated HBD; see
Figure 1); therefore, the tryptic cleavage sites must be located
with theN-terminal region of PR-B. Because themost prominent
of these fragments (band 1) has amolecular mass less than that of
even the smaller PR-A isoform, the cleavage site that generates
this fragment must be in a region common to both isoforms.
Likewise, the smallest of the fragments (band 2) roughly corre-
sponds to a peptide containing at least AF-1, DBD, and HBD.
Thus, the results indicate that the conformation of an N-terminal
sequence common to both PR-A and PR-B is differentially
modulated by Naþ versus Kþ binding. Consistent with this, a
similar proteolysis result was seen for PR-A (data not shown).
Finally, increased digestion times produce a 31 kDa fragment
that corresponds to the isolated HBD (band 3). This fragment
appears to be generated at an enhanced rate inNaþ, but since it is
likely a product from the fragmented receptor rather than the
intact holoprotein, its relevance is unclear.

DISCUSSION

The results presented here are consistent with a specific Mþ

binding event that is allosterically coupled to PR cooperativity.
We first address the evidence in favor of Mþ binding. The
sedimentation velocity and equilibrium studies are not easily
explained by nonspecific Debye-H€uckel screening since PR-A
and PR-B self-association is clearly modulated in a cation-
specific manner. The results are also inconsistent with a Hofmei-
ster effect via “salting in” of the receptor since that would predict
a rank order ability of Csþ > Rbþ > Kþ > Naþ > Liþ rather
than the observed result of Naþ > Kþ > Rbþ > Csþ > Liþ.
Nor can the results be interpreted as arising from cation-specific
changes in water activity since at these low to moderate MCl
concentrations the changes are minor (less than 1% (30)) and
largely identical for each ion.

We therefore postulate the following: (1) In the NaCl con-
centrations used in our sedimentation studies (Figures 7 and 8
and refs (20) and (21)), PR-B is fully saturated by a bound sodium
ion(s) and thus exists only as monomers and dimers, and that
cation binding affinity is equivalent in the monomer and dimer
states of PR. (2) A decrease in the Mþ concentration below the
ion binding affinity populates an aporeceptor not bound by
ion. (3) Formation of the apoprotein leads to higher order
self-association. This self-association is observed as an increase
in the sedimentation coefficient in the velocity studies and
tetramer-pentamer-hexamer formation in the KCl equilibrium
studies. Consistent with this hypothesis, different monovalent
anions (Br-, I-, etc.) show only muted differences at the
concentrations used in the cation studies (data not shown).

With regard to Mþ regulated allostery, we observe that with
onlymodest concentrations ofNaþ orKþ the functional property
of cooperativity can be selectively activated or repressed without
greatly influencing intrinsic binding energetics. This is not
occurring via some unknown functional attribute of the apor-
eceptor population, since footprinting studies in RbCl (data not
shown) revealed a dramatic decrease in apparent DNA binding
affinity as evidenced by a rightward shift in the binding curve.
This decrease was well correlated with the increased production

FIGURE 8: Measured PR-Aweight-average s plot as a function of ion
type and ion concentration. The initial PR-A loading concentration
was 1.0 μM. The weight-average sedimentation coefficient was
determined as implemented in the programDCDTþ. Error estimates
represent one standard deviation as reported by DCDTþ. Solution
conditions minus MCl were 20 mM Tris, pH 8.0, 2.5 mM MgCl2,
1 mM CaCl2, 1 mM DTT, and 10-5 M progesterone at 4 �C. The
concentration of MCl was either 100 mM (squares, solid line),
200 mM (open circles, dashed line), or 300 mM (triangles, dotted
line). Mþ is as indicated on the plot.

Table 3: Calculated Weight-Average Sedimentation Coefficients for PR-B

and PR-A at Each MCl Concentrationa

PR-B Æsæ

Mþ 300 mM MCl 50 mM MCl 10 mM MCl

Liþ 9.0( 0.3 11.6( 0.3

Naþ 6.9( 0.2 7.1 ( 0.1 7.7( 0.2

Kþ 6.8( 0.1 7.6( 0.1 8.3( 0.2

Rbþ 6.8( 0.2 8.0( 0.3 9.7 ( 0.4

Csþ 6.7 ( 0.1 8.4( 0.4

PR-A Æsæ

Mþ 300 mM MCl 200 mM MCl 100 mM MCl

Liþ 11.2 ( 0.3 19.0( 0.4

Naþ 7.6( 0.1 7.5( 0.2 7.6( 0.2

Kþ 7.7( 0.2 8.0( 0.2 9.3( 0.3

Rbþ 7.7( 0.2 9.3( 0.2

Csþ 9.8 ( 0.2 11.7( 0.4

aThe weight-average sedimentation coefficient (Æsæ) was determined as
implemented in the program DCDTþ. Error estimates (() represent one
standard deviation as reported by DCDTþ. Solution conditions minus
MCl were 20 mM Tris, pH 8.0, 2.5 mM MgCl2, 1 mM CaCl2, 1 mM DTT,
and 10-5 M progesterone at 4 �C.
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of the higher order assembly states observed in the sedimentation
velocity studies, suggesting that the aporeceptors are inactive
with respect to promoter binding. Furthermore, the presence of
each cation under saturating binding conditions (where only
monomers and dimers are present) results in cation-specific
changes in receptor structure. We thus conclude that Naþ and
Kþ are allosteric ligands that modulate the functional properties
of the PR dimer. In this light, tetramers formed upon cooperative
promoter binding and any potential tetramers made up of
aporeceptors are distinct species as a result of Naþ’s unique
ability to drive cooperativity. The exact structural basis for this
difference is unknown.

The extent of Mþ binding should be dictated by two factors:
the anhydrous radius of the ion and the size and strength of the
hydration shell. For example, the small Liþ ion (unhydrated
atomic radius = 80 pm) maintains a strong charge density and
thus generates a highly stable and large hydration shell (hydrated
radius of 600 pm).Noting our sedimentation velocity data inLiCl
(Figures 7 and 8), this hydrated volume must be too immense to
easily fit within the putative ion binding pocket(s), thus resulting
in a significant population of aporeceptor. A similar result is seen
for Rbþ and Csþ but by a different mechanism: These are large
ions (unhydrated atomic radii of 180 and 210 pm, respectively)
but generate weak hydration shells due to their decreased charge
density. Nonetheless, like Liþ, they only weakly interact at the
ion binding site, in this case because of their large anhydrous
volumes. Since Naþ and Kþ are of intermediate size (unhydrated
atomic radii of 100 and 160 pm, respectively) and have moderate
desolvation energetics, they can interact strongly with the re-
ceptor, with a slight energetic preference favoring Naþ. As
predicted by this interpretation, any large bulky monovalent

ion should also generate an increase in the sedimentation
coefficient, and indeed, 200mMammonium chloride and choline
chloride concentrations also generate s20,w values comparable to
that of CsCl at the same concentration (data not shown).

If monovalent cations such as Naþ and Kþ bind PR, they
should have an affinity, a specific binding site, and a stoichiom-
etry of binding. With regard to affinity, the sedimentation
coefficients determined at each MCl concentration can be used
as a rough guide. For example, in 300 mM CsCl the sedimenta-
tion coefficients for PR-A and PR-B are still highly elevated
compared to that in NaCl, indicating that the binding affinity for
Csþ must be in the very high millimolar range or greater.
Following this logic, Rbþ binding affinity must be only slightly
below 300 mM, since for both isoforms the sedimentation
coefficient in that salt is identical to that in NaCl, and yet the
s20,w in RbCl increases significantly once the salt concentration
drops even to 200 mM.

Focusing on the biologically relevant Kþ ion, at 300 mMKCl
the sedimentation coefficient maintains the same value for both
isoforms and in multiple salts. These data indicate that the
binding site must be saturated, thus setting an upper limit for
Kþ binding affinity of 300 mM. However, the sedimentation
coefficient for both isoforms is statistically increased at 50 mM
KCl. From fundamental binding theory this suggests that Kþ

binding affinity is in the 10-100 mM range. Following a similar
argument for Naþ, the s20,w for both PR-A and PR-B in NaCl is
unperturbed from 50 to 300 mM, indicating that Naþ binding
affinity is at least below 50 mM. Specifically for PR-B, however,
we observe an increase in s20,w when the salt concentration is
decreased to 10mMNaCl, indicating that Naþ binding affinity is
in the tens of millimolar range or less. Consistent with this,

FIGURE 9: Time course for trypsin digestion of PR-B in NaCl vs KCl and mapped proteolytic fragments. One micromolar PR-B was digested
using trypsin at 500:1 protein to enzymemass ratio.Reactionswere carried out at 4 �C in 20mMTris, pH8.0, 2.5mMMgCl2, 1mMCaCl2, 1mM
DTT, 10-5M progesterone, and 300mMMCl.Reactions were allowed to proceed for 90min with samples taken as a function of time. Resultant
peptides were probed using immunoblot analysis and detected using anti-HBD antibody. *, fragment lengths are estimated using immunoblot
analysis and apparent molecular mass.
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footprinting studies using equimolar concentrations of 25 mM
NaCl and KCl generated an intermediate ΔGc term of -1.2 (
0.2 kcal/mol, again suggesting that Naþ binding affinity is in the
low millimolar range. Nonetheless, these affinities can only be
taken as approximate. We are currently attempting to measure
Naþ binding affinity more precisely by carrying out footprint
studies over a range of Naþ concentrations.

With regard to location of the binding site, both PR-AandPR-
B follow similar trends in the sedimentation data; therefore, the
location of the binding site(s) must be common to both isoforms.
The structurally stable DBD or HBD might normally be
attractive candidates; however, calculations using the program
WASP (37) and the crystal structure coordinates of all available
PR domains failed to identify any putative binding sites. This
leaves only the N-terminal region common to both isoforms. As
seen in Figure 9, this last possibility is supported by the limited
proteolysis studies. Presumably, the structure of the N-terminal
region is perturbed due to a proximal Mþ binding site. However,
comparison of the PR sequence to the cation binding sequences
of Mþ activated enzymes and monovalent cation channels
showed no sequence homology. Unfortunately, the stoichio-
metry of binding cannot be addressed by the current data.

A millimolar Mþ binding affinity may seem surprisingly weak
when compared to the micromolar or nanomolar affinities
associated with PR dimerization and DNA binding (10-12,
20, 21). However, this affinity is comparable to intracellular Mþ

concentration. Typical estimates place Naþ concentration at
11-44 mM (see ref 38 and references cited therein) and Kþ

concentration at 100-140 mM (39). This has at least two
functional implications. First, a longstanding question in PR
biology relates to how the two isoforms maintain their unique
transcriptional regulation properties. In particular, if PR-B has a
much greater binding affinity to a multisite promoter relative to
PR-A (10), then the latter isoform should always be outcompeted
for function. Our earlier computer simulations demonstrated,
however, that if PR-B cooperativity was eliminated or PR-A
cooperativity was increased when binding to a promoter se-
quence, then the smaller A-isoformcould significantly increase its
occupancy despite the fact that it has weaker intrinsic DNA
binding energetics (10). These and our previous results (11)
provide direct experimental support for this hypothesis; any
minor decrease in Naþ concentration or slight increase of Kþ

concentration within the cell should significantly and preferen-
tially decrease PR-B cooperative interactions with little influence
on PR-A (since PR-A cooperative interactions are already
minimal on promoters with architecture such as PRE2).

Of additional biological relevance, PR isoforms are known to
regulate a number of genes encoding various ion pumps and
channels (8). In particular, the Naþ,Kþ-ATPase β1 gene is
directly and strongly regulated by PR-B. The promoter for this
gene has been experimentally dissected and shown to contain
multiple response elements capable of interacting with members
of the steroid receptor family including the glucocorticoid
receptor (40) and PR (Connaghan and Bain, unpublished data).
We suspect that multiple response elements exist within PR-
regulated promoters to thermodynamically link cooperativity
with coactivator recruitment (13). In conjunctionwith the present
results, this suggests that PR isoforms may act as ion sensors
capable of controlling Naþ,Kþ-ATPase β1 gene expression via a
self-regulated feedback loop; any aberrant changes in Naþ

concentration will be allosterically coupled to changes in co-
operative stabilization and thus coactivator recruitment, allow-

ing PR-B to precisely control ATPase gene activity. Consistent
with this, a number of studies have demonstrated that increased
intracellular Naþ levels trigger an increase inNaþ,Kþ-ATPase β1
mRNA expression and protein production (41-45). We specu-
late then that Naþ serves as a direct physiologic regulator of PR
action. Cellular studies are currently underway in order to test
this hypothesis.
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