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Glucocorticoid Receptor-Promoter Interactions: Energetic
Dissection Suggests a Framework for Specificity of Steroid
Receptor-Mediated Gene Regulationt
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Abstract

The glucocorticoid receptor (GR) is a member of the steroid receptor family of ligand-activated
transcription factors. A number of studies have shown that steroid receptors regulate distinct but
overlapping sets of genes; however, the molecular basis for such specificity remains unclear.
Previous work from our laboratory has demonstrated that under identical solution conditions, three
other steroid receptors — the progesterone receptor A-isoform (PR-A), the progesterone receptor
B-isoform (PR-B), and estrogen receptor-a (ER-a) — differentially partition their self-association
and promoter binding energetics. For example, PR-A and PR-B generate similar dimerization free
energies but differ significantly in their extents of inter-site cooperativity. Conversely, ER-a
maintains inter-site cooperativity most comparable to PR-A, yet dimerizes with an affinity orders
of magnitude greater than either of the PR isoforms. We have speculated that these differences
serve to generate receptor-specific promoter occupancies, and thus receptor-specific gene
regulation. Noting that GR regulates a unique subset of genes relative to the other receptors, we
hypothesized that the receptor should maintain a unique set of interaction energetics. We
rigorously determined the self-association and promoter binding energetics of full-length, human
GR under conditions identical to those used in our earlier studies. We find that unlike all other
receptors, GR shows no evidence of reversible self-association. Moreover, GR assembles with
strong inter-site cooperativity comparable to that seen only for PR-B. Finally, simulations show
that such partitioning of interaction energetics allows for receptor-specific promoter occupancies,
even under conditions where multiple receptors are competing for binding at identical sites.
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The glucocorticoid receptor (GR) is a member of the steroid receptor family of ligand-
activated transcription factors.! The remaining members include the androgen receptor
(AR); the mineralocorticoid receptor (MR); the two isoforms of the progesterone receptor
(PR-A and PR-B); and the two isoforms of the estrogen receptor (ER-a and ER-B). The
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domain structure of GR is shown in Figure 1A. GR has a highly conserved DNA binding
domain (DBD), a modestly conserved hormone binding domain (HBD), and a poorly
conserved N-terminal region (NTR). Located within the N-terminal region and the HBD are
transactivation functions AF-1 and AF-2, respectively.

The biochemical understanding for steroid receptor action is as follows: ligand-bound
receptors dimerize, assemble at palindromic response elements typically located upstream of
a transcriptional start site, and then recruit coactivator proteins to initiate transcription. This
model nonetheless remains incomplete. For example, all steroid receptors bind identical or
nearly identical DNA response elements /n vitro, yet activate distinct but overlapping sets of
genes Jn vivo.2~4 How then does an individual receptor maintain specificity of gene control
— the ability to activate only a subset of potential genes? And how does this occur when
multiple types of receptors may be present and thus competing for binding at identical
response elements? We are focused on determining the quantitative mechanisms responsible
for such promoter- and receptor- specific gene regulation.

Shown in Figure 1B are the assembly states and interaction parameters for receptor binding
to a single palindromic response element. Receptors may dimerize in the absence of DNA
(kqgi) and then bind as pre-formed dimers (kint g), or bind as successive monomers (Kintm) Via
DNA-induced intra-site cooperativity (K¢ intra). These events each constitute a microscopic
interaction, whereas the total binding affinity (Kiqt) describes the macroscopic reaction for
two monomers assembling at a response element regardless of pathway. Finally, shown in
Figure 1C is the fully ligated state for a promoter containing two hormone response
elements. Complete occupancy of receptor dimers at the promoter may be accompanied by
inter-site cooperativity (K¢ inter). We note that all of these parameters, including the total
binding affinity, have a precise molecular interpretation. By contrast, an apparent binding
affinity — the parameter historically measured in nearly all steroid receptor-DNA binding
studies — is a composite of some or all of these values and thus offers little molecular
insight.

We previously dissected the microscopic energetics of PR-A and PR-B binding to the
promoter in Figure 1D consisting of two palindromic response elements.> 8 Under identical
conditions, the two isoforms bind the promoter with similar apparent binding affinities;
however, the microstate energetics are dramatically different. In particular, the B-isoform
generates significantly increased inter-site cooperativity (Kc inter) relative to PR-A. We
subsequently found that differences in microstate energetics applied not just to different
isoforms but also to different receptors. Under conditions identical to our work on the PR
isoforms, we found that ER-a maintained inter-site cooperative energetics much weaker
than either PR-A or PR-B, but dimerization energetics orders of magnitude greater.”

These studies demonstrated that homologous transcription factors were capable of
differentially partitioning their microscopic interaction energetics. This led us to speculate
that such differences might serve to generate receptor-specific promoter occupancy, and thus
receptor-specific gene regulation. For example, if multiple receptors are present at identical
total concentrations, stronger dimerization energetics by one (e.g. ER-a.), will generate a
greater concentration of active dimers. Consequently, promoter layouts containing an
abundance of palindromic response elements should allow preferential binding by that
receptor over all others. By contrast, promoters containing a higher proportion of half-site
response elements should generate preferential monomer binding by that subset of receptors
with weak dimerization energetics (e.g. PR-A and PR-B). Receptor-specific differences in
inter-site cooperativity should serve as an additional mechanism for controlling receptor-
specific promoter occupancy.®
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As a step toward determining whether such a framework might be generalized to all
members of the steroid receptor family, we dissected the energetics of GR binding to the
promoter in Figure 1D (herein defined as GREy). We hypothesized that GR, which regulates
a unique subset of genes relative to the PR isoforms,* should maintain a unique set of
microstate interaction parameters. Consistent with this hypothesis, we found that GR
dimerization energetics are considerably weaker than those of any of the other receptors,
including PR-A and PR-B. In fact, we were unable to detect reversible GR self-association
regardless of protein concentration. Furthermore, although GR inter-site cooperativity is
comparable to that of PR-B, it is much greater than that of PR-A and ER-a.. Simulations
reveal that such unique partitioning of microstate energetics allows for receptor-specific
promoter occupancy, even in the presence of competitive binding by another receptor. Our
results thus suggest that the ability of homologous receptors to differentially partition their
microscopic energetics may serve as the basis for receptor-specific and promoter-specific
gene control.

Materials and Methods

Expression & purification of full-length, human GR

A pBAC baculovirus vector (EMD, formerly Novagen) containing human GR (amino acids
1-777) fused to an N-terminal hexa-histadine tag (His-GR) was generated in-house. A vector
containing human GR fused to an N-terminal FLAG tag (FLAG-GR) was donated by Dr.
Steven Nordeen (University of Colorado Anschutz Medical Campus). Both constructs were
expressed in baculovirus-infected Sf9 cells using a multiplicity of infection of 1. Cells were
treated with 1 wM triamcinolone acetonide (TA) twenty-four hours post-infection and
harvested twenty-four hours later.

All purification steps were carried out at 4°C and in the presence of 10 pM TA. Cells
containing His-GR were Dounce homogenized in a buffer containing 20 mM Tris (pH 8.0 at
4°C), 10% glycerol (w/v), 10 mM NaCl, 10 mM B-ME, 10 .M TA and protease inhibitors
(Complete, EDTA-free, Roche). The nuclear-localized fraction of His-GR was pelleted, and
the receptor was released from the nuclei in an extraction buffer containing 20 mM Tris (pH
8.0 at 4°C), 10% glycerol (w/v), 500 mM NaCl, 10 mM B-ME, 10 puM TA, 25 mM
imidazole and protease inhibitors. Following centrifugation, His-GR was purified from the
supernatant using Ni-NTA agarose resin (Qiagen). The resin was washed extensively with
extraction buffer, and receptor was eluted using the same buffer now containing 250 mM
imidazole. His-GR then was chromatographed on a Sephacryl S-300 HR size exclusion
column (GE Healthcare) equilibrated in the extraction buffer less imidazole and protease
inhibitors. The fractionated protein was dialyzed into 20 mM Tris (pH 8.0 at 4°C), 10%
glycerol (w/v), 85 mM NaCl, 10 mM B-ME and 10uM TA, and concentrated using Q-
Sepharose (Amersham Biosciences). After elution with a 500 mM NacCl step gradient, His-
GR was flash-frozen and stored in liquid nitrogen. The receptor was judged to be
approximately 95% pure by quantification of Coomassie Blue stained SDS-PAGE.
Concentration was determined using a calculated extinction coefficient of 71,280 M1
cm~18 Final yields were 0.3-0.5 mg of His-GR/liter of cell culture.

FLAG-GR was purified as described for His-GR with the following modifications. After the
initial pelleting step, FLAG-GR was extracted from the nuclei using the previously
described extraction buffer less imidazole. After centrifugation, the receptor was partially
purified from the supernatant using Anti-FLAG M2 Affinity Gel (Sigma). The resin was
washed extensively, and the receptor was eluted using 0.25 mg/ml FLAG peptide (Sigma).
Eluted receptor was then chromatographed and concentrated as described for His-GR.
FLAG-GR was judged to be approximately 95% pure by quantification of Coomassie Blue
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stained SDS-PAGE. FLAG-GR concentration was determined using a calculated extinction
coefficient of 72,270 M~1 cm~18 Final yields were comparable to those of His-GR.

Analytical ultracentrifugation

All sedimentation analyses were carried out on a Beckman XL-A analytical ultracentrifuge
equipped with absorbance optics and an An-50 Ti rotor. Two- and six-channel Epon
centerpiece-containing cells were used for sedimentation velocity and sedimentation
equilibrium experiments, respectively. All studies were carried out in a buffer containing 20
mM Tris (pH 8.0 at 4°C), 100 mM NaCl, 1 mM DTT, 1 mM CaCl,, 2.5 mM MgCl, and 10
LM TA.

For sedimentation velocity, three GR samples at 10.0, 5.0 and 2.0 M were sedimented at
4°C using a rotor speed of 50,000 rpm. Data was collected at 280 nm, with scans taken as
quickly as the instrument would allow (typically every four minutes). Sedimentation
coefficient distributions (c(s)) were calculated using the program Sedfit.® The c(s)
distribution was corrected to 20°C and water (Syg ) using standard methods,10 where 520,w
is defined as:

spg=1U=P)
W Nf
and M is the weight-average molecular weight, v is the partial specific volume of GR, p s
the solvent density, and Vis Avogadro’s number. The density was calculated from the
buffer composition and temperature,!! and the partial specific volume was calculated by
summing the partial specific volume of each amino acid (0.7223 mL/g at 4°C).12

For sedimentation equilibrium, three GR samples at 9.3, 4.2 and 0.9 uM were equilibrated at
4°C, using rotor speeds of 15,000, 18,000 and 21,000 rpm. Samples were judged to be at
equilibrium by successive subtraction of scans. All data were analyzed using nonlinear least-
squares (NLLS) parameter estimation as implemented in the program NONLIN.13 NONLIN
uses the following equation to resolve the reduced molecular weight (o):

r2—r02
r— ] @

Y,=6+aexp

where Y/ is the absorbance at radius s, 6 is the baseline offset, and a is the absorbance at the
reference radius, s, The reduced molecular weight, o, is defined as:

byd 2
oo M(-vp)w )
RT
where M is the weight-average molecular weight, v is the partial specific volume of GR, p s
the solvent density (calculated from the buffer composition and experimental
temperature)l!, w is the angular velocity, Ris the gas constant, and 7 is the absolute
temperature in Kelvin.

DNA preparation for DNase | footprinting

A promoter vector containing two tandemly-linked glucocorticoid response elements
(GREy; see Figure 1D) was donated by Dr. Kathryn Horwitz (University of Colorado
Anschutz Medical Center). Each GRE corresponds to an imperfect palindrome derived from
the tyrosine aminotransferase promoter, TGTACAGGATGTTCT spaced 25 base pairs
apart. A reduced-valency template (GRE;-) containing a G-to-T point mutation in each half-
site of the distal GRE (designated as site 1) was created in-house. Each template was excised
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from its respective vector using Hind ///and Aat //to generate a 1 kb promoter fragment
and end-labeled with 32P using a Klenow fill-in reaction. The proximal GRE of each
fragment (site 2) was positioned 100 bp from the 3" end of the labeled strand. The GRE,
promoter sequence is identical to the PRE, promoter used in our earlier work on the two PR
isoforms,>: 6 and differs only in response element sequence when compared to the ERE;
promoter used in our work on ER-a..”

Individual-site binding experiments

Experiments were carried out using quantitative DNase | footprint titrations as originally
described by Ackers and co-workers® 16 with minor modifications.1” All reactions were
carried out in an assay buffer containing 20 mM Hepes, pH 8.0, 100 mM NaCl, 1 mM DTT,
1 mM CaCly, 2.5 mM MgCl,, 10 uM TA, 100 pg/mL BSA, and 2 pg/mL salmon sperm
DNA. Each reaction contained 15,000 cpm of freshly labeled DNA. GR was added to each
reaction mix, covering a concentration range from sub-nanomolar to low micromolar.
Because GR reaches micromolar concentrations in the footprint titration, the concentrated
receptor stock was dialyzed into the assay buffer minus BSA and salmon sperm DNA prior
to equilibration with promoter DNA. Samples were allowed to equilibrate at 4°C for at least
1 hour. DNase | (Invitrogen) was diluted to a concentration of 0.025 units/i.L using the
assay buffer less BSA and salmon sperm DNA. 5 pL of the diluted DNase | solution was
added to each 100 pL sample, and the reaction was allowed to proceed for exactly 2 min.
Digestion products were electophoresed on 6% acrylamide-urea gels and visualized using
phosphorimaging. Individual-site binding isotherms were calculated as described by
Brenowitz et al.16 using the program ImageQuant (Molecular Dynamics).

The thermodynamic validity of the quantitative DNase footprint titration technique is based
upon the testable assumptions that the system of interest is at equilibrium and the DNase
exposure does not perturb that equilibrium.16 In the present study, the resolved binding
isotherms were independent of equilibration times from 1 to 2 hours. All studies were
carried out with DNase concentrations low enough to ensure “single-hit kinetics” and
therefore thermodynamically valid binding isotherms.1® Finally, promoter DNA
concentrations (maximally 10 pM) were estimated to be well below the estimated GR DNA
binding affinity, thus justifying the assumption that GRfree ~ GRyotal-

Resolution of microscopic interaction free energies

The DNase | footprint titration technique resolves the fractional occupancy of GR binding at
each response element site. The statistical thermodynamic expressions that describe the
individual-site binding isotherms are constructed by summing the probabilities of each
microscopic configuration that contributes to binding at that site. A detailed approach for
generating each mathematical formulation has been presented previously.18 Briefly, the
probability (£) of any microscopic configuration is defined as:1°

(~AG/R)[ )i

1= @)

2'1—1 e(=AGS/RT)[ x)J

where A G; is the free energy of configuration state srelative to the unliganded reference
state, xis the free GR monomer concentration, and /is the stoichiometry of GR monomers
bound to a response element. Ris the gas constant, and 7 is the temperature in Kelvin. The
relationship between each free energy change and its association constant is described by the
equation AG;=—-RTIn k;.
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The GRE;- binding isotherms were first analyzed using the model-independent Hill
equation:

YHiII:% (5)

where Y is the fractional saturation at the response element, x is the free GR monomer
concentration, and K'is an apparent dissociation constant. This analysis yielded a Hill
coefficient (1) statistically indistinguishable from 2, indicative of strong cooperativity
between adjacently bound monomers at a palindrome (see Results). Thus, the singly ligated
monomer GR-DNA species is not significantly populated, and the affinity for monomer
half-site binding is not well constrained. All isotherms were therefore analyzed using a
contracted Adair equation to resolve the total binding affinity (Kot) for assembling two GR
monomers at a palindromic response element (Table 1). For the GRE; - data sets, the
following equation was used:

- _ Ko x?

Yore, = TiKo 2 ()

where xis the free GR monomer concentration and K is as described in Figure 1B.

For the GRE, data sets, Equation 7 describes binding to both sites 1 and 2 of the GRE»
promoter. Since the two sites are identical (Figure 1D), Kot is assumed to be the same for
each GRE. An additional term, A jnter, Was included to describe potential cooperativity
between the palindromes:

2 2 4
= _ Kiot x*+Kiot kc,inter X
GRE, — B
142Kt x2+Ktot kc,imer x4

M

The GRE; and GRE; - datasets were then globally fit to resolve Kot and A inter-

Finally, 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 (/77) and
lower () end points:

Yapp=(m—b)Y+b (8

Analyses of binding isotherm data were carried out using the program Scientist (Micromath,
Inc.).

Full-length, human GR (both His- and FLAG-tagged) was purified from baculovirus-
infected Sf9 insect cells using three chromatographic steps. For His-GR, densitometric
analysis of Coomassie Blue stained SDS-PAGE gels indicated that the receptor was at least
95% pure (Figure 2A). Mass spectrometry analysis of trypsin-digested His-GR resolved
masses with the highest probability of corresponding to residues 5-777. The presence of the
N-terminal His-tag was confirmed by immunoblotting. FLAG-GR was purified to an
identical degree and generated identical ultracentrifugation and DNase footprinting results,
suggesting that the tags have little influence on receptor function.

Biochemistry. Author manuscript; available in PMC 2013 June 05.
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GR is a structurally homogenous monomer

Sedimentation velocity was used to examine the hydrodynamic and self-association
properties of His-GR. These studies were carried at concentrations ranging from 2.0 to 10.0
M. Figure 2B shows representative sedimentation velocity absorbance data, with the solid
lines representing the best fit via c(s) analysis as implemented by Sedfit.? The residuals of
the fit, as represented by a bitmap, are shown in Figure 2C. Figure 2D shows the resolved
sedimentation coefficient distributions for three GR concentrations. It is evident that
regardless of concentration, the vast majority of GR sediments as a single species with a
temperature and buffer corrected sedimentation coefficient ($yg ) of 4.1 5. A ¢(M) analysis
of the 4.1 speak resolved a molecular weight of 80,407 Da, slightly less than the calculated
monomer molecular weight of 90,925 Da. We routinely observe a minor peak at 5.7 s,
corresponding to a molecular weight of 159,241, and thus consistent with a GR dimer.
However, the percentage of the dimer (~7%) is always invariant of receptor concentration,
suggesting that it reflects an irreversible, functionally incompetent species. Thus the velocity
results indicate that contrary to dogma, ligand-bound GR exists almost exclusively in a
monomeric state. An identical result was observed regardless of salt concentration and pH
(data not shown).

Sedimentation equilibrium was used to directly measure the molecular weight of the
putative monomer species observed in the velocity studies. We carried out sedimentation
equilibrium at three GR concentrations (9.3, 4.2, and 0.9 pM) and at three rotor speeds
(15,000, 18,000 and 21,000 rpm), using buffer conditions identical to those in the velocity
studies. Global fitting of the nine data sets to a single-species model resolved an average
molecular weight of 96,400 + 3,400 Da, slightly above that of a GR monomer (SDyj; =
0.0033 AU). Analyses using more complex interaction models (e.g. monomer-dimer
equilibrium) offered no improvement to the fit. However, since the velocity data detected a
larger, non-interacting species consistent with that of a dimer, we also fit the equilibrium
data to a model allowing for two non-interacting species. Shown in Figure 3 are the results
of that analysis. It is evident that the non-interacting, two species model describes well all
the data (SDy = 0.0024 AU). Moreover, the resolved molecular weight of the monomer
species is 87,972 + 2,900 Da, within 3% of the calculated molecular weight of the monomer.
Finally, the resolved stoichiometry from the two species fit was determined to be 2.0 + 0.4,
strongly suggesting that the larger sedimenting species is indeed the GR dimer. Consistent
with this, fitting of the individual data sets to a monomer-dimer model resolved binding
constants that weakened with increased receptor concentration. Thus the ratio of monomer
to dimer was constant as a function of total protein concentration, indicative of an
irreversible dimer species. We therefore conclude that GR is overwhelmingly monomeric
with only a small population of incompetent, irreversible dimer.

Finally, the good agreement in molecular weight estimates between the velocity and
equilibrium studies suggests that the GR monomer is structurally homogenous, since even
small amounts of structural heterogeneity (e.g. incompetent dimer) tend to dramatically
underestimate molecular weight estimates when determined by sedimentation velocity.®: 20
If GR is indeed a homogenous monomer, this allows for a number of physically meaningful
hydrodynamic calculations. For example, the monomer has a Stokes radius of 54 A and a
frictional ratio of 1.59, indicative of significant asymmetry. Thus if modeled as a prolate
ellipsoid, GR has a major:minor axial ratio of 11:1. These results are summarized in Table 2.

GR assembles at a two-site promoter with substantial cooperativity

Quantitative DNase footprint titrations were used to resolve the energetics of GR assembly
at a promoter containing two palindromic response elements (GRE,). Shown in Figure 4A is
a representative titration of the GRE, promoter in buffer conditions identical to the
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sedimentation studies. It is evident that GR binding is highly specific, and sequencing
studies confirm that the protected regions correspond to the two GREs. Receptor-induced
DNase hypersensitivity adjacent to the response elements are also evident. This was seen in
our earlier work on ER-a and the two PR isoforms,>~" and has been previously attributed to
receptor-induced DNA bending.21 22

Our standard approach to quantify steroid receptor-promoter interactions has been to
independently determine receptor dimerization affinity (kg;), and then fix this value in a
global nonlinear least-squares analysis of the individual-site binding isotherms to resolve the
intrinsic (Kjnt ¢) and inter-site cooperative (K¢, inter) binding constants (Figure 1B).>7 Such
an analysis resolves the microscopic energetics of response element binding using a model
that assumes pre-formed dimers bind to the palindromic response elements. However, since
we found no evidence for reversible self-association of receptor, this approach was not ideal.
Attempts to fit the data using a sequential monomer-binding model were also unsuccessful.
This was due to the strong DNA-induced cooperativity known to exist between adjacently
bound GR monomers.23 Consistent with this, fitting the single response element GRE; -
isotherms to a model-independent Hill equation resolved an nof 2.2 + 0.2.

We therefore globally fit the individual-site binding isotherms (Figure 4B) to a contracted
Adair equation (Equations 6 & 7). This approach allowed us to resolve the total affinity for
loading two GR monomers on a single palindromic sequence (K1), and the extent of GR
cooperativity between adjacent palindromic sites (K inter). Using this approach, we find that
GR assembles at a palindromic response element with a Ko of 5.18 x 1013 M~2. This
corresponds to a binding free energy of —17.4 kcal/mol, and an apparent dissociation
constant of 140 nM or —8.7 kcal/mol.24

The inter-site cooperativity (K¢ inter) associated with binding the GRE; promoter was
determined to be 69 + 20, which corresponds to a free energy of —2.3 kcal/mol. Consistent
with this, global fitting of the GRE; binding isotherms to the Hill equation resolved an 77 of
2.5+ 0.1. The increase in nabove that reported for the GRE;- template is consistent with
the moderate to strong cooperativity associated with fully loading the GRE, promoter. All
binding parameters and their associated errors are summarized in Table 3. Finally, the
standard deviation for the global fit was 0.068 fractional saturation units.

Discussion

Cooperative binding energetics of GR

Previous biochemical studies of GR have used either isolated domains or partially purified
holo-proteins.14: 23. 25. 26 Thijs study represents the first dissection of GR-promoter
energetics using highly purified and rigorously characterized full-length receptor. Using
analytical ultracentrifugation to determine GR self-assembly state, we found that GR exists
as a structurally homogenous monomer up to protein concentrations of at least 10 pM.
Using quantitative footprinting to measure GR-promoter binding energetics, we found that
GR assembles at a multi-site promoter with strong binding affinity and with significant
inter-site cooperativity.

With regard to GR self-association, since sedimentation analyses are capable of detecting at
least 10% dimer, the dimerization constant of GR must be no stronger than 100 uM (if it is
even capable of dimerizing). Our results thus contradict earlier semi-quantitative studies
indicating that GR dimerizes with nanomolar affinity,2> 26 and raise questions as to the
physiological relevance of the dimeric GR hormone-binding domain observed by
crystallographic analysis.2” The origins of these differences are unclear; however, we note
that biochemical estimates of GR dimerization used either partially purified receptor derived
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from animal tissueZ® or unpurified receptor generated by recombinant expression.28 With
regard to the crystallographic results, GR dimerization may have been induced by the high
concentration of protein needed for crystallization. Alternatively, the dimeric state may be a
consequence of crystal packing or non-physiological buffer conditions. Nonetheless, despite
these discrepancies, the hydrodynamic asymmetry seen in our sedimentation velocity studies
(thus indicative of a non-globular GR structure) is entirely consistent with the natively
unfolded N-terminal regions known to exist for GR and other receptors.28-31

Comparison to homologous receptors

Plotted in Figure 5 are the microstate interaction energetics for PR-A, PR-B and GR binding
to the promoter sequence shown in Figure 1D. Also shown are the microstate interaction
energetics for ER-a binding to a promoter which differs only in response element
sequence.’ All parameters were determined using highly purified receptor preparations
analyzed under conditions identical to those used here.>~7 The energetics for ER-a and the
two PR isoforms were determined using the well-accepted dimer-binding model: receptors
dimerize in the absence of DNA (kg;) and only the pre-formed dimers assemble at DNA
binding sites (kint g). For comparative purposes, we therefore fit the GR footprinting data to
the same model assuming the strongest possible dimerization constant consistent with our
sedimentation data (100 M). Interestingly, such a fit reports an intrinsic binding affinity
(Kint,g) for GR dimer binding of 0.2 nM, comparable to the nanomolar affinities of ER-a,,
PR-A and PR-B.>~7 This concordance suggests that if GR dimerizes in the absence of DNA,
the dimerization affinity is unlikely to be significantly weaker than 100 wM, since that
would greatly increase the intrinsic binding affinity. Finally, the dimer-binding model
resolved a GR inter-site cooperativity term of —2.3 kcal/mol, unchanged from the Adair fit.

Visual inspection makes clear that all the receptors maintain similar intrinsic dimer binding
affinities (kint g). This is not surprising, since the receptor DNA binding domains are highly
conserved by sequence, and are structurally similar by crystallographic analysis.32-34 By
contrast, the dimerization energetics (kq;) vary dramatically. For example, the nanomolar
dimerization affinity seen for ER-a is ~1,000-fold stronger than that of the two PR isoforms,
and at least 100,000-fold stronger than that of GR. The inter-site cooperative binding
energetics (K inter) also vary significantly. For example, ER-a. and PR-A show essentially
no cooperativity whereas both PR-B and GR exhibit strong cooperative stabilization of ~70-
fold. Although cooperativity varies much less than that seen for dimerization, this does not
diminish its importance — it is well established that only small changes in cooperative
energetics generate dramatic functional consequence for genetic switching mechanisms.18

Functional implications of differential promoter binding energetics

As noted in the Introduction, we are focused on determining the quantitative principles
responsible for specificity of steroid receptor-mediated gene regulation. In particular, we are
interested in the basis of functional specificity in the face of competitive DNA binding by
homologous receptors. Here we attempt to model different competitive binding scenarios
that might occur /in vivo. We speculate that the large differences in microstate binding
energetics seen in Figure 5 serve as the basis for generating receptor-specific and promoter-
specific gene regulation. Here we use PR-B and GR as an example — both receptors are
strong transcriptional activators, yet are capable of activating overlapping but distinct gene
networks.# The two proteins thus serve as a model system for exploring possible
mechanisms of specificity in steroid receptor function.

Shown in Figure 6 are the calculated probabilities of the fully-ligated state (e.g. the
presumptive transcriptionally active microstate) for GR and PR-B assembly at various
promoter layouts, using the experimentally determined binding energetics determined here
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and in Ref. 7. We simulated both non-competitive and competitive receptor binding to the
promoters. In the non-competitive binding scenario (Figure 6A), each receptor is allowed to
assemble at the promoter in the absence of the other. In the competitive binding scenarios
(Figures 6B-D), the receptors compete for binding sites, assuming that both exist at
equimolar concentrations at all points along the simulation. (The equations used for all
simulations are presented in Supporting Information.) It is clear that the probability and half-
saturation values of the fully-ligated (i.e. transcriptionally active) microstate are similar for
both receptors. This is the case regardless of whether one assumes that the receptors bind
DNA as pre-formed dimers or by successive monomer binding, thus suggesting that the
binding pathway (successive monomer versus pre-formed dimer) is unimportant in receptor
function. However, shown in Figure 6B is the same simulation now under competitive
binding conditions. To better illustrate how dimerization energetics influence promoter
occupancy, we assumed that pre-formed PR-B and GR dimers compete for DNA binding
with identical intrinsic binding affinities (0.8 nM) and inter-site cooperative affinities
(Ke,inter = 70); thus the only difference is in dimerization affinity (4.3 M for PR-B versus
100 uM for GR). Clearly, PR-B easily outcompetes GR for binding. This is simply because
the stronger dimerization energetics of PR-B generate a greater dimer population (i.e. active
binding species) relative to GR at identical total protein concentrations. Thus receptor-
specific promoter occupancy — and perhaps receptor-specific gene regulation — may be
generated even if both receptors exhibit identical intrinsic DNA binding affinities toward the
promoter.

Shown in Figure 6C is the same simulation as in 6B, but now assuming that PR-B and GR
bind as successive monomers to the promoter. Monomer binding affinities were determined
as follows: 1) PR-B and GR binding isotherms were fit to a monomer-binding model using
4.3 uM and 100 M dimerization constants, respectively; 2) identical intra-site
cooperativity terms (K intra) OF 1000 were assumed; and 3) monomer binding affinity (Kintm)
was assumed to be identical for both half-sites within a single response element. Using these
assumptions, similar monomer binding affinities and inter-site cooperativity values were
resolved for the two receptors (data not shown). We then carried out the simulations
assuming that Kint m. Ke.intra @nd Ke inter Were identical, thus the only difference between the
receptors was again that of dimerization affinity (kg;). We now see that GR effectively
competes for binding at lower protein concentrations and eventually outcompetes PR-B at
higher concentrations. In this case, the concentration of assumed DNA binding species
(monomer) is decreased for PR-B due to its stronger dimerization energetics. These results
point out the importance of determining the rules and states associated with receptor
assembly at a promoter — depending upon pathway, a promoter may be preferentially bound
by one receptor (Figure 6B) or be competitively bound by both receptors (Figures 6C).
Finally, the simulations emphasize the need for kinetic studies to determine the extent to
which steroid receptors follow successive monomer versus pre-formed dimer binding
pathways.

Finally, shown in Figure 6D is a different promoter layout consisting of a combination of a
palindromic and a half-site response element. This type of architecture is seen in natural PR-
and GR-regulated promoters such as MMTV3 and in genome-wide computational analyses
of receptor binding sites.3¢ Using a monomer-binding model for both PR-B and GR, we see
that the receptors equally compete for binding until receptor concentrations reach supra-
physiological. At these concentrations, GR begins to dominate binding due to its weaker
dimerization constant and thus larger monomer population. Thus differences in promoter
layout, as well as microstate energetics, lead to different outcomes in receptor-specific
promoter occupancy.
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In summary, combining different microstate energetics with different promoter architectures
predicts PR-B-dominated binding in one scenario (Figure 6B) and competitive PR-B and
GR binding in a second (Figure 6C and D). Moreover, promoter occupancy is initiated at the
tens of nanomolar receptor concentrations thought to exist intracellularly.3” We note that the
parameter that differs most between PR-B and GR is dimerization affinity; however,
differences in inter-site cooperativity as seen between the PR isoforms and ER-a should
allow even greater specificity of promoter occupancy. These results therefore suggest a
quantitative framework for considering receptor-specific and promoter-specific gene
regulation. It may eventually be possible to predict the receptor-specific transcriptional
behavior of natural promoters or design synthetic promoter architectures capable of
receptor-specific gene activation — even when multiple receptors are present and active.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AR androgen receptor

ER-a estrogen receptor a-isoform
ER-B estrogen receptor B-isoform

GR glucocorticoid receptor

MR mineralocorticoid receptor

PR progesterone receptor

PR-A progesterone receptor A-isoform
PR-B progesterone receptor B-isoform
DBD DNA binding domain

HBD hormone binding domain

AF activation function

TA triamcinolone acetonide

DTT dithiothreitol

B-ME 2-mercaptoethanol

GRE glucocorticoid response element
HRE hormone response element

PRE progesterone response element
MMTV mouse mammary tumor virus
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Figure 1. GR domain structure and promoter assembly states

(A) Schematic of GR primary sequence with the domains labeled as follows: NTR, N-
terminal region; DBD, DNA binding domain; HBD, hormone binding domain. Activation
functions (AF-1 and AF-2) are contained within the NTR and HBD, respectively. (B)
Schematic describing binding models for assembly onto a palindromic response element.
Filled circles represent GR monomers. Filled squares represent GR dimers. The series of
reactions to the left describe a monomer-binding pathway, whereby GR monomers assemble
sequentially at the response element. The first GR monomer binds with a monomer intrinsic
affinity, kint m, whereas the second monomer binding event is described by Kint m and a
cooperative interaction between adjacently bound GR monomers (K intra). The center
reaction describes the total binding affinity (K;qt) for saturating a single response element
with two GR monomers. The series of reactions to the right describe a dimer binding
pathway, whereby GR solution dimerization (kgi) precedes dimer binding to a response
element (kint ¢). (C) Schematic describing the GR binding assembly at a two-site promoter.
All binding constants described in panel B apply at each site on the promoter. Additionally,
saturation of both promoter sites may be accompanied by an inter-site cooperative
interaction (K inter), Which is depicted by protein-protein contacts between adjacently bound
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GR proteins and bending of the DNA. (D) Sequence of the GRE, promoter sequence
proximal to the two response element binding sites, with each half-site underlined.
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Figure 2. Purification of full-length, human GR and analysis by sedimentation velocity

(A) Baculovirus-expressed GR was purified as described in Materials and Methods. The
purified protein (8 pg) was resolved by 4-12% gradient SDS-PAGE and Coomassie-stained.
Molecular mass markers are indicated to the left. (B) Sedimentation velocity data collected
using 5 .M GR, at 100 mM NaCl, pH 8.0 and 4°C. Filled circles represent the individual
data points from scans taken at 50,000 rpm, plotted as a function of time and radial position.
Solid lines represent the best fit from a c(s) analysis as implemented by Sedfit.® Only every
eighth scan is shown for clarity. (C) The residuals of the fits as represented by bitmap.
Residuals are shown on a grey-scale as a function of radius (x-axis) and scan number (y-
axis). (D) C(s) distributions determined from Sedfit® for three GR concentrations: 10.0 pM
(dashed black line), 5.0 M (solid black line), and 2.0 .M (solid gray line).
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Figure 3. Sedimentation equilibrium analysis of GR, plotted as absorbance versus r2f2

(A-C) Sedimentation equilibrium data for GR at three different initial loading
concentrations: 9.3 uM (A), 4.2 uM (B), and 0.9 uM (C). Symbols represent GR
absorbance at 15,000 (squares), 18,000 (circles), and 21,000 rpm (triangles). Solid lines
represent simultaneous analysis of all nine data sets to a non-interacting, two species model.
The square root of variance was 0.0024 absorbance units. (D-£) Residuals from the single-
species model plotted as change in absorbance versus /2/2 for the three initial loading
concentrations: 9.3 uM (D), 4.2 uM (E), and 0.9 uM (F).
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Figure 4. Quantitative DNase footprint titrations and individual-site binding isotherms
determined from global analysis of the GRE - and GRE, promoters

(A) Representative DNase footprint titration image of GR binding to the GRE, promoter in
100 mM NaCl. GR concentration increases from left to right. Positions of the two GREs
(site 1, filled rectangle; site 2, open rectangle) are indicated to the right. (B) Individual-site
binding isotherms generated from analysis of the footprint titration images. Solid red circles
represent binding to site 1 and open red circles represent binding to site 2 of the GRE»
promoter (three independent footprint titrations); open blue squares represent binding to the
GRE - promoter (three independent footprint titrations). The red and blue lines represent the
best global fit to all binding isotherms using the macroscopic binding model described by
Equations 6 & 7. The sequences are identical for both sites of the GRE, promoter, thus the
fit lines for site 1 and site 2 overlay.

Biochemistry. Author manuscript; available in PMC 2013 June 05.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Robblee et al.

Page 19

20 _ : kint,d
15 F

?0 g v ai
S _ I_\K/l—‘kc,inter
0 F
5 L :

ER« PRA PRB GR

Figure 5. Distribution of microscopic promoter binding affinities for ER-a, PR-A, PR-B, and GR
dimer assembly at a two-site promoter

Individual constants are as follows: Blue circles represent pre-formed dimer binding affinity
(kint,d); Green squares represent receptor dimerization affinity (4y;); and red triangles
represent inter-site cooperativity (A; inter). Error bars represent 67% confidence intervals. All
parameters were determined under identical solution conditions using either a PRE,
promoter5, 7 or an ERE, promoter.” Arrows associated with the GR kg; and Kint g parameters
indicate that these values can only decrease or increase, respectively, since the minimum
assumed dimerization constant of 100 LM can only become weaker.
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Figure 6. Predicted probabilities of the fully-ligated promoter state when bound by either PR-B
or GR

(A) Simulation of non-competitive PR-B (green line) and GR (orange line) binding to the
GRE, promoter using the experimentally determined Ky values. (B) Simulation of
competitive PR-B and GR binding to the GRE, promoter assuming both receptors bind via a
dimer-binding pathway. Simulations were carried out using dimerization constants of 4.3
and 100 M for PR-B and GR, respectively; intrinsic binding affinities were kept identical.
Heterologous promoter occupancy (e.g. PR-B and GR dimers occupying an identical
promoter) was not considered since there is no evidence to support this assumption. (C)
Simulation of competitive PR-B and GR binding to the GRE, promoter assuming both
receptors bind the promoter via a monomer-binding pathway. Simulations were carried out
using dimerization constants of 4.3 uM and 100 .M for PR-B and GR, respectively;
identical intra-site cooperativity terms (K¢ intra) Of 1000; and the assumption that monomer
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affinity (kint m) was identical for both half-sites within a palindrome. (D) Simulation of
competitive PR-B and GR binding to a promoter containing a single response element and
an adjacent half-site, assuming both receptors bind the promoter using a monomer-binding
pathway and assumptions described for panel C.
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Table 1

Species distributions, binding constants, and free energy changes for GR assembly on the GRE, promoter

Species Number Species Schematic Macroscopic constant  Free Energy Contribution
1 T
1 - reference state
1 2
) Ll .- Kot AGy,
] 2
3 g (T} Ke AGy,
1 2
4 .;. E;: Ktot2 : I(c,inter 2 AGIot + AGc,inter

a . . - . . .
The free energy change is related to each macroscopic association constant through the relationship AGj=—RT In kj, where Ris the gas constant
and 7is the temperature in Kelvin.
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Table 2
Hydrodynamic properties of GR

SZO,W 4.1
f(gls) 1.03 x 1077
it 1.59

Stokes radius (A) 54

Axial ratio 11:1
MW (Da)@ 80,407
MW (Da)? 87,972 + 2,900

laEstimated by a c(M) analysis of the 4.1 s peak as implemented in Sedfit.

b . . . T
Resolved molecular weight from sedimentation equilibrium.
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Table 3

Resolved free energy changes (kcal/mol) for GR-GRE; binding interactions?

A Gy >-51
A Gyt -17.4+0.1
AGgjner —2.3%0.2

a ) .
Errors correspond to 67% confidence intervals.
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