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» Homologous steroid receptors exhibit
large differences in dimerization en-
ergetics.

» The molecular origins were probed
using a glucocorticoid—estrogen recep-
tor chimera.

» Dimerization energetics of the chimera
are coupled to a strong ionic linkage.

» Residues unique to the glucocorti-
coid receptor constrain ion-regulated
assembly.
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ABSTRACT

Steroid receptors assemble at DNA response elements as dimers, resulting in coactivator recruitment and
transcriptional activation. Our work has focused on dissecting the energetics associated with these events
and quantitatively correlating the results with function. A recent finding is that different receptors dimerize with
large differences in energetics. For example, estrogen receptor-a (ER-ot) dimerizes with a AG = —12.0 kcal/mol
under conditions in which the glucocorticoid receptor (GR) dimerizes with a AG< —5.1 kcal/mol. To determine
the molecular forces responsible for such differences, we created a GR/ER chimera, replacing the hormone-
binding domain (HBD) of GR with that of ER-c. Cellular and biophysical analyses demonstrate that the chimera
is functionally active. However, GR/ER dimerization energetics are intermediate between the parent proteins and
coupled to a strong ionic linkage. Since the ER-o HBD is the primary contributor to dimerization, we suggest that
GR residues constrain an ion-regulated HBD assembly reaction.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction
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Steroid receptors comprise a family of ligand-activated transcription
factors [1]. The members include the androgen receptor (AR); the two
estrogen receptor isoforms (ER-a and ER-P); the glucocorticoid receptor
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(GR); the mineralocorticoid receptor (MR); and the two progesterone
receptor isoforms (PR-A and PR-B). As shown in Fig. 1A, all receptors
share a centrally located DNA binding domain (DBD), a C-terminal
hormone-binding domain (HBD) and a natively disordered N-terminal
region. The HBD is thought to be primarily responsible for receptor
dimerization in the absence of DNA. Additionally, like the N-terminal
region, it contains a transcriptional activation function (AF).

The biochemical model of receptor function posits that upon bind-
ing hormone, the receptors translocate to the nucleus, dimerize, and
bind to imperfect palindromic response elements typically located
upstream of transcriptional start sites. Response element binding is
coupled to coactivator recruitment and subsequent transcriptional
activation [1]. Although this model has provided a strong qualitative
framework for function, it nonetheless remains incomplete. For ex-
ample, all steroid receptors bind identical or nearly identical response
elements in vitro yet regulate distinct but overlapping gene networks
in vivo [2-4]. The quantitative mechanisms by which receptors main-
tain such functional specificity are largely unknown; our long-term
goal is to determine their physico-chemical origins.

As a step toward this goal, we resolved the microstate energetics of
steroid receptor-promoter interactions for a majority of the receptors
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Fig. 1. Schematic representation of human steroid receptors, receptor-promoter bind-
ing, and chimeric GR/ER receptor. (A) Generic primary structure schematic. Functional
domains are as indicated: DBD, DNA binding domain; HBD, hormone binding domain.
An activation function is located within both the N-terminal region and the HBD (AF-1
and AF-2, respectively) (B) HRE, promoter assembly model. Macromolecular species
and interactions are as indicated: circles, hormone-bound receptor monomers;
squares, receptor dimers. Dimerization (kgim) is coupled to response element binding
(Kint); complete occupancy is coupled to an inter-site cooperative interaction (k).
Arrow refers to the direction of transcriptional start site. (C) Chimeric GR/ER;
N-terminal region and DBD of GR is fused to the HBD of ER-o.. Amino acid number is
indicated above each receptor. Functional regions are as indicated for Panel A.

and under identical solution conditions [5-8]. Shown in Fig. 1B are repre-
sentative assembly states and microscopic interaction parameters for re-
ceptor assembly at a promoter containing two hormone response
elements (HRE;). Based on the traditional dimer-binding model, recep-
tors dimerize in the absence of DNA (Kgim) and bind as pre-formed di-
mers to their response elements (k). Binding to a promoter such as
HRE, may also be coupled to inter-site cooperativity (k). In the context
of the traditional dimer-binding model, we find that the receptors ana-
lyzed to date share largely identical intrinsic DNA binding energetics
(kine). This is not surprising since the receptor DBD is highly conserved
both in sequence and in tertiary structure [9-12]. By contrast, dimer-
ization energetics (Kqim) vary enormously. For example, our indirect
analyses place the ER-a equilibrium dimerization constant at
0.35 nM (— 12 kcal/mol), whereas direct determination of PR iso-
form dimerization reveals constants of 1-2 M, or ~1000-fold weaker.
Surprisingly, GR shows no evidence for dimerization, allowing us to
place only a lower limit on kg, at 100 pM (< —5.1 kcal/mol), or at
least 100,000-fold weaker than ER-a. Cooperative binding energetics
(k) also vary significantly and inversely to dimerization. For example,
ER-a exhibits essentially no cooperativity (k. = 1.4) whereas GR main-
tains strong cooperative stabilization (k.= 70).

We have speculated that the ability of steroid receptors to main-
tain large differences in promoter binding energetics serves as a
framework for generating receptor-specific gene regulation. As de-
scribed in more detail in our previous work, simulations demonstrate
that such differences allow preferential promoter occupancy as a
function of promoter architecture—even in the presence of multiple
receptor populations competing for identical DNA binding sites. Im-
portantly, these results are consistent with our recent studies demon-
strating that the energetics of receptor-DNA interactions in vitro are the
primary determinant of sequence-specific gene regulation in vivo [13].
Thus a critical concern is to identify the molecular forces responsible
for receptor-specific differences in energetics, particularly for the
(at least) 100,000-fold difference in ER-o and GR dimerization.

Unfortunately, ER-a and GR dimerization energetics are not accessi-
ble experimentally. Indeed, ER-« dimerization affinity could only be es-
timated by indirect methods [7]. By direct analysis we can only place an
upper limit for ER-a dimerization and a lower limit for GR. We therefore
created a chimeric receptor, replacing the HBD of GR with that of ER-a
(GR/ER; see Fig. 1C). We then used analytical ultracentrifugation
and quantitative DNase footprint titrations to examine GR/ER self-
association and promoter binding energetics; transient transfection as-
says were used to examine in vivo transcriptional activity. We find that
the chimera is functionally active in a cellular environment, consistent
with previous reports [14]. However, our thermodynamic dissection
of GR/ER dimerization reveals energetics intermediate between the par-
ent proteins and a strong linkage to net ion release. Noting that the HBD
of ER-at is thought to be the primary contributor to dimerization, we
suggest therefore that residues unique to GR structurally constrain an
ion-dependent HBD assembly mechanism.

2. Materials and methods
2.1. Construction of GR/ER cDNA

The human GR DNA sequence corresponding to residues 1-527 and
the human ER-oc DNA sequence corresponding to residues 311-595
were generated by PCR amplification using the oligonucleotides:

GR5’: 5'-CGATGGATCCGAATGGACTCCAAAG-3’

GR 3’: 5'-GATCGCTAGCCTCACCCCTACCCTGGTGTCA-3’
ER-a 5': 5'-GATCGCTAGCACGGCCGACCAGATGGTCAGT-3’
ER-a 3”: 5'-AGATCTCGAGTCAGACCGTGGCA-3’

Following amplification, the products were digested with Nhel and
ligated overnight. The ligation product was digested with BamHI and
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Xhol, made blunt using Klenow and ligated into a pBAC baculovirus/
insect cell vector (Novagen) that had been digested with Smal. This
vector, pBAC-GR/ER, was used as a template for site-directed muta-
genesis (Quick Change, Stratagene) to remove the Nhel site at the
GR-ER splice junction. To construct a mammalian expression vector
containing the GR/ER cDNA, pBAC-GR/ER was digested with EcoRV
and Xhol to excise the GR/ER cDNA. This fragment was ligated into
pcDNA3.1 that had been digested with EcoRV and Xhol generating
pcDNA3.1-GR/ER. All sequences were confirmed by DNA sequencing.

2.2. Expression and purification of GR/ER

PBAC-GR/ER was used to express hexahistidine-tagged GR/ER
(residues 1-812) in baculovirus-infected Sf9 cells as previously
described [15]. Cells containing GR/ER were treated with 1 pM
17B-estradiol (E2) 24 h post-infection, and harvested 24 h later. All
purification steps were carried out at 4 °C and in the presence of
10 uM E2. The cells were Dounce homogenized in a lysis buffer
containing 20 mM Tris pH 8.0, 500 mM NacCl, 10% glycerol, 25 mM
imidazole, 10 mM P-mercaptoethanol (3-Me), 10 uM E2 and prote-
ase inhibitors. Following centrifugation, GR/ER was purified from
the supernatent using Ni-NTA agarose resin (Qiagen). The resin was
extensively washed with lysis buffer, and the receptor was eluted
with the same buffer now containing 250 mM imidazole. The eluted
receptor was then fractionated by size-exclusion chromatography
using a Sephacryl S-300 HR column (GE Life Sciences) and lysis buffer
less imidazole. GR/ER was flash-frozen and stored in liquid nitrogen;
average yield was 6 mg/L of cell culture. GR/ER concentration was
determined using an extinction coefficient of 52,830 M~! cm~! [16].
The identity of GR/ER was confirmed by mass spectrometry and immu-
noblot analysis.

2.3. Limited proteolysis

Limited proteolysis was carried out to compare the gross structure
of GR/ER to that of GR. Sequencing-grade chymotrypsin was obtained
from Roche Applied Science. GR/ER and GR (1 pM) were digested at
4 °C, pH 8.0 in a buffer containing 50 mM NaCl and otherwise identi-
cal conditions to those described for the sedimentation and quantita-
tive footprinting studies. (We find no evidence for differences in
proteolysis of either GR/ER or GR in buffers containing 50 or
500 mM Nacl). Enzyme was added at a receptor:enzyme mass ratio
of 50:1. Each reaction proceeded for 90 min with aliquots removed
as a function of time. Reactions were terminated by addition of
SDS-PAGE loading dye and boiling for 5 min; 5 pg of receptor was
electrophoresed by 10% SDS-PAGE and visualized by silver-staining.

2.4. Transient transfection

Transient transfections were carried out in 6-well plates. COS7
cells were seeded at a density of 2x10° cells/well. Twenty-four
hours later, the cells were transfected by adding: 1000 ng/well of a
pA3 promoter-reporter construct and either 3.2, 10, 32, 100, 316,
1000, 1258 or 1500 ng/well pcDNA3.1-GR/ER expression vector. For
comparative purposes, we also carried out identical studies using a
pcDNA3.1-GR expression vector. The total DNA amount was kept
constant at 2500 ng/well using empty pcDNA 3.1. DNA complexes
were prepared using TransIT-LT1 transfection reagent (Mirus Bio).
After 24 h, the growth medium was replaced with growth medium
containing ethanol control or 10 nM E2 for GR/ER transfected cells
and 10 nM triamcinolone acetonide (TA) for GR transfected cells.
Each condition was assayed in triplicate. Luciferase assays were
performed 24 h following hormone treatment.

2.5. Luciferase assays

Cell monolayers were rinsed with cold phosphate buffered saline.
Cells were lysed by the addition of 0.5 ml lysis buffer (20 mM K;PO,,
pH 7.8, 5 mM MgCl,, 0.5% Triton X-100). The lysate was transferred to
a microfuge tube and centrifuged for 10 min at 16,100 xg to pellet
cell debris, and the supernatant transferred to a new tube.

Luciferase assays were performed as described previously [17].
The protein concentration of each extract was determined by BCA
assay (Pierce). Ethanol and hormone-induced luciferase activities
were measured and normalized to mg of extract protein and reported
as RLU/mg. The activities from each of the three ethanol and
hormone-treated wells were averaged and the error reported + standard
error of the mean (SEM). Fold-activation was calculated by dividing the
averaged hormone-treated activity by the ethanol activity. The
fold-activation measurements were carried out in triplicate, values
were averaged and the error reported as + SEM.

Immunoblot analysis was used to demonstrate that protein ex-
pression linearly relates to ng expression plasmid, and that equal
amounts of either GR/ER or GR plasmid result in the same level of
expression for each receptor. Whole cell lysate samples from GR/ER
and GR-transfected cells were probed with the GR-specific antibody
E20 (Santa Cruz Biotechnology) and an anti-p-actin antibody (Sigma).
Band densities were determined using the program ImageQuant
(Molecular Dynamics); relative expression for GR/ER was calculated
from the band intensity ratios of each receptor to >-actin.

2.6. Sedimentation velocity and equilibrium analyses

All sedimentation analyses were carried out on a Beckman XL-A
analytical ultracentrifuge equipped with absorbance optics and an
An-50 Ti rotor. For the velocity studies, GR/ER was loaded at an initial
concentration of 2, 1 and 0.5 uM. The receptor was sedimented at
50,000 rpm and 4 °C in a buffer containing 20 mM Tris, pH 8.0,
2.5 mM MgCl,, 1 mM CaCl,, 1 mM DTT, 10~> M E2 and NaCl concen-
trations ranging from 100 to 750 mM. Data was 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, c(s), at each GR/ER con-
centration was calculated as implemented in the program Sedfit
[18]. Each distribution was corrected to 20 °C and water (Syow)
using standard methods [19], where s, is defined as:

M(1—7,
Sow = (Nifp) 1

M is the weight-average molecular weight as determined by the
amino acid sequence and assembly stoichiometry, vV is the partial
specific volume of GR/ER at 20 °C, p is the water density at 20 °C, N
is Avogadro's number, and f is the frictional coefficient. The partial
specific volume was calculated by summing up the partial specific
volumes of each individual amino acid (0.7293 ml/g) [20].

Sedimentation equilibrium studies were carried out under identi-
cal buffer and temperature conditions as described for the sedi-
mentation velocity experiments. Samples were allowed to reach
equilibrium using six channel Epon centerpieces. GR/ER was loaded
at three concentrations, identical to those used in the sedimentation
velocity studies. Samples were equilibrated at 14,000, 17,000, and
21,000 rpm and judged to be at equilibrium by successive subtrac-
tion of scans. The nine datasets (three concentrations collected at
three rotor speeds) were analyzed individually and globally using
nonlinear least squares (NLLS) parameter estimation as implemented
in the program NONLIN [21].
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Data were fit to the following equation in order to resolve the
dimerization constant, Kqim [19]:

2_p2 , 22
Y, =6+aexp|o| — O | + &k gin €xp | 20 5 0 2)

where Y, is absorbance at radius r, 6 is the baseline offset, and o the
monomer absorbance at the reference radius, ro. 0 is the reduced
molecular weight (Eq. 3), and kg, is the dimerization association
constant of the reaction 2 - X — X,. 0 the reduced molecular weight,
is defined as:

M(1—vp)w?
O=——Ff1 — 3)
where M is the molecular weight of a single, ideal species, V is the
partial specific volume, p is the solvent density (as calculated on the
basis of the salt composition and temperature [22]), o is the angular
velocity, R is the gas constant, and T is the absolute temperature. The
o for the global analysis was fixed at a value corresponding to the mo-
lecular weight and partial specific volume of the GR/ER monomer.
Resolved values of kg, were converted from absorbance to molar
association constants on the basis of the calculated €;30. Free energies
for the assembly reactions were calculated using AGgim = —RT In Kgim.
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 [23]. Under conditions where GR/ER dimerization energet-
ics were too strong to accurately determine, the data were fit to the
following equation to resolve M, here defined as the weight-average
molecular weight:

Y, =6+ aexp {O(rzgrﬁﬂ (4)

2.7. DNA preparation for DNase [ footprinting

A vector containing a promoter made up of two tandemly linked
HREs (HRE;) [24] was donated by Dr. Kathryn Horwitz (University of
Colorado Anschutz Medical Campus). Each HRE corresponds to the
palindromic tyrosine aminotransferase (TAT) promoter sequence,
TGTACAGGATGTTCT [25] spaced 25 base pairs apart. A reduced-valency
template (HRE;.) containing a G-to-T point mutation in each half-site
of the distal HRE (designated as site 1) was created in-house. Each tem-
plate was excised from its respective vector to generate a 975 bp
promoter fragment and 3?P-end-labeled. The proximal HRE of each
fragment (site 2) was positioned 100 bp from the 3’ end of the labeled
strand.

2.8. Individual-site binding measurements

Quantitative DNase footprint titrations were carried out as origi-
nally described by Ackers and co-workers [26,27] with slight modifi-
cations [28]. All reactions were carried out in assay buffer identical to
that used in the 100 mM NaCl sedimentation studies, but now
containing 100 pg/ml BSA and 2 pg/ml salmon sperm DNA. Each reac-
tion contained 15,000 cpm of freshly labeled promoter DNA. Purified
GR/ER was added to each reaction mix covering a concentration range
from sub-nanomolar to micromolar, and the samples were allowed to
equilibrate at 4 °C for at least 1 h. Promoter DNA concentrations were
kept well below GR/ER binding affinity, thus justifying the assumption
that GR/ERfee = GR/ERa1. All studies were carried out with DNase con-
centrations low enough to ensure “single-hit kinetics” [26], thus gener-
ating thermodynamically valid binding isotherms. Digestion products
were electophoresed on 6% acrylamide-urea gels and visualized using
phosphorimaging. Band densities were determined using the program

ImageQuant TL 7.0 (GE Healthcare, Piscataway, NJ) and individual-site
binding isotherms were calculated as described previously [26,28].

2.9. Resolution of microscopic GR/ER-promoter assembly parameters

The DNase I footprint titration technique resolves the fractional
occupancy of binding at each HRE. The statistical thermodynamic
expressions that describe the individual-site binding isotherms are
constructed by summing the probabilities of each microscopic config-
uration that contributes to binding at each site. A detailed approach
for generating each mathematical formulation has been presented
previously [26]. Briefly, the probability (f;) of any microscopic config-
uration is defined as [29]:

(=AGs/RT) . 1,1J
e X
fsziw 5

J
Z e AGS/RT)

S=1

Where AG; is the free energy of configuration state s relative to
the unliganded reference state, x is the GR/ER monomer concentra-
tion, j is the stoichiometry of GR/ER dimer bound to a response ele-
ment, R is the gas constant and T is the absolute temperature. The
GR/ER monomer and dimer concentrations are calculated using the
experimentally determined dimerization constant (Kgim) from the
sedimentation equilibrium studies and the appropriate conservation
of mass equation.

The derivation of the equations used to analyze HRE, footprinting
data have been presented previously [5-7,28]. The equation for GR/ER
dimer binding to site 1 of the HRE, promoter is:

2 2 2 4
Y kdlmkmtlx + kdlmkmtk X
HRE> = 1 4 2k gy ke X2 + K2 K2 ko

dim™ int

Where kg, and x are as defined previously, ki, is the intrinsic as-
sociation constant for a pre-formed dimer binding to a HRE, and k.
corresponds to the inter-site cooperativity term. Because the HREs
are identical in sequence, Eq. (6) also describes binding to site 2 of
the HRE, promoter. Using the same theoretical approach, the equation
describing the fractional saturation of site 2 of the HRE;. promoter is:

Ve, = K gimKing X’
- 1+ kdimkintlxz

In order to resolve the interaction parameters describing GR/ER:
DNA binding, the isotherms from each footprint titration were ana-
lyzed globally using the program Scientist (Micromath, Inc., St.
Louis, MI). Finally, because protein interactions at DNA binding sites
do not afford complete protection from DNase activity, binding data
were treated as transition curves where the apparent fractional occu-
pancy (Yapp) was fit to upper (m) and lower (b) endpoints:

Vopp = b+ (m—b)'Y 8

3. Results

An 812 amino acid human GR/ER chimera (Fig. 1C) was expressed
in baculovirus-infected Sf9 cells. GR/ER was purified to greater than
95% purity as judged by SDS-PAGE (Fig. 2A). GR/ER gross structure
was first compared to that of wild-type human GR by limited proteol-
ysis. As shown in Fig. 2B, both receptors generate similar proteolysis
patterns, suggesting that the heterologous ER-a¢ domain does not
grossly perturb GR structure. Immunoblotting (not shown) indicates
that the slight increase in molecular weight for GR/ER cleavage
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Fig. 2. GR/ER purification and analysis by proteolysis. (A) Coomassie-stained SDS-PAGE image of 5 pg purified GR/ER. (B) Silver-stained SDS-PAGE of chymotryptic digestions of
1.0 M GR/ER and GR as a function of time. Purification and biophysical characterization of full-length human GR was described previously [8].

products greater than 50 kDa, relative to those of GR, arises from the
increased molecular weight of the ER-o« HBD (see Fig. 1C).

3.1. GR/ER maintains sequence-specific transcriptional activity

To determine if the chimera is functionally active in vivo, we mea-
sured its E2-dependent increase in transcriptional activity by transient
transfection dose-response. Activity measurements were made using a
single glucocorticoid response element embedded within a minimal
promoter linked to a luciferase reporter gene. We then compared these
results to those of wild-type GR. Shown in Fig. 3 are GR/ER and GR
dose-response curves for two response elements, the TAT sequence
(corresponding to the HRE;_ in our footprinting studies) and a synthetic
palindromic sequence (Pal; AGAACAAAATGTTCT). The chimera achieves
only 50% of the maximal transcriptional activity relative to wild-type
GR for both sequences (compare left and right vertical axes); however,
once normalized using a single common y-axis scaling factor, HRE-
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Fig. 3. GR/ER and GR maintain identical sequence-specific differences in transcriptional
activity. Ligand-dependent increase in GR/ER and GR transcriptional activity is plotted
as a function of respective expression plasmid. E2-induced GR/ER (red, right axis) and
TA-induced GR (black, left axis) dose-response curves measured for the TAT (upper)
and Pal (lower) response element sequences. GR/ER curves were overlaid with GR
curves using a common y-axis scaling factor. Data were collected in COS7 cells using
a pA3 promoter-reporter construct. Cellular expression levels of GR/ER and GR were
linear with respect to amount of expression plasmid; see Fig. S1.

specific transcriptional activity is superimposable with that of wild-type
GR. Immunoblot analysis indicates that these results are not influenced
by either differences in the cellular expression of the two receptors or
nonlinear expression as a function of plasmid dose. (Fig. S1). Thus, the
chimera retains the ability to functionally discriminate between different
response element sequences.

3.2. GR/ER is a structurally homogeneous dimer

Sedimentation velocity was carried out to determine GR/ER hy-
drodynamic and self-association properties. The chimera was
sedimented at initial concentrations of 2, 1 and 0.5 pM in a 100 mM
NaCl buffer identical to that used in our footprinting studies described
below. Shown in Fig. 4A are representative sedimentation velocity
scans; in Fig. 4B are the resultant c(s) distributions for each of the
three receptor concentrations. Regardless of protein concentration,
the receptor sediments as a single 6.2 s species. (The minor 10S species
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Fig. 4. Sedimentation velocity analysis of GR/ER at 100 mM NaCl, pH 8.0 and 4 °C.
(A) Sedimentation velocity data and fit of 2 pM GR/ER at 100 mM NaCl, pH 8.0 and
4 °C. Only every fourth scan is shown for clarity. (B) Sedfit [18] c(s) analysis of 2
(thick solid line), 1 (dashed line) and 0.5 (thin solid line) uM GR/ER sedimentation ve-
locity data. As indicated by vertical line, position of major peak is 6.2 s.
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seen at the highest GR/ER concentration is a non-interacting contami-
nant that represents no more than 5% of the total material regardless
of loading concentration. It is typically located between 8 and 10 s
(see also Fig. 6) depending on GR/ER purification.) C(M) analysis of
the primary 6.2 s peak resolves a molecular weight of 150,436 Da, most
comparable to the predicted dimer molecular weight of 187,820 Da.
The resolved molecular weight was confirmed using direct boundary
analysis as implemented in Sedanal [30], which returned a value of
144,138 Da (68% confidence interval 136,359-152,611 Da). Noting that
the lowest GR/ER concentration is 0.5 M, and sedimentation techniques
should be capable of detecting at least 10% monomer, the GR/ER dimer-
ization constant (Kqim) under these conditions must be no weaker than
50 nM.

To directly determine the molecular weight of the 6.2 s species, we
carried out sedimentation equilibrium studies under identical buffer
conditions. Shown in Fig. 5 are the three GR/ER concentrations used in
the velocity studies now equilibrated at three rotor speeds. The
nine data sets were globally fit to a single-species model, resolving a
weight-average molecular weight of 179,838 Da (68% confidence inter-
val 175,053-184,776) nearly identical to that of a GR/ER dimer. More-
over, the near concordance in sedimentation velocity and equilibrium
molecular weight estimates suggests that the GR/ER dimer is largely
structurally homogeneous, since even small amounts of heterogeneity
tend to dramatically underestimate molecular weight estimates when
determined by sedimentation velocity [31,32].

3.3. GR/ER self-association is coupled to ion release

To determine the molecular forces responsible for GR/ER dimer as-
sembly, we next carried out sedimentation studies as a function of
NaCl concentration. Shown in Fig. 6 are c(s) analyses of the three
GR/ER concentrations analyzed earlier, now determined at 500 rather
than 100 mM NacCl. In addition to the 6.2 s species seen already
(Fig. 4B), a second species appears at 4.4 s. Moreover, the proportion
of the 4.4 s species increases as the total protein concentration is re-
duced. These results strongly suggest that at high salt concentrations,
GR/ER is in reversible monomer-dimer equilibrium. Indeed, a c(M)
analysis returns mass estimates of 80 kDa for the 4.4 s species and
140 kDa for the 6.2 s species. These estimates are again comparable
to the calculated masses of a 94 kDa monomer and 188 kDa dimer,
respectively.

We directly tested the hypothesis that GR/ER undergoes reversible
self-association at 500 mM NaCl by sedimentation equilibrium. Shown
in Fig. 7 are the three protein concentrations used in the velocity stud-
ies, now equilibrated at three rotor speeds. Analysis of the individual

6.2s

SZO,W

Fig. 6. Sedimentation velocity analysis of GR/ER at 500 mM NacCl, pH 8.0 and 4 °C. c(s)
distributions determined by Sedfit [18] for 2 (solid thick line), 1 (dashed line) and 0.5
(solid thin line) pM GR/ER. As indicated by vertical lines, major peak positions are 4.4
and 6.2 s.

data sets revealed an increase in GR/ER weight-average molecular
weight with increasing receptor loading concentration (data not
shown). Consistent with this, attempts to globally analyze the nine
data sets using a single-species model resulted in a poor quality of fit
and an average molecular weight intermediate between GR/ER mono-
mer and dimer. We therefore globally analyzed the data using a
monomer-dimer self-association model, which resulted in an improved
quality of fit as judged by F-statistics [33] and a dimerization free energy
of -7.5 kcal/mol, which corresponds to a dissociation constant of 1.2 uM
(68% confidence interval 1.0-1.5). Globally fitting the data to different
interaction stoichiometries (e.g. monomer-tetramer) or to more com-
plex models (e.g. monomer-dimer-trimer) did not improve the quality
of fit, indicating that a monomer-dimer model is most appropriate to
describe the experimental data. Moreover, noting that the sedimenta-
tion velocity analysis revealed monomer and dimer peak positions
that remained constant as a function of GR/ER loading concentration,
this suggests that the dimerization off-rate is slower than the timescale
of the experiment or on the order of 107> s~ ! or less [34,35].

Using the experimentally determined sedimentation coefficients
and calculated molecular weights of the GR/ER monomer and
dimer, we determined the hydrodynamic properties for both species.
The frictional coefficient for the monomer is 0.96x10~7 g/s, and
1.37x10~7 g/s for the dimer. Comparison of each frictional coeffi-
cient to that of a compact hydrated sphere of equivalent mass yielded
frictional ratios (f/f,) of 1.51 for the monomer and 1.70 for the dimer,
indicative of significant structural asymmetry [36]. If modeled as pro-
late ellipsoids, the monomer and dimer have axial ratios of 9:1 and
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Fig. 5. Sedimentation equilibrium analysis of GR/ER at 100 mM NaCl, pH 8.0 and 4 °C. (A) Sedimentation equilibrium of 2, 1 and 0.5 pM GR/ER collected at 14,000 (triangles), 17,000
(squares) and 21,000 (circles) rpm. Lines represent global analysis of data using a single-species model as implemented in the program NONLIN [21]. (B) Residuals of fit to
single-species model, only every other residual is shown for clarity. Symbols are as indicated for Panel A.
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Fig. 7. Sedimentation equilibrium analysis of GR/ER at 500 mM NacCl, pH 8.0 and 4 °C. (A) Sedimentation equilibrium of 2, 1 and 0.5 uM GR/ER collected at 14,000 (triangles), 17,000
(squares) and 21,000 (circles) rpm. Lines represent global analysis of all data using a monomer-dimer self-association model as implemented in the program NONLIN [21].
(B) Residuals of fit to monomer-dimer model, only every other residual is shown for clarity. Symbols are as indicated for Panel A.

13:1, respectively. Finally, the Stokes radius for the monomer was de-
termined to be 51 A and that of the dimer was 72 A [36]. All hydrody-
namic parameters are summarized in Table 1. For comparative
purposes, the analogous parameters for intact ER-o [7] and GR [8] de-
termined under identical conditions are also shown.

To determine the thermodynamic linkage between GR/ER dimer-
ization and NaCl concentration, we carried out sedimentation equilib-
rium over a range of NaCl concentrations. Nine data sets were
collected at each salt concentration (three GR/ER concentrations
equilibrated at three rotor speeds), and each set was globally ana-
lyzed using a monomer-dimer model. The resultant dimerization en-
ergetics were determined (Table 2) and plotted as a function of NaCl
concentration. As shown in Fig. 8, there is a strong linear relationship
between the two values—a fit of the data generates a slope of -2.5+
0.2 indicating that a net 2.5 thermodynamic ions are released from
GR/ER upon dimer formation. Furthermore, extrapolation to 100 mM
NaCl predicts a dimerization free energy of -9.8 0.3 kcal/mol or a
17 £ 5 nM dissociation constant.

3.4. GR/ER dimers assemble at a two-site promoter with nanomolar
intrinsic affinity and slight anti-cooperativity

The microstate energetics of GR/ER assembly at a two-site pro-
moter (HRE,; Figs. 1B and 9A) were determined using quantitative
footprint titration. Shown in Fig. 9B is a representative titration of
the HRE, promoter under conditions identical to the low salt buffer
(100 mM NacCl) used in our initial sedimentation studies. As seen in
our previous work on GR, ER-a and both PR isoforms [5-8], binding
to the two HREs is highly specific.

Shown in Fig. 9C are the two individual-site binding isotherms
from the HRE, promoter. Also shown is a single binding isotherm
from the HRE;. reduced-valency promoter. Noting the high quality

Table 1
Hydrodynamic parameters for GR/ER, ER-a and GR.*
GR/ER ER-a GR
Monomer Dimer Dimer Monomer
S20w (5) 44 6.2 5.7 41
f(g/s) 096x1077  137x1077  1.12x1077  1.00x10~7
ffo 1.51 1.70 1.53 1.59
Stokes radius (A) 51 72 59 53
Axial ratio 9:1 13:1 10:1 11:1

2 Hydration was assumed to be 0.3 g water/g protein in all relevant calculations.

of the footprint titration data, we globally analyzed the isotherms in-
cluding the dimerization constant (kg;y,) as a fitted parameter. Using
such an approach, we resolved an intrinsic DNA binding free energy of
-10.7 +0.1 kcal/mol, a cooperative free energy of +0.3 £+ 0.1 kcal/mol,
and a dimerization free energy of -10.0 4- 0.3 kcal/mol (corresponding
to a dissociation constant of 13 nM).

Noting that the extrapolated dimerization affinity in 100 mM NaCl
was determined to be 17 nM (see Fig. 8), the three isotherms were
also globally fit to the dimer-binding model using this latter constant
as a fixed parameter. This analysis resolved an intrinsic DNA binding
free energy of -10.8 0.1 kcal/mol (corresponding to a dissociation con-
stant of 3 nM) and a cooperative free energy of +0.33 +0.01 kcal/mol.
Thus, the two fits resolved statistically identical intrinsic and cooperative
free energies. Moreover, using two orthogonal approaches, we resolved
statistically identical estimates of the dimerization constant. These re-
sults thus predict that the 100 mM NaCl sedimentation velocity data
(Fig.4) should contain a small proportion of GR/ER monomer, potentially
allowing us to determine molecular properties of this species. However,
despite repeated attempts using direct fitting approaches [30] we were
unable to extract useful information. This is most likely a result of the
small predicted percentage of GR/ER monomer (3.8-7.4% of the initial
GR/ER loading concentration), the limited range of GR/ER concentrations
analyzed, and decreased signal to noise ratios at the lower GR/ER con-
centrations. All resolved parameters from the sedimentation equilibrium
and footprinting analyses are shown in Table 3. For comparative pur-
poses, the analogous parameters for intact ER-o¢ and GR determined
under identical conditions are also shown.

Table 2
Resolved GR/ER dimerization energetics at pH 8.0, 4 °C and as a
function of NaCl concentration.?

[NaCl] (mM) AGdim
(kcal/mol)

100 —10.0+0.3°

150 —9.1(—89to0—94)
200 —9.0(—87to —94)
300 —85(—83to—87)
500 —75(—74t0 —7.6)
750 —7.0(—69t0 —7.1)

¢ Values plotted in Fig. 8. Unless noted otherwise, error represents
68% confidence interval determined by the program NONLIN [21].

b Value resolved from fit to footprint titration data using Kgim, as a
fitted parameter. Error represents one SD reported from the pro-
gram Scientist.
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Fig. 8. Linkage analysis of GR/ER dimerization energetics and NaCl concentration.
Shown are the resolved dimerization constants plotted as In(kqir,). Values were deter-
mined at pH 8.0 and 4 °C, in a buffer containing 100, 150, 200, 300, 500, or 750 mM
NaCl. Open square, 100 mM NaCl as estimated by quantitative footprinting. Filled cir-
cles, 150 to 750 mM NaCl as determined by sedimentation equilibrium. Line represents
linear regression of filled circles only. Error bars represent 68% confidence intervals as
determined by the program NONLIN [21].

4. Discussion

Historically, steroid receptors were thought to function via inde-
pendent and non-communicating domains. More recent work has
demonstrated that receptor activity is considerably more complex,
accompanied by allosteric linkages to ligand, coactivator and DNA
binding [37,38]. This view could suggest that introduction of the
heterologous ER-o¢ domain should compromise GR structure and
function. However, using a rigorous approach we find that GR/ER is
functionally active, largely structurally homogeneous, capable of
dimerizing, and binds its response elements with high affinity and spec-
ificity. Thus, the GR N-terminal region and DBD can readily accommo-
date the heterologous ER-a HBD. Consequently, we can reliably probe
the molecular forces responsible for receptor dimerization, for which
little is known.

4.1. Biophysical and functional characteristics of the GR/ER chimera

Plotted in Fig. 10 are the HRE, interaction energetics for GR/ER,
alongside those of four wild-type steroid receptors (ER-a, PR-A,
PR-B and GR). The values for all receptors were determined under
identical low salt (100 mM) conditions and are rank-ordered by di-
merization energetics. As we highlighted in the introduction, the in-
trinsic energetics of dimer binding (ki) are similar for all proteins,
including GR/ER. By contrast, dimerization energetics (Kqin) vary sig-
nificantly and are inversely correlated to cooperativity (k). Interest-
ingly, GR/ER energetics are consistent with this correlation, having
an energetic profile under these conditions that is most comparable
to that of wild-type ER-c.

The current results suggest that GR/ER follows structural and
functional rules consistent with those of other steroid receptors.
Therefore, the correlation pattern seen in Fig. 10 could suggest that
HBDs control not only dimerization but also cooperativity. How
this might occur will require further study; however, we speculate
that a highly stable HBD dimeric interface structurally constrains co-
operative protein-protein interactions with other receptor dimers.
By contrast, loss of this quaternary constraint (via weakened dimer-
ization affinity) allows additional degrees of freedom in which coop-
erative protein-protein interactions can occur. We emphasize that
this does not imply that HBDs are “cooperativity domains” per se;
the quaternary constraints may not be unique to the HBD. High
resolution crystallographic studies should allow further insight into
the structural mechanisms responsible for switching between di-
merization and cooperativity.

A Site 1 Site 2
CTAGA IGATCCCGGGCTAGACCTAGGGGATC] GGATC
TGTACAGGATGTTCT GTACAGGATGTICT

(@)

Fractional Saturation

1010 10°¢ 108 107
[GR/ER

totaI]

Fig. 9. Quantitative analysis of GR/ER HRE, assembly. (A) DNA sequence and response
element position within the HRE, promoter. (B) Representative quantitative footprint
titration of the HRE; promoter determined at pH 8.0, 100 mM NaCl and 4 °C. Schematic
to the right indicates the location of the HRE binding sites; arrow refers to direction
and approximate location of the transcriptional start site. (C) Shown in red is GR/ER
binding to site 1 (closed squares) and 2 (open squares) of the HRE, promoter from
two independent footprint titrations. Shown in blue is GR/ER binding to site 2 (open
circles) of the reduced valency HRE;. promoter from two independent footprint titrations.
Lines represent a simultaneous best fit analysis of the HRE, (red) and HRE;. (blue) data
sets using the dimer binding model (Egs. (6) and (7) and Fig. 1B). GR/ER binds to sites 1
and 2 on the HRE, with equal affinity; therefore a single (red) line describes binding to
both sites.

An alternative explanation for our results is that introduction of
the ER-o¢ HBD has simply converted a monomeric protein to a
dimer. Moreover, because the domains are heterologous it is possible
that the ER-oa HBD has simply disrupted GR cooperative structure and
function. Thus the lack of cooperativity in the chimera may simply be a
consequence of analyzing a functionally disabled protein. Yet if this is
the case, it is worth considering that this is a highly selective result—
as summarized earlier, many other functional and structural proper-
ties are retained. Moreover, some of these properties are system-
wide (e.g. transcriptional activation and gross receptor structure)
indicating that the chimera is structurally and functionally intact.

Finally, we note that GR/ER functionally discriminates between
two different DNA response elements in a manner identical to that
of wild-type GR (Fig. 3). This is surprising in light of recent work
suggesting that individual response elements allosterically modulate
GR function [39]. If this type of allostery is in operation, one might
expect that sequence-specific transcriptional activity would be
disrupted upon addition of a heterologous functional domain. Thus
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Table 3
Resolved microstate energetics for GR/ER, GR and ER-a assembly at the HRE, promoter.*
GR/ER® GR/ER® ER-a GR®
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
AGine —10.8+0.1 —10.7+0.1 —11.74+0.2 —123+0.2
AG. +0.3+0.1 +0.3+0.1 —0.2 (0to —0.5)f —23402
AGdim —9.940.28 —10.0+03" —114+£1.2 >—51"
SDof Fit’  0.036 0.036 0.077 0.068
2 Values calculated using standard relationship AG;= —RTIn(k;). Unless otherwise

noted, errors represent one SD reported from the program Scientist.

b Values reported from the fit to the footprint titration data using kgin, as a fixed parameter.

¢ Values reported from the fit to the footprint titration data including kg, as a fitted
parameter.

4 Values previously reported [7].

€ Values previously reported [8].

' Associated error represents 68% confidence interval determined using a Monte
Carlo approach [7].

& Extrapolated value determined in Fig. 8.

" Value resolved from quantitative footprint titration.

I Because GR shows no evidence of dimerization, this value represents a lower limit.

38D of fit in units of fractional saturation.

the results in Fig. 3 suggest that the inter-domain communication
postulated as part of sequence-specific GR function does not neces-
sarily include the GR HBD.

4.2. Mechanistic implications for receptor dimerization

Although GR/ER maintains dimerization energetics most compa-
rable to ER-a under low salt conditions, the energetics weaken con-
siderably as salt concentration is increased (Fig. 8). This is due to
thermodynamic coupling between dimerization and net ion release.
Based on the observed linear relationship, we speculate that the cou-
pling arises from ionic screening of charge-charge interactions within
the GR/ER dimer. With regard to the structural origins of this effect,
three possibilities exist: 1) Dimerization of the ER-o HBD is regulated
by ionic interactions; however, the GR N-terminal region acts as a ste-
ric constraint. As a consequence, HBD dimerization affinity is weak-
ened from the experimentally inaccessible nanomolar range to a
more amenable micromolar range. 2) The GR N-terminal regions di-
merize via an ion-dependent mechanism; however, the strong ER-ot
HBD dimerization domain strengthens the GR interaction from the
high micromolar (>100 uM) to a more experimentally tractable low
micromolar range. 3) The linkage is a composite result arising from
both ER-a and GR interactions. (A fourth possibility—that the linkage
reflects an amalgam of different interactions due to polydisperse or

25

20+
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In (k)

ER GR/ER PR-A PR-B GR

Fig. 10. Distribution of microstate energetics for steroid receptor dimer assembly at the
HRE, promoter. Measured dimer intrinsic (kij—closed squares), dimerization (kgim—open
circles) and cooperative (k.—closed triangles) energetics. Linear regression of each parame-
ter is shown to emphasize each trend across receptor family members. The values for ER-c,
PR-A, PR-B and GR have been previously reported [5,7,8]; values for GR/ER are taken from
Table 3 (global fit including Kq;y, as a fitted parameter). Since there is no evidence for GR di-
merization, Kyin, (100 pM) is plotted as a lower limit; this is represented by the downward
arrow. Because GR intrinsic affinity (ki) was resolved using the assumed dimerization affin-
ity of 100 pMj, it is also presented as a limit via an upward arrow [8].

heterologous GR/ER—seems highly unlikely given our analytical ul-
tracentrifugation results).

Of the three explanations, we favor the first for the following rea-
sons. As we have already noted, biochemical studies indicate that the
ER-at HBD is the primary mediator of receptor dimerization in the ab-
sence of DNA [40]. By contrast, there is no evidence to suggest that
the DNA binding domain or N-terminal region of GR self-associates
[9,41]. Consistent with this interpretation, crystallographic analysis
of the ER-a HBD dimer shows that although the bulk of the dimer in-
terface is hydrophobic in nature, several charged residues also con-
tribute [42]. Nonetheless, we emphasize that the thermodynamic
nature of our studies makes it impossible to assign the observed link-
age to any discrete residue or interaction. Indeed, if dimerization of
intact ER-oa maintains an identical linkage as GR/ER (— 2.5 net ions),
then based on the 0.35 nM ER-a dimerization affinity at 100 mM
NaCl [7], the predicted affinity at 1 M NaCl would be 121 nM. Such
an affinity should be detectable using an analytical ultracentrifuge
equipped with absorbance-based optics. However, since we were un-
able to detect a monomer-dimer equilibrium at this salt concentra-
tion [7], it is likely that dimerization in the holoprotein reflects
contributions beyond those of the HBD. We reached a similar conclu-
sion in our analysis of the molecular forces driving PR isoform dimeriza-
tion [43,44]. In summary, more work is needed to fully assess the
molecular forces responsible for intact ER-a (and GR) self-association.
For strongly interacting receptors such as ER-o, methods such as
fluorescence-based analytical ultracentrifugation may prove useful
[45]. More detailed structural and thermodynamic studies will also
be necessary for delineating the role of individual domains in ion-
regulated assembly of both dimerization and cooperative DNA binding.

Supplementary Materials

In Fig. 3, we show transient transfection dose-response studies for
GR/ER and GR. Immunoblot analyses demonstrating that cellular ex-
pression levels of GR/ER and GR are linear with respect to transfected
expression plasmid are shown in Fig. S1. Supplementary data associ-
ated with this article can be found, in the online version, at http://dx.
doi.org/10.1016/j.bpc.2012.12.005.
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