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Abstract

The glucocorticoid receptor (GR) binds to genomic response elements and
regulates gene transcription with exquisite cell- and gene-specificity. Within a
response element, the precise sequence to which GR binds has been implicated
in directing receptor structure and activity. Here, we use NMR to show that
different binding sequences affect the conformation of distinct regions of the GR
DNA binding domain. Chemical shift difference mapping and analysis of a GR
mutant suggest that an allosteric pathway links the DNA-binding surface, the
dimerization interface and the associated dimer partner. We show that disrupting
this pathway alters sequence-specific conformations, DNA-binding kinetics and
gene-specific transcriptional activity. Our study provides insight into mechanisms
by which binding sequences may impart multiple activities to a single factor

through gene-specific structural changes.
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Chapter 1 Overview

1.1 Introduction

The genome encodes all the necessary instructions for living organisms to
develop and function. It consists of genes that are translated into proteins, but
also contains the information required to regulate the expression of each gene.
While the code for translating DNA sequences into strings of amino acids is
known, the rules by which genomic regulatory elements specify transcriptional
programs are not as well defined. These regulatory elements interact

specifically with DNA binding factors that can modulate transcriptional activity.

One such factor, the glucocorticoid receptor (GR), modulates the
transcription of hundreds of genes involved in diverse processes including cell
differentiation, glucose metabolism and immune response. GR is universally
expressed throughout all tissues in the human body, and like other steroid
receptors, its activity and availability within the nucleus is highly regulated by
hormone binding. In the absence of hormone, GR is sequestered in the

cytoplasm, but in the presence of glucocorticoids such as dexamethasone (dex),



GR is translocated into the nucleus where it interacts with DNA at GR response

elements (GREs) that are associated with target genes.

Glucocorticoid hormone binding to the GR ligand-binding domain (LBD),
results in a conformational change in the receptor exposing a hydrophobic
surface, termed activation function 2 (AF2), that binds coregulator proteins that
contain an LXXLL interaction motif[1]. While a subset of coregulators contain
binding motifs that interact with the AF2 surface, other cofactors instead bind at
different surfaces of GR, including the activation function 1 domain (AF1)[2] and
the DNA-binding domain (DBD)[3]. Once bound to GREs, GR coregulators
mediate specific functions that impact gene transcriptional, such as chromatin
remodeling, protein-modification, or recruitment of general transcription
machinery [4]. Thus, GR serves as a scaffold for building transcriptional

complexes that are precisely targeted to GR-bound GREs.

The transcriptional activity of GR is multifaceted; such the GR mediates
either activation or repression of transcription depending on the cellular and
genomic context. Within these two classes of activity, the effect among different
genes can vary by several orders of magnitude. The precise determinants that
define the gene-specific activity of GR at individual genes are not clear. The
combinatorial assembly of regulators and coregulators at response elements,
termed combinatorial control, provide a mechanism for gene-specific
transcriptional regulation based on two principles: (1) the response element for
each gene has a specific set of regulatory factors that govern its transcription and

(2) the availability and accessibility of these factors for their response elements



are further regulated according to cellular programs and environmental cues.
Thus, a single regulator can employ gene-specific control by assembling distinct
multifactor complexes at different genes. The incorporation or omission of any
individual factor in a regulatory complex could result in differential gene-

expression.

GR is targeted to GREs through direct interaction with GR binding
sequences (GBS), consisting of two loosely palindromic, hexameric half sites
separated by a three-base pair spacer. Crystallographic studies of the rat GR-
DBD (residues 440-525) show that GR binds to the GBS as a dimer. Each dimer
partner directly contacts three nucleotide bases from each half site through
specific side-chain interactions with the recognition helix residues K461, V462,
R466. [5][6] (Figure1.1) Each GR dimer partner consist of two zinc-finger
motifs, where the first zinc finger orients the DNA recognition helix for binding in
the GBS major groove, and the second zinc finger forms the dimerization

surface.



Figure 1.1 DNA recognition by GR-DBD
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Comparison of the apo GR-DBD solution structure to the DNA-bound
crystal structure provides information about the changes mediated by DNA-
binding. The most significant changes between the apo and DNA-bound GR-
DBD are within the second zinc finger at regions that form the dimerization
interface in the DNA-bound complex. The orientation of residues C476-C482
consisting of the dimerization loop (A477-D481) is rotated about 90° between the
two structures, suggesting that DNA-binding induces a conformation change in
this region that contributes to the formation of the dimerization interface.[7] While
this region is less defined compared to other parts of the receptor in the apo GR-
DBD, the DNA-bound conformation in not detected within the ensemble of apo
NMR structures. Additional dimerization contact residues K486-N491 in the
second zinc finger appear disordered in the apo GR-DBD structure reported by
van Tilborg, et al. and Hard, et al.[8][9], but become structured into a distorted
helix in the GR-DBD:GBS complex. Thus, DNA-binding mediated by the
recognition helix (in zinc finger 1), imparts structural changes in the dimerization
surface (in zinc finger 2) providing an explanation for the cooperative association

of the GR-DBD dimer to DNA.[10]

The dimer interface of the receptor is formed by symmetrical intersubunit
interactions within the second zinc finger: (1) between both N491 side chains, (2)
between dimerization loop residues R479 and D481 and (3) between A477 and
1483. There is also a hydrophobic contact between 1487 and L475[5]. The apo
GR-DBD does not dimerize in solution[9], but in the presence of DNA, GR binds

cooperatively at GBS recognition sites [11]. Mutations across all five of the



dimerization loop residues result in reduced cooperativity of dimerization[12].
Interestingly, some structural and functional studies have provided hints
that the dimer interface may be functionally coupled with DNA sequence
recognition. Three GR recognition helix mutations (GRega) that affect the
sequence specificity of DNA binding also induce structural changes at
dimerization contact residues, as measured by NMR chemical shift [13]. These
mutations also result in reduced DNA cooperativity, suggesting that sequence
recognition may dimerization surface function[14]. This raises the question as to
how recognition of different DNA sequences might impact GR dimerization and

cooperativity.

Structural and biochemical studies of GR and other nuclear hormone
receptors have provided numerous examples of how DNA- or ligand-binding at
mediates structural changes at distinct surfaces that ultimately enhance
interactions with dimer partners or coregulators, respectively. This ability of one
site to structurally modulate a second site, termed allostery, appears to be an
important mechanism in nuclear hormone receptor signaling, allowing information
to be transmitted across a single domain and also between distinct receptor
domains. For example, DNA binding at the DBD affects the structure of the
receptor’s coregulator interaction surfaces[15], induces selective interaction with
coregulator peptides[16], and initiates structure in the N-terminal AF1 domain
[17]. Similarly, binding of different ligands to the LBD can modulate coregulator
peptide interactions[18], increase the structural flexibility of the DBD[19], and

modulate selective ligand-binding of the adjacent dimer partner[20]. Therefore, it



is likely that GR activity in a given cellular or genomic context is defined by

multiple interactions with signaling factors at different surfaces of the receptor.

We hypothesize that GR integrates cellular signals including hormones,
coregulators, and DNA binding sites through structural changes, and that the
combination of distinct signals determines GR activity at a given gene (Figure
1.2). Given the diversity and complexity of potential GR signals within the cell,
this work aims to take a reductionist approach to understand how the interaction
between a single domain of GR (DBD) and a single 15 bp GR binding site (GBS)
can affect GR activity by modulating other interaction surfaces of the receptor.
By perturbing this simple system with precise changes in GBS sequence or
single mutations in GR functional surfaces across multiple in vitro and cell-based
assays, this thesis aims to define rules by which input signals determine GR

gene-specific function.



Figure 1.2 Cellular signals that influence GR activity.
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Chapter 2 of this thesis focuses on how signals encoded in the DNA
binding sequence impact GR structure and activity and is motivated by the
findings of Meijsing et al., which show that 15 bp GBS sequences are sufficient to
generate different magnitudes and mechanisms of transcriptional activation[6]
Crystallographic analysis of GR-DBD bound to different GBSs showed that the
base-specific contacts made between the GBS and the GR recognition helix are
invariant among the binding sites tested. However, differences in the GBS at
base positions that are not contacted by GR induce alternate conformations

within a loop region between the recognition helix and the dimer interface of the



GR-DBD, termed the lever arm (Fig. 1.3). Thus, the conformation of the lever
arm is dependent on the GBS sequence, though it does not make any contacts
with DNA. This result raised several exciting questions: (1) how does GR “read”
non-directly contacted bases, (2) how do alternate conformations in the GR lever
arm result in gene-specific GR signaling, and (3) are additional conformations

detectable by solution methods?

In attempting to answer these questions, we identified the dimer interface
of the DBD as responsive to GBS sequence, and also important for GR gene-
specific activity. We took advantage of a GR dimer interface mutant with
potential therapeutic interest, to test how perturbation of the dimerization surface
impacts GR structure and function. In Chapter 3 of this thesis, the relationship
between DNA-binding and transcriptional activity is compared for the
dimerization mutant and the wild-type GR at endogenous genes. Lastly, Chapter
4 investigates the functional and structural interplay between the lever arm and
other GR surfaces and the mechanisms by which the lever arm influences gene-

specific regulation.



Figure 1.3 GBS-dependent alternate conformations in lever arm.

The electron density map of the GR lever arm region of the GR-DBD:Gilz and
GR-DBD:Pal crystal structures is shown. Modeled electron density (2F,-F.) is
shown in black, and the density of alternate conformations is outlined in red. An
alternate lever arm conformation is indicated for the Pal but not the Gilz complex.

The location of the lever arm within the GR-DBD:GBS complex is circled in red.

GR-DBD:Gilz GR-DBD:Pal
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1.2 Methods

Protein expression and purification:

Expression vector pET28a containing rat GR DNA-binding domain,
residues 440-525, (rGR-DBD) has been described previously[6]. Vector for rGR-
DBD A477T was derived from the rGR-DBD plasmid by PCR site-directed
mutagenesis. BL21 Gold E. coli cells were grown in 50mL LB media to optical
density of ~0.4-1.0, then pelleted and resuspended in 1L labeling media
(minimal media containing 2 g/L "NHCI, as the only Nitrogen source). Cultures
were grown to an optical density of ~0.7 and rGR-DBD WT or rGR-DBD A477T
expression was induced with 0.5mM IPTG for ~16 hours at 18°C or 8 hours at
30°C (both produced equivalent spectra). Cells were pelleted and resuspended
at 40mL/L culture in lysis buffer containing 50mM Tris pH 7.5, 500mM NaCl and
15mM Imidazole, then frozen in liquid nitrogen, and stored at -80°C. Thawed
cells were lysed using an EmulsiFlex C5 homogenizer, and lysate was
centrifuged for 45 min at 40,000 rpm at 4°C and run over a Ni Sepharose (GE
Healthcare) column equilibrated with lysis buffer and eluted with a linear gradient
reaching 350mM Imidazole. Pooled fractions were dialyzed into 20mM Tris pH
7.5, 50mM NaCl, 2.5mM CaCl,, and 0.5mM p-mercaptoethanol and cleaved at
4°C overnight with 50-100 units Thrombin. Protein was centrifuged for 45 min at
40,000 rpm at 4°C to remove precipitate and further purified over a Resource S

ion exchange column with a linear gradient of 50mM-300mM NaCl, 20mM Tris

11



pH 7.5, and 0.5mM p-mercaptoethanol. Pooled samples were concentrated using
Amicon Ultra 5K MWCO (Millipore) and run over a 16/60 Superdex75 gel
filtration column in NMR Buffer (20mM Sodium Phosphate pH 6.7, 100mM NacCl,

1mM DTT).

Protein-DNA Complex Formation:

Single-stranded GBS oligos were ordered from Integrated DNA Technology (IDT)
and purified by MonoQ Column (GE Healthcare) equilibrated with 10mM NaOH,
100mM NaCl and eluted by linear gradient reaching approximately 600mM NaCl.
Purified oligos were dialyzed into H2O, lyophilized, and resuspended at ~2mM in
H>O. Complimentary oligos were annealed in 20mM Sodium Phosphate, 100mM
NaCl, 5mM MgCl; in a boiling waterbath and cooled slowly to room temperature.
To prevent protein crashing upon addition of concentrated DNA, DNA duplexes
were diluted in 10x volume cold NMR buffer and then combined with rGR-DBD at
a ~40% excess DNA to GR-DBD dimer, to ensure that all protein was bound.
Dilute GR-DBD:DNA complexes were concentrated slowly at 4°C using a 3K
MWCO Centrifugal Filter (Amicon) to 150-300uM dimer complex. Concentrated
complexes were filtered to remove any precipitate using Ultrafree PVDF 0.22um

columns (Millipore).

12



Protein NMR assignment:

For preparation of triple-labeled rGR-DBD, BL21 Gold cells were grown in 50mL
LB to optical density of ~0.6, pelleted and resuspended in 1L unlabeled minimal
media and grown to optical density of 0.2. Then cells were pelleted and
resuspended in 1L of triple-label media (minimal media containing 2g of
"*NHCl4(or ammonium sulfate), 2g "*C-glucose in 90-100%-pure D-O). At optical
density of ~0.6, expression was induced at 30°C under 0.5mM IPTG for 8 hours.
Protein was purified as described above. For unbound rGR-DBD, protein was
dialyzed into NMR buffer containing 20 mM sodium phosphate, pH 6.7, 100 mM
NaCl, 5 mM MgClz, and 1 mM DTT, and concentrated to 1.7mM for NMR. The
following experiments were run at 25°C on a Bruker 500MHz spectrometer:
reference '°N-HSQC, HNCO, HNCACO, HNCA, HNCOCA, HNCOCACB, and
CC(CO)NH-TOCSY. A '™N-edited NOESY was run on a Bruker 800MHz

spectrometer.

For assignment of DNA-bound rGR-DBD, complexes with the Gha GBS
were prepared as described above and concentrated to 500uM dimer complex.
NMR assignments were generated from standard 3D experiments that were
conducted on 500, 600, or 900 MHz spectrometers at two temperatures (25°C
and 35°C), because a subset of peaks gave more signal at the higher
temperature. Experiments included: 'N-edited NOESY, TROSY-HNCO,
TROSY-HNCA, TROSY-HN(CO)CA, TROSY-HNCACB, TROSY HN(CA)CO.

Assignments were aided by "N-HSQC of °N-single amino acid labeling of lle,

13



Leu, Val, Phe, Tyr, Lys, Arg. Data were processed in NMRPipe (National Institute

of Health), and assignments were generated using Sparky (UCSF).

Chemical Shift Perturbation Analysis:

'H-"®*N-HSQC spectra were acquired on a Bruker 800MHz spectrometer at 35°C.
Data were processed in NMRPipe (National Institute of Health), and analyzed in
Sparky (UCSF). Peak assignments were transferred from the GR-DBD:Gha
complex to additional GBS complexes. In most cases peaks could be transferred
by measuring the minimal distance from each assigned GR:Gha peak to the
nearest peak in the GR-DBD:GBS complexes. Chemical shift differences
between GR WT and GR mutant complexes were determined by measuring the
minimal distance from each assigned GR WT peak to the nearest peak in the GR
mutant spectrum using the formula: combined chemical shift Ad = [(AH ppm)2 +

(AN ppm/5)4]"2[21].

Transcriptional Reporter Assays:

For GBS reporters: Plasmids were constructed with 15 bp binding sites flanked
by overhangs for cloning into the Kpn1 and Xho1 sites of pGL3-Promoter
(Promega) as described previously[6]. U20S cells (ATCC) were seeded in
DMEM supplemented with 5% FBS in 24-well plates at roughly 20,000 cells/well

one day prior to transfection. Cells were transfected with 20ng/well GR plasmid,

14



20ng/well GBS-luciferase plasmid, 200 pg/well pRL Renilla, 120ng/well empty
p6R plasmid, 1 uL PLUS Reagent and 0.7 ulL/well Lipofectamine Reagent
(Invitrogen) for 4 hours in no-serum DMEM media. Cells were washed and
recovered in DMEM + 5% FBS for 3 hours. Cells were then treated with 100nM
dexamethasone or ethanol for 12 hours. Luciferase induction was measured
using Promega Dual-Luciferase Reporter kit (Promega) in 96-well format using a
Tecan plate reader. Each dex-treated luciferase sample was normalized to
Renilla signal and then normalized to ethanol control samples. Normalized dex-
induced luciferase induction for each GBS was then normalized against empty

pGL3 vector.

For GRBR Reporters: Luciferase reporters were generated from approximately
500 bp regions corresponding to peaks identified in Table 3.1 cloned into pGL4
modified with an E4TATA promoter. U20S cells with stable over-expression of
GR WT or GR A477T were transfected as described above, except that GR
expression plasmids were omitted and cells were harvested after ~12 hours of

100nM dex treatment.

Surface Plasmon Resonance:

A Biacore T100 instrument was used in the SPR analysis of GR-DBD (WT
and A477T) interaction with the seven different GBS oligos. All
surface preparation was conducted at 25°C in 20mM HEPES (pH 7.2), 150mM

NaCl before introducing assay buffer and changing the analysis

15



temperature to 35°C or 8°C. In brief, matrix-free surfaces were prepared by
injection of Neutravidin (Invitrogen) across a planar saccharide monolayer with
covalently coupled biotin (BP chips, Xantec Bioanalytics). Double-stranded GBS
oligos with a single 5' biotin-TEG label (IDT) were subsequently captured at
immobilization levels ranging from 20 to 65 RU. To minimize bulk shift during
sample injection, the purified WT and A477T GR-DBDs were dialyzed overnight
in SPR assay buffer (20mM Sodium Phosphate, pH 6.7, 100mM NaCl, 1TmM
DTT). Following dialysis, protein concentration was determined by UV
absorbance at 280nm and BSA (Sigma) was added to both the assay buffer and
the protein samples (BSA concentration = 0.1 mg / mL). Fifteen point
concentration series of the protein samples were prepared by two 0.5-fold serial
dilutions followed by twelve 0.7-fold serial dilutions, generating titration curves
spanning ~700pM to 200nM for the WT GR-DBD and ~1.4nM to 400nM for the
A477T GR-DBD. Association and dissociation times for the WT and A477T were
selected to ensure equilibrium and complete dissociation. All data were
processed and analyzed in Matlab. Because of the wide ranging kinetics for the
seven different GBS sequences, the association time ranged from 250-700s and
175-250s for the WT and the A477T GR-DBDs, respectively; similarly,
dissociation times ranged from 100-800s and 100-200s for the WT and the

A477T GR-DBDs, respectively.

16



Gel Shift:

Gel shifts were performed using unlabeled GR-DBD WT and GR-DBD A477T
expressed and purified as described for NMR experiments and stored at -20°C in
50% glycerol. Double-stranded oligos with an Alexa488 fluorophore conjugated
to one the 3’ ends (IDT) where generated for Pal and Sgk sequences as listed in
Table 1.1. Protein and DNA were incubated for 30 min at 5nM final DNA
concentration with GR-DBD titrations in Binding Buffer (20mm Tris pH 8, 50mM
NaCl, 1mM EDTA, 10ug/mL dIdC, 5mM MgCl,, 200ul/mL BSA, 5% glycerol, and
1mM DTT) on ice. Native 8% polyacrylamide gels were run at 200V in 0.5X TBE
at 4°C. Alexa488 signal was imaged on a Typhoon scanner (GE Healthcare) and
quantified using ImageQuant. Fraction GR-DBD bound was determined as 1 —

[DNAs.e]. Binding curves were fit to the data using Kaleidograph.
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Table 1.1 Binding sequences used in NMR studies

GBS name Sequence (5' 2> 3')

Fkbp5 gtacAGAACAgggTGTTCTtcgac
Gha gtacGGAACAtaaTGTTCCtcgac
Gilz gtacAGAACATTGGGTTCCtcgac
Pal-F gtacAGAACAaaaTGTTCTtcgac
Pal-R gtacAGAACALtttTGTTCTtcgac

Pal-ttg gtacAGAACATTGTGTTCTtcgac
Sgk gtacAGAACALttTGTCCGtcgac
Sgk-ggg gtacAGAACAgggTGTCCGtcgac
Sgk-m1 gtacAGAACALttTGTCCCtcgac
Sgk-m2 gtacAGAACALtttTGTCTGtcgac
Sgk-m3 gtacAGAACALttTGTTCGtcgac
Sgk-m4 gtacAGAACALttTGACCGtcgac
Sgk-m6 gtacAGAACALtit GGTCCGtcgac
Sgk-m7 gtacAGAACALttgTGTCCGtcgac
Itprip gtacAGAACAggcAGTTACtcgac
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Chapter 2

An allosteric pathway transmits
sequence-specific DNA signals to
modulate glucocorticoid receptor
conformation and activity

2.1 Introduction

While one’s genome sequence is invariant, gene expression must be tailored to
the needs of specific tissues and in response to environmental and
developmental changes. Transcriptional regulators coordinate this task, by
integrating cellular, physiological and environmental input signals with gene-
specific response elements [22], [23], to facilitate precise transcriptional outputs
at target genes. This intricate process relies on combinatorial control, in which
distinct combinations of factors assemble into transcriptional regulatory
complexes at functional response elements. However, the determinants of

specificity that define these transcriptional complexes are not understood.

The nuclear hormone receptor, glucocorticoid receptor (GR), utilizes
combinatorial control to regulate hundreds of target genes in a tissue- and gene-

specific manner. Fundamental to this process is the regulation of receptor activity
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by multiple signals, such as hormonal ligands, coregulators, post-translational
modifications, and DNA binding sequences. Each of these signals drives
conformational changes in the receptor, and modulates its transcriptional

regulatory activity[24-27].

Our lab previously demonstrated that DNA binding sequences are signals
that direct GR structure and activity [6]. The GR binding sequence (GBS) varies
loosely around a 15-base pair motif consisting of two imperfect palindromic
hexameric half sites separated by a 3-base pair spacer[28]. GR makes direct
contacts with 3 bases in each GBS half site. Crystallographic studies indicated
that the precise sequence of the binding site modulates the conformation of GR
at a loop region termed the lever arm, which does not itself contact the DNA.
Moreover, GBSs that gave rise to different lever arm conformations were
invariant at all nucleotide positions that make base-specific contacts with GR.
Thus, direct base contacts cannot explain the GBS-specific lever arm
conformations that were detected, indicating that non-contacted bases provide
signals that modulate GR structure. Furthermore, GBS signals must be
transmitted from the DNA interface to the lever arm, suggesting that these

surfaces are linked by an allosteric path.

Our previous crystallography study left two important questions: (1) how does
GR detect the specificity determinants within GBSs, and (2) how are DNA-
dependent conformational changes transmitted to define GR activity? To answer
these questions, we combined three experimental approaches: nuclear magnetic

resonance (NMR), which is very sensitive to conformational changes in solution,
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biophysical characterization of GR DNA binding and dimerization, and analysis of

a GR mutant.

2.2 Results

GBS spacer affects GR occupancy, activity, and structure

We sought to determine the degree of sequence variability among endogenous
GBSs to estimate the potential for DNA sequences to be unique signals that
produce distinct GR activities. We identified GR binding regions in U20S cells
exogenously expressing full-length rGR, using GR chromatin
immunoprecipitation (ChlP) followed by next-generation sequencing. An
unbiased search for sequence motifs within the 1000 GR binding regions with the
highest number of reads revealed a GBS motif composed of imperfect
palindromic hexamers separated by a 3 bp spacer, similar to previously identified
motifs based on smaller sample sets (e.g., [29]) (Fig. 2.1a). Applying this
sequence motif to 30,000 GR binding regions revealed that 90% of GBS
sequences are unique, thus demonstrating that there is sufficient diversity for
each to be a gene-specific signal. However, this would require an indirect

readout mechanism, where GBS bases that are not directly contacted impart
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sequence specificity. The GBS positions with the highest information content (>1
bit) correspond to the six bases that are directly contacted by the GR dimer [5],
[6]. The remaining nine nucleotide positions each contain less than 1 bit of
information and positions 3 and 13 lack sequence preference completely.
Notably, GR displays significant base-preference at GBS positions that it does
not contact directly: pyrimidines at spacer positions 7-9, as wellas Aand T at

positions 6 and 10, respectively.

To investigate how varying the GBS at non-contacted bases affects GR
activity, we monitored transcriptional induction in the presence of 100nM
dexamethasone (dex) using a luciferase transcriptional reporter consisting of a
single GBS upstream of a minimal promoter (Fig. 2.1b). We found that different
GBSs differentially modulated GR activity. For example, transcriptional activation
was similar for GBSs Pal-R and Sgk, which differ at GBS positions 13 and 15,
whereas changing the spacer of Sgk from TTT to GGG resulted in nearly four-
fold decreased induction. Changing the spacer only one base from T to G
resulted in an intermediate two-fold decrease. Thus, bases that are not directly
contacted by GR can modulate transcriptional induction, suggesting that indirect

readout is a determinant of GR activity.

To investigate indirect readout of the GBS spacer, we aligned the crystal
structures of GR-DBD: Pal and GR-DBD:Fkbp5 complexes [6], whose GBSs
differ only in the spacer (Fig. 2.1d). These structures reveal that the minor
groove of the Pal spacer is narrower than that of the Fkbp5 spacer, with average

widths of 3.8 A and 6.4A, respectively, as measured by Curves+ [30]. As the Pal
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and Fkbp5 GBSs have spacer sequences of AAA or GGG, respectively, the
sequence-specific difference in minor groove width is consistent with previous

studies showing that short A-tracts narrow the minor groove[31].

Examination of GR contacts to the DNA phosphate backbone near the
GBS spacer indicated that the orientation of the side chain of lysine 490 (K490) is
dependent on the spacer sequence (Fig. 2.1e). In the Pal complex, the K490
side chain reaches across the spacer minor groove to hydrogen bond with the
phosphate backbone at the complement of position 7 of the spacer. In the Fkbp5
complex, which has a wider spacer minor groove, K490 does not reach across
the spacer to contact the distal strand, but instead makes a phosphate backbone
contact to the proximal strand at position 11. This suggests that GR may
“‘measure” the spacer minor groove width as an indirect readout of spacer
sequence. From analysis of crystal structures, as many as 10 GBS nucleotide
positions participate in phosphate backbone contacts with GR, providing a
potential mechanism for measuring DNA shape across multiple positions in the
GBS. Because DNA groove width is dependent on nucleotide sequence, we
speculate that GBS spacer groove width serves as a GBS-specific signal that

modulates GR function.
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Figure 2.1 Non-contacted GBS bases modulate GR structure and activity
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Figure 2.1: Non-contacted GBS bases modulate GR structure and activity.
(a) The GR binding motif identified by GR ChlP-sequencing in U20S-GR cells
using MEME in "zero or one motif per site" mode with a 2nd order background
Markov Model based on the top 1000 peaks. (b) Luciferase induction of GBS
reporters with 100 nM dexamethsone treatment compared to ethanol control in
U20S cells. Error bars are calculated as s.e.m. of four or more independent
experiments (c) List of the GBS sequences used in this study. The 15-bp GBSs
shown here were centered within identical flanking sequences resulting in a total
dsDNA of 24-bp. Spacer regions are indicated in lowercase. (d) Alignment of
crystal structures of GR-DBD:Pal (PDB ID: 3G99, grey) and GR-DBD:Fkbp5,
(PDB ID: 3G6U, blue) shows sequence-specific lever-arm conformations and
spacer minor groove widths. (e) Zoomed view of K490 side chain with a
hydrogen bond to the phosphate backbone of the spacer minor groove of Pal

GBS (grey) but not Fkbp5 (blue).
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Non-contacted GBS bases modulate GR conformation

We hypothesized that the GBS affects GR activity by influencing GR
conformation in a sequence-specific manner. We monitored GR-DBD
conformation by "°N-HSQC, which measures the chemical environment of the
amide bond of individual amino acid residues (Fig. 2.2). For GR-DBD bound to a
semi-palindromic GBS (Gha), we were able to assign over 90% of the peaks in
the HSQC spectrum to their corresponding residues using standard 3D methods.
Notably, we observed peak splitting for a subset of residues, where two peaks
correspond to a single residue. This was the case for 10 of the 78 assigned
residues in the GR-DBD:Gha spectrum. Peak splitting indicates two unique
chemical environments, reflecting either exchange between two conformations of

the GR dimer or conformational asymmetry between the GR dimer partners.

Next, we compared HSQC profiles for a panel of GBSs that differ in
nucleotide sequence only at base positions that are not directly contacted by GR.
The peak assignments for the GR-DBD:Gha spectrum were transferred to
spectra of these GR-DBD:GBS complexes. The overlay of spectra for GR-DBD
bound to Fkbp5 (red) and Sgk (green) or Gha (blue) revealed a unique chemical
shift pattern for each GBS complex. For example, GR-DBD:Fkbp5 and GR-
DBD:Sgk spectra showed significant chemical shift differences from GR-

DBD:Gha for ~25% of assigned residues. This indicates that each GR-DBD
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complex is structurally distinct and that the GBS-specific GR conformations must

be dependent on GBS bases that are not directly contacted by GR.

Specific GBS base positions modulate discrete regions of GR-DBD

We compared spectra of the GR-DBD bound to GBSs that differ at specific
nucleotide positions (Fig. 2.3). Pair wise comparison of GR-DBD:GBS
complexes that differ only in the spacer revealed significant chemical shifts for
residues A477 and G478, with distinct patterns dependent on spacer sequence
(Fig. 2.3a, top). Specifically, GBSs with a TTT spacer (Pal-R and Sgk) share the
same A477 and G478 conformation, whereas GBSs with a GGG spacer (Fkbp5
and Sgk-ggg) share a second conformation. The asymmetric spacer, TTG,
results in peak splitting for A477 and G478, suggesting conformational

asymmetry of GR dimer partners.

We used chemical shift difference analysis, which is sensitive to long-
range conformational changes [32], [33], [34], to determine how differences in
GBS base position affect specific regions of the GR-DBD. For example, changing
the spacer from TTT to GGG produced conformational changes in the
recognition helix (H1), lever arm, dimerization loop (D-loop) and a short helical
stretch upstream of H2 (Fig. 2.3b-c, top). GBS variants that differ by only one
nucleotide (TTT vs. TTG) affected many of the same regions of the GR-DBD as
changing all three spacer positions (Fig. 2.3c, middle).
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Changing the GBS from palindromic to asymmetric by varying positions 13
and 15 resulted in a different pattern of conformational shifts than changing the
GBS spacer (Fig. 2.3a, bottom). In this case, residues G453, K461, and Y497
undergo peak splitting, with one of the doublet peaks significantly and
consistently shifted. This suggests that introducing asymmetry at one GBS half
site induces an alternate conformation for one of the GR-DBD dimer partners.
Pair wise comparison of GBSs that differ only at positions 13 and 15 displayed
chemical shift differences that mapped to zinc-finger 1 (upstream of and within

H1) and H3 (Fig. 2c, bottom, and Supplementary Fig. 2.10).

Therefore, in addition to the lever arm identified by crystallography, NMR
revealed several regions of GR-DBD whose conformations are influenced by the
precise binding sequence. Furthermore, distinct GBS nucleotide positions
affected specific regions of GR-DBD—notably, changes in GBS spacer induce
conformational shifts in H1, the lever arm and D-loop, implying a path of
conformational shifts between the DNA interface and the dimerization interface
(Fig. 2.3b). Having previously demonstrated that the lever arm affects GBS-
specific structure and activity [6], this NMR study suggests that the dimerization
interface plays a similar role. Furthermore, the apparent pathway of
conformational shifts suggests that variations in GBS affect GR structure at a

second site.
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Figure 2.2 Comparison of ’N-HSQC spectra of three GR-DBD:GBS

complexes.
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Figure 2.3 GBS affects GR-DBD conformation at distinct surfaces.
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Figure 2.3: GBS affects GR-DBD conformation at distinct surfaces.

(a) Effect of specific base changes to GBS spacer (top) or half site (bottom) at
selected residues that shared common shift patterns. (b) Magnitude of combined
'H and "°N chemical shift difference (3A) between GR-DBD:Fkbp5 and GR-
DBD:Pal spectra for each assigned residue colored onto the crystal structure of
GR-DBD:DNA. Unassigned residues are colored white. (c) Chemical shift
difference analysis for pair wise comparison of GR-DBD complexes with TTT
spacer compared to GGG (top), TTT spacer compared to TTG (middle), or
AGAACA half site compared to AGACCG (bottom). Peaks unambiguously arising
from peak splitting were assigned to their corresponding residues and dA values
for both peaks are plotted. Grey bars indicate residues where all comparisons
show a Ad greater or equal to the mean Ad of all peaks in each pairwise

comparison.
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GR A477T affects GBS-specific transcriptional regulation

To investigate the functional significance of GBS-specific structural changes, we
tested whether perturbing the dimer interface affected GR activity in a GBS-
specific manner. Since the dimerization interface residue, A477, was significantly
shifted by changes in spacer sequence, we focused on this residue. A477 makes
one of the four dimerization contacts within the GR-DBD [5]—a backbone
hydrogen bond between the carbonyl of A477 and the dimer partner amide of
1483. A mutation in this residue, A477T, has been studied previously and has
been suggested to alter GR activity at endogenous genes [35]. To determine how
A377T affects transcription at the binding sequences that were investigated by
NMR, we tested the impact of the A477T mutation in GBS reporter assays. GR
A477T differed from GR WT in a GBS-specific manner: decreased (Pal-R, Sgk,
Fkbp5), increased (Sgk-ggg, Sgk-ttg, Pal-F, Gha), or equivalent (Gilz) (Fig.
2.4d). Thus, a point mutation at the dimerization interface did not abolish GR

activity, but instead resulted in reinterpretation of GBS signals by GR.

A477T mutation disrupts GR conformation at the dimer interface,

recognition helix and lever arm
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How the A477T mutation results in reinterpretation of GBSs by GR is not clear,
as the structural and biophysical impact of this mutation has not been previously
determined. We compared the chemical shift profile of GR WT to A477T bound
to the Fkbp5 GBS (Fig. 2.4a). The GR-DBD A477T spectrum showed that many
peaks overlaid well with GR WT, but that over 30% of residues were significantly
shifted as a result of the A477T mutation. Importantly, these peaks did not
overlay with those corresponding to the unbound GR A477T, indicating that the
protein is completely bound to DNA (Supplementary Fig. 2.12). Transfer of peak
assignments from the GR WT spectra to the GR A477T spectra was ambiguous
because of the number and magnitude of shifted peaks. Instead, we quantified
the chemical shift difference as the distance between each peak in the GR WT

spectra to the nearest peak in the GR A477T spectra[36].

Comparison of GR WT and GR A477T for Gha, Fkbp5, and Sgk
complexes (Fig. 2.4b) revealed A477T-specific shifts mapping to the D-loop and
also to residues surrounding 1483, suggesting that the A477T mutation disrupts
the dimerization interface. Additionally, conformational shifts mapped to the lever
arm and recognition helix of GR, despite their distance from the A477T mutation.
Thus, for GR WT, conformational shifts associated with varying the DNA
sequence map to the GR lever arm and the dimerization interface (Fig. 2c).
Conversely, conformational shifts resulting from a mutation in the dimer interface
affect the lever arm and DNA-binding interface. This further suggests that the

dimerization and DNA interfaces are allosterically coupled.
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Figure 2.4: Disrupting the dimerization interface alters GR-DBD

conformation at the lever arm and DNA recognition helix.
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Figure 2.4: Disrupting the dimerization interface affects GR-DBD

conformation at lever arm and DNA recognition helix.

(a) Comparison of "N-HSQC of GR WT (red) and A477T (black). (b) Chemical
shift difference between GR WT and GR A477T spectra for three GBS
complexes. Grey bars highlight residues with a chemical shift difference
=0.05ppm between GR WT and GR A477T for all three GBSs. UA = unassigned.
(c) Magnitude of combined proton and nitrogen chemical shift difference between
for GR WT and GR A477T bound to Fkbp5 colored onto the crystal structure of
GR-DBD:Fkbp5. Unassigned residues are colored white. (d) Comparison
transcriptional induction for GBS luciferase reporters by GR WT (yellow) and GR

AATTT (grey) in U20S cells treated with 100nM dex.
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AAT7TT disrupts GR cooperativity but not stoichiometry

To determine the mechanism by which the A477T mutation affects the GBS-
specific activity of GR, we investigated DNA binding affinity by gel shift.
Comparison of GR WT and A477T binding to the Pal-R and Sgk GBSs showed
reduced DNA-binding affinity of A477T (Fig. 2.5a,c). GR dimer complexes were
formed at saturating concentrations for both GR WT and A477T, indicating that
the mutant can indeed dimerize on DNA. As the WT GR binds cooperatively to
DNA, we suspected that the decreased affinity of the A477T mutant resulted from
reduced cooperativity. For the WT, the transition from free DNA to dimer
complex occurs with only a minor population of monomer, clearly demonstrating
strong positive cooperativity. In contrast, A477T displayed little cooperativity,
nearly saturating DNA as a monomer prior to dimer formation (Fig. 2.5a). Also,
the dimer species was substantially broadened for A477T relative to WT, likely
reflecting enhanced dissociation. We further compared binding of GR WT and
A4T7T7T to a GBS half site (Fig. 2.5b) to distinguish whether the reduced overall
affinity of A477T was due to impaired DNA recognition resulting from this
mutation. We found that monomer binding was equivalent for WT and A477T,
indicating that the A477T mutation does not disrupt the DNA-binding ability of the
monomer (Fig. 2.5b and c), suggesting instead that the reduced affinity is due to

reduced cooperativity.
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To quantitatively compare WT and A477T complexes, we used surface
plasmon resonance (SPR) to monitor how binding sequence affects GR WT and
AATTT activity in vitro under similar conditions as used for NMR studies. We
compared two GBSs whose transcriptional induction was reduced (PalR) or
unaffected (Gilz) by the A477T mutation in reporter assays. The A477T mutation
results in a 10-fold and 5-fold decreased binding affinity for PalR and Gilz,
respectively (Fig. 2.6a and d). Notably, maximal binding was equivalent for GR
WT and A477T, again indicating that the mutant binds to DNA at the same
stoichiometry as WT (Fig. 2.6b). To analyze cooperativity, we fit SPR binding
isotherms to Hill coefficients (ny) and determined an ny value of 2.1 and 1.8 for
GR WT and 1.4 and 1.3 for A477T, for both Pal and Gilz GBSs, respectively (Fig.
2.6d). Thus, the A477T mutation results in reduced but not abolished

cooperativity.

As the transcriptional activity of GR is likely dependent on the length of
time the active dimer complex is bound at a given response element, we also
quantified the impact of A477T on the kinetics of the GR-DBD:GBS complex.
SPR binding traces revealed that GR WT dissociated from Pal and Gilz with a t12
of 55 and 23 sec for PalR and Gilz, respectively. In contrast, GR A477T
dissociated from both GBSs with a t4,» of 5 sec, reflecting 10-fold and 5-fold
increased rates of dissociation, respectively. Intriguingly, the dissociation of GR
WT is dependent on the GBS, whereas A477T kinetics appeared
undiscriminating of sequence (Fig. 2.6¢). This suggests that the A477T mutation

disrupts GBS-specific signals that modulate GR dissociation.
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To understand how dissociation kinetics impact GBS-specific activity, we
extended our analysis to a larger panel of seven GBSs and determined Ky, t1/2,
and ny for each GBS complex (Supplemental Table 1). For all GBSs, A477T
had lower affinity, faster dissociation and reduced cooperativity compared to WT.
We compared the relationship between transcriptional activity and Ky, t12 and
ny to determine whether these DNA-binding properties could explain the GBS-
specific transcriptional activity of WT and A477T. We found a surprising
correlation between transcription and affinity (R?=0.7) or dissociation (R?=0.9) for
AA4T7T, but no relationship between transcription and affinity (R?=0.2) or
dissociation(R2=O.06) for WT (Fig. 2.7). This indicates that disrupting the
dimerization interface reduces GR transcriptional activity, to a simple product of
affinity, and suggests that more sophisticated GBS-specific signaling by GR WT

is dependent on the A477 residue.
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Figure 2.5 A477T impairs dimerization but not monomer DNA-binding.
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Figure 2.5: A477T impairs dimerization but not monomer DNA-binding.

Gel shift assay monitoring binding of GR-DBD WT and GR-DBD A477T to (a)
24bp Pal and Sgk GBSs conjugated with Alexa-488 fluorophore at a
concentration of 5 nM. (b) Pal Half and Sgk Half GBSs, where one half-site is
mutated to the least favorable nucleotide at each position based on the ChIP-seq
binding moatif. (c) Quantification of fraction DNA bound with increasing
concentration GR WT (open squares) or GR A477T (filled triangles) for each

binding site. Error bars=s.e.m, for n=2-4 replicates.
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Figure 2.6 GR A477T disrupts cooperativity and GBS-specific dissociation.
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Figure 2.6: GR A477T disrupts cooperativity of dimerization and GBS-
specific dissociation. (a) Binding isotherms for a concentration series of
~700pM to 200nM for GR-DBD WT and ~1.4nM to 400nM for A477T binding to
immobilized biotin-GBS surfaces at 35°C from 3 separate titrations, normalized
to fit Bmax. (b) Binding traces from a single titration experiment for GR WT and
GR A477T. (c) Dissociation curves for binding to Pal and Gilz GBSs for GR WT
(top) and GR A477T (bottom). (d) Affinity (K4/2), Hill coefficient (ny) parameters
from fitting isotherms to a Hill Equation. Parameters from titration experiments

were normalized to Bmax individully and fit globally, n=3.
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Figure 2.7 GR A477T disrupts cooperativity and GBS-specific dissociation.

Correlation between transcriptional activity and binding affinity (K1/2) or

dissociation (t1,2) determined for WT (blue) and A477T (red) binding to seven

GBS surfaces at 8°C.
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An allosteric path through the dimerization interface modulates lever arm

conformation

To dissect the structural mechanism by which A477T results in
reinterpretation of GBS signals, we monitored lever arm conformation, which is
GBS-sensitive [6]. Using ®*N-HSQC as a read-out of conformation, the lever arm
residue G470 displayed a single peak for symmetric GBSs, and doublet peaks
for asymmetric GBSs (Fig. 2.8a). A simple interpretation of G470 peak splitting
is that there is a unique lever arm conformation for each GR-DBD dimer partner,
and that this conformation depends on the GBS half site to which it is bound.
This predicts that GBSs that are identical at one half site, but different at the
other will have one overlaid G470 peak and one non- overlaid peak. In contrast,
G470 chemical shifts overlaid from GBS complexes that are identical at one half
site showed that both singlet and doublet G470 peaks were unique in all four
spectra. Thus, the lever arm conformation of each GR dimer partner depends on
the sequence of both its directly contacted half site and the half site of its dimer
partner (Fig. 2.8c). This suggests that lever arm conformation is determined by

communication between dimer partners.

We hypothesized that the path connecting the recognition helix to the
dimerization interface transmits GBS-signals between dimer partners. To test
this, we compared the HSQC spectra of GR A477T bound to different GBSs (Fig

2.8b). In the GBS complexes tested, the G470 peaks collapsed to a single
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overlaid peak, though other GR-DBD residues outside of the lever arm displayed
GBS-specific conformations. Therefore, disrupting allosteric communication
between dimer partners abolished the sequence-specific conformation of G470
within the lever arm. Building on the conclusions from the GBS reporter assays,
this suggests that an allosteric path extending from the recognition helix to the
dimerization interface integrates GBS signals between dimer partners. These
signals are transmitted to the lever arm, and are likely further propagated to other

domains of GR.
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Figure 2.8 Sequence-specific lever-arm conformation is dependent on

intact dimerization interface.
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Figure 2.8: Sequence-specific lever-arm conformation is dependent on

intact dimerization interface.

(a) ""N-HSQC zoomed on chemical shift of residue G470 of lever arm for GR WT
bound to two asymmetric GBSs (Gilz, Pal-ttg) and two palindromic GBSs (Pal,
Fkbp5). (b) Overlay of G470 peaks from GR WT (top) and GR A477T (bottom)
bound to Sgk, Pal, Gilz and Fkbp5 GBSs. (c) Model depicting how
communication across the dimerization interface is necessary for GBS-specific
conformations. Both half-sites of the GBS determine the conformation of each
GR dimer partner by transmitting information from the adjacent GBS half-site
across the dimerization interface through A477. (top). When the dimerization
interface is disrupted, the sequence information from the adjacent half-site is lost,

resulting in lever arm conformations that are insensitive to GBS.
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2.3 Discussion

Genomic response elements are composed of sequence motifs that specify
binding of distinct sets of transcriptional regulators to execute gene-specific
control of transcription. While such gene specificity can certainly arise from the
different combinations of motifs that reside at these composite response
elements, our previous work suggested that even combinations of bases in a
single binding motif could determine gene-specific activity. We showed here that
90% of 30,000 GBSs identified were unique, thus providing a great deal of signal
diversity for potential gene-specificity. However, this would require that non-
contacted bases of the GBS somehow impart a substantial amount of that
specificity. Crystal structures comparing GR-DBD:GBS complexes suggested
that sequence-specific differences in DNA shape might contribute to specificity.
While other DNA-binding proteins utilize DNA shape in sequence
recognition{Rohs:2009ky}, we suggest here that DNA shape may specify activity
once GR is bound to DNA. To understand the effect of the isolated GBS
sequence on GR structure and activity, we used a simplified system consisting of
individual GBSs and the DBD of GR, in the absence of additional inputs. The
quantitative NMR chemical shift differences highlighted by comparison of
different GBS complexes revealed a potential allosteric path between the DNA-
binding and dimerization interfaces that transmits signaling information

embedded within GBSs.
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Two results provided evidence that this pathway extends through the
dimer interface and into the adjacent GR dimer partner. First, the lever arm
conformation for each GR dimer partner is dependent not only on the sequence
of the half site to which it is directly bound, but also on the sequence of the
adjacent half site. Second, introducing a mutation in the dimerization interface
diminished the effect of the half-site sequence on the adjacent dimer partner.
Thus, GBS signals are not simply the sum of the information encoded in each
half site. Instead, we propose that allosteric communication between GR dimer
partners may enable integration of sequence-specific signals from both GBS half
sites, exponentially increasing the informational complexity of the GBS.
Moreover, we predict that this intermolecular allostery can be traced from the
GR-DBD into other GR domains and even propagated into other factors of the

transcriptional complex to determine gene-specific transcriptional outcomes.

Multidirectional signaling between several interaction surfaces of the
receptor appears to be a critical feature of combinatorial control. For example,
biological and biochemical studies with GR and other nuclear receptors have
provided evidence that binding sequences can modulate receptor interactions
with coregulators[16], that ligands can modulate interactions with DNA [37] and
that both DNA and ligands can direct interactions with coregulators[19]
Additionally, we previously showed that co-recruitment of a coregulator with GR
to the genome is gene-specific[38] and that different GBSs can confer differential

cofactor requirements [6]. While these studies do not explain how all of these
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signals are integrated, our structural analysis of the effects of GBS sequence on
the A477T mutation provides a model where structural changes at the DNA-
binding interface are coupled with changes at the GR dimerization surface,
indicative of bidirectional allostery. It is likely that additional paths that detect
other GR input signals act in tandem to form a regulated allosteric network.
Indeed, evidence for allosteric paths that integrate ligand signals between dimer
partners have been inferred from evolutionary conservation[20]. We speculate
that in the cellular context, the particular combination of signals including GBS
sequence, ligand structure, coregulator interactions and post-transcriptional
modifications determine the composition and function of gene-specific
transcriptional regulatory complexes. Therefore, this study sets the stage for a

mechanistic understanding of signal integration in combinatorial control.

It remains to be determined whether each GBS-specific conformational
profile represents a single conformation or an average of conformational states
that are sampled by GR. Consistent with the latter, crystal structures of GR-
DBD:GBS complexes suggest that the lever arm has alternate conformations that
are dependent on the GBS. Here, our NMR spectra indicate multiple
conformational states as evidenced by peak splitting for a subset of residues.
Additional NMR experiments suggest that peak splitting arises from
conformational exchange occurring within 200msec (Figure 2.18), thus two
orders of magnitude faster than the half-life of the GR-DBD complex bound to
DNA. Therefore, this peak splitting appears to be due to the GR-DBD dimer

sampling at least two discrete conformations while bound to DNA. Extending this
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view, we speculate that each GR-DBD:GBS complex may differentially access
conformational states that preferentially interact with particular transcriptional
coregulators. Future experiments investigating the interconversion between
alternate conformations of different GR-DBD:GBS complexes will likely provide

additional insight into mechanisms of specificity.

Our functional comparison of GR WT and GR A477T DNA-binding implied
that the dissociation kinetics of the GR-DBD:GBS complex are affected by the
binding sequence and accelerated by the A477T mutation. It is thus tempting to
speculate that the GBSs may, in part, impact GR activity through altering the
turnover of GR:DNA complexes. Previous studies indicated that interactions with
response elements are highly dynamic, on the timescale of seconds [39], and
that disassembly of regulatory complexes may be driven continuously by cellular
factors such as chaperones or the proteosome [40]. How GR DNA-binding
kinetics are regulated and how they impact transcriptional activity remains an
open question. Our results suggest that binding sequences may differentially
affect the association of transcriptionally active GR:DNA complexes, thus

contributing to the specificity of gene regulation by GR.
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2.4 Supplemental Figures

Figure 2.9 NMR assignment of DNA-bound GR-DBD.

The HSQC spectra of the 2H,"*C,"°N-labeled GR-DBD dimer bound to the Gha
binding site with stoichiometrically of 2:1 GR monomer to dsDNA (red). The GR-
DBD:Gha spectra was measured on a 600MHz spectrometer at 35°C. Unlabled
peaks represent unassigned residues or side-chain H-N crosspeaks. These

assignments were transferred to additional GR-DBD:GBS complexes.
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Figure 2.10 Heatmap of chemical shifts differences between GR-DBD WT

complexes.

Chemical shift differences resulting from changing GBS positions 13 and 15 (left)

or spacer positions 7-9 (right). Residues are colored as in figure 2.3.
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Figure 2.11 Heatmap of chemical shift differences between WT and A477T

complexes.

Residues are colored as in figure 2.4.
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Figure 2.12 "*N-HSQC comparison of the DNA-bound GR WT and GR

AAT7TT versus apo GR-DBD .

The peaks that differ between GR WT and A477T do not overlay with the apo GR

peaks, suggesting that GR A477T is not a partially-DNA bound variant of GR

WT. Peaks corresponding to residues in the recognition helix of GR are labeled

to highlight that these residues in particular do not match the apo GR
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Table 2.1 Summary of DNA-binding parameters of GR-DBD across seven

binding sites.

GR WT and A477T binding to seven GBS sequences detected by SPR. Data

represents parameters extracted from fitting curves generated from globally

averaged data from duplicate or triplicate experiments consisting of a 15-point

dilution series of protein concentrations. These experiments were run at 8°C to

avoid the dissociation of double-stranded DNA from immobilized surfaces

occurring over time.

Wi ildtype A4TTT
GBS K1/2 nH K1/2 nH
FKBP5 121+02nM  1.95%0.06 55+ 1 nM 1.42 +0.02
GHA 2.7+0.2nM 22+0.2 21+1nM 1.17 £ 0.05
GlLZ 126+02nM  1.87+0.05 71+5nM 1.07 £0.03
PAL 3.1+0.1 nM 2.1+0.1 39+ 1nM 0.93+0.03
SGK 9.7+0.2nM 1.84 £ 0.06 42 + 1 nM 0.97 £ 0.02
SGKggg 204+ 0.7 nM 1.92 + 0.06 166 + 23 nM 111 +£0.05
SGKitg 12.6 £ 0.8nM 2302 48 + 17 nM 14+0.2




Figure 2.13 Effect of GBS Spacer on cooperativity and dissociation.

Cooperativity (ny) and dissociation time (t1,2) were determined by fitting GR
binding to seven different binding sites as measured by SPR at 8°C. GBS spacer
sequence can modulate GR cooperativity (compare SGK and SGKittg, top plot).
Also, GBS spacer sequence can affect DNA-binding kinetics (compare Pal and

Fkbp5, bottom plot).
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Figure 2.14 Comparison of affinity and dissociation of GR WT and A477T.

DNA-binding of GR-DBD WT and A477T was measured for seven GBS across
15 protein concentrations at 8°C. Binding isotherms were calculated from
steady-state responses and fit to a 2-site model to generate K4, measurements
of affinity. Dissociation curves were fit to a single site model to determine
apparent dissociation rates (ko). Data points for each binding site are shown as
closed circles for GR WT (blue), and A477T (red). Blue and red shading
indicate the range of affinity and dissociation rates for each protein, respectively.
GR WT has a broader range of dissociation rates across seven binding sites

compared to A477T.
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Figure 2.15 SPR comparison of GR WT and A477T across seven binding

sites at 8°C.
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Figure 2.16 Assignment of "’N-HSQC of GR-DBD at 25°C.

The ">N-HSQC spectra of ?H,">C,"°N-labeled apo GR-DBD (aa 440-525)

measured on a 500MHz spectrometer at 25°C. All 85 residues (except P493)

were assigned to their corresponding H-N crosspeaks. Unlabled peaks

represent side-chain H-N crosspeaks.
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Figure 2.17 Comparison of apo and DNA-bound GR-DBD.
The ">N-HSQC spectra of the apo ?H,"*C,"*N-labeled GR-DBD (blue) overlayed
onto the spectra of the ?H,">C,"°N-labeled GR-DBD dimer bound to the Gha

binding site with stoichiometrically of 2:1 GR monomer to dsDNA (red).
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Figure 2.18 Analysis of GR-DBD conformational exchange.

NMR spectra showing chemical exchange of the GR-DBD:Sgk complex as
measured using 'H-°N zz-exchange[41]. Peak splitting is detected for the G453
residue peak by "’N-HSQC and here by 'H-"°N zz-exchange with a delay of T=0,
indicating 2 different conformational states (top left panel). Ata 200msec mixing
time (T=200msec), exchange peaks are visible for G453 as indicated by
crosspeaks (top right and bottom left panel). Cartoon of expected crosspeaks
for conformational exchange (bottom right). This suggests that conformational
exchange occurs much faster than GR-DBD dissociation (< 200 msecs versus

25-55 seconds).
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Figure 2.19 The effects of each GBS nucleotide position on the

conformation of the lever-arm residue G470.

Comparison of the lever arm G470 residue in 'H-">N HSQC of GR-DBD:WT
bound to GBSs that differ at a single base position within the non-consensus
halfsite. The broadening observed for mutation of the T12 GBS position, a base-
specific contact, suggests that G470 may sample several conformations when
this contact is absent (panel m12). This broadening is not observed when the
base-specific contact to the C14 position is lost in the Sgk-m14 GBS. The
largest chemical shift difference between the G470 doublet peaks is observed

when the spacer or adjacent nucleotide is changed (positions 9 and 10).
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Chapter 3

The role of the GR dimer interface in
gene-specific transcriptional activation
and DNA occupancy

3.1 Introduction

Previous work from the Yamamoto Lab showed that disruption of
functional surfaces in each domain of GR (AF1, AF2 and DBD)—results in gene-
specific effects on transcriptional regulation, indicating a differential role for each
of these surfaces at GR target genes [42]. Taken together with studies
demonstrating that particular GR coregulators are required or recruited in a gene-
specific manner [38], [43], these results suggest that GR functional surfaces are
differentially engaged at target promoters resulting in selective recruitment of
transcriptional coregulators. Furthermore, DNA-binding sequence is sufficient to
direct differential requirement of GR functional surfaces and coregulator usage
[6]. In this study, we sought to categorize the function of a particular GR
interaction surface in a single cell type by cross-examining two aspects of GR
activity: regulation of endogenous gene-expression and occupancy at genomic

response elements.
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The structural, biophysical and cell-based studies described in Chapter 2
provide a model that the GR dimer interface plays a role in directing GR gene-
specific transcriptional activity by relaying signals between the DNA-binding
interface and other regions of the DBD. Comparison of GR WT and A477T by
NMR indicated that this mutation induces conformational shifts in the DNA-
binding interface (Figure 2.4a), consistent with the possibility that the DNA
sequence specificity for A477T may be distinct from WT. Furthermore,
transcriptional assays demonstrated that A477T is a more potent transcriptional
activator than GR WT at selective GBSs (Figure 2.4d) and endogenous genes
[42], despite its reduced affinity, suggesting that the A477T mutation can also
impact GR signaling at a step downstream of DNA-binding [44]. Thus, a single
mutation may impact gene-specific regulation through multiple mechanisms
including (1) differential binding at genomic response elements and (2) different
modes of GR activity mediated by structural changes in GR functional surfaces.
Given our detailed understanding of the affect of the A477T mutation on GR-DBD
structure and in vitro DNA binding (Chapter 2), this mutant serves as a precise
tool to dissect the mechanism by which the A477 residue, and the dimer surface

as a whole, contribute to GR gene-specific activity at endogenous genes.
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Figure 3.1 GR-DBD:DNA highlighting the inter-subunit contact between

A477 and 1483
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3.2 Results

GR WT and A477T differentially regulate gene expression in U20S cells

To investigate the affect of the A447T dimer interface mutation on GR
transcriptional regulation, we identified GR-regulated genes in U20S cell lines
that stably over-expressing rGR WT or A477T [42] treated with 100 nM
dexamethasone for 2, 4 and 24 hours by gene expression microarray (Figure
3.2). We found that the number of both up-regulated and down-regulated genes
increased with longer dex-treatment, and therefore focused on the earliest (2
hour) time point in order to favor the identification of GR primary target genes,

rather than downstream secondary targets.

We found 242 dex-regulated genes were specifically regulated only in GR
WT and 256 genes were specifically regulated in A477T-expressing cells. In
contrast to reports that A477T can only mediate transcriptional repression [45],
the subsets of WT-specific and A477T-specific genes contained both GR-
activated and GR-repressed genes. Additionally, 132 genes were similarly dex-
regulated in both GR WT and A477T cell lines. Therefore, GR WT and A477T
regulate a nearly equivalent number of target genes, despite that the A477T
mutant has a lower DNA-binding affinity in vitro at all binding sites tested (Figure

2.5 and Table 2.1). Furthermore, the A477T gain-of-function at 256 genes
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indicates that the mutation modifies rather than impairs GR function. Taken
together with the findings described in Chapter 2, the 132 genes that are
regulated by both WT and A477T suggest that there is a subset of targets where
GR activity is independent of the inter-subunit communication mediated by

A4T7TT.
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Figure 3.2 Effect of GR A477T mutation on GR gene transcription

regulation

wt
e wtand A477T
®  A4T7TT

» neither
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| I |
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Scaterplot of dex-regulated genes in U20S cell lines over-expressing GR WT or
GR A477T as measured by gene expression microarray (lllumina Bead Arrays
RefSeq8). Cells were treated for 2 hours with 100nM dexamethasone compared
ethanol and dex-regulated genes for GR WT and A477T are compared by

scatterplot as log, fold change.
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We hypothesized that the affect of the A477T mutation on GR gene-
specific regulation may in part be due to (1) differential DNA-binding and
sequence recognition of A477T compared to WT and/or (2) different modes of
transcriptional regulation. To address the first mechanism, we examined
genomic binding of GR WT and A477T by chromatin immunoprecipitation
followed by deep sequencing (ChlP-seq). We monitored GR occupancy after 90
minutes of dex treatment, in order to best capture GR binding events that are
responsible for changes in gene expression detected at 2 hours of dex treatment
by microarray. GR WT or A477T-bound chromatin was isolated by
immunoprecipitation using an antibody against the N-terminal domain of GR,
thus avoiding any affect that the DBD mutation (A477T) might have on antibody
recognition. Enrichment of GR-bound regions was validated by quantitative PCR
amplification of control endogenous GR binding sites in dex versus ethanol-
treated samples (Rajas Chodankar, USC). ChIP-purified chromatin was
amplified by PCR, ligated with sequencing adaptors and sequenced with paired-
end reads using a Genome Analyzer Il. Ten and seventeen million reads were
sequenced for WT and A477T, respectively. Sequencing reads were mapped to
the human genome and approximately and 48,00 and 73,00 peaks were

identified for the WT and A477T data set, respectively.
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Gene expression and GR occupancy identify distinct classes of regulated

genes

To identify GR-occupied regions responsible for GR WT or A477T-specific
transcriptional regulation, we scanned for binding sites surrounding the
transcription start sites (TSS) of genes that were differentially regulated in
microarrays. Peaks identified near differentially-regulated genes were classified
as candidate GR response elements (GREs) and selected for further study,
giving preference to the following criteria including: (1) located <20 kB from the
TSS, (2) associated with genes that are compact and with a low number of
associated occupancy peaks (3) of physiological significance for GR regulation.
Due to the scarcity of GR binding regions identified near GR-repressed genes,

we focused on differential regulation of dex-induced gene targets.

From cross-comparison of genome-wide GR regulation and occupancy,
we identified five distinct classes of GR activated genes, covering all possible
combinations of binding and regulation: (1) bound and activated in WT but not
A477T, (2) bound in both but regulated only in WT (3) bound and activated in
A477T but not WT, (4) bound and regulated in both WT and A477T, (5) bound in
both but regulated only in A477T (Figure 3.2). GR occupancy peaks for
candidate GREs described in Table 5.1 are shown mapped to their associated
genes for 3 of the 5 gene classes (Figure 3.3-3.5). Classes 1, 3, and 4 most
likely represent genes where the effect of A477T on GR transcriptional induction

is at the level of GR DNA-binding. In contrast, classes 2 and 5 represent GREs
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where the A477T mutation affects GR-dependent transcriptional induction

downstream of DNA binding.
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Table 3.1: Identification of Distinct Classes of Activated Genes.

Gene Class 1 2 3 4 5
WT + + + +
Occupancy
A477T + + + +
WT + + +

Gene Expression
A4T7TT + + +

MSX2** GPR153 CHST15 RGS2 RPILD****
S100P** GRASP1  HOXD1**  ZNF189  KIF25***

. I
= numb?r of b|r?d|ng WNT5A**  IGFBP1  ATP4a™*  CRYGC  FBXO32**
regions being studied KCNAG *** ITPKA SDPR

Table 3.2: Identification of Distinct Classes of Activated Genes

Genes identified by microarray as GR WT-specific, A477T-specific or non-
differential were sub-classified by GR occupancy as detected by ChlP-
sequencing. Candidate genes were selected that had at least one GR
occupancy peak within close proximity to the regulated gene (typically <20 kb)
that was either WT-specific, A477T-specific or present in both WT and A477T.
Gene expression by dexamethasone was validated by Q-PCR for genes
classified below. In many cases, multiple GR occupancy peaks were associated

with a single gene, as indicated by the number or asterics after the gene name.
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Figure 3.3: GR occupancy of WT- and A477T-specific genes detected by

ChlIP-sequencing.
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Figure 3.4 GR occupancy at WT and A477T non-differentially regulated

genes by ChiP-sequencing.
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Figure 3.5 GR occupancy at WT and A477T occupied regions at A477T-

specifically regulated genes.
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Figure 3.6 GR occupancy at WT and A477T non-differentially regulated

regions with GBS half sites.
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Figure 3.7 Comparison of WT and A477T binding motifs in U20S cells.

Motifs were generated from GR-bound peaks identified by GR ChIP-sequencing

using MEME in “zero or one motif per site” mode with a 2" order background

Markov Model based on the top 1000 peaks. Motif searches were extended out

to 18 base pairs, but with little gain in information value beyond 15 basepairs (for

GR WT). 15 base pair motifs are shown.
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To determine if binding regions identified by ChlP-sequencing were
sufficient to direct GR WT or A477T-specific transcriptional regulation,
approximately 500 bp genomic regions centered on identified peaks for genes
listed in Table 5.1 were cloned into luciferase reporter plasmids and transfected
into GR WT or A477T over-expressing U20S cell lines. GR-dependent reporter
induction with 100 nM dex was monitored by luciferase activity and normalized to
treatment with ethanol control for a preliminary panel representing candidate
GREs from 4 of the 5 gene classes (Figure 3.8). Intriguingly, both MSX2 binding
regions were sufficient to recapitulate GR WT-specific luciferase induction and
both HOXD1 binding regions were sufficient to recapitulate A477T-specific
induction. Furthermore, ZNF189 was similarly induced by both GR WT and
A47T7T, consistent with the pattern of transcriptional regulation of the endogenous
gene. The FBXO32 gene, which was A477T-regulated but bound by both WT
and mutant GR did not recapitulate endogenous gene expression patterns.
Perhaps this mode of regulation requires interaction with additional DNA-bound
factors outside of the 500 bp regions. The peak for RPL1, a negative control,
had little effect on reporter activity. Encouraged by the reproducibility of GR WT
and A477T-dependent regulation in a simple reporter system, future work will be
done to expand this binding region reporter study to a comprehensive panel of all

binding regions listed for the 5 classes of genes we identified in Table 3.1.

Motivated by the identification of the GR A477T binding motif
corresponding to a GR half-site (Figure 3.7), we investigated an additional class

of potential “monomeric GR” regulated genes consisting of OGFRL1 and
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KCMF1. The candidate genes for this class where chosen because they were
(1) regulated by both WT and A477T, (2) occupied by both WT and A477T, (3)
have a peak overlapping a GR consensus half site, but not a full site, and (4)
proximal to a gene TSS. For the OGFRL1 binding region #1, both WT and
A477T activated transcription to a similar extent, mimicking endogenous
regulation. In contrast, KCMF1 showed luciferase activation for both GR cell

lines, whereas endogenous gene expression was repressed by GR.
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Figure 3.8 Genomic response elements recapitulate WT and A477T-

specific patterns of transcriptional regulation.
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Figure 3.8: Genomic response elements recapitulate GR WT- and A477T-

specific regulation.

Comparison of GR WT and A477T transcriptional induction for Class 1 (MSX2),
Class 2 (HOXD), Class 4 (ZNF198, CRYCG), Class 5 (FBX032) and potential
GBS monomer-binding genes as described in Table 5.1. RPL1 is a negative
control consisting of a peak present in both WT and A477T that is below the
threshold for significant binding. Reporter plasmids contain 500 bp regions
corresponding to GR binding regions identified by GR WT and A477T ChIP-
sequencing for genes listed in Table 5.1. These regions were amplified from
genomic DNA of parental U20S cell lines (ATCC) and cloned into pGL4 vector
with the luciferase gene under the control of a dex non-responsive E4 TATA
promoter. Reporter plasmids were transiently transfected into U20S cell lines
stably over-expressing GR WT or A477T. GR-dependent luciferase induction
with 100 nM dexamethasone treatment for 16 hours was normalized to Renilla
control, then to ethanol induction and normalized to empty pGL4 vector. Erroris

S.E.M. of 3 biological replicates.
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3.3 Discussion

We investigated the functional significance of the dimer interface and the
intersubunit signaling pathway through the A477 residue by monitoring GR gene-
specific activity according to two different parameters—GR transcriptional
regulation and DNA response element occupancy. By comparing the effect of a
single mutation on genome-wide gene expression and chromatin occupancy, we
sought to identify classes of genes with similar modes of regulation, thus
providing a handle to derive mechanisms of specifity. Our study revealed at least
five classes of genes, suggesting that at least this many different mechanisms

contribute to GR gene-specific regulation.

We found that the number of dex-regulated genes in U20S cells
overexpressing either GR WT and A477T was nearly identical. In particular,
A477T regulated 256 novel genes that were unregulated by WT. Regulation of
novel gene targets by the GR A477T mutant has been reported from genome-
wide studies in liver cells[46] and, very recently, in U20S cell lines [47]. This is
surprising given the lower affinity of A477T for the canonical GR binding site in
vitro (Figure 2.5 and 2.6). One possibility is that the structural changes induced
by the A477T mutation modify GR sequence specificity, resulting in A477T
binding DNA with high affinity at binding sequences that are distinct from those
recognized by GR WT. Our in vitro binding study used only GR binding

sequences adhering to the WT consensus sequence, and thus did not test this
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possibility. Thus, there may be a binding motif that A477T recognizes with
equivalent affinity as WT binds to a consensus GBS. However, the binding motif
generated from A477T occupancy does not support this hypothesis, but instead
suggests that A477T preferentially binds a sequence motif consistent with a GBS
half site (Figure 3.7). Because the affinity of GR WT and A477T for a GBS half
site is equivalent (Figure 3.5), it is seems that the high-affinity DNA binding
sequence recognized by A477T cannot explain the regulation of novel A477T
target genes. Furthermore, half-site recognition is inconsistent with the
sequence-specific transcriptional profiles of GR A477T at eight GBSs that all
have the same strong half-site half and differ only in the sequence of the second

halfsite (Fig2.4d).

It is not surprising that the in vitro DNA-binding affinity is insufficient in
explaining the novel A477T targets identified by microarray, as DNA-binding
affinities determined in vitro may not correlate with binding affinities in the cell. In
vivo and cell-based studies of gene-specific regulation by the A447T mutant have
led to the hypothesis that A477T transcriptional regulation is intact only at binding
sites where GR interaction with repsonse elements is mediated by protein-protein
interactions with DNA-bound coregulators [48-50]. In this model, the A477T
mutation would retain only a subset of WT function, suggesting that the mutation
does not impair GR tethering to DNA through its interaction with other DNA-
bound factors. This model would predict that only a subset of the GR target
genes are regulated by A477T and thus also cannot account for the subset of

256 novel A477T-specific target genes.
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Our data is consistent with a view that the A477T mutation has a more
complex affect on GR gene-specific function. We suggest that each class of
regulated genes in Table 3.1 invokes a different mechanism for generating
specificity (Figure 3.9). One model to explain the gain-of-function A477T-specific
regulation and binding at a given gene is that A477T disrupts an interaction with
a factor that mediates GR turnover on DNA. Thus, at some genes, GR WT is
actively dissociated rapidly from DNA, where GR A477T remains bound at
response elements. While in vitro studies comparing the dissociation kinetics of
WT and A477T (Figure 2.6) show that A477T dissociates more rapidly from DNA
than WT (t12 of 5 secs versus 55 secs, respectively), the fast dissociation rate of

AATTT is similar to that determined for GR WT in the cell (~4 secs) [51].

A second model to explain the large subset of GR A477T-specific genes is
based on the differences in sequence specificity between WT and A477T.
Because GR recognizes a consensus 15 bp sequence with ~10-fold higher
affinity than GR A477T (based on in vitro binding), the majority of the WT
receptor within the nucleus will be bound with high affinity to these selective
sites. In contrast, the A477T recognizes a consensus half-site (Figure 3.7),
which it binds with lower affinity (compared to the WT recognition of the 15 bp
GBS). However, half sites are likely to be more commonly distributed throughout
the genome than consensus 15 bp GBSs. Thus, while GR WT is predominantly
bound at high affinity to specific 15bp GBSs, A477T has no preference for these
sites over the numerous half-sites throughout the genome. However, A477T

appears to have a more stringent requirement for an “ideal” GRE halfsite with the
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sequence “AGAACA”, based on the higher information content of the A477T
motif compared to the WT motif (Figure 3.7). Thus, response elements that are
overlooked by GR WT, may be bound by A477T, due to lack of discrimination
between half sites and full sites. A caveat of this model is that it assumes a
limiting amount of GR in the nucleus, in order to explain why GR WT would not
also associate with the lower affinity half-sites. Further analysis of the binding
motifs identified within the WT and A477T non-differential genes may lend insight
into this model, as one might predict that these are genes that contain at least
one “ideal” halfsite within the consensus 15bp GBS, thus meeting the

requirement for both the WT and the A477T binding motifs.

A third model, that can potentially explain multiple classes of WT and
AATTT regulation is that structural differences induced by the A477T mutation
may impart differential interaction of WT and A477T with GR coregulators and
other transcription factors, thus contributing to gene-specificity (Figure 3.9).
Therefore, by grouping GR target genes according to these mechanistic classes,
we believe that the coregulators responsible for each regulatory patterns may be
revealed. To test this hypothesis, future studies will investigate the requirement
of a panel of 30 known GR coregultors in the WT and A477T-dependent
regulation of target genes listed in Table 3.1, by cofactor knockdown in U20S-
GR cells. These experiments will be done using luciferase reporters driven by
~500 bpGR binding regions associated with genes that recapitulate endogenous
expression patterns (as in Figure 3.8). One limitation of this experiment is that it

requires that the specificity determinants for a given cofactor are encoded within
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the 500 bp response element. While this requirment is stringent, an advantage is
that it will allow for further mechansitic characterization of cofactor interactions
within GR WT and A477T complexes by further “promoter-bashing” of GR

binding regions.
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Figure 3.9 Model for mechanisms of regulation by WT and A477T.
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Chapter 4 A naturally occurring
insertion of a single amino acid rewires
the transcriptional program induced by
the glucocorticoid receptor

4.1 Introduction

The functional experiments described by Meijsing, et al. and in Chapter 2 of this
thesis provide evidence that the GR DNA binding sequence not only localizes
GR to appropriate genomic response elements, but also encodes information for
the regulation of a particular gene. Both NMR and crystallographic studies
suggest that interactions at the protein:DNA interface are coupled with sequence-
specific structural changes at the lever arm [6](and Chapter 2). Furthermore,
NMR comparison of GR WT and A477T when bound to different GBSs suggests
that the dimerization interface plays a role in integrating sequence-specific
signals between GR dimer partners to modulate the lever arm conformation. This
lead us to propose that allosteric communication between the GR DNA-binding

interface and other GR-DBD surfaces, such as the lever arm in particular,
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contribute to GR gene-specific activity. However, the functional significance of

the sequence-specific conformations of the lever arm is not clear.

The position of the lever arm within the isolated GR-DBD structure
suggests that it is accessible for protein-protein interactions, either with other
domains of GR (AF1, LBD, hinge region) that are absent in our structural studies
of the DBD, or with transcriptional coregulators that interact with the DBD.
Cofactor interactions mediated specifically by the GR lever-arm have yet to be
identified. While the interaction surfaces between domains of full-length GR are
not known, crystallography studies with related receptors—a heterdimeric
retinoid X receptor (RX) and peroxisome proliferator-activated receptor (PPAR)
complex—indicate that the DBD region corresponding to the lever arm of GR are
positioned to interact with the LBD of the heterodimer partner (RXR) or are highly

accessible to bind other factors (PPAR) [52].

Interestingly, a natural isoform of GR (GRy) differs from the predominant
GR species (GRa, referred to as GR WT in previous chapters) by a single amino
acid insertion in the lever arm. The additional amino acid is a consequence of
alternative splicing resulting in the inclusion of an arginine in the lever arm. This
isoform variant is widely conserved suggesting a functional role in GR signaling
[53], [54]. The crystal structures of the GRa:DBD and GRy:DBD show that the
insertion does not alter base-specific contacts to DNA, but does alter the
conformation of the lever arm [6]. Therefore, the GRy variant serves as a specific
tool to investigate the functional significance of lever arm conformation in GR

gene-specific regulation.
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Figure 4.1 Model for mechanisms of regulation by WT and A477T.
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4.2 Results

Transcriptional regulation and genomic binding by GRa and GRy

To determine how disrupting the lever arm affects GR gene-specific
transcription, genes that were regulated by 3 hours of dex treatment were
compared between U20S cells expressing either GRa or GRy (Sebastiaan
Meijsing, data not shown). While a large number of genes were regulated
similarly by both GR isoforms, subsets of genes were regulated specifically by
either GRa or GRy. To test whether the observed set of differentially regulated
GRa and GRy genes were a consequence of isoform-specific binding, ChiP-seq
experiments were performed in isoform-specific U20S cell lines (Sebastiaan
Meijsing, data not shown). Interestingly, in most cases isoform-specific
regulation was not explained by isoform-specific binding, suggesting that

perturbing the lever arm affects GR activity at a step downstream of binding.

To further dissect the mechanism of by which the GRy insertion results in
differential gene-transcription, we focused on the Inositol 1,4,5-triphosphate
receptor interacting protein gene (ITPRIP) that was upregulated selectivity only in
GRy-expressing U20S cells after 4 hours of dex-treatment and also bound
selectively by GRy but not GRa, as confirmed by Q-PCR (Fig. 4.2a and b). We

measured the DNA-binding affinity for GBSs that were either GRy-specific
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(ITPRIP) or isoform non-differential (FKBPS) by gel shift (Fig. 4.2e). Surprisingly,
the GRy isoform has a higher affinity for both binding sites—10-fold and 2-fold for
the FKBP5 and ITPRIP GBSs, respectively. Therefore, the increased affinity of
GRy compared to GRa for ITPRIP could likely account for the GRy-specific
binding, but cannot not explain the subset of GRa-specific regulated genes or

GRa-specific binding regions.

To assess whether the determinants of isoform specificity were encoded
in the GR-bound genomic sequences, ~500 bp regions surrounding the GR-
bound peak found at the ITPRIP (GRy-specific) gene was isolated and cloned
into a luciferase transcriptional reporter (Fig. 4.2c). The ITPRIP reporter
recapitulated the isoform-specific regulation (Fig. 4.2d). Deletion of the 15 bp
GRy-specific GBS associated with the ITPRIP gene (AGAACAnnnAGTnnn)
rendered the plasmid unresponsive to GRy (GBSA). Furthermore, swapping the
GBS sequence to that of the isoform non-differential motif
(AGAACANnNnTGTTCT) was sufficient to switch its specificity such that both GRa
and GRYy activated transcription to a similar extent. This suggests that the GBS
plays a role in defining isoform specific regulation at a given gene. Thus,
isoform specific regulation by GRy may be explained by differential binding of

GRy to specific sequence motifs for some genes (approx. 25%).

For genes that are not regulated by differential binding to genomic
regulatory regions, we hypothesized that differences in the lever arm between

GRa and GRy might also affect other functional domains of GR that impact GR
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activity. Previous studies of the effect of point mutations in three GR functional
domains—the dimerization interface (A477T), AF1, and AF2—have shown that
the requirement for each of these domains is gene-specific [42]. To investigate
the effect of perturbation of the lever arm in the context of disruption of other GR
function surfaces, clonal U20S cell lines were established which stably express
similar levels of GR bearing the GRy insertion in tandem with point mutations for

one of each of the three other domains.

Similar to the observations made for the domain mutations alone, we
found that GRy employed different patterns of functional domain requirements
than GRa. This is shown for two GRa-specific target genes, pancreatic lipase
(PNLIP) and serine protease inhibitor Kazal-type 5-like 3 (SPINKS5L3) (Fig. 4.3).
For example, the A477T mutation resulted in decreased transcriptional induction
at the SPINK5L3 gene. However, combining the A477T and the GRy insertion
rescued the loss of function of A477T, increasing activation ~8-fold of that of the
GRy perturbation alone. Thus, this suggests that there is crosstalk between
these two DBD surfaces (the dimerization interface and the lever arm), providing
functional evidence for the structural changes in the lever arm as a consequence

of the A477T dimer interface mutation (Chapter 2).
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Figure 4.2 Isoform specific binding and regulation by GRy
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Figure 4.2 Isoform specific binding and regulation by GRy.

(a) GRy-specific transcriptional regulation of ITPRIP. Relative transcript levels of
treated (4h, 100nM dex) or untreated cells expressing GRa or GRy were
analyzed by real-time quantitative PCR. Averages + Standard Error of Mean
(S.E.M.) are shown (n=3). (b) GRy-specific genomic binding to a region within +/-
10 kb of the transcription start site for ITPRIP by GRa and GRy. U20S cells
stably expressing GRa or GRy were treated with hormone for 90 minutes and
chromosomal GR binding was quantified by Chromatin immunoprecipitation and
real-time quantitative PCR. Fold enrichment relative to ethanol vehicle control
+S.E.M. are shown (n=3).(c) Genomic fragment centered on ITPRIP binding site
with GBS variants as indicated were cloned upstream of a minimal SV40
promoter driving luciferase. (d) Fold induction (dex treated vs non treated) by GR
isoform as indicated for the ITPRIP reporters with GBS variant construct as
indicated + S.E.M (n=3) are shown. (e) Affinity of GRa-DBD and GRy-DBD for 5’
cy-5 labeled 23-bp DNA duplexes containing the FKBP5 and ITPRIP GBS as

measured by gel shift.
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Figure 4.3 GRy compensates for A477T mutation at SPINK5L3 gene.

The effect of point mutations in GR functional domains on the transcriptional

regulation by GRa and GRy. U20S cells stably expressing GR variants were

treated with 100nM dex for 4hrs and relative luciferase expression levels of

treated and untreated cells were analyzed by real-time quantitative PCR.

Averages +S.E.M. for n=3.
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Structural changes induced by single amino acid insertion in the lever arm

To understand how perturbation of the lever arm affects GR activity, we
next examined how changes in GBS sequence and perturbation of the lever arm
influence the conformation of the DNA binding domain (DBD). Previous
comparison by x-ray crystallography of DNA-bound GRa or GRy indicated that
the structural changes induced by GBS sequence variants were restricted to the
lever arm [6]. However, crystal structures can be limited by packing contacts and
crystallography is not well suited to detect conformational changes that are

sampled by protein complexes in solution [55].

We turned to nuclear magnetic resonance (NMR) to determine if changes
in the lever arm influence the structure of other regions of the GR DBD. "°N-
labeled GRa-DBD and GRy-DBD protein was purified and incubated with GBS
sequences FKBPS, a binding site matching the non-differential GBS motif, or to
ITPRIP, a GBS matching the GRy-specific motif. 'H-"°N HSQC peaks were
assigned to amino acid residues for DNA-bound GRa-DBD and assignments
were transferred to GRa:FKBP5 and GRo:ITPRIP spectra (Fig. 4.4a and Fig.
4.6). Conformational shifts between GRa and GRy were analyzed by chemical
shift difference analysis by calculating the distance between each peak in the

GRa spectrum and the nearest peak in the corresponding GRy spectrum.

As expected, when we compared GRa and GRy the most pronounced
changes in chemical shift mapped to the lever arm, likely reflecting the nearby

insertion at position 471 of an arginine residue (e.g. E469, G470). However, the

98



changes were not limited to the lever arm, but also occurred at residues that
orient the dimerization interface (such as G478, N480, R488) indicating a
structural interplay between these two subdomains, paralleling the functional
interplay we observed between these subdomains in transcriptional regulation
(Fig. 4.3). Additional changes were seen in the recognition helix (F464, R466,
A467, V468) helix 2 (C495, R496, L501,C502) and near helix 3 (L507-R510)
indicating that conformational shifts in the lever arm impact the structure of

remote regions within the DBD (Fig. 4.4).

To investigate possible structural mechanisms contributing to context-
specific differential activity of GRa and GRy, we compared conformational shifts
associated with the GRy arginine insertion between the non-differential GBS
(FKBP5) and the GRy-specific GBS (ITPRIP) (Fig. 4.5a). The two GBS
complexes have extensive overlap of significantly shifted residues (Fig. 4.5c).
Interestingly, the few GBS-specific chemical shift differences for GRy map to the
dimerization interface (1483, 1484, R488), suggesting that the ITPRIP GBS might
induce a conformation in the dimerization interface that is limiting activation by

GRoa but is compensated for by the structural changes induced by GRy.

Finally, we compared the chemical shifts induced by changing the GBS
sequence with those induced by perturbing the lever arm and found extensive
overlap between the residues in the DBD that shift in response to changes in
GBS and those induced by GRy (Fig. 4.5). Although the affected residues

overlap, the conformational states induced by GBS variants differ from those
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induced by perturbation of the lever arm, indicating that GRy may rewire DNA
sequence-specific signals. Additionally, the widespread conformational shifts
induced by GRy, together with the transcriptional reporter data, suggest that the

lever arm is structurally and functionally linked to other GR surfaces.

4.3 Discussion

Previous studies comparing GBS variants showed that binding sequences
differently utilize GR functional surfaces and particular cofactors, indicating that
events at the DNA:protein interface influence the function of other GR domains
[6]. Here we tested how disrupting the lever arm influences which domains of GR
are required for receptor activity. Disrupting GR domains in combination with
perturbation of the lever arm (either the GRa and GRy) indicated that, similar to
binding sequence, the lever arm influences the GR domain requirements at a

given gene.

Interestingly, we found several examples where the dimer mutation
rescued the change in activity induced by the GRy insertion in the lever arm (Fig.
4.3). This suggests that the A477 residue and the lever arm are in the same
pathway that mediates gene-specific transcriptional regulation by GR.

Furthermore, NMR experiments indicated that there is structural communication
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between the dimer interface and the lever arm that parallels the interplay
between these two surfaces in our functional studies. Specifically, we found that
the conformation of the dimer interface changed when we altered the
conformation of the lever arm. However, the changes induced by perturbing the
lever arm were not restricted to the dimer interface and the additional
conformational changes we observed showed extensive overlap with the
residues in the DBD that shift in response to changes in GBS sequence (Fig.
4.5a). This suggests that these structural changes are part of an allosteric
pathway that propagates signals from the lever arm to the dimer interface, or vice
versa, to modulate the gene-specific structure and function of GR. Notably, the
sequence-specific conformations of the lever arm (such as residue G470) are
disrupted by the A477T mutation in the dimer interface, whereas the sequence-
specific conformations of the lever arm and dimer interface are maintained when
the lever arm is perturbed by the GRy insertion (Fig. 4.6, middle). This provides
insight about the directionality of this allosteric pathway, indicating that GBS-
specific signals are transmitted from the dimerization interface to the lever arm,

and that the lever arm extends these signals to other GR domains (Fig. 4.5d).
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Figure 4.4 GRy lever arm insertion results in widespread conformational

shifts in the GR-DBD.
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Figure 4.4 GRy lever arm insertion results in widespread conformational

shifts in the GR-DBD.

(a) Overlay of ">N-HSQC spectra of GRa (black) and GRYy (red) bound to the
FKBP5 GBS. Assigned peaks that were significantly shifted between the two
spectra are labeled. (b) Combined proton and nitrogen chemical shift differences
(Ad) between GRa:FKBPS and GRy:FKBPS spectra for each assigned residue
are colored onto the crystal structure of GRa: FKBPS (PDB ID: 3G6U) according
to the magnitude of Ad. Unassigned residues are in grey. (c) Chemical shift
difference between GRa and GRy 1H-15N HSQC spectra bound to FKBPS (top)
and ITRIP (bottom) for all assigned GRa residues. Chemical shift difference was
measured as the minimal distance between each assigned peak in the GRa
spectra and a peak in the GRy (see Methods). Grey bars highlight residues with

a shift difference greater than the mean (red line) of all peaks.
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Figure 4.5 Comparison of conformation changes induced by GBS or

arginine insertion in the lever arm.
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Figure 4.5 Comparison of conformational changes induced by GBS or

arginine insertion in the lever arm.

(a) Combined proton and nitrogen chemical shift difference (2d) between 'H-"°N
HSQC spectra of GRa bound to ITPRIP versus FKBP5 (top), GRa and GRy
bound to FKBP5 (middle), and GRa and GRy bound to ITPRIP (bottom) for all
assigned GRa residues (x-axis). Residues with doublet peaks in the spectra are
plotted as two data points. Grey bars highlight residues with a Ad greater than the
mean A of all peaks in the comparison (black or red line). UA=unassigned
peaks. (b) The GRa-DBD (PDB ID: 3G6U) colored according to chemical shift
difference induced by either changing GBS sequence (ITPRIP versus FKBP5) or
(c) arginine insertion in the lever arm (GRa versus GRy bound to FKBP5).
Unassigned residues are colored grey. (d) A model indicating how the lever arm
integrates signals from GBS variants and other functional domains of GR to

influence regulatory complex composition and activity.
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Figure 4.6 Comparison of 'H-">’N HSQC for GRa-DBD and GRy-DBD bound

to FKBP5 and ITPRIP.
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