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ABSTRACT

Allosteric Modulation of Nuclear Receptor Function
By Emily Rye Weikum

Nuclear receptors are a family of ligand-regulated transcription factors that control
specific gene programs across numerous biological processes. The assembly of distinct
transcriptional complexes drives regulatory specificity, each complex attuned to a particular
gene-, cell- and physiologic-context. These distinct complexes are influenced by allosteric
effectors, such as DNA sequence and ligands, which modulate nuclear receptor function.
These collective works utilize structural biology and biochemistry to examine these allosteric
effectors of nuclear receptor function. We explore the idea that different DNA sequences
alter nuclear receptor structure. We show that the glucocorticoid receptor can interact directly
with a sequence within inflammatory gene promoters. This finding represents a paradigm
shift in our understanding of how the glucocorticoid receptor could repress transcription at
these sites. We also show the first reported crystal structure of germ cell nuclear factor bound
to its DNA response element. This nuclear receptor is critical in development and
understanding the DNA binding properties of this protein can gleam insight into its function.
In addition to DNA sequences, we also structurally characterize the glucocorticoid receptor
ligand-binding domain in complex with a widely used and potent clinical ligand. As there are
only a few GR ligand binding domain structures reported, this work provided structural
mechanisms driving this highly stabilizing ligand. Furthermore, this work also reports the
first glucocorticoid receptor structure in complex with a peptide from the atypical
coregulator, small heterodimer partner. Collectively, this work reviews the idea that these
allosteric modifications drive different NR surfaces that are read by coregulator proteins,

resulting in alternative transcriptional programs.






ALLOSTERIC MODULATION OF NUCLEAR RECEPTOR FUNCTION

By

Emily Rye Weikum
B. S., Kennesaw State University, 2012

Advisor: Eric A. Ortlund, Ph.D.

A dissertation submitted to the Faculty of the
James T. Laney School of Graduate Studies at Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in Biochemistry
2017



Table of Contents

Abbreviations 1-5
Chapter 1: Introduction 7
Nuclear Receptor Superfamily 8
Classifications 9-10
Structural Insight Into Nuclear Receptor Action 11
Overall Architecture 11-13
Nuclear Receptor-Ligand Interactions 13-14
Nuclear Receptor-DNA Interactions 14

Nuclear Receptors can form monomers, dimers, or heterodimers 14-15

Nuclear Receptor-Coregulator Interactions 15-16
Nuclear Receptor Signaling 16

Nuclear Receptor Mechanism of Action 16-17

Transactivation and Transrepression 17-18
Nuclear Receptors as Critical Pharmaceutical Targets 18-19
Tables and Figures

Table 1.1: Nuclear Receptor Superfamily 20-22

Figure 1.1: Modular Domain Structure of Nuclear Receptors 23

Figure 1.2: Nuclear Receptor DNA Binding Domains 24

Figure 1.3: Nuclear Receptor Ligand Binding Domains 25



Figure 1.4: Nuclear Receptor-Ligand Interactions
Figure 1.5: Genomic Response Elements

Figure 1.6: Nuclear Receptor Dimerization Interfaces
Figure 1.7: Nuclear Receptor-Coregulator Interactions

Figure 1.8: Schematic of Nuclear Receptor

Signaling Mechanisms

Figure 1.9: Nuclear Receptors both Activate and

Repress Transcription

References

Chapter 2: Glucocorticoid Receptor Control of Transcription: Precision and

Plasticity via Allostery
Author Summary
Abstract
Introduction
GR-Genome Interactions
Direct and indirect sequence-specific binding in vitro
Context-specific genomic occupancy in vivo
GRE Context and Regulatory Logic
Allosteric Effectors of GR
DNA binding sequences
LBD-binding ligands

Post-translational modifications

26-27

28-29

30-31

32-33

34-35

36-37

38-53

54

56

57-59

59-64

60-62

63-64

65-67

67-76

68-70

70-71

72-75



Composite GRE-bound non-GR TRFs 75-76

Coregulators as GR signaling readers 76-81
Basis of GR-coregulator interactions 77
Functional classes of GR coregulators 77-78
Structural and enzymatic complexes 78-79
Chromatin remodeling complexes 80
Methyltransferases 80
Histone acetyltransferases (HATs) 80-81
Histone deacetylases (HDACs) 81

Precision and Plasticity Via Allostery 81-82

Conclusions and Perspectives 83-84

Acknowledgements 85

Figures and Tables

Figure 2.1: Glucocorticoid receptor signaling and DNA binding  86-87

Figure 2.2: Modes of site-specific glucocorticoid receptor-genome

interactions 88-89

Figure 2.3: Context-specific glucocorticoid receptor

occupancy and gene regulation 90-91
Figure 2.4: Glucocorticoid receptor-ligand interactions 92-93

Figure 2.5: Sites of glucocorticoid receptor post-translational

modifications 94



Figure 2.6: A model of transcriptional regulation — precision and

plasticity of TRF function achieved via allostery 95-96

Table 2.1: Five functional classes of regulators reported to

interact with GR 97

Supplemental Table 2.1: Methods to probe glucocorticoid
receptor-DNA interactions 98-102

References 103-136

Chapter 3: The Glucocorticoid Receptor Binds Directly to a GR Half-Site Sequence
Embedded Within AP-1 Recognition Motifs

Author Summary 137
Abstract 139
Introduction 140-142
Results

GR is recruited to AP-1 target genes in a DNA-binding
dependent manner 143-144

GR Ser425Gly mutation cannot be used to distinguish
DNA-binding-dependent from independent mechanisms 144-145

GR represses AP-1 target genes in the absence of tethering factors 145-146

GR binds directly to TREs 146-147
GR recognizes TREs in a sequence specific manner 148-149
GR and AP-1 likely compete for the same binding site 149-150
Discussion 151-154

Materials and Methods 155-161



Reporter Gene Assays

ChIP-PCR

Protein Expression and Purification

Nucleic Acid Binding Assays

NMR Analysis

Structure Determination of GR-TRE Complexes

Generation of Lys442Ala/Arg447Ala “DNA Dead” and GR
Ala458Thr/Ile634Ala (GR mon) mutants

TR-FRET Competition Assays
Acknowledgements
Figures and Tables

Figure 3.1: WT GR, but not GR Ser425Gly, is recruited to TREs

in the absence of tethering factors

Figure 3.2: WT GR, but not Lys442Ala/Arg447Ala, is able to

transrepress inflammatory genes
Figure 3.3: GR binds a variety of TRE sequences

Figure 3.4: Monomeric GR is preferred to repress inflammatory

genes

Figure 3.5: Crystal structures of GR DBD bound to the IL11 TRE,
VCAMI TRE, and a GBS

Figure 3.6: GR and AP-1 compete for the same DNA binding site
Table 3.1: Data collection and refinement statistics

References

155

156-157

158

158-159

159-160

160

161

161

162

163-173

163-164

165-166

167

168-169

170-171

172

173

174-183



Chapter 4: Structural analysis of the glucocorticoid receptor ligand-binding domain
in complex with triamcinolone acetonide and a fragment of the

atypical coregulator, SHP

Author Summary 184
Abstract 186
Introduction 187-189
Materials and Methods 190-194
Protein expression and purification 190

Protein crystallization, data collection, and structure determination 190-191

Ligand binding and competition assays 191-192
Differential scanning fluorimetry (DSF) 192
ProSMART analysis 192-193
Molecular Dynamics Simulations 193-194
Results 195-200
Structural analysis of AncGR2-Triamcinolone/SHP complex 195-196

The C-17 acetonide moiety on TA increases the affinity and stability for
GR LBD over Dex, similar to MF 196-197

TA increases intramolecular contacts within the LBD to drive affinity and

stability 198-199
Recognition of the SHP NR BoxI LXXLL Motif 199-200
Discussion 201-203

Acknowledgements 204



Figures and Tables 205-214
Figure 4.1: Structure of the AncGR2-TA-SHP NR Box I Complex 205

Figure 4.2: MD simulations support LBP-Hydrogen bonding

interactions 206

Figure 4.3: TA readily competes Dex out of the binding pocket
and highly stabilizes the LBD 207-208

Figure 4.4: Comparison of glucocorticoid ligands bound to
AncGR2 LBD 209-210

Figure 4.5: Structural comparison of different GR-ligand
complexes 211-212

Figure 4.6: AncGR2-TA complex is bound by atypical

coregulator, SHP 213
Table 4.1: Data collection and refinement statistics 214
References 215-224

Chapter 5: Structural Investigation into Oct4 Regulation by Orphan Nuclear
Receptors, Germ Cell Nuclear Factor (GCNF) and Liver Receptor
Homolog-1 (LRH-1)

Author Summary 225
Abstract 227
Introduction 228-231
Results 232-236
GCNF and LRH-1 directly bind the mOct4 DR( 232

Structural analysis of GCNF and LRH-1 — Oct4 complexes 232-233



LRH-1 and GCNF differentially recognize the DRO of the Oct4

proximal promoter 234-236

Discussion 237-240
Methods 241-244
Protein expression and purification 241-242

Generation of GCNF DBD Gly149A4rg/Prol51Arg and LRH-1 DBD

Argl60Gly/Argl62Pro 242

Sequence alignments and analysis 242

Nucleic acid binding analysis 243
Crystallization, data collection, and structure determination 243-244

Accession Numbers 244

Acknowledgements 245
Figures 246-254

Figure 5.1: Schematic representation of differential regulation of Oct4 by

LRH-1 and GCNF 246
Figure 5.2: GCNF and LRH-1 bind directly to the Oct4 DR0O 247
Figure 5.3: Structural analysis of GCNF-mQOct4 complex 248-249
Figure 5.4: Interactions between GCNF molecules 250
Figure 5.5: Structural analysis of LRH-1-mOct4 complex 251
Figure 5.6: GCNF and LRH-1 comparison 252-253
Table 5.1: Data collection and refinement statistics 254

References 255-260



Chapter 6: Discussion
Conclusions
DNA as an allosteric modulator
Ligands as allosteric modulators
NRs as scaffolds
Remaining Questions and Future Directions

Can the Oligomeric state of GR distinguish transactivation from

transrepression?
Are GR selective gene modulators possible?

What techniques are on the horizon for expanding our

understanding of NRs?
Concluding Remarks
Figures
Figure 6.1: G-C and A-T base pairs
Figure 6.2: Generation of GR DIMER

References

262-270

262-268

268-269

269-270

270-271

270-272

272

274

274

275-277

275

276-277

278-283






ABBREVIATIONS

AF-1/Taul/x1: activator function surface-1

AF-2: activator function surface-1

AncGR2: ancestral glucocorticoid receptor 2

AR: androgen receptor

AP-1: activator protein-1

BP: base pairs

ChIP-seq: chromatin immunoprecipitation followed by deep sequencing

COUP-TF: chicken ovalbumin upstream promoter transcription factors

CTE: C-terminal extension

DAX: dosage-sensitive sex reversal-adrenal hypoplasia congenital critical region on the X

chromosome, gene 1

DBD: DNA binding domain

D box: distal box

Dex: dexamethasone

DHS: DNase I hypersensitive sites

DRO: direct repeat binding sequence with no spacer



DSF: differential scanning fluorimetry

ER: estrogen receptors

FAIRE: formaldehyde-assisted isolation of regulatory elements and deep sequencing

Ftz-F1: fushi tarazu factor 1 domain

FXR: farnesoid X receptors

GBS: glucocorticoid receptor binding sequence

GC: glucocorticoid

GCNF: germ cell nuclear factor

GR: glucocorticoid receptor

GRE: glucocorticoid response elements

GOR: glucocorticoid receptor occupied region

HATS: histone acetyltransferases

HDAC:s: histone deacetyltrasnfereases

HDX-MS: hydrogen deuterium exchange mass spectrometry

HNF4: hepatocyte nuclear factor 4

HSP: heat shock protein

IPTG: isopropyl B-D-1-thiogalactopyranoside



IR-GBS: inverted repeat glucocorticoid receptor binding sequence

LBD: ligand binding domain

LBP: ligand binding pocket

LRH-1: liver receptor homolog-1

LXR: liver X receptors

MD: molecular dynamics

MF: mometasone furoate

MR: mineralocorticoid receptor

NCoR: nuclear receptor corepressor-1

NF-kB: nuclear factor kappa-beta

NMR: nuclear magnetic resonance

NR: nuclear receptor

NRS: negative regulatory DNA sequence motifs

NTD: N-terminal domain

OD: optical density

P box: proximal box

PDB: protein data bank



PPAR: peroxisome proliferator activated receptors

PR: progesterone receptor

PTMs: post-translational modifications

RAR: retinoic acid receptors

RE: response elements

REV-ERB: reverse-Erb receptors

SHP: small heterodimer protein

SMRT: nuclear receptor corepressor-2

RMSD: root mean squared deviation

ROR: retinoic acid related receptors

RXR: retinoid X receptors

SF-1: steroidogenic factor-1

SGRMs: selective glucocorticoid receptor modulators

SRC: steroid receptor coregulator

TA: triamcinolone acetonide

TALEN:S: transcription activator-like effector nucleases

Tau2/t2: trans-activating domain 2



TF: transcription factor

TR: thyroid hormone receptor

TREF: transcriptional regulatory factor

VDR: vitamin D receptors






CHAPTER 1: INTRODUCTION



Nuclear Receptor Superfamily

The nuclear receptor (NR) superfamily is comprised of a family of transcription
factors (TFs) that play an important role in a number of biological processes including
metabolism, reproduction, and inflammation'~. The first member of this family was cloned
in 1985 but today the family has expanded to include 48 members in humans®*. Most NRs
are regulated endogenously by small lipophilic ligands such as steroids, retinoids, and
phospholipids, but this protein family also contains “orphan” members for which no ligand
has yet been identified’. Ligand binding induces conformational changes within the receptor,
which in turn binds specific DNA sequences throughout the genome®’. Once DNA bound,
coregulator proteins, chromatin remodelers, and the general transcriptional machinery are
recruited to the DNA in order to activate or repress target gene expression®'’. Since NRs are
responsible for regulating thousands of genes, their activity is tightly controlled'"'?. If left
unchecked, aberrant NR activity can underlie numerous diseases such as cancer, diabetes,

and chronic inflammation. Therefore, NR biology is a critical field of study'>'*.

Our knowledge of the NR family has drastically expanded within the last decade due
to advancements in genome-wide methodologies, structural studies of receptor domains and

full-length complexes, and identification of new coregulator proteins that modulate receptor

3,15

activity™ °. This work has laid the foundation for pharmaceutical companies and academic

researchers to develop synthetic ligands that target these receptors'®'”. Yet, due to the large
array of genes regulated by these proteins, drugs that target NRs tend to have unwanted side

16,18

effects . For this reason, more research is required to understand all the mechanisms that

guide NR regulation. This expanding view of NR regulation could pave the way for future



therapeutics. Here, we introduce this protein family and focus on the structural mechanisms

of nuclear receptor action.
Classifications

NRs are divided into 7 subfamilies'®®. A list of receptors, subfamily, and their

ligands are shown in Table 1.

Subgroup 0: This group includes the atypical NRs, dosage-sensitive sex reversal-adrenal
hypoplasia congenital critical region on the X chromosome, gene 1 (DAX) and small

21,22

heterodimer partner (SHP)"“*. These two proteins are unique in their structures and contain

only a ligand-binding domain (LBD) that folds in a manner consistent with the rest of the

23-25

family*>**. Their LBDs also contain motifs that are commonly seen in NR coactivators™.

These motifs interact with other NR LBDs to regulate transcription®’ ",

Subgroup 1: This large family is formed by thyroid hormone receptors (TR)*, retinoic acid
receptors (RAR)>, peroxisome proliferator activated receptors (PPAR)™, reverse-Erb
receptors (REV-ERB)*’, retinoic acid related receptors (ROR)*’, farnesoid X receptors
(FXR)*, liver X receptors (LXR)*’, and vitamin D receptors (VDR)®. These receptors are
regulated by a variety of signaling molecules including thyroid hormone, fatty acids, bile

acids, and sterols.

Subgroup 2: This subfamily contains notable orphan receptors such as retinoid X receptors
(RXR)*”, chicken ovalbumin upstream promoter transcription factors (COUP-TF)*, and
hepatocyte nuclear factor 4 (HNF4)*'. RXR is of particular importance as it forms
heterodimeric complexes with many NRs and is the only receptor in the group with a known

activating ligand*.
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Subgroup 3: This group comprises the steroid receptors (SRs), which are key regulators of a
host of metabolic, reproductive, and developmental processes™. The SR family includes the
androgen receptor (AR)™, progesterone receptor (PR)*, glucocorticoid receptor (GR)™,
mineralocorticoid receptor (MR)", and two closely-related estrogen receptors (ER)™.
Cholesterol-derived hormones, like cortisol and estrogen, regulate SRs through direct

binding. A detailed review on the glucocorticoid receptor can be found in Chapter 2.

Subgroup 4: This group contains the orphan nuclear receptors nerve growth factor 1B
(NGF1-B), nurr-related factor-1 (NURR1), and neuron-derived orphan receptor-1 (NOR-1).

These proteins are required for neuron development and maintenance®.

Subgroup 5: This group contains steroidogenic factor 1 (SF-1)* and liver receptor homolog-
1 (LRH-1)’". Though generally still classified as orphan receptors, evidence suggests these

proteins are regulated by phospholipids™~*

. LRH-1 and SF-1 are vital in development and
metabolism’'™>. A more detailed look into LRH-1’s role in development can be found in the

introduction of Chapter 6.

Subgroup 6: This group contains only one receptor, germ cell nuclear factor (GCNF)™, an
orphan receptor that has a critical role in development’. This protein remains in its own
category due to a critical difference in its LBD; it does not contain an activator function helix
(AF-H) and is known to drive gene silencing™. A more detailed look into GCNF biology can

be found in the introduction of Chapter 6.
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Structural Insight into Nuclear Receptor Action

X-ray crystal structures of nuclear receptors, both full-length and discrete domains,
have provided critical information on how ligands are recognized, bind their DNA response

element(s), dimerize, and interact with coregulators.
Overall Architecture

Despite diversity in the size, shape, and charges of activating ligands, almost all
members of the nuclear receptor superfamily share a common modular domain structure'”".
Except for the atypical receptors SHP and DAX, the overall architecture is comprised of five
domains: A-E (Figure 1.1a). Each of these subdomains plays a specific role in receptor

biology™®. The size of NRs can vary but steroid receptors are generally around 100 kD and

the remainder of the family around 66 kD (Figure 1.1b).

A/B: N-terminal Domain (NTD): The NTD is a highly disordered domain that has little

sequence conservation between NRs, which explains why the NTD is not amenable to
structural analysis™®. Additionally, there is a large disparity in the size of this domain (Figure

1.1b).

The NTD contains the activator function-1 region (AF-1), which interacts with a
variety of coregulator proteins in a cell and promoter-specific manner™. For all NRs, the
majority of the domain is disordered. However, for GR this region could adopt a more alpha-
helical content when coregulators are bound®. This region also gives rise to multiple
isoforms through alternative splicing, as seen in TR and GR*>*. Finally, the NTD is the

target for numerous post-translational modifications including phosphorylation,
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SUMOylation, and acetylation®'. These modifications have varying effects, both driving and

repressing transcription.

C: DNA Binding Domain (DBD): This region is the most conserved among all nuclear

receptor domains®®. The DBD has two subdomains that each contain four cysteine residues
that coordinate a zinc ion to create the canonical DNA-binding zinc finger motif (Figure
1.2)*. Each zinc finger is then followed by an amphipathic helix and a peptide loop®*®*. The
first subdomain contains the DNA reading helix, which sits within the major groove to make
base-specific interactions with the DNA®. The second subdomain helix makes nonspecific
contacts with the DNA backbone. The peptide loop in this subdomain contains the distal box,
or “D box,” that contains residues for receptor dimerization®”*”. Some NRs, like LRH-1 and
GCNF, contain a DBD C-terminal extension (CTE) that makes additional base-specific

contacts within the DNA minor groove’*"".

D: Hinge Region: The hinge region is a short, flexible linker between the DBD and the

LBD. This region has the least sequence and size conservation between nuclear receptors.
Like the NTD, this region is also a site for regulatory PTMs. The hinge can also contain a

nuclear localization signal.

E: Ligand Binding Domain (LBD): The LBD is a complex allosteric signaling domain that

not only binds to ligands but also interacts directly with coregulator proteins’>’>. This
structurally conserved domain commonly contains 11 a-helices and 4 -strands that fold into
three parallel layers to form an alpha helical sandwich (Figure 1.3)"*. This folding creates a
hydrophobic ligand-binding pocket (LBP) at the base of the receptor’>’>’®. Superposition of

NR LBD structures reveals that the top part of the receptor is most similar where as the base,
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15,74

which contains the LBP, is more variable ™. This variability across NRs at the ligand-

binding region allows NRs to recognize a diverse cadre of ligands.

The LBD contains another activation function surface (AF-2), which is comprised of
helices 3, 4, and 12. Helix 12, or the activation function helix (AF-H) has been shown to be
conformationally dynamic upon ligand binding, altering the AF-2 to facilitate binding to

different coregulator proteins72’74’77_

NR-Ligand Interactions

Nuclear receptors bind directly to a variety of small, lipophilic ligands, such as
steroids, thyroid hormone, retinoids, and lipids that can diffuse easily across the cell
membrane’. Of the 48 human NRs, 24 have known ligands and the remaining 24 are
classified as “orphans” or “adopted orphans”. In the absence of ligand, NRs tend to be

unstable, explaining the dearth of apo-NR LBD structures’ "

. Ligand binding greatly
increases the stability of the LBD, evidenced by changes in NMR spectra between liganded
and unliganded PPARs and less proteolytic cleavage seen in the ER ligand-bound versus apo

76-81

state’®™. This stabilization, among other factors, facilitates coregulator binding®,

Ligands bind the receptor within the LBP at the base of the LBD. This pocket is
comprised of ~75% hydrophobic residues, but also contains critical polar residues that make

key hydrogen bonding interactions to the ligand”>"*

. These hydrogen bonds help position the
ligand in the correct orientation. For example, SRs use a conserved glutamine on H3 and
arginine on H5 to lock the ligand’s A ring in place (Figure 1.4a,b)**™. A striking example of
the importance of these hydrogen bond networks in the LBP is seen in FXR and LXR

ligands; though similar, these ligands are bound in completely opposite orientations due to
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85,86 .
*° These differences ensure

the hydrogen bonding network within the LBP (Figure 1.4¢,d)
the natural ligands are bound by the correct receptor. Ligand selection is further achieved by
a dramatic difference in the size of ligand binding pockets across NRs. For example, SR
LBPs tend to be 400-600 A, while 700-850 A for FXR and LXR, and almost 1300 A for

PPARs (Figure 1.4e)**>*" In these cases, a significant component of ligand selection stems

from steric selection.
NR-DNA Interactions

Nuclear receptor DBDs bind to a variety of DNA response elements (REs) whose
nucleotide sequences can take the form of a palindrome, direct repeat, or extended
monomeric sites (Figure 1.5)*°”. The SRs bind palindromic repeats (Figure 1.5a). These
palindromes contain two AGGACA repeats that can be separated by a spacer region that
varies in length. The length of this spacer has been shown to allosterically modulate SRs,

resulting in varied transcriptional outputs®°

. However, the most common spacer length is 3
bp®®”1*2. Receptors that bind direct repeats include the RXR-RAR heterodimer, GCNF, and
VDR (Figure 1.5b)”*®. These sequences are composed of two AGGTCA sites separated by
a spacer sequence from 0-5bp long. Finally, LRH-1 and SF-1 are examples of receptors that

bind extended half-site sequences (Figure 1.5¢)’"*°. These REs contain one AGGTCA site as

well an A/T rich sequence directly upstream.
NRs can form monomers, dimers, or heterodimers

NRs are generally found as monomers in solution but upon DNA binding can form

higher order complexes. NRs can be monomeric on DNA but are more often found as
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homodimers or in heterodimeric complexes with RXR®. This increases overall size and

complexity of NRs, allowing new surfaces to be accessed for PTMs or coregulator binding™.

LRH-1, NGFI1B, and SF-1 are among the few NRs that bind DNA as monomers’ %°,
These receptors utilize the CTE within their DBDs to facilitate additional DNA contacts
within the minor groove, expanding their DNA footprint. Members of the SR subfamily
commonly form homodimers. The ER LBD structure shows H8, H9, H10, and loops 8-9
from each monomer interacts to form a homodimer (Figure 1.6a)**. This is in contrast with
the GR dimer, which showed a unique dimer interface not seen in other NR structures
(Figure 1.6¢)’’. Finally, the rest of the NR superfamily commonly forms heterodimers with
RXR>?. Similar to the ER structure, the dimer interface is formed between H7, H9, H10,

H11, and loops 8-9 (Figure 1.6b)".
NR-Coregulator Interactions

After DNA binding, NRs recruit a variety of proteins collectively known as

8,99
coregulators™

. To date, there are approximately 200 different coregulator proteins, which
fall into two main categories: coactivators and corepressors™ . These interact directly with
NRs at the AF-1 and AF-2 surfaces™. Since the AF-1 lies within the unstructured NTD we

have not been able to obtain structural information about these interactions >

. However,
almost all NR LBD structures are co-crystallized with fragments of NR-interaction domains

of coregulator proteins™ .

Coactivator proteins interact with NRs via an o-helix containing a short LXXLL
motif (L- leucine, X- any amino acid)***. This motif interacts with the NR AF-2 surface.

The coregulator’s leucine residues lie within the hydrophobic groove of the AF-2 surface and
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the ends of the peptide are generally held in place by a charge clamp formed by a lysine on
the NR’s H3 and a glutamate on HI12 that cap the helix dipole (Figure 1.7a)%.
Corepressors contain conserved LXXX(I/L)XXX(I/L) motif (referred to as CoORNR

100,101

box) (L- leucine, I- isoleucine, X- any amino acid) . These extended motifs interact at

the same hydrophobic AF surface but their length inhibits the canonical charge clamp

formation (Figure 1.7b)'*>'*,

The discrimination between either coactivator or corepressor binding has been linked
to the conformational flexibility of H12%™. Originally, the “mouse-trap” model was
proposed’®. This model was based on the structures of apo RXR and ligand-bound RAR
(Figure 1.7¢)”'®. It was posited that upon agonist binding, there was a large structural
rearrangement of H12, causing it to snap shut®. However, this phenomenon was only
observed for a few proteins®*. Other NR LBD structures, like LRH-1 in both the apo and

106
2

ligand bound state, did not demonstrate large movements in H12". This suggested another

model was possible. The current favored model is the “dynamic stabilization model,” which

7197 Ligand binding

suggests that H12 is not in one fixed position, but rather is dynamic
stabilizes the helix into a more fixed conformation. Methods that measure dynamics of H12,
such as NMR and HDX, have been pivotal in providing evidence to support this

6,81,108
model’ 81198,

Nuclear Receptor Signaling
Nuclear Receptor Mechanism of Action

NRs have been classified as into four mechanistic subtypes types, I-IV (Figure 1.8):
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Type I Nuclear Receptors: Receptors of this group are SRs and are activated by cholesterol-

derived steroidal hormones, such as estrogens, androgen, progestagens, and corticoids™.
These receptors are sequestered to the cytoplasm bound to chaperone proteins but upon
ligand activation, they exchange their chaperone proteins and undergo nuclear translocation.
In the nucleus, SRs generally bind as homodimers to DNA REs that consist of two inverted

repeats (Figure 1.82)'"'"?,

Type II Nuclear Receptors: Receptors of this type, such as RAR and LXR, are often retained

in the nucleus, regardless of the presence of activating ligand'’. Upon ligand binding, the
receptor is released from a corepressor complex and swapped for coactivators and the
transcriptional machinery. These receptors commonly form heterodimers with RXR on direct

repeat DNA REs (Figure 1.8b)’.

Type III Nuclear Receptors: This type of NR, such as VDR, has a similar mechanism of

action to Type II NRs but instead form homodimers on their REs, which are direct repeat

sequences (Figure 1.8¢)>.

Type IV Nuclear Receptors: This type of NR has a similar mechanism of action to Type II

NRs but instead bind to DNA as a monomer and recognize extended half-sites within REs

(Figure 1.8d)""°. Examples of Type IV include LRH-1 and SF-1.
Transactivation and Transrepression

NRs modulate transcription through many distinct mechanisms that ultimately result
in either activation or repression of specific gene programs'. As stated above, transcriptional
activation is achieved by ligand binding converting the receptor from an inactive to active

state’. In this state, NRs recruit coactivator proteins, which are typically scaffolds that initiate
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the formation of large protein complexes*. Within these complexes are histone modifying
enzymes such as histone acetyltransferases (HATs) and histone methyltransferases
(HMs)''>'" These proteins facilitate the opening of chromatin, making it accessible to
additional regulatory proteins. Finally, the general transcriptional machinery and RNA

Polymerase II are recruited to drive transcription (Figure 1.9a)''".

Conversely, NRs can repress transcription by two different mechanisms''*. First, NRs
can bind to corepressors in their apo state as shown in mechanistic type II-IV receptors' ',
These corepressor proteins recruit histone modifying enzymes such as histone deacetylases
(HDACs)®, which act in opposition of HATs to restrict chromatin and block the
transcriptional machinery from accessing the DNA (Figure 1.9b)''>'"*_ Second, NRs can
interact with “negative DNA response elements” (nGRE)''®'"”. Binding to these elements
results in NRs adopting different conformations than when bound to “positive” DNA
response elements and eventually recruit corepressor proteins to block transcription''®, This

is best exemplified for GR (see Chapter 2).
Nuclear Receptors as critical Pharmaceutical Targets

Aberrant nuclear receptor signaling pathways contributes to numerous disease states

. . 14,1
such as cancer, diabetes, obesity, and others A7,

For this reason, NRs are major
pharmaceuticals targets'’. Initial ligand design has been quite simple as NR LBPs are
enclosed and are amenable to binding a variety of ligands”*. However, due to the breadth and
complexity of NR biology, designing ligands with limited cross-reactivity has proven quite

difficult'. Despite these issues, NR-targeting ligands make up 10-20% of current FDA-

approved drugs have a worldwide market of 30 billion dollars per year'".
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Historically, there have been two main approaches for identifying NR ligands'®.
First, NR ligands were isolated from human tissue extracts'>. For example, the study of the
adrenal gland led to the discovery of a compound effective at blocking inflammation. This

compound was later discovered to be cortisol, the endogenous ligand for GR'*

. Later,
synthesis of cortisol sparked the development of the synthetic compounds dexamethasone
and prednisolone'*'. Second, compounds were identified by connecting ligand effects were
connected with protein biology'’. For example, thiazolidinediones showed promise in

2 These effects were later linked to PPARy signaling'**. The newest

treating diabetes
generation of NR ligands are termed “selective nuclear receptor modulators”, which are
designed against a single NR to partially or selectively activate a subset of signaling
pathways. These idea is to separate the beneficial outcomes of treatment from the less
desirable side effects'>. Collectively, these ligands are called are a popular idea for targeting

ER and GR"'®. Due to the complexity of NR signaling, these compounds have been

largely unsuccessful thus far but efforts remain to develop these ligands.
Questions and Hypotheses Addressed In This Work

Because of their critical roles in a number of biological processes, NRs have to be
tightly regulated to ensure the proper genes expressed or repressed? What guides these
proteins to either turn a gene off or on is the major question addressed in this work. We
explore how this is achieved through a review of the glucocorticoid receptor in Chapter 2.
Here, we propose that DNA sequences, ligands, PTMs, and other TFs act as allosteric
modulators that ultimately guide GR action. We explore these modulators in subsequent
chapters. In Chapter 3 we show that DNA sequences can have a profound effect on how GR

regulates genes. Moreover, we identify a novel mechanism for how the GR turns genes off.
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Chapter 4 explores how a popular clinical GR ligand, triamcinolone acetonide, interacts
with GR. Here we use structural biology to explore how this ligand stabilizes the LBD so
greatly. As there are only a few structures GR-ligand complexes available, this work
provides valuable information that can be used to target GR in the future. In Chapter 5 we
report the first crystal structure of GCNF and LRH-1 in complex with their DNA response
element within the Oct4 promoter. These NRs are critical to reciprocally regulate Oct4
during development from the same DNA sequence. This work further highlights the
importance of how DNA sequences have such a profound effect on transcriptional outputs.
Finally, in Chapter 6 we discuss how these collective works support our overarching

hypotheses and present ideas for the future of this work and the NR field.
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Tables and Figures

Family Common Name  Abbreviation Gene Name Ligand
Dosage-sensitive sex
reversal-adrenal
hypoplasia congenital DAX1 NROBI Orphan
critical region on the X
0B
chromosome, gene 1
Short heterodimeric SHP NROB2 Orphan
partner
Thyroid hormone TRa THRA Thyroid hormones
receptor-a
1A
Thyroid hormone TRB THRB Thyroid hormones
receptor-f
Retinoic acid receptor-a RARa RARA Retinoic acids
1B Retinoic acid receptor-3 RARB RARB Retinoic acids
Retinoic acid receptor-y RARy RARG Retinoic acids
Peroxisome
proliferator-activated PPARa PPARA Fatty acids
receptor-a
Peroxisome
1C proliferator-activated PPARB PPARD Fatty acids
receptor-3
Peroxisome
proliferator-activated PPARy PPARG Fatty acids
receptor-y
Reverse-Erb-a REV-ERBa NRIDI Heme
1D
Reverse-Erb-f REV-ERBp NRID? Heme
Retinoic acid related RORq RORA Sterols
orphan-a
IF Retinoic acid related RORP RORB Sterols
orphan-f3
Retinoic acid related RORy RORC Sterols
orphan-y
Farnesoid X receptor FXRa NRIH4 Bile Acids
IH Farnesoid X receptor-f3 FXRp NRIHS5P Orphan
Liver X receptor-a LXRa NRIH3 Oxysterols




Liver X receptor-p LXRp NRIH? Oxysterols
Vitamin D receptor VDR VDR 1a,25-d1hygr30xyv1tamm
11 Pregnane X receptor PXR NRII2 Endoblo‘_tlc§ and
xenobiotics
Constitutive androstane NRII3 Xenobiotics
receptor
Hepatocyte nuclear HNF4a HNF44 Fatty acids
factor-4-a
2A
Hepatocyte nuclear HNF4y HNF4G Fatty acids
factor-4-y
Retinoid X receptor-a RXRa RXRA 9-cis retinoic acid
2B Retinoid X receptor-f3 RXRp RXRB 9-cis retinoic acid
Retinoid X receptor-y RXRy RXRG 9-cis retinoic acid
Testicular receptor 2 TR2 NR2CI Orphan
2C
Testicular receptor 4 TR4 NR2C2 Orphan
Tailless homolog TLX NR2EI Orphan
orphan receptor
2E Photoreceptor-cell-
specific nuclear PNR NR2E3 Orphan
receptor
Chicken ovalbumin
upstream promoter- COUP-TFa NR2F1 Orphan
transcription factor a
Chicken ovalbumin
2F upstream promoter- COUP-TFp NR2F2 Orphan
transcription factor f8
Chicken ovalbumin
upstream promoter- COUP-TFy NR2F6 Orphan
transcription factor y
Estrogen receptor-o ERa ESRI Estrogens
3A
Estrogen receptor-3 ERp ESR2 Estrogens
Estrogen-related ERRa ESRRA Orphan
receptor-a
3B
Estrogen-related ERRP ESRRB Orphan

receptor-f3
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Estrogen-related

receptor-y ERRy ESRRG Orphan
Androgen receptor AR AR Androgens
Glucocorticoid receptor GR NR3CI Glucocorticoids
3C - — - —
Mineralocorticoid MR NR3C2 Mmeralocortl'cm_ds and
receptor glucocorticoids
Progesterone receptor PR PGR Progesterone
Nerve growth factor 1B NGFI1-B NR4AI Orphan
4A Nurr-related factor 1 NURRI1 NR4A42 Orphan
Neuron-derived orphan NOR-1 NR4A3 Orphan
receptor 1
Steroidogenic factor 1 SF-1 NR5AI Phospholipids
S5A
Liver receptor LRH-1 NR542 Phospholipids
homolog-1
6A Germ cell nuclear GCNF NR6AI Orphan

factor

Table 1.1: Nuclear Receptor Superfamily

Table of human nuclear receptors, gene name, and their activating ligands.
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Figure 1.1: Modular Domain Structure of NRs.

(a) Basic modular domain structure of NRs is comprised of an unstructured NTD that
contains the AF-1 surface, a zinc finger DBD, a flexible hinge region, and a LBD that binds
to ligands and interacts with coregulator proteins through the AF-2 surface. (b) General
domain size and amino acid length of a variety of NRs. The DBD and LBDs are the most
conserved regions where as the other domains are more variable in length and sequence
composition. (¢) Example of full-length NR structure shows LXR-RXR heterodimer (PDB:

4NQA) (DBD colored purple, hinge region in yellow, and LBD in green) .
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Subdomain 1

Subdomain 2

Figure 1.2: NR DNA Binding Domains.

(a) Cartoon representation of NR DBDs indicating important motifs. This domain contains
two subdomains, each containing one zinc finger. The first subdomain residues interact with
the DNA major groove to make base specific interactions on genomic response elements.
The second subdomain participates in DBD dimerization and makes non-specific contacts
with the DNA backbone. Some NRs, like LRH-1 and GCNF, also contain C-terminal
extensions (CTEs) that make base specific contacts with the minor groove. (b) Cartoon

representation of folded NR DBD highlighting the important regions. (PDB: 3FYL).
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BOTTOM

Ligand Binding
Pocket

Figure 1.3: NR Ligand Binding Domains.

Cartoon representation of the structurally conserved NR LBD. This domain is comprised of
11 a-helices and 4 B-strands that fold into three layers of a helical sandwich bundle. This fold
creates a hydrophobic ligand binding pocket at the bottom of the receptor. This domain also

contains the AF surface, comprised of H3, H4, and the AF-H, which interacts with

coregulator proteins (PDB: 1PZL).
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FXR-CDCA ~ LXR-epoxycholesterol

e
GR FXR PPARy

Figure 1.4: NR Ligand-Interactions.

Close up view of SR LBPs showing that (a) GR LBD-cortisol (PDB: 4P6X) and (b) ER
LBD-estradiol (PDB: 1ERE) use conserved Glu and Arg residues (blue sticks) to make
hydrogen bonding interactions (red) with steroid ligands. These interactions help orient the

ligand within the pocket. (¢) Close up views of FXR LBD-CDCA (PDB: 10T7) and (d) LXR



28

LBD-epoxycholesterol (PDB: 1P8D) show, despite similar ligands, the receptors orient them
in opposite directions. This allows natural ligands to discriminate between NRs whose LBDs
are highly conserved (e) Comparisons of ligand cavity sizes between GR (PDB: 4P6X), FXR

(PDB: 10T7), and PPAR (PDB: 5AZV).
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GR DBD-GRE

VDR DBD-DR3 SF-1 DBD-DRO

Figure 1.5: Genomic Response Elements.

Nuclear receptors bind to genomic response elements that come in a variety of forms. (a)
Members of the SR subfamily bind to palindromic repeats (shown as red DNA cartoon).
These repeats are separated by different spacer lengths (shown as yellow DNA cartoon). As
examples, the ER DBD-ERE and GR DBD-GRE crystal structures are shown below. (b)
Most other NRs bind to direct repeats, which can also be separated by spacers from 0-5 bp.
The structures of the RXR-RAR DBD heterodimer is shown in complex with a DR with 1 bp
spacer (DR1) and the VDR homodimer DBD is shown in complex with a DR with 3 bp

spacer (DR3). (¢) Though rare, some NRs bind to DNA as a monomer to extended half site
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sequences. Examples include LRH-1 DBD and SF-1 DBD. (PDBs, from left to right: top row

—4AA6, 1DSZ, SLOM; bottom row — 3FYL, 1KB4, 2FF0)
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Figure 1.6: NR Dimerization Interfaces.

Many NRs utilize the HIO/H11 surface to form homodimers or heterodimers. (a) ER LBD
homodimer shows dimerization occurs between H7, H9, H10/11 (PDB: 1ERE). (b) The

LXR-RXR LBD heterodimer shows a similar dimerization interface (PDB: 1UHL). (c)
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Unlike the other two, the GR LBD homodimer structure revealed a novel dimerization
interface (PDB: 1M2Z). The dimerization interface is colored blue, ligands are shown as

sticks (green) and coregulator peptides are colored yellow.
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Figure 1.7: NR Coregulator Interactions.

(a) Cartoon representation of the coregulator LXXLL peptide (green) interacting with the AF

surface (purple). The peptide is held in place by a conserved charge clamp interaction formed
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by a glutamate on H12 and a lysine on H4. (b) Cartoon representation of corepressor
peptides (pink) interacting with the AF surface (blue). Corepressors contain extended
(L/DXXIT/V)I or LXXX(I/L)XXX(I/L) motifs that do not allow for the charge clamp
formation. (c,d) The basis of the “mouse-trap” model was made by comparing the apo (c)
and ligand bound (d) structures of RXR. Upon ligand binding a large rearrangement of H12
is seen. (PDBs: 1LBD, IMVC). (e,f) The more favored “dynamic stabilization” model of NR
activation suggests H12 does not undergo such a large conformational change, but instead
H12 flexible and ligand binding simply stabilizes the helix. This model was proposed after
other apo NR structures, did not show H12 displaced and upon ligand binding there was little
change in the location of this helix. (PDBs: 4DOR, 4PLE). Coregulator peptides are colored

blue and ligands are shown as sticks (green).
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Ligand 4 NR-Heat Shock LigandQ)

Protein Complex Corepressors Coactivators

Corepressors Coactivators Corepressors Coactivators

Figure 1.8: Schematic of NR signaling mechanisms.

(a) Type I receptors reside in the cytoplasm (C) in complex with chaperone proteins. Upon
ligand binding (hexagon) the receptor is released from this complex and is trafficked into the
nucleus (N) where they typically bind to palindromic repeat response elements (HREs) as a
homodimer to regulate transcription. These NRs are commonly SRs that are activated by
steroid hormones. (b) Type II receptors are localized in the nucleus. In their unliganded state
they interact with corepressor proteins but upon ligand binding are exchanged for
coactivators. NRs in this group generally form heterodimeric complexes with RXR. (c)

Similar to Type II receptors, Type III receptors reside in the nucleus and undergo interchange
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from being bound by corepressors and coactivators. These receptors bind to direct repeat
HREs as homodimers. (d) Type IV receptors are almost identical to Type III except they bind

HREs that are extended half sites as monomers.
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Figure 1.9: NRs Both Activate and Repress Transcription.

(a) To activate gene expression, NRs interact with their RE. DNA bound NRs recruit
coactivator proteins, which in turn recruit histone-modifying enzymes. These histone-
modifying enzymes are commonly histone acetylases, which acetylate histone tails. This
modification is a mark of active chromatin. Ultimately, the general transcriptional machinery
and RNA Polymerase are recruited to drive gene expression. (b) To repress transcription,
NRs recruit corepressor proteins. These proteins recruit other histone-modifying enzymes

that aim to reverse histone acetylation and instead restrict the chromatin. This condensation
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prevents the transcriptional machinery from accessing the DNA, thus repressing gene

expression.
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The glucocorticoid receptor is a ligand-regulated transcription factor that controls
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Abstract

The glucocorticoid receptor (GR) is a constitutively expressed transcriptional regulatory
factor (TRF) that controls many distinct gene networks, each uniquely determined by
particular cellular and physiologic contexts. The precision of GR-mediated responses appears
to depend on combinatorial, context-specific assembly of GR-nucleated transcriptional
regulatory complexes at genomic response elements. In turn, evidence suggests that context-
driven plasticity is conferred by integration of multiple signals, each serving as an allosteric
effector of GR conformation, a key determinant of regulatory complex composition and
activity. This structural and mechanistic perspective on GR regulatory specificity likely

extends to other eukaryotic transcriptional regulatory factors.
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Introduction

Control of gene transcription is critical for development, physiology, and
homeostasis. Thus, aberrant transcriptional regulation commonly drives disease processes.
Transcriptional regulatory factors (TRFs) play a critical role in this process by recognizing
specific DNA sequences to activate or repress expression of specific genes. One of the most
well-characterized metazoan TRFs is the glucocorticoid receptor (GR), the founding member
of the nuclear receptor superfamily, members of which evolved to bind specific small

lipophilic signaling molecules'.

Expressed in virtually all vertebrate cells, GR directly up- and down-regulates
thousands of genes distinct to the cell type, governing various aspects of development,
metabolism, stress response, inflammation, and other key tissue and organismal processes.
GR is encoded by the NR3C1 gene located on chromosome 5 (5q31) and is closely related to
its paralogs NR3C2 the mineralocorticoid receptor (MR), NR3C3 the progesterone receptor
(PR), and NR3(C4 the androgen receptor (AR). These four nuclear receptors share a common
domain structure consisting of an N-terminal domain (NTD), a zinc finger DNA binding
domain (DBD), a hinge region, and a C-terminal ligand binding domain (LBD). Embedded
within these domains are regions that confer regulatory activity; for GR, these are denoted as
AF1/Taul/tl, Tau2/12, and AF2 (Figure 2.1a). While the DBD and LBD are highly
conserved between GR, MR, PR, and AR, the N-terminal AF1 domains and the surrounding
NTD regions within these four genes are more divergent in sequence and size. In addition,
alternative splicing and translational start sites produce multiple isoforms of the NR3C
family members. The predominant and best-studied isoform of GR, GRa, is a 777 amino acid

polypeptide in humans. Other less abundant and less well characterized, but likely functional,
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isoforms of GR have been described and are reviewed in>’. For example, a GRB isoform
carries LBD alterations that change its ligand binding properties and may compete with GRa

in certain experimental settings®.

GR activity is gated by the endogenous steroid hormone cortisol in humans, or by
exogenous glucocorticoid drugs, such as dexamethasone. In the absence of ligand, apo-GR is
monomeric in the cytoplasm, where it associates with molecular chaperone complexes
containing heat shock protein 90 (Hsp90), heat shock protein 70 (Hsp70), and other factors”;
this interaction promotes high-affinity hormone binding while inactivating other receptor
activities, such as nuclear localization and DNA binding. Glucocorticoid binding provokes
GR conformational changes that render multiple functional domains active, including nuclear
localization sequences within the hinge and LBD regions. After translocation into the
nucleus, GR associates with specific genomic glucocorticoid response elements (GREs)® and
nucleates assembly of transcriptional regulatory complexes, comprised of GR, other TRFs,
and coregulatory factors, which together activate or repress transcription of glucocorticoid-
responsive genes® (Figure 2.1b). Although GR forms stable complexes with DNA in vitro,
it appears to exchange within seconds in vivo”'?, implying that distinct GR molecules
establish initial genomic contact and regulate transcription, and that GR is actively

11,12

disassembled from chromatin in vivo ~'“. The role of this striking in vivo dynamics in the

mechanisms of regulation is not known.

GR operates context-specifically - it regulates gene networks that are precisely
determined in a given context, yet displays remarkable plasticity as a function of cell type
and physiological state (recently reviewed in'"), leading to diverse outcomes. For example,

GR-mediated gene expression governs apoptosis in the context of hematopoietic T cells'* but
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increases adipogenesis, lipolysis, and differentiation in adipose cells"’. How can both
precision and plasticity of GR-regulated transcription be achieved? Addressing this apparent
paradox of precision and plasticity is in fact the overarching challenge for all of eukaryotic
transcriptional regulation. GR provides a striking framework in which to address the
challenge because it is expressed ubiquitously in vertebrate cells, and the GR-regulated gene

networks are strongly cell type-specific.

Here, we first discuss how GR interacts with the genome in vivo and in vitro,
highlighting the context-specificity of the in vivo interactions. Second, we document the
importance of context in specifying GR activity, and discuss how different “surfaces” appear
to define the regulatory logic of GR function. Third, we consider how four classes of signals,
including DNA binding, ligand binding, post-translational modifications (PTMs), and
interactions with other, non-GR transcription factors are integrated to impact GR structure
and function. Fourth, we examine multiple classes of coregulatory factors that associate with
GR interaction surfaces to assemble transcriptional regulatory complexes and impose
enzymatic actions that modulate transcription. Finally, we present a model that accounts for
the precision and plasticity of eukaryotic transcriptional regulation. In this model, TRFs act
as scaffolds whose conformations are altered allosterically by signaling inputs, while
coregulators serve both as readers that associate with surfaces induced on TRF scaffolds by

those allosteric signals, and as enzymes that modulate target gene transcription.

GR-genome interactions
TRFs, including GR, obtain a portion of their regulatory specificity by interacting
with specific genomic loci. These interactions can either be direct GR—-DNA contacts, or GR

can associate with other transcriptional regulators that are themselves bound to DNA.
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Specific genomic occupancy by a TRF is typically highly context specific, with patterns of
binding differing substantially in distinct cellular and physiological settings. Importantly,
locus-specific GR binding is not a sufficient determinant of regulatory activity. In this section
we will focus on outlining the direct and indirect interactions GR establishes with the
genome (Figure 2.2); see Supplementary information S1 (Table 2.S1) for a summary of

experimental techniques referred to in this section
Direct and indirect sequence-specific binding in vitro.

DNA binding domains of GR and other nuclear receptors contain two highly
conserved subdomains, each with four cysteine residues coordinating a single Zn ion,
followed by an amphipathic helix and a peptide loop. The helix of the first subdomain
contains the “P box”, bearing three residues that make base-specific contacts in the major
groove of the binding sequence. The second subdomain helix makes nonspecific contacts
with DNA helix backbone and minor groove, whereas the peptide loop provides “D box”

residues important for GR dimerization'®"”.

The DBD positions GR at specific genomic sites by at least three classes of GR-DNA
interactions, and at least one class of GR—protein interaction (Figure 2.2A). The best
characterized GR—DNA interaction is through the canonical GR binding sequence (GBS)
(Figure 2.2Aa,B,D,F), which is composed of two pseudo-palindromic hexameric AGAACA
repeats, separated by a three base pair spacer'’. The ‘DNA reading helix’ utilizes the side
chains of Arg447, Lys442, and Val443, to make three base-specific contacts within the major
groove of each GBS half site (Figure 2.2B, D). GR binding in this head-to-head fashion

creates interactions between two sister GR-DBDs, which promotes GR-GR and GR-DNA
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interactions, creating positive cooperativity'>'’. Five amino acids within the D box provide
critical protein—protein contacts, stabilizing the GR-DBD dimer on DNA. Mutational
disruption of the D-loop conformation can affect GR’s regulatory activity*’. For example,
Ala458 makes a hydrogen bond with [1e483 on the dimer partner, and mutation of the Ala to

Thr has been shown to alter GR activity in a gene-specific manner™ >

.This mutation, though
initially believed to be devoid of dimerization potential, still forms dimers on DNA but with
diminished cooperativity'”. In addition, a relatively weak LBD-LBD interaction (1.5 pM

using GR-LBD fragments in the presence of ligand and coregulator peptide)*® may contribute

to GR dimerization, but the biological significance of this contact has not been established.

The second class of GR-DNA interaction is a recently discovered Inverted Repeat
GBS (IR-GBS) (Figure 2.2Ab,C.E), characterized as an alternative GR-binding motif
containing CTCC(N)o,GGAGA?*. Structural studies of the GR-DBD-IR-GBS revealed that
GR molecules bound these non-identical sites on opposite sides of DNA, separated by a one
base pair spacer in a head-to-tail fashion® (Figure 2.2C). One monomer makes three
contacts within a high-affinity binding site mediated by Lys442 and Val443, which are the
same side chains that participate in recognizing the DNA in the GR-DBD-GBS structure.
Arg447, however, establishes hydrogen bonds with a guanine in canonical GBS structures,
but in the IR-GBS structure is prevented from making these base-specific interactions due to
steric clashes with a thymine®. The other monomer uses only Arg447 to make one base-
specific contact to a guanine. As the two GR monomers bind to opposite sides of the DNA at

IR-GBSs, they are not in direct contact through the DBD dimerization interface.

Biochemical analyses reveal that GR binds IR-GBS elements with negative

cooperativity whereby binding of one monomer dramatically reduces the propensity of a
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second monomer to bind. This contrasts strongly with the cooperative binding seen at
canonical GBS®. Furthermore, nuclear magnetic resonance (NMR) studies indicate that the
dimerization loop residues display significant changes in chemical environment, consistent
with dimerization when bound to a canonical GBS, whereas they are unaffected upon binding
to an IR-GBS®®. As with canonical GBSs, it has not been examined whether LBD-LBD
interactions participate in GR binding to IR-GBSs. Taken together, we infer from these in
vitro studies that monomeric GR most likely binds these elements in vivo. Other 3-keto
steroid receptors, MR, PR, and AR, all bind a canonical GBS but only GR is able to bind a
IR-GBS™. Even the MR-DBD, which shares 90% sequence identity with the GR-DBD,
cannot bind or repress transcription from an IR-GBS due to epistatic mutations that occurred
during the evolution of the steroid receptor family that limit this function in all steroid

receptors except GR*.

In a third class of GR-DNA interactions (Figure 2.2Ac), not yet characterized
structurally, selective binding of GR to canonical half site DNA sequences (consensus
AGAACA) has been reported*"">’. This binding may be facilitated by secondary interactions
between GR and other non-GR TRFs bound to DNA proximal to the GBS, although there is
no evidence for enrichment of particular TRF motifs contiguous with these half site GBSs,
the understanding of which TRFs are involved in the regulation of gene expression at such
composite GREs is still very limited. Finally, GR can occupy specific genomic regions
without directly binding DNA (Figure 2.2Ad). In this mechanism, known as tethering, the
DBD makes protein—protein contacts with other TRFs, such as AP-1 or NF-kB, specifically

bound at their cognate sequence motifs™ ' (Figure 2.2Ad).
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Context-specific genomic occupancy in vivo.

The four classes of sequence-specific GR-DNA interactions characterized in vitro
(Figure 2.2A) occur at high frequency in mammalian genomes. Chromatin
immunoprecipitation followed by deep sequencing (ChIP-seq)’” is a robust, sensitive and
fairly accurate (albeit not to single nucleotide resolution) method to identify genomic
segments occupied by GR in vivo (for details of the technique see Supplementary
information S1 (Table 2.S1) here termed GR occupied regions (GORs). It is clear from these
approaches that GORs, while numerous, overlie only a small fraction of the potential sites
predicted from in vitro studies, and that they are highly context specific. For example, only
0.5% of 11,666 GORs identified in mouse liver were found in common in four other mouse

d***, and 83% were unique to liver”. While differences in

cell types examine
methodological and statistical approaches may complicate those meta-analyses dramatically

different GORs among different cell types have been commonly noted’.

GORs typically reside proximal both to GR regulated genes and to genes not
regulated by GR*'”°, so mere proximity is uninformative either about regulatory function or
about which genes are regulated by which functional GORs. What is clear is that GORs do
not necessarily regulate the gene closest in linear proximity within the genome, and that non-
GR-regulated genes commonly reside between a GOR and the nearest GR-regulated gene.
Provisional evidence suggests that most GORs reside >10 kb from a GC-responsive gene,
and that many GORs are 10-100 kb or more upstream, downstream, and within introns’’
relative to the transcription start sites of genes they are thought to regulate (Figure 2.3a).
Such action-at-a distance is well-documented, heavily studied, and virtually not understood

for metazoan transcriptional regulators. How particular GREs and promoters interact and
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what drives specificity of one GRE—promoter interaction over others is a focus of current
debate, but one or more of several proposed gene looping mechanisms (reviewed in’®) are

likely involved.

Clearly, the determinants of GOR context-specificity are not understood, but some
positive and negative correlates have been uncovered. For example, DNase I hypersensitive
sites (DHSs) (see Supplementary information S1 (Table 2.S1)), which are thought to identify
“open chromatin” regions depleted of nucleosomes, but occupied by TRFs and other non-
nucleosomal proteins, were found in whole genome analyses in multiple cell types to pre-
exist at up to 95% of GORs formed upon hormone treatment®*. DHSs, of course, vastly
outnumber GORs (DHS ~2.5% of the genome, GORs 0.02 to 0.05% of the genome in the
cell types tested)™; it is interesting to speculate that DHSs at eventual GORs reflect non-GR
TRFs pre-bound at eventual composite GREs. Similar results were obtained using
Formaldehyde-Assisted Isolation of Regulatory Elements and deep sequencing (FAIRE seq -
See Supplementary information S1 (Table 2.S1)). In this case, pre-existing FAIRE seq signal
indicative of open chromatin, increased upon glucocorticoid stimulation, suggesting that GR
interacts with pre-existing open chromatin, and then further alters the chromatin
environment™. In contrast, negative regulatory DNA sequence (NRS) motifs were identified
proximal to a subset of GBs as anti-correlates to GR genomic occupancy. Here, GBSs that
were not occupied by GR via ChIP-seq experiments were found to have an over-
representation of proximal NRS motifs*. Interestingly, NRSs did not affect DNase I
sensitivity. Rather, NRSs appeared to be enriched in para-speckle proteins that were

speculated to repress transcription by blocking GR from binding to its canonical site.
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GRE context and regulatory logic

The context specificity of GORs demonstrates that DHSs, recognition sequences
(GBSs) identified in vitro, and non-GR TRFs with which GR interacts are insufficient to
localize or predict localization of GR in vivo. A dramatic example is the IR-GBS-containing
GORs, widespread and highly occupied in mouse fibroblasts™, but detected sparingly in

certain other cell types*' ™

. The relationship of a GOR to a functional GRE is similarly
complicated by context. Transient reporter assays, in which a plasmid bearing a genomic
fragment underlying a GOR is inserted adjacent to a minimal promoter and reporter
(typically luciferase) gene, is transfected into a GR-expressing cell line (see Supplementary
information (Table 2.S1)), have been widely used to assess GOR regulatory capacity, and
therefore to infer GRE activity. However, the transient conditions for a newly introduced
plasmid are surely different from the chromosomal and cellular settings of the endogenous

GOR, and the strong context-specificity of GR-mediated gene regulation raises concerns

about the validity of GRE activity inferred using that approach.

Genome editing using zinc finger nucleases or transcription activator-like effector
nucleases (TALENs) provide, in principle, routes for assaying GRE activity in situ.
Unfortunately, the technical complexity of these methods together with incomplete
appreciation of the overriding importance of context, has left those approaches largely
unused. As a result, only one single GRE has been validated at its endogenous locus in vivo.
In that case, a short deletion introduced into the first intron of the mouse circadian clock gene
Per2 fortuitously covered a GOR ~25kb downstream from the transcription start site, and
produced allele-specific loss of glucocorticoid-mediated induction of Per2 expression in

mesenchymal stem cells*. With the emergence of CRISPR-Cas technologies®, precise
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genome editing will rapidly become the gold standard for validation of GRE activity in any
chosen cell type- or physiological-context. Interestingly, underscoring the importance of
context, the Per2 GRE identified in mouse mesenchymal stem cells appears not to be
functional in human lung carcinoma cells, as assessed by CRISPR-driven deletion (K.

Ehmsen, pers. comm.).

As mentioned above, the genes and gene networks regulated by GR within different
cell types are distinct. For example, Figure 2.3b shows the vastly different sets of target
genes regulated by the synthetic glucocorticoid in two different cancer cell lines. Most GR
target genes are unique to each cell line, demonstrating striking cell-context specificity.
Indeed, 62 genes regulated in both cells lines are differentially responsive (activated in one
cell line, repressed in the other) showing that even genes regulated by GR in both cell lines

can be controlled by distinct mechanisms.

Genetic strategies have also been used to identify GR surfaces that are engaged in the
regulation of gene expression in different contexts. For instance, a triple point mutant,
denoted 30iiB (E198K/F199L/W213R) abrogated activation by the AF1 domain, and single
point mutants within the DBD dimerization domain (A458T), and AF2 (E755R) knocked out
activation by those domains individually for genes tested in U20S cells. These three
“surfaces”, together with a naturally occurring splice variant, GRy, which inserts an a single
amino acid (R452) into the lever arm region of the DBD, were employed in U20S cells in
gene-specific patterns. For example, GR-mediated activation of one set of genes depended
214647

solely on AF2, whereas another set employed a combination of AF1, DBD and AF

As each altered GR region contains protein interaction domains, it is reasonable to assume
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that the different patterns of domain utilization reflect assembly of distinct regulatory

complexes at the GREs controlling the different sets of genes.

Beginning with context determinants defined in the genome and GR itself, what can
be inferred about the “regulatory logic” that confers such specificity, yet permits facile
plasticity when conditions are altered? By manipulating ligand dose, duration of treatment,
and other parameters that affect relative levels of GR activity, one study uncovered “toggle
switch”-like behavior in U20S cell GREs in which a set of genes was activated at low levels
of GR activity, and underwent a dramatic shift to repression at a transition point as GR
activity increased®. This stereotyped regulatory mode has been denoted as incoherent feed
forward loop type 1 (I1-FFL) logic*, and suggests that GREs that regulate these
differentially responsive genes initiate two arms of a regulatory circuit, yielding net
activation or repression as the level of GR activity is altered by various context determinants.
Different feed forward loop network motifs initiated by GR have been described in
macrophages™. These findings imply that some, perhaps many, GREs may contain molecular
switches that readily confer plasticity in a highly context-sensitive manner. Thus, the GRE
appears to emerge as the regulatory logic module, driven by multiple signals and conferring
specificity while enabling plasticity. Below we suggest a conceptual and mechanistic basis

for such a ‘regulatory logic’ for GR and likely other eukaryotic TRFs.
Allosteric effectors of GR

If, as outlined above, regulatory specificity is determined by assembly of distinct
regulatory complexes, each attuned to a particular gene-, cell- and physiologic-context, what

are the molecular determinants of context, and how are their effects communicated to GR?
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Extending a few examples into a general conclusion, current data suggest that four classes of
cellular signals interact with GR, allosterically altering its conformation. The first two
classes, the hormonal ligands and covalent PTMs, represent the endpoints of various signal
transduction pathways that communicate physiologic context to the receptor. A third signal
class is the extensive array of DNA sequences bound specifically by GR; these differ at
different GREs, and thus these signals impart gene-specific context to the receptor. Finally,
the particular cell-specific repertoire of transcription factors, including the variability in
levels of their expression and activities, are reflections of cell type. Thus, the differences in
the expression of transcription factors that interact with GR convey cell-specific, allosteric
signals. As described above, GR:TRF interactions occur at composite GREs, and their

special subset, the tethering GREs.
DNA binding sequences.

High-throughput studies have identified thousands of proteins that interact with
DNA’' and TRFs are the most common group with sequence-specific DNA binding activity.
Specific DNA sequences serve not only as platforms for binding, but appear also to act as

direct allosteric effectors of transcription factors'®'*2.

Although the oligomeric state of GR at different points in signalling in vivo

42:43.33.34 it s established

(monomeric, dimeric or higher order) is a matter of current debate
that full-length ligand-bound GR is a monomer in solution in vitro, even at high
concentrations™°. At canonical GBSs, DNA binding increases the local concentration and

favorable orientation of protein—protein interactions between two DBDs resulting in

productive dimerization'’. Indeed, GR not only makes sequence specific interactions with



69

each hexameric half site of the DNA, but the 3bp spacer between the half sites, at least at
certain GBSs, drives cooperative DNA binding and dimerization'®; moreover, allosteric
changes provoked by one half site sequence can be transduced intermolecularly across the
dimer interface, conformationally altering the dimer partner'’. Spacer sequences can alter
DNA shape, resulting in conformational changes that originate from the DNA-reading helix,
allosterically propagate through the ‘lever arm’, and alter the conformation of the receptor’s
D box, ultimately affecting GR transcriptional activity'”. Such conformational distinctions
can be seen in comparisons of different GR-DBD-GBS structures (Figure 2.2F). Finally,
recent work has shown that sequence at the +8 and -8 positions flanking the GBS that alter
DNA conformation also affect GR-DBD structure, as assessed by NMR analysis in vitro, and
in vivo using a zinc finger nuclease generated, genomically integrated, GBS reporter system
and endogenous GR’’. Collectively, these studies suggest that DNA sequence-specific
conformational states of GR result in the generation or stabilization of distinct patterns of GR

surfaces, which serve as interaction platforms, driving alternative transcriptional outcomes.

Additionally, NMR analyses revealed allosteric communications between the
dimerized GR monomers at canonical GBSs'’, and molecular dynamics simulations (for
further details of the method see Supplementary information (Table 2.S1)) suggested
allosteric regulation between monomers at IR-GBSs (although this might not be relevant in
vivo, as IR-GBS elements may be occupied by only monomeric GR in the in vivo
scenario’®). In both cases, DNA acts as a ligand to impart allosteric changes that could affect
affinity for coregulators and ultimately regulatory outcomes, implying that the allosteric
transitions extend into the N-terminal domain and LBD. So far, structural studies of GR in

the context of allosteric modulation by DNA have been limited to isolated domains, but work
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with full-length vitamin D receptor (VDR) and retinoid X receptor (RXR) heterodimer
confirm allosteric communication throughout NR complexes upon DNA binding™. Indeed,
hydrogen deuterium exchange mass spectrometry (HDX-MS) on the full-length liganded
VDR-RXR-DNA complex revealed conformation changes upon binding ligands, DNA, and
coregulators. Changes within the VDR DNA binding sequence (VBS) read through the
VDR-DBD had far-reaching intramolecular allosteric effects that altered solvent accessibility
of regions within the sister LBD of the complexed RXR molecule®®. Future work with full-
length GR will be essential to fully describe the allosteric consequences of differential GBS

binding.
LBD-binding ligands.

The NR3C family members: GR, MR, PR, and AR evolved from a common ancestral
gene and share high sequence similarity within their LBDs; however, key architectural
differences of each LBD produce strict ligand selectivity” . Differences in the aromatization
of the A ring of the ligand (See Figure 2.4a for ligand ring naming and carbon numbering),
driven in part by the 3-oxo group interaction with polar residues within NR3 family LBDs
distinguish endogenous NR3C family member 3-keto ligands from related estrogen receptor

(ER) 3-hydroxy specific ligand recognition®”*’

(Figure 2.4a). The first crystal structure of
the GR-LBD complexed with a ligand (dexamethasone) displayed an intricate network of

polar and non-polar interactions defines ligand selectivity - every polar atom within

dexamethasone directly interacts with the GR-LBD?.

Despite strong binding specificity, dexamethasone occupies only ~65% of the GR

ligand binding pocket (leaving >200 A’ excess volume within the 590 A’ binding pocket™);
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similarly, the endogenous ligand cortisol binds specifically, but fails to fill the binding
pocket®' (Figure 2.4b). The additional volume within the binding pocket offers potential space for
interaction with alternative modulatory ligands. Moreover, LBD structures bound to cortisol
and an alternate GR ligand, RU-486, (Figure 2.4c,d) reveal extensive structural malleability
within the LBD that appears to enable interaction with a wide range of potential ligands®
that could confer different allosteric changes resulting in ligand-specific alterations in
regulatory outcomes. The capacities of functional GR ligands to fill only a portion of the
binding pocket or to alter the shape of the pocket challenge and, at the same time, liberate the
concept and practice of ligand design. Using the dexamethasone-occupied pocket as a guide,
arylpyrazole compounds were developed as non-steroidal GR ligands and shown indeed to
differ from dexamethasone in their phenotypic and molecular actions in several target cell
types®. Notably, “selective GR modulators” (SGRMs) that preserve the anti-inflammatory
and immunosuppressive actions of standard glucocorticoids, but do not show adverse effects
that accompany chronic glucocorticoid therapeutic regimens have been long sought without
success. Hence, discovery of molecules that achieve pre-selected context-specific regulatory

outcomes has proven difficult; we suggest in our concluding remarks a targeted approach.

In summary, GR ligands are critical physiologic or pharmacologic context inputs,
conferring allosteric transitions®* that affect GR-associated molecular chaperone affinities or
functions, and activate GR nuclear localization signals and DNA binding activity. Even
subtle modifications of GR ligand chemistry or dose can affect gene-specific GOR

48,63

formation™", or regulatory complex composition and/or function (e.g., altered HAT

activity) without affecting GOR formation itself*.
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Post-translational modifications.

Covalent PTMs of TRFs are conferred as the endpoints of cell signalling pathways
that provide physiologic context information distinct from that provided by noncovalently
associated hormonal ligands. PTMs can confer allosteric transitions, create or inactivate
protein interaction surfaces, affect protein localization, stability, DNA binding, ligand
response and regulatory activity of TRFs in a context-specific manner. GR can be modified

65-69

by several PTMs at distinct sites (Figure 2.5)” . Here, we summarize some of those PTMs

and their effects on GR action.

Phosphorylation. Phosphorylation (generally on Ser, Thr, or Tyr) of nuclear receptors

plays important roles in ligand binding, nuclear localization, DNA binding, and modulating

68,70

interactions with coregulators”™'". GR maintains a basal level of phosphorylation, but

1-73
"1 To date, there are seven

additional sites are phosphorylated upon ligand treatment
experimentally confirmed phosphorylation sites on GR clustered within the N-terminal
domain, including Serl13, Ser134, Serl41, Ser203, Ser211, Ser226, and Ser404%. These
residues are conserved among human, mice, and rats’. Although the enzymes responsible in
vivo are uncertain, these sites can be modified in vitro by cyclin-dependent kinases (CDK),
mitogen protein kinases (MAPK), c-Jun N-terminal kinases (JNK), and glycogen synthase
kinase-3 (GSK-3)”, implying that multiple signaling pathways communicate with GR.
Mutational analysis of particular sites led to mixed reports of effects of phosphorylation on

5,76
R7 7

transcriptional regulatory activities of G , consistent with strong gene-, cell-, and

physiology-specific context dependence, as expected.
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In general, phosphorylation of GR increases the protein half-life, and mutations to
alanine of several different phosphorylation sites, one site at a time, each results in rapid
protein degradation®”’®. Phosphorylation of sites Ser203, Ser211, and Ser226, located within
AF1, are predicted to affect exposure of protein surfaces critical for cofactor interactions’”’®,
Phosphorylation of Ser211 results in increased recruitment of GR to GORs and subsequent
regulation of GR target genes””. Mutation of Ser203 prevents phosphorylation at Ser226,

suggesting interdependence of those modifications>*

. Upon ligand binding, Ser203 is
phosphorylated and GR is selectively partitioned to the nucleus. Mutation of that site
precludes nuclear accumulation and subsequent GR dependent gene regulation®’, whereas
S226 phosphorylation, presumably via JNK signalling pathways, results in increased nuclear
export, thus decreasing gene regulation through GR®. Ser203 is phosphorylated in vitro by
CDK and MAPK'**!. This apparent integration across different signalling pathways may
contribute to the differences in transcriptional outcomes observed in different cellular and
physiological contexts’*. Another site, Ser404, phosphorylated in vitro by GSK-3, appears
to be hypo-phosphorylated in nuclear fractions, but loss of S404 phosphorylation changes the
conformation of GR, alters cofactor recruitment and transcriptional responses, and increases

glucocorticoid-induced apoptosis®*™.

Ubiquitylation. The 8.5 kDa ubiquitin polypeptide is covalently attached to Lys
residues of a target protein and promotes protein turnover by targeting them to the

proteasome for degradation. Cells treated with proteasome inhibitors showed enhanced GR

67,84

regulatory activity and increased in vivo DNA occupancy time, indicating that

11,12

ubiquitylation plays a role in regulating GR stability . Furthermore, ubiquitylation of GR

at Lys419*° was shown to stimulate GR nuclear export and subsequent degradation™.
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SUMOylation. The small ubiquitin-related modifier-1 (SUMO-1) polypeptide, when
covalently linked to Lys residues of target proteins can alter their stability, localization or
transcriptional regulatory activity”®’. GR can be SUMOylated at three sites: Lys277 and
Lys293 within the NTD and Lys703 within the LBD; these modifications have been shown
to have effects on GR activity that are highly context dependent®®®®. Genome-wide profiling
of GR SUMOylation mutants revealed enhanced GR recruitment to DNA, specifically at

genes involved in cell growth, proliferation, and survival®.

Although its functions are context dependent, SUMOylation has most commonly
been linked to transcriptional repression®””'. One recent example concerns the repression of
inflammatory genes’>”® bearing IR-GBS-containing GORs. Specifically, SUMOylation at
Lys293 within the NTD is required for IR-GBS-mediated repression, whereas mutations of
the other SUMO sites have no effect. SUMOylation of Lys293 also promotes the recruitment
of coregulators SMRT and NCoR, but does not affect GR-mediated activation from certain
genes linked to canonical GBS-containing GORs’*. It appears that GR SUMOylation not
only facilitates assembly of repressive regulatory complexes but assists in the binding of GR
to weaker associated sites, at least at the IR-GBS-containing GORs examined. Furthermore,
loss of this SUMOylaton site results in diminished GR-mediated repression at certain AP-

1/NF-kB tethering sites™, apparently due to inhibition of regulatory complex assembly.

Acetylation. GR is acetylated at Lys494 and Lys495 within the hinge region at a
common acetylation motif, KXKK, where X is any amino acid. This motif is conserved
among the 3-keto steroid receptors, suggesting that this acetylation may be important for
certain general functions of these receptors. The histone acetyltransferase (HAT) proteins

CLOCK and BMALI1 were inferred from cell-based assays to acetylate GR at these Lys
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residues™. KXKK acetylation reduced the affinity of GR binding to canonical GBSs in vitro
and also reduced its ability to regulate transcription in transfection assays. The regulation of
this modification by CLOCK is critical for circadian rhythm maintenance”. GR is
deacetylated in vitro by histone deacetylase 2 (HDAC2) which appears to be important for

repression of NF-kB-regulated genes’®.

Nitrosylation. S-Nitrosylation involves covalent attachment of a nitric oxide to a thiol
group on a Cys residue. Nuclear receptors contain two zinc finger domains with four Cys
residues each. Nitric oxide can target these residues and cause the release of bound Zn*". For
GR, this modification has been shown to inhibit ligand binding®”. Exposure of COS-7 cells to
exogenous nitric oxide sources has been shown to inhibit DNA binding and dimerization of
nuclear receptor complexes such as VDR-RXR”’, but to date this has not been studied for

GR.
Composite GRE-bound non-GR TRFs.

The fourth class of allosteric effectors that alter GR activity are non-GR TRFs bound
at composite GREs. Correlative studies, suggest that composite GREs are 0.5-2kb genomic
segments containing one or more of the four classes of GR binding motifs described above,
clustered with binding sequences for non-GR TRFs>®. In the first described composite GRE,
GR interacted both with GBS DNA and with an AP-1 factor bound contiguously, and either
activated or repressed transcription depending on the subunit composition of the AP-1
factor™”*”_ A simple interpretation is that particular combinations of non-GR TRFs bound
at composite GREs could bias GR occupancy at those elements, and by directly interacting

with GR confer allosteric effects, modulating GR activity. Occupancy of the non-GR TRF
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binding sites at a given composite GRE will differ in different cell types, owing to cell
context-specific differential absolute and relative expression and activities of the respective
TRFs, thereby providing a context-dependent signal for transcriptional regulation mediated

by GR.
Coregulators as GR signalling readers

TRFs such as GR nucleate assembly of large (~10° polypeptides and non-coding
RNAs) transcriptional regulatory complexes, typically including other TRFs and distinct
arrays of coregulatory factors, which confer structural or functional changes on the
transcription machinery or chromatin, thereby positively or negatively modulating target
gene mRNA production. Roughly 300 coregulators have been identified, many of which are
themselves multifactor complexes, and shown to exhibit a wide range of functions'*'"".
Which coregulators interact with GR depends not only on coregulator availability in a given
cell type, but also on the integrated effects of the four classes of signals that communicate
context information to GR discussed above. Hence, coregulators can be viewed as readers of
GR-mediated signaling - it is the coregulators that convert the integrated signal-driven
allosteric transitions at distinct receptor surfaces into context-specific transcriptional
regulatory actions. Originally classified as coactivators and corepressors, many coregulators
have been recognized to both activate and repress genes in a context specific manner'*.
Here, we shall classify coregulators based on their mechanisms of action rather than

regulatory outcome in any particular context, and will discuss those classes shown to date to

interact with GR (Table 2.1).
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Basis of GR-Coregulator interactions.

Structural analysis has provided deep insight into the interaction of coregulators with
regulatory domain AF2 near the GR C-terminus, a highly conserved 12-a helix and 4- sheet

motif that folds into a three layer helical bundle'”

. AF2 of nuclear receptors is minimally
comprised of helices 3, 4 and 12'°*'%® with which NR coregulators interact through highly
conserved LXXLL motifs (so called NR boxes)' "' or (L/DXXI/V) or
LXXX(I/L)XXX(I/L) motifs (referred to as CORNR boxes)'”® (X=any amino acid) (Figure
2.4c,d). In contrast, the entire NTD of GR, which includes the AF1 domain, is highly
disordered. Interaction of coregulator SRC-2 and TATA-box binding protein with AF1

109,110

stabilizes it and increases its alpha-helical content (similar disordered regions are

commonly directed to fold into well-ordered functional domains in other TRFs and other

proteins'"!

); little else is known of the structure and dynamics of the functional domain, or of
the AF1—coregulator interfaces. Still less is known structurally about the Tau2 domain within
the GR hinge domain (Figure 2.1a), which interacts with coregulator Hic-5''*'"* (Table
2.1). Importantly, because systematic mutagenesis and mapping in multiple contexts has not

been carried out, we are far from understanding even the number of functional surfaces that

potentially might form within any given GR domain.
Functional classes of GR coregulators.

Tablel displays five functional classes of coregulators reported to interact with GR,
together with specific examples from each class (for a more complete description of
coregulators see '**''*!1%). As this is an active field of research, additional GR-associating

coregulator classes are likely yet to be discovered. These coregulators typically interact with
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GR bound by one of the “standard” cortisol-like glucocorticoid ligands, such as cortisol itself
or dexamethasone. One class of coregulators, histone deacetylase complexes (HDACsS),
binds GR at canonical GBS-containing sites only when bound by exogenous drug RU486,
thus calling into question the physiological significance of these interactions. In contrast, at
IR-GBS-containing sites, HDACs interact with GR bound by standard ligands. Below we

consider briefly examples from each functional class.

Structural and Enzymatic Complexes.

pl60 Steroid Receptor Coregulator (SRC) Family. The p160 family is composed of

three members; SRC-1 (also known as NCoA-1), SRC-2 (also known as NCoA-2, TIF-2,
GRIP-1), and SRC-3 (also known as NCoA-3, pCIP, AIBl, ACTR, TRAM1)'®. These
proteins function as scaffolds and can associate with between six and ten other proteins''°,
including other coregulators, such as CoCoA, CCARI1, histone acetyltransferases (CBP/p300
and pCAF), and histone methyltransferases (CARM1 and PRMT1)'""""*'. Knockdown of
individual SRC proteins showed context-specific effects on GR transcriptional

. 122,123
regulation “ .

The SRC proteins contain three functional domains: the N-terminal basic helix-loop-
helix-Per/ARNT/Sim (bHLH-PAS) domain, which binds to AF1 domain of GR increasing its
stability and o-helical content'®; the central receptor interaction domain (RID), which
contains three LXXLL motifs and two transcriptional activation domains (AD1 and 2) and

associates with the AF2 domain of GR within the LBD'**!** (see also Figure 2.4C); and the

C-terminal activation domains, which interact with HATs and histone methyltransferases''®.
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GR interacts preferentially with SRC-2 over other p160 members'*®*'**, SRC-2 can
form distinct foci within the nucleus that also contain p300, PCAF, and nuclear receptors
GR, AR, ER, as well as others. Dexamethasone-bound but not RU486-bound GR was
observed to localize to these substructures'”’. SRC-2 can also be phosphorylated in a GR-
interaction-dependent manner, and mutations to key phosphorylation sites result in reduced
expression from selected target genes'*’. Also functional in repression, SRC-2was the first
coregulator shown to deploy distinct regulatory domains™' for up- or down-regulation of

GR-dependent transcription in different contexts®'>* %%,

Mediator and other structural and enzyme-interacting complexes. The ~30 protein,

1.2 MDa Mediator complex, which forms a physical link between TRFs, such as GR, and the
general transcription machinery, and regulates transcription through affect RNA polymerase

Il and TFIIH activity'”. Structural studies suggest that Mediator activity is controlled

136-139

allosterically . For example, interaction with LBDs of nuclear receptors as well as other

TRFs induces conformational changes resulting in the formation of a Mediator “pocket

137,140

domain” that enables Mediator—-RNA polymerase II interaction . Core Mediator

components also stably interact with kinase modules including CDKS8 or CDK19 which in

4l "GR binds to two distinct Mediator

turn recruit other enzymes, such as, the HAT GCNS5SL
subunits. MED1 interacts with the GR-LBD in a ligand-dependent manner via LXXLL
motifs, whereas another mediator subunit, MED14 establishes interactions with AF1 domain
of GR independent of ligand'**. GR target gene regulation appears to be differentially
dependent upon MEDI or MEDI14'*. Other coregulators such as Hic-5, CoCoA, and
CCARI1 also interact either directly or indirectly with GR in the formation of multi-subunit

context-specific transcriptional regulatory complexes''>!"*!1%12!,
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Chromatin Remodelling Complexes.

Human cells contain an extensive family of evolutionarily conserved multi-protein

SWI/SNF-related ATPases that catalyze various transformations of the regular nucleosome

144,145

packaging of chromatin . Predominant among them are the closely related BRM and

BRG1 complexes, which interact context-specifically with GR'*'*"  repositioning
nucleosomes to facilitate the accessibility of DNA to transcription factors and transcriptional

148130 The recruitment of SWI/SNF complexes by GR to facilitate transcription''

machinery
served as the first report of TRF coregulators. GR has been shown to interact directly with

multiple subunits of the BRM and BRG1 complexes’>'>, with binding reported to DBD,

LBD and Taul/AF1 domains of GR, likely in a context-specific manner.
Methyltransferases.

Protein arginine methyltrasferases (PRMTs) such as PRMT4 (also known as
CARM]I) and lysine methyl transferase including G9a methylate histone and other proteins.

They interact with GR directly or with GR-bound coregulators p160 or p300, and either

activate or repress GR target genes in a context-dependent manner'>*'>>,

Histone Acetyltransferases (HATs).

HATs modify histones and other proteins, forming e-N-acetyllysine at selected lysine
residures'”®. Among the various HAT families, CREB-binding protein (CBP), p300 and
pCAF (ADA/SAGA) interact with GR directly through interactions with the AF1 domain , or

indirectly through p160 coregulators associated with the AF2 domain of GR to modulate

100,124,157-159

transcription . HATs target histones as well as non-histone proteins (including

117,160

nuclear receptors) in a context-specific manner , and although generally associated with
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transcriptional activation'®, mechanisms of action as well as regulatory outcomes appear

also to be context-dependent' .
Histone deacetylases (HDACs).

Nuclear receptor corepressor (NCoR) and silencing mediator of retinoic and thyroid
receptors (SMRT) form multi-protein complexes that include histone deacetylases
(HDACs)'®. NCoR and SMRT contain extended helical motifs, (L/IXX(I/V)I or
LXXX(I/L)XXX(I/L), termed CoRNR boxes, which can interact with the LBD of GR. This
binding occurs preferentially when GR is bound to RU-486 over GR bound to a standard
glucocorticoid'®®, as helix 12 of the GR-LBD in the RU-486-bound form is optimally
positioned to permit CORNR association'** (Figure 2.4d). While that GR interaction may not
be physiologically significant, NCoR/SMRT co-occupy IR-GBS-containing or NF-kB- or

AP-1-tethered GORs at which standard GC-bound GR is SUMOylated within the NTD">*.
Precision and plasticity via allostery

Because it is expressed ubiquitously, GR provides a dramatic example of perhaps the
most critical property of eukaryotic TRFs — their context-specificity. That is, GR governs
networks of genes that are precisely determined in a given setting, yet differ dramatically as a
function of cell type and physiologic state. This context-driven plasticity likely reflects the
integration of four classes of context-specific signals outlined above — hormonal ligands,
PTMs, GR binding DNA sequences and adjacent binding sequence motifs for non-receptor
TRFs. The hormones and PTMs provide physiologic context information to GR, the two

classes of DNA binding sequences, which together comprise composite GREs, provide gene
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context, and the array of TRFs available to occupy non-GR binding sequences provides cell

context.

We and others have shown that certain GR signals, namely hormonal ligands and
DNA binding sequences, are allosteric effectors, conferring specific alterations on GR
conformation. Our model assumes that all four classes of signals impacting GR
transcriptional regulatory activity operate allosterically, and that their effects integrate to
produce context-specific patterns of GR surfaces. These patterns of surfaces are recognized
and bound by specific coregulator complexes, which typically possess enzymatic activities
that confer structural and/or functional changes on the transcription machinery and/or the
chromatin. Coregulators are generally not themselves cell specific; rather, we propose that
they assemble in unique combinations at each GRE, based on the context-specific

interactions established at these sites.

A provocative extension of these ideas is that GR and other TRFs may typically lack
intrinsic regulatory activities, instead serving merely as molecular scaffolds, patterns of
surfaces produced by signaling, to which coregulators, the actual regulatory machinery,
combinatorially associate (Figure 2.6). This accounts readily for the common observation
that TRFs can activate transcription in one context and repress it in another. In this sense, GR
activities reflect its molecular conformations, which emerge owing to context-specific cues,
whereas GR functions are integrated regulatory outcomes of coregulatory enzyme actions
that associate with those various conformations. Thus, we suggest that GR structure, together
with its determinants, are keys to understanding both its regulatory precision and plasticity.
These ideas likely extend, at least conceptually, to other eukaryotic transcriptional regulatory

factors™, all of which face the same precision/plasticity challenge.
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Conclusions and Perspectives

Biology is marked by astounding specificity of time and place, whether exemplified
by butterfly migration, embryo patterning, neurite outgrowth or chromosome segregation.
Here, we have considered such specificity from the perspective of a single polypeptide that
regulates vertebrate gene expression. GR (which is ~90 kDa) associates non-covalently with
a simple ligand (362 Da for cortisol), and controls transcription within networks comprising

thousands of genes, distinct to cell type and condition. What explains such specificity?

We suggest here that GR’s actions are expanded, refined and directed through
interactions with multiple partner TRFs, dozens of signalling pathway-induced PTMs,
hundreds of coregulators, tens of thousands of potential genomic binding sites, hundreds of
cell types each with unique patterns of chromatin structure, and countless physiological
states. This culminates in exquisitely complex regulation of gene transcription characterized
by remarkable precision in any particular contextual setting, yet facile plasticity to adapt
when that context is altered. We propose that allosteric regulation of GR by these various

inputs lies at the basis of context specificity of gene expression.

This capacity of GR to integrate signalling inputs allosterically to produce distinct
transcriptional outputs can be expanded further by the fact that multiple, distinct regulatory
complexes established at individual GORs may collaborate to control any single GR-
regulated gene. In addition, ligand chemistry and concentration readily alter GR-regulated
gene network transcription, opening the door to speculation that endogenous ligands for GR
may not be limited to cortisol. With this appreciation of the daunting task to understand this

complexity sufficiently to render it predictive, what is a strategy to gain detailed insight into
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signal- and allostery-determined regulation of transcription? Clearly, neither systems nor

reductionist approaches alone will suffice®'.

In our view, an essential step in obtaining holistic understanding of the regulation of
metazoan gene transcription is to identify “causative primary regulated genes”, defined as
genes directly regulated by a given TRF, whose regulation by that factor is essential for a
given phenotypic change. Next, functional response elements for such genes must be
identified. Finally, allosteric, compositional and enzymatic changes in their corresponding
regulatory complexes upon change of context could reveal properties and mechanisms, such
as a distinct pattern of functional, allosterically-specified surfaces, that correspond to the
particular phenotype. Importantly, identification of molecular features that can serve as
surrogates for complex physiologic or pathologic outcomes could form a basis for predicting
different combinations of contexts or signals that produce or preclude a given outcome, as

well as frame a new approach for screening and assaying therapeutic candidates.
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Figure 2.1: Glucocorticoid receptor signaling and DNA binding.
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a) Linear domain structure of glucocorticoid receptor (GR). GR comprises: the amino-

terminal domain (NTD), DNA binding domain (DBD), hinge and ligand binding domain

(LBD). Embedded in these domains are segments that participate, context-specifically, in

transcriptional regulation: activation function domain 1 (AF1 also known as trans-activating

domain 1 / Taul / jggl), trans-activating domain 2 (Tau2 / @), and activation function
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domain 2 (AF2). Insets: Crystal structures are shown for a single DBD (adapted from crystal
structure Protein Data Bank accession number (PDB) 1R4R'") and coordinated Zn are shown
as grey spheres; LBD (purple) liganded with cortisol (yellow) and complexed with SRC-
2/TIF2 peptide (not shown) (PDB:4P6X°"). b) Overview of signalling mediated by natural
GR ligand, cortisol. Activating ligand interacts with monomeric GR associated with
molecular chaperone-containing complexes in the cytosol. This induces local and remote
allosteric changes that potentiate nuclear transport and other activities. Within the nucleus,
GR nucleates multi-component transcriptional regulatory complexes, comprising various
other Transcriptional regulatory factors (TRFs) and transcriptional coregulators at different
glucocorticoid response elements (GREs) to activate or repress transcription at particular
target genes. GRE1 and GRE2 represent distinct GREs within the genome, GeneX and

GeneY represent the genes under the control of GRE1 and GRE2 respectively.
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Figure 2.2: Modes of site-specific glucocorticoid receptor-genome interactions.

(A) Glucocorticoid receptor (GR) associates with specific genomic sites in multiple ways.
[a] Two GR monomers bind a canonical GR binding sequence (GBS) in a head-to-head
fashion; dimerization is achieved through interactions in the sister DBDs. /b/ GR binds to
inverted repeat (IR)-GBSs. The crystal structure of this interaction (see also C) shows two
GR monomers bound to opposite sides of the DNA in a head-to-tail fashion; however,
negative cooperativity argues that GR may bind as a monomer to IR-GBSs in vivo (indicated
by shading of the second GR monomer). /c/ GR can interact with half-site GBSs; these

elements typically contain a
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hexamer related to the consensus sequence that is palindromic in the full GBS and may
operate in conjunction with proximal non-GR transcriptional regulatory factors (TRFs),
although there is no evidence for enrichment of particular TRF binding site (TRF-BS) motifs
contiguous with the GBSs./d] GR can interact at specific genomic sites without directly
binding DNA. Here, GR tethers onto a non-GR TRF through protein—protein
interactions. The faded GR monomers depict uncertainty whether monomeric or dimeric GR
binds at tethering elements. (B) Overall crystal structure of the DNA binding domain (DBD)
of GR with the canonical GBS (PDB: 3FYL'®). (C) Overall crystal structure of the complex
between DBD of GR and the IR-GBS (PDB: 4HN5%). (D) GR-DBD makes three base-
specific contacts within the major groove of the DNA on GBS. This interaction is mediated
by hydrogen bonds (red) and van der Waals interactions (black). (E) GR-DBD makes similar
contacts to an IR-GBS as in the case of the canonical GBS, with the exception of Arg447,
which does not make any contacts with the DNA. (F) Superposition of all deposited
structures of the interactions between DBD and DNA reveals especially striking
conformational differences within the GR “lever arm” (residues 469-474, a loop connecting
the DNA reading helix with the dimerization region), demonstrating allosteric modulation of
GR by DNA sequence. DNA sequences from each structure are listed and color coded, the
gene the sequence is derived from is listed in parenthesis (crystal structure Protein Data Bank
accession numbers (PDBs) listed in order of sequences above: 3FYL', 3G99'®*, 3G6U"®,

1GLU", IR40", IR4R", 3G9P'®, 3G90, 3GOM"*, 3G9J'®, and 4HN5%).
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Figure 2.3: Context-specific glucocorticoid receptor occupancy and gene regulation.

(a) GR regulated genes commonly are linked to multiple glucocorticoid receptor occupied
regions (GORs); mostly >10 kb from the transcription start site of the regulated gene, one or
more of which may be a functional glucocorticoid response element (GRE) for that gene. As
shown here, GREs may be close (<100 bp), or far (>>100 kb) from their target genes.
Abbreviations: General Transcription factors (GTFs), RNA polymerase II (Pol II). (b)
Illumina Human Ref8 beadchip analysis of glucocorticoid regulated genes. Genes regulated
by 4 hour, 100 nM dexamethasone treatment in lung carcinoma (A549) (Yamamoto lab

unpublished data) and osteosarcoma (U20S)*' cells. Differentially responsive genes are up-
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regulated in one cell line and down-regulated in the other. Common genes are similarly
regulated in both cell lines. Unique genes are regulated in one cell line and not regulated in
the other. Abundance of genes within the unique and differentially regulated classes
demonstrate cell-context specific regulation by GR. Differentially responsive genes

demonstrate distinct mechanisms of regulation of target genes common to the two cell types.
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Figure 2.4: Glucocorticoid receptor-ligand interactions.

(a) Cortisol, dexamethasone and RU-486 are three glucocorticoid receptor (GR) ligands; RU-
486 also binds to progesterone receptor (PR); oestradiol, which binds estrogen receptor, but
not GR is shown for comparison; cholesterol is shown to provide the sterol carbon
numbering convention. (b) Ligand binding pocket (purple) of the ligand binding domain
(LBD) of GR bound to its endogenous ligand, cortisol (yellow). Residues within 4.2 A are
shown and hydrogen bonds are depicted in red. This structure highlights the intricate network
of interactions between GR and ligand as well as the amount of unoccupied space within the
ligand binding pocket with ligand bound. (c) Overall structure of the GR-LBD bound to
cortisol and the SRC-2 coregulator peptide (green) (PDB: 4P6X°"). The inset cartoon
represents how the LXXLL motif (the so called Nuclear Receptor Box) of the coregulator

peptide interacts with GR. The peptide is held in place by a conserved charge clamp
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interaction, the positive and negatively charged residues of Glu755 (-) and Lys579 (+) on
helix 3 (H3) and helix 12 (H12) mediate this interaction. There is an additional charge clamp
that occurs through the residues Arg585 and Asp590. This is referred to as the active
conformation associated with specific coregulator binding. (d) Overall structure of the GR-
LBD bound to RU-486 and the NCoR coregulator peptide (hot pink) (PDB: 3H52'%*). The
inset cartoon represents how the extended CoRNR boxes of the coregulator peptide interact
with GR. The extended peptide only makes one of the conserved interactions, through
Lys579, and helix 12 (H12) is displaced. This is considered an inactive form of the LBD.
Differences in GR conformations presented in parts ¢ and d indicate that different ligands can
promote formation of alternative protein surfaces on GR that in turn differentially affect

coregulator binding.
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Figure 2.5: Sites of glucocorticoid receptor post-translational modifications.

Major reported modifications, including phosphorylation (P), SUMOylation (S),
ubiquitylation (U), acetylation (A), and nitrosylation (N) are mapped onto the glucocorticoid

receptor domain schematic.
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Figure 2.6: A model for transcriptional regulation - Precision and plasticity of TRF

function achieved via allostery.

In our model for metazoan transcriptional regulation, TRFs such as glucocorticoid receptor
(GR) may lack intrinsic regulatory activities, serving instead as molecular scaffolds that can
assume different conformations in response to modification by different combinations of
specific signalling inputs. Four classes of signalling inputs are described: (1) ligands and (2)
post-translational modifications (PTMs) provide physiological context, (3) DNA binding
sequences provide gene context, and (4) non-GR TRFs provide cell context. Each class of
signals confers distinct allosteric effects, and their integrated actions can produce a vast array

of GR conformations, which induce, expose or stabilize context-specific protein surfaces that
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are read by coregulators. These coregulators, generally large multi-component enzyme-
containing complexes, interact in distinct combinations with patterns of cognate GR surfaces
and enzymatically modify the general transcriptional machinery and/or surrounding
chromatin in and around glucocorticoid response elements (GREs) and target promoters and
genes. Upper panel - lines around GR domains depict direct and allosteric conformational
alterations imposed by the signaling inputs. Note that lack of net regulation (neither
activation nor repression) could reflect balanced actions of one or more GREs acting on a
single gene (not shown). AF1, activation function domain 1 (also known as tl); - DBD,
DNA binding domain; GBS, GR binding sequence; LBD, ligand binding domain; 12,

transactivation domain 2; TF, transcription factor.



97

Table 1| Five functional classes of co-regulators reported to interact with GR

Functional class

Structural and
enzyme-interacting

Chromatin-
remodelling

Methyltransferases

HATs

HDACs

Examples

known as NCoA-1)

SRC-2 (also known as
NCoA-2, TIF2 and GRIP1)

SRC-3 (also known as
NCoA-3, CIP, AIB1 and
TRAM1)

Mediator

HIC-5 (also known as
TGFB1I1)

COCOA
CCAR1

BRG1 (also known as
SMARCA4) and BRM SWI/
SNF-related ATPases

CARM!1 (also known as
PRMT4)

Lys methyltransferase G9a
(also known as EHMT2)

CBP/p300

PCAF (in ADA and SAGA
complexes)

NCoR

SMRT

p160 SRC family: SRC-1 (also

GR-interaction surfaces

LXXLL motif interacts with AF2
bHLH-PAS-AF1 interaction

LXXLL motif within MED1 interacts
with the LBD of GR, and MED14
interacts with AF1

HIC-5 binds to the tau2 domain
within the GR hinge

Indirectly via interaction with the
amino terminus of p160

Directly binds t GR or is indirectly
recruited by COCOA

Multiple BAF subunits interact with
the DBD, LBD and AF1 in different
contexts

Indirectly via interaction with
carboxy-terminal p160

N-terminal portion of G9a binds to
the GRNTD

Directly to AF1 or indirectly through
partner p160-AF2

Directly to AF1 or indirectly through
either partner p160-AF2 or CBP/
p300-p160-AF2

(L/DXX(/V)l or LXXX(I/L)XXX(1/L)
CoRNR motif interacts with AF2
when GRis bound to RU-486

NTD interaction in GR-IR-GBS or
GR-tethered when GRis bound to a
standard ligand

Targets and regulatory outcomes

* Transcription activation best
characterized; SRC-2, at least, can
repress in appropriate contexts

¢ Interaction increases a-helical content
of AF1, increasing its structural
stability

¢ Recruitment and allosteric regulation
of transcriptional machinery, including
RNA polymerase Il and TFIIH

© Recruitment of multiple enzymatic
activities, including phosphorylation
and acetylation (at Ser10 and Lys14,
respectively) of histone H3 through
associated kinase CDK8 and HAT
GCN5L

* Transcription complex assembly and
Mediator recruitment

* May block chromatin remodelling

« Differently affects DNA binding and
transcription regulatory activity of
different gene classes

* Acts synergistically with p160

* Recruits Mediator and p160 to
response elements

¢ ATP-dependent repositioning of
nucleosomes

* Relieves repressive state of chromatin

© Multiple context-specific effects of
BRM knockdown on GR-dependent
genes

* Methylates histone H3 and
non-histone proteins in vitro
¢ Activates SRC-2-dependent genes

¢ Positive regulation by enhanced
recruitment of CARM1 and p300 to GR
target genes

* Facilitates methylation of Lys9 on H3,
which is associated with transcription
repression

* Acetylation of histones
¢ Cell-type-specific transcriptional
outcomes

* Acetylation of histones

¢ Less well defined, but contains TAF
subunits, which have been postulated
to aid in the recruitment of general
transcription factors to DNA

« Transcription repression correlated
with histone deacetylation in most
cases

Refs

29,100,109,
116-134

135-138,
140-143

112,113

119,120

121

146-153

120,154

100,117,124,
157,158,160,
165

100,159,166

24,92,93,
128,163,164,
167,168

Table 2.1: Five functional classes of coregulators reported to interact with GR.

Table of known GR coregulators, how they interact with GR, and the regulatory outcomes of

this interaction.
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Method Type Utility/Application Process Pitfalls Reference
Relies on the specificity
of the antibody-antigen
recognition as well as the
context-specific exposure

- f the epit; fficienc
Identify GR Cellulg r chromatin is gf chsesl;in(l)gi)I‘i7geandC g
occupied regions ]ir}zorsilcrltll(:ri:;dofrzﬁglrzg:f reverse crosslinking,
(Chtomath Genome oo, | cleavage Nextan antbody | SECRERD L
. . Particularl f | bound resin is used to and proper librar ?
fmmunopreet - - articuiarty usetu precipitate the target factor prop y 1-6
pitation in vivo for determlplng together with crosslinked preparation and ul
e occupaney n | genomie fsgmentsthe | S 0 CC
sequenging) differelr)lt ce}lllular crosslinks are reversed, and should be talfen -when
conditions (e.g. the co-precipitated DNA interpreting ChIP-seq
different cell types) f?agments are prepared into a results, especially when
library and sequenced. makiné quantitative
interpretations
comparing ChIP-seq
peak signals done in
different conditions
ChIP-exo ?:l}rlrlllljl ar general tp.rtotocol as The pitfalls associated
(Ciromin weniyn | P ssq et e | i oy
immunopreci Qecupied g0 | yocessible DNA o the | - Aditonally,
folpli)\aml;()inby in vivo genom: in vivo with crossl.inking is reverse d. exonuclease properties +78
exonuclease base pair resolution Protein-bound DNA is can lead to nuclease-
digestion and on a genome-wide protected from cleavage and, specific artifacts and
lge(siez ¢ scale upon sequencing, reveals all)tered ChIP-exo
sequenging) genomip oceup iqd sites at “footprint.”
base pair resolution.
Identify chromatin
regions that are
most accessible to
nuclease cleavage Relies on
by DNasel Low concentrations of meabilization of cells
throughout the DNasel are added to permeanb .
. or isolation of nuclei -
DNase-seq genome. These permeablllzeq cells or both of which arc
(DNasel regions, referred to | isolated nuclei. Open, or inefficient steps that can
h i in vivo as “nucleosome- “nucleosome-depleted” create bias. Although less 6,9-13
ygers%lls; N depleted,” are regions of chromatin are biased than oth &
e site ( . S) thought to be “open | more sensitive to cleavage lasle anDoN cr I
sequencing) chromatin” often by the enzyme. These can be Euc cases, LNasel may
important in detected genome-wide by s;zgi;?:ri?; ts}?a?tuféllflfi
regglatlon and deep sequencing. influence DNA cleavage.
occupied by TRFs
and other non-
nucleosomal
proteins
High affinity protein-DNA Normally performed in
Determine in vitro | interactions typically protect | vitro on unchromatinized

DNasel I protein—-DNA DNA from cleavage by DNA. For GR, 14-16

footprinting in vitro binding affinity and | DNasel, resulting in a predominantly limited to

sequence specificity

protein-specific “footprint”
of protected DNA with an
intensity of protection

DBD, however, recently
done on full-length
purified GR in a limited
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roughly proportional to the
fractional occupancy of the
protein at the binding site.
Labeled PCR amplified
DNA is incubated with
variable amounts of purified
protein. The complexes are
digested with limiting
amounts of DNasel and the
footprint is visualized via
PAGE.

number of conditions.

FAIR-seq
(Formaldehy
de-Assisted

Alternate method to

This procedure identifies
“open chromatin” based on
the observation that
nucleosome rich regions of
the genome are more
efficiently crosslinked by
formaldehyde than
nucleosome depleted

Limited use with GR in
different cell types and

Isolation of R « identify regions. Briefly, genomic under different 17,18
Regulatory mvive nuclfosome- DNA is crosslinked, the physiological conditions
Elements depleted resions of DNA is then fragmented and | with some notable
chromatin .
and deep phenol chloroform extracted | exceptions.
sequencing) to segregate nucleosome-
bound (organic phase) from
unbound (aqueous phase).
“Nucleosome-depleted”
DNA is identified via deep
sequencing.
For GR, work has been
done with isolated
domains and not with
full-length receptor. X-
ray crystallography is not
optimal for intrinsically
disordered proteins and
almost half of GR is
Obtain three-dimensional disordered. This causes
structure from exposing a issues with obtaining
crystal of protein-DNA large quantities of
X-ray Structural analysis compl.ex to an x-ray beam. purified full-l.ength
Crystallogra | in vitro of GR_DNA The d{ffractlon.pattem receptor required for 19-25
phy Interactions intensities obta.lned can be cryst.a.llography.
used to determine structure Additionally,
factors and calculate electron | crystallization can
density maps from which stabilize non-
structures can be derived. physiological
conformations; hence,
derived structures,
especially protein—
protein interaction
surfaces, should be
considered as models
requiring validation
through other tests.
Probing of the NMR makes use of the For GR, NMR analysis
NMR . . . . . . 26-30
(Nuclear in vitro spec1ﬁc chemical partlcul.ar magnetic . has been conducted with
magnetic environment properties of atomic nuclei to | isolated DBD bound to
experienced by allow for the study of different GR binding
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resonance) specific atoms dynamic features of the sequences. High
within a protein— protein-DNA interaction. concentrations of protein
DNA complex. Different labeling strategies necessary for analysis
can be used, either the precludes study of full-
protein or DNA is labeled length GR.
with a heavy isotope, such as
N or 1*C. Spectra of
individual residues or DNA
bases can be used to
compare protein alone to
DNA bound, and vice-versa.
Computer-modeled
movements of atoms and
Monitor the molecules within a .
. Molecular dynamics has
computer-simulated | macromolecule are .
. been used to monitor
movement of atoms | constrained by computed
o . . how the GR-DBD
within a inter-particle forces and . o
. . . interacts with different
Molecular L macromolecule in | potential energies, . 30-34
. in silico . . . . DNA sequences. This
dynamics different states and | interatomic potentials, and .
. has been conducted with
ask how a structural | molecular mechanics force . .
. . isolated domains as these
model behaves fields. Simulations occur
. . are the only structural
under different over short, fixed time .
. ) . models available.
perturbations. intervals and give
information about dynamics
within a macromolecule.
Deuterium exchanges more HDX with GR-DNA
rapidly with solvent exposed | interactions has been
amide hydrogens and slower | conducted with isolated
with regions buried within domains. Magnitude of
Used to identify the core of the protein or changes in solvent
changes in surface | covered upon interaction accessibility do not scale
exposed regions of | with a partner. In this directly with changes in
HDX-MS GR under different | method, protein is incubated | conformation or
(Hydrogen signaling contexts. | in a deuterated environment dynamics, for example
deuterium These changes in to allow amide hydrogens to | small changes in solvent 35_37
exchange invitro | solvent accessibility | exchange; then the reaction accessibility can be due
mass can be used to infer | is quenched, the protein is to large changes in
spectrometry changes in digested with the acid conformation. As GR
) conformation upon | protease pepsin, and is forms a homodimer, it is
change of signaling | subjected to liquid difficult to determine the
context (e.g. ligand | chromatography mass degree to which each
or DNA binding). spectrometry (LC-MS) to sister subunit is
determine the amount of undergoing a change is
deuterium uptake, and thus solvent accessibility.
solvent accessibility, of each
proteolytic cleavage product.
Monitor binding of proteins For GR-DNA
to fluorescently labeled interactions, FP has been
oligonucleotide probe. A conducted with full
fluorophore, generally length GR and with
FP attached to the smaller of the | isolated domains using
(Fluorescenc in vitro GR-DNA Binding | two reactants (a short DNA purified proteins or 38,39
e Assay fragment in this case), is extracts. Fluorescent
Polarization) excited with polarized light. label may affect the
Upon binding to protein, the | labeled DNA

combined mass of the
complex increases, slowing
the tumbling of the
fluorophore. This decrease in

conformation or
influence protein-DNA
binding.
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tumbling rate is measured as
a change in the intensity of
fluorescence emission at a
particular angle relative to
the initial polarized
excitation.
Monitor binding of proteins In vitro assay tha? 'S
; . useful for determining
to labeled an oligonucleotide [
probe. A protein-DNA apparent equl.hbrlum
complex will migrate more bmd.l ng affinity, but. can
EMSA ) I; & . be difficult to quantify 21,27,28,4
(Electrophor | . . GR-DNA Binding slowly on a r}on-denaturlng the kinetics of the
etic Mobility in vitro Assay polyacrylamlde gel. protein-DNA complex. 0
. Antibodies can also be used .
Shift Assay) to target the protein of Has been conducted with
. full-length GR and with
interest to generate a . . .
. . isolated domains using
supershifted protein- . .
antibody-DNA band. purified proteins or
extracts.
Uses highly abundant
Generally, a plasmid bearing | exogenous DNA that
a GOR-containing fragment does not reflect native
cloned upstream of a chromatin states,
minimal promoter and the endogenous nucleosomal
luciferase reporter gene is packing, histone
transfected into cells where modifications, efc.
endogenous or Vulnerable to numerous
overexpressed GR can bind artifacts upon TRF
Monitor to the GOR fragment and protein overexpression
. .. . . 21,28,37,4
Luciferase transcriptional potentially stimulate or and gene dosage.
Reporter in vivo activity change in repress transcription of the Typically tests a single 0.41
Assays response to GR— luciferase reporter gene. The | GOR fragment in ’
genome interactions | amount of luciferase reporter | conjunction with a non-
made can be measured by native promoter. Does
adding the substrate luciferin | not account for post-
to cells. The luciferase RNA polymerase 11
enzyme will then catalyze a initiation events, which
reaction that produces have been shown to be
oxyluciferin and light, which | highly regulated in
is used to infer endogenous contexts.
transcriptional activity.
Each of these technologies Although powerful
uses a DNA sequence methods, TALEN and
Deletion, or single | specific nuclease directed to | ZFN technologies have
base pair resolution | a particular genomic site proven to be time
manipulation of (e.g. a potential GRE). After | consuming and
Precise potential GREs at | cleavage of the endogenous expensive routes to
genome endogenous loci. locus, endogenous cellular obtaining desired
editing Used in conjunction | machinery repairs the DNA precisely edited genomic 2 42
(CRISPR- in vivo with ChIP, qPCR, | break. Non-homologous end | elements. CRISPR-Cas ’
Cas, RNA-seq, joining can introduce small systems have shown
TALEN, and transcriptomics, or | insertions and deletions great promise to
ZFN) other in vivo assays, | mutating the endogenous precisely edit potential
can validate GRE sequence. Alternatively, GREs as well as
activity and identify | when a repair template is introduce affinity or
GRE target gene. provided, the cells can be fluorescent protein tags,
steered towards using and inducible
homology driven repair to degradation signaling
introduce predetermined sequences to endogenous
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sequences with single base
pair precision.

TRF gene bodies. All of
these technologies have
low but finite rates of
off-target editing.

Fluorescence
Microscopy

in vivo

Monitor GR-DNA
Interactions in cells

In general, fluorescently
tagged GR is expressed in a
cell line of choice and its
localization is monitored.
This basic technique has
been combined with Number
and Brightness
methodologies to infer the
oligomeric status of GR on
chromatin. This technique
has also been combined with
fluorescence recovery after
photobleaching (FRAP) to
analyze GR-chromatin
dynamics.

Adding a large
fluorescent tag to a
protein may inhibit
natural function, or have
stress inducing / toxic
effects on cells. Tagged
proteins are
overexpressed and
strongly altered
stoichiometries can

produce various artifacts.

Inference of
oligomerization states
seems particularly
vulnerable to such
artifacts.

43-48

Supplemental Table 2.1: Methods to probe glucocorticoid receptor-DNA Interactions.

Table of methods commonly used in the field to measure GR-DNA interactions, both in vitro

and in vivo.
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control of transcription. We use structural biology and biochemistry to show, contrary to
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Abstract

The glucocorticoid receptor (GR) is a ligand-regulated transcription factor that controls the
expression of extensive gene networks, driving both up- and down-regulation. GR utilizes
multiple DNA-binding-dependent and -independent mechanisms to achieve context-specific
transcriptional outcomes. The DNA-binding-independent mechanism involves tethering of
GR to the pro-inflammatory transcription factor AP-1 through protein-protein interactions.
This mechanism has served as the predominant model of GR-mediated transrepression of
inflammatory genes. However, ChIP-seq data have consistently shown GR to occupy AP-1
response elements (TREs), even in the absence of AP-1. Therefore, the current model is
insufficient to explain GR action at these sites. Here, we show that GR regulates a subset of
inflammatory genes in a DNA-binding-dependent manner. Using structural biology and
biochemical approaches, we show that GR binds directly to TREs via sequence-specific
contacts to a GR-binding sequence (GBS) half-site found embedded within the TRE motif.
Furthermore, we show that GR-mediated transrepression observed at TRE sites to be DNA-
binding-dependent. This work expands our understanding of this multifaceted transcription
factor, showing that GR uses multiple mechanisms to control gene expression and suppress

inflammatory gene expression in the absence of AP-1.
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Introduction

Glucocorticoid receptor (GR) is a ligand-regulated transcription factor in the nuclear
receptor superfamily which activates and represses the expression of thousands of genes'.
GR contains a modular domain architecture common to the superfamily: an unstructured N-
terminal domain (NTD) which contains the activation function-1 (AF-1) region that interacts
with coregulator proteins; a zinc finger DNA binding domain (DBD); a hinge region; and a
ligand-binding domain (LBD) which contains the ligand-sensitive AF-2 surface that also
enables interaction with coregulators™. In humans, GR activity is regulated by the steroid
hormone cortisol, or by exogenous glucocorticoids (GCs) such as dexamethasone, or DEX'.
Most unliganded GR resides in the cytoplasm bound to chaperone proteins. Upon binding
ligand, GR undergoes a conformational change exposing nuclear localization signals and
subsequently translocates to the nucleus (4,5). In the nucleus, GR interacts with genomic

response elements via multiple DNA-binding-dependent and -independent mechanisms®*.

GR binds directly to DNA at canonical GR binding sequence (GBS) composed of two
pseudo-palindromic hexameric AGAACA repeats separated by a three-base pair spacer’*
(Figure 3.1ai). GR binding to GBS sequences occurs in a head-to-head fashion through a
protein-protein interaction between two GR DBD proteins''. GR also binds to a newly
characterized inverted repeat-GBS (IR-GBS/nGREs), which shows monomeric GR binding
to a CTCC(N)o2GGAGA motif'*" (Figure 3.1aii). Unlike binding to a canonical GBS, GR
binding to IR-GBS sequences occurs in a tail-to-tail fashion where GR DBD proteins do not

13,14

interact ™. Lastly, GR binds degenerate GBSs that are found in conjunction with other

15,16

transcription factor (TF) binding sites or composite elements (Figure 3.1aiii). However,



141

in contrast to these DNA-binding-dependent mechanisms, GR also represses transcription

without direct interaction with DNA!"!8,

GR-mediated transrepression involves binding of GR to other TFs, such as activator
protein-1 (AP-1) and nuclear factor-kappa beta (NF-xB), through protein-protein

interactions' >’

(Figure 3.1aiv). This mechanism, referred to as tethering, has been the
accepted model for GR-mediated transrepression of inflammatory genes**'. GR is a potent
repressor of AP-1 activity, driving its popularity as a sought-after drug target for anti-
inflammatory therapies’*. GR-targeted therapeutics, collectively known as glucocorticoids
(GCs), are the predominant treatment for chronic inflammatory diseases such as arthritis and
asthma®®. However, continued administration of GCs results in numerous side effects,
including diabetes, muscle wasting, and Cushing’s syndrome, which diminish the

226 These side effects have driven extensive efforts to develop

effectiveness of treatment
dissociative GCs that separate the beneficial anti-inflammatory properties from side effects™.
Unfortunately, efforts to make these selective modulators have been unsuccessful,

encouraging a reexamination into the mechanisms of GR-mediated transrepression of

inflammation.

With advances in genome-wide sequencing, studies using chromatin
immunoprecipitation-sequencing (ChIP-seq) have consistently found GR to occupy AP-1
response elements (TRESs) in the absence of AP-1 as a tethering factor, suggesting the current
tethering model is insufficient to explain GR occupancy of TRE motifs*’>'. Additionally, the
discovery of DNA-binding-dependent repression at IR-GBSs revealed GR can interact

12,13

directly with genomic DNA to repress gene transcription = °. Therefore, we asked whether

DNA binding was required for transrepression at TRE-containing inflammatory genes. Using
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a combination of structural and biochemical techniques, we show GR binds to a GBS half-
site located within TRE motifs in a sequence-specific fashion. We found that direct
interaction of GR with the GBS DNA half-site within TREs is vital for transcriptional
repression and monomeric GR is preferred at these sites, a mechanism similar to repressive
GR-IR:GBS interactions'>'*. Taken together, our findings suggest that in addition to
tethering, GR is able to regulate a subset of AP-1 driven inflammatory genes through a DNA-

binding-dependent mechanism.
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Results

GR is recruited to AP-1 target genes in a DNA-binding-dependent manner

ChIP-seq data have found GR to be highly enriched at TRE motifs*”>'. AP-1 subunits
are largely cytoplasmic until treatment with an activator, such as lipopolysaccharide (LPS) or
tumor necrosis factor alpha (TNF-a); therefore, AP-1 would not be present in the nucleus or
at these GR occupied sites in the absence of an AP-1 activator. However, ChIP-seq for GR in
DEX-treated mouse primary macrophages without an AP-1 activator showed the TRE motif
was the second most enriched site compared to a canonical GBS®’. Furthermore, even with
AP-1 activation the ChIP-seq profiles revealed that 50.3% of the GR occupancy is without a

tethering factor”’.

Based on these findings that indicate GR can occupy TREs in the absence of a
tethering factor, we hypothesized that GR may bind to some TRE sequences directly. To test
GR recruitment to TREs, we performed ChIP using a tetracycline-inducible system in
HEK293T cells, which contain very low levels of endogenous GR. The exogenous receptors
were detected using their N-terminal hemagglutinin (HA) epitope tag (Figure 3.1b). We
tested GR occupancy on two TRE-containing promoters; interleukin-11 (/L/7) and vascular
cell adhesion molecule-1 (VCAM1I). In the absence of an AP-1 activator, HA-tagged WT GR
occupies the TRE motif from both promoters in the presence of a GR agonist, DEX (Figure
3.1¢). GR occupancy is maintained with cellular pretreatment of an AP-1 activator, TNF-a.
As both promoters contain a TRE and a NF-kB response element (kBRE), it is likely that
DNA fragments generated for gPCR could encompass both response element motifs (Figure

3.1d). As a control, WT GR occupies several canonical GBS motifs that show comparable
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levels of GR recruitment (Figure 3.1e). We have observed a DNA-binding-dependent
mechanism is also possible at kBREs (Ortlund Lab, unpublished). These data, when

27,31

considered with genome-wide ChIP analysis™”', suggests that tethering alone is inadequate

to explain GR recruitment to these sites.

GR Ser425Gly mutation cannot be used to distinguish DNA-binding-dependent from -

independent mechanisms

Compared to other steroid receptors, GR is unique in its ability to counter AP-1

32,33

activity’ ", Despite sharing 90% sequence identity in the DBD and complete conservation of

DNA-contacting residues, the mineralocorticoid (MR), which is able to transactivate from a

32-35

canonical GBS, is unable to repress a TRE-containing reporter (Figure 3.1f). Swapping
the GR DBD into the full-length MR protein partially restores transrepression, suggesting

that the GR DBD is necessary to repress inflammatory genes™”.

To determine the specific residues within GR that allow for this transrepressive
function, the GR and MR DBDs were aligned, which revealed seven amino acid
differences—including Ser425 in GR, which is a Gly in MR. When this GR residue is
mutated to the equivalent site in MR (GR Ser425Gly), the mutation renders GR incapable of
repressing select inflammatory genes but maintains the ability to bind to a canonical GBS™.
This mutation did not affect binding and transactivation from canonical sites, and it was
therefore concluded that GR did not need to directly bind DNA in order to repress,
solidifying support for a tethering hypothesis. However, this conclusion was made before
DNA-binding-dependent repression at IR-GBSs was identified'*"'*. At IR-GBS sites, the GR

Ser425Gly mutation reduced the affinity for IR-GBS DNA sequences and was deficient in
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transrepression of the TSLP IR-GBS in cells'>'*. Based on these findings, the GR Ser425Gly
mutation cannot be used to discriminate DNA-binding-dependent from independent

mechanisms.

Despite conflicting reports on the effect this mutation has on GR-mediated
transrepression at TREs, we tested whether GR Ser425Gly had an effect on GR recruitment
to TREs in cells’®. Compared to WT GR, the Ser425Gly mutant showed a reduced occupancy
on TREs (Figure 3.1¢). This reduced occupancy is in line with the effect observed at IR-
GBSs'"*'*, suggesting mechanisms of transrepression might be similar. Conversely, both WT
GR and the Ser425Gly mutant are similarly recruited to canonical GBS sites in the promoters

of, GILZ, and SGK, but reduced occupancy at FKBPS5 (Figure 3.1d).
GR represses AP-1 target genes in the absence of tethering factors

Since GR can occupy genomic TREs without tethering factors, we hypothesized that
GR might also repress transcription without tethering factors. Canonical AP-1 target genes
are expressed at low levels in the absence of pro-inflammatory signaling, making the study of
DNA-dependent GR-mediated transrepression difficult'*”"®, Stimulation of AP-1 and its
target genes would confound our aims of delineating DNA-binding-dependent from -
independent transrepression. To circumvent this issue, we constructed reporter plasmids that
measure transcriptional repression without prior activation of AP-1. The reporters contain a
strong SV40 enhancer and promoter that constitutively expresses luciferase; and in between
the enhancer and promoter regions we inserted ~150 bases of the promoters from /L/1,
VCAM1, and interleukin-6 (/L6), all of which contain TREs and are known to be upregulated

by AP-1"""*, With co-transfection of full-length GR or mutants, a loss of luciferase signal is
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a readout for gene repression'>. When these reporter plasmids were transfected with WT GR
into U-2 OS cells, which do not express endogenous GR, only in the presence of GR and
upon DEX treatment is GR able to repress transcription of the reporter, indicating that GR

alone is sufficient to repress these TRE-containing inflammatory genes (Figure 3.2a).

To test the requirement of DNA-binding for the observed repression, we generated a
new mutant GR Lys442Ala/Arg447Ala, termed “DNA-Dead” GR, which prevents binding of
GR to multiple DNA response elements due to a loss of sequence-specific contacts™"
(Figure 3.2b). ChIP experiments revealed that GR Lys442Ala/Arg447Ala is not recruited to
TREs or to canonical GBS, and this mutant is also unable to repress transcription (Figure

3.2b,¢), indicating the importance of DNA binding.
GR binds directly to TREs

Since ChIP and transrepression analysis suggested DNA-dependent interactions were
critical for GR action at inflammatory genes, we hypothesized that GR could bind directly to
TREs. To test this, we used fluorescence polarization assays to monitor full-length GR
binding to J/L/1 TRE and SGK GBS DNA sequences®. Surprisingly, GR bound to the /L]
TRE with similar affinity (42 nM) to the canonical SGK GBS (34 nM) (Figure 3.3a).
Additionally, we found that the GR DNA binding domain (DBD) bound to TREs from the
IL6, IL11, VCAMI, CSFI, ILla, and MMPI3 promoters (Figure 3.3b,c) with similar
affinities as IR-GBS (13). Full-length GR has a higher affinity for TRESs, suggesting that
domains other than the DBD contribute to DNA binding, potentially by increased non-
sequence specific interactions, pre-ordering the DBD, or by making additional contacts with

DNA32,43,44
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The crystal structure of the GR DBD:IR-GBS complex revealed one monomer of GR
bound to opposite sides of the DNA in an everted fashion'*'*. NMR analysis of the GR
DBD:IR-GBS complex confirmed that residues critical for dimerization on GBS are not
perturbed, suggesting monomeric GR is likely sufficient at these elements'®. To test whether
the GR DBD adopts a canonical head-to-head dimeric or IR-GBS-like monomeric
conformation on TREs, we performed 2D ['H,"’N]-HSQC NMR on the GR DBD:/L// TRE
complex. Binding of IL/] TRE to "’N-labeled GR DBD causes large NMR chemical shift
perturbations for residues within the DNA reading helix, such as Cys441 and Val488 (Figure
3.4a). However, in contrast to the dimeric GR-GBS complex, residues within the GR DBD
dimerization loop, such as Ala458 and Gly459, showed no change upon binding /L// TRE

(Figure 3.4b-d) (9,11), indicating GR binds as a monomer to the /L// TRE.

To determine whether dimerization is required for transrepression, we performed
transcriptional reporter assays using two well-characterized full-length GR dimerization
mutants, GRdim (Ala458Thr) and GRmon (Ala458Thr/Iso634Ala)***. Both mutants
repressed the constitutively active SV40 TRE luciferase reporters in the presence of GR
agonist, suggesting monomeric GR is preferred at these sites (Figure 3.4e). It is not
surprising that GRdim maintained transrepressive function as this mutant represses
inflammation in vivo™. However, because GRdim can form dimers on canonical GBSs'', we
also tested GRmon, which was shown to be predominantly monomeric in cells**. GRmon is
better than GRdim at repressing inflammatory gene expression (Figure 3.4e), suggesting that

monomeric GR is responsible for GR-mediated repression of this subset of genes.
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GR recognizes TREs in a sequence specific manner

To determine how GR recognizes TRE sequences, we determined crystal structures of
GR DBD bound to the /L1 and VCAMI1 TREs (Figure 3.5). The GR DBD: /LIl TRE
complex crystallized in the P2,2,2; space group and data were collected to 2.15A (Figure
3.5a, Table 3.1). The GR DBD: VCAMI TRE complex crystallized in the P2,2,2; space
group and data were collected to 2.29 A (Figure 3.5b, Table 3.1). Both structures show two
GR monomers bound to opposite sides of the TRE DNA sequences in an everted fashion,
similar to the GR DBD:IR-GBS structure'®. However, in the TRE structures, one of the GR
monomers straddles the end-stacking junction where the DNA makes a pseudo-continuous
helix; this GR monomer does not make base-specific interactions and only contacts the DNA
backbone. Based on our cellular transrepression and NMR footprinting analysis above, it is
likely this GR monomer is only important for efficient crystal packing and may not be

biologically relevant in vivo.

In both structures, GR recognizes a hexameric TGA(G/C)TC sequence; though the
third base differs, our structures show that GR does not directly contact this base. Analysis of
the GR-DNA structural interfaces using PISA* revealed a favorable free energy gained with
the GR DBD (Monomer 1)-DNA interaction. The free energy gain upon complex formation
is -9.7 kcal/mol for ILI1 TRE and -8.9 kcal/mol for VCAMI TRE, values similar to GR
DBD:IR-GBS complex formation (13). Monomer 1 of the GR DBD:/L// TRE complex
positions the DNA reading helix in the major groove (Figure 3.5a). Three side chains,
Arg447, Lys442, and Val443, participate in base-specific interactions with the DNA and are
consistently used by the GR DBD to recognize DNA sequences (Figure 3.5¢) (9,13). Argd47

makes hydrogen bonds to the N7 position and the terminal oxygen on guanine 107, and van
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der Waals contacts to the methyl group on thymine 106. Lys442 makes hydrogen bonds to
the N7 position on adenine 91, and Val443 makes van der Waals contacts to guanine 107
(Figure 3.5b). Monomer 1 of the GR DBD:VCAMI TRE complex only uses two side chains
to make base-specific contacts with the DNA (Figure 3.5d). Arg447 makes hydrogen bonds
to the N7 position on guanine 523, and Val443 makes van der Waals contacts to the same
base. Arg447 also makes van der Waals contacts to the methyl group on thymine 522. In both
structures, additional side chains participate in backbone interactions, marking the boundaries

of the GR binding footprint.

In all structures, GR recognizes similar DNA bases with consistent spacing. In the
IL11 structure, Arg447 hydrogen bonds to a guanine but also makes side-on hydrophobic
contacts with the methyl group on a neighboring thymine base. Additionally, Lys442 makes
hydrogen bonds to a pyrimidine base. We do not observe a direct interaction between GR and
this base in the VCAMI structure; instead, Lys442 interacts with the DNA backbone at the
same position. In the GBS structure, Val443 has an additional base contact though van der
Waals forces with a thymine; TREs have a pyrimidine base in this position, and therefore the
Val residue is shifted to make hydrophobic contacts with the guanine base instead. Our

structures show that GR recognizes a GBS half-site sequence embedded within the TRE.

GR and AP-1 likely compete for the same binding site

Structural alignment of the GR DBD:/L/I TRE structure with the AP-1:TRE
structure reveals that GR and AP-1 would likely compete for the same DNA binding site
(Figure 3.6a). To test if GR competes with AP-1 for binding to the TRE, we performed a

time resolved-fluorescence resonance energy transfer (TR-FRET) competition assay by
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monitoring the concentration-dependent effect of GR DBD on the interaction between AP-1
and /L1 TRE DNA. Titration of AP-1 resulted in an increase in TR-FRET signal, showing
binding of AP-1 to /L11 TRE. Notably, when increasing amounts of GR DBD is added, TR-
FRET signal is reduced indicating that GR competes with AP-1 binding to the /L// TRE

(Figure 3.6b).
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Discussion

GR is a ligand-regulated transcription factor that controls distinct gene networks
across numerous biological processes including development, metabolism, and
inflammation'. Current models suggest that GR uses distinct mechanisms to recognize
promoters with different DNA sequences (Figure 3.1a). GR can cooperatively homodimerize
at GBSs or bind as a monomer to IR-GBSs and composite elements™"®. Conversely, GR can
tether onto other DNA-bound TFs, such as AP-1, but not make direct contact with DNA'’.
However, new genome-wide methodologies have revealed a new complexity of GR-genome
interactions and suggest there may be alternative mechanisms beyond the current view of GR

L 1s 82748
signaling®*"

. Here, we propose a new mechanism by which GR binds directly to a GBS-
like half-site located within a canonical AP-1 TRE, such as sequences found in the promoter

regions of /L11 and VCAM].

As detailed above, genome-wide ChIP-seq studies find that GR occupies the TRE

. 27-31
motif across numerous cell types®’

(Figure 3.1b). These experiments are conducted with
GR agonist alone, which does not alter the subcellular localization of AP-1 subunits, and in
the absence of AP-1 activation—suggesting GR occupies these sites without AP-17".
However, loss of AP-1 results in a significant reduction of GR DNA occupancy®. This could
suggest that GR requires tethering with AP-1 in order to bind DNA, which could also be
explained by increased chromatin accessibility gained by AP-1 activation and subsequent GR
binding to TREs***. GR, like most nuclear receptors, predominately binds to accessible
chromatin®®. While GR and AP-1 have been shown to interact directly*’, other studies were

unable to validate this interaction**’'. Additionally, structural overlays of GR and AP-1

bound to a TRE sequence suggests they likely compete for the same DNA binding site on
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some elements (Figure 3.6a), and we confirmed that GR and AP-1 indeed compete for

binding to the TRE sequence (Figure 3.6b), consistent with previous studies™**,

Further support for a GR DNA-binding-dependent repressive mechanism comes from
single molecule tracking experiments that revealed only 3% of cellular GR is likely to be
tethered to other TFs, indicating that DNA-binding-dependent mechanisms represent the

majority of GR-chromatin interactions®*>

. We therefore hypothesized that GR might be
able to bind directly to TREs. We show here that full-length GR is able to bind the /L// TRE
with an affinity nearly identical to canonical GBS (Figure 3.3a). Furthermore, we
demonstrate that GR alone is sufficient to transrepress. Ablation of GR DNA binding results
in an attenuation of GR occupancy at TREs as well as GR-mediated transrepression (Figure
3.1b, 2b). The latter data is in line with other reports that show the importance of the GR
DNA binding domain for repression of inflammatory genes’>*®*****  Another striking
example is that GR has already been shown to bind directly to a TRE-like sequence in the rat
tyrosine hydroxylase (TH) gene promoter”. Though the promoter contains a TRE and a
canonical GBS, GR was shown to regulate transcription through the TRE sequence by
directly binding to the TRE-like site (TGACTAA). This sequence is almost identical to the
GR footprint identified by our structural analysis (Figure 3.5). Binding at this site is
conserved in humans, suggesting GR DNA-binding-dependent mechanisms at TREs may

. 56
represent an evolutionary conserved model™.

Initial support for the tethering hypothesis stemmed from studies of dimerization
deficient GR mutants, which generated complex and often conflicting interpretations®’. The
GRdim mutant, designed with the aim of breaking intramolecular protein-protein interactions

at the GR homodimerization interface’, was the main driver for a DNA-binding-independent
g P
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mechanism at inflammatory genes. GRdim was shown to not bind DNA and displays a
reduced ability to transactivate genes, whereas transrepression was unaffected®>".
Furthermore, whereas complete GR knock-out mice die quickly after birth, GRdim knock-in

20,59
7. These results

mice lived and maintained the ability to combat inflammatory challenge
drove the conclusions that dimerization of GR is required for DNA binding and that
dimerization is not necessary for GR to repress inflammatory gene expression®'. However, it
was later shown that GRdim does not affect GR stoichiometry on DNA and still forms
dimers in vitro and in cells; instead, GRdim affects cooperative binding to DNA''**. These

results suggest that the GRdim mutant cannot be used to rule out a DNA-binding-dependent

mechanism at TREs.

The GR Ser425Gly mutant was previously used to show that DNA binding was
dispensable at TREs; this mutant binds to canonical GBSs but is unable to repress
inflammatory genes’>. However, these interpretations were made before the DNA-binding-
dependent GR mechanisms at IR-GBS were identified. It has since been shown that the GR
Ser425Gly mutant not only has diminished binding to an IR-GBS but also affects GR
transrepression from IR-GBS sites'®. In this work, we further show that GR Ser425Gly
mutant is poorly recruited to TREs (Figure 3.1b). Taken together, our findings suggest that
GR repression of inflammatory genes likely occurs using a similar mechanism to repression

of IR-GBSs through a preference for monomeric GR.

Our findings represent a shift in our understanding of GR-mediated repression of
inflammation. Our data support a DNA-binding-dependent mechanism for GR repression at
TREs, however a variety of mechanisms are likely involved'”*’. What drives the selection

between DNA-binding-dependent repression and tethering/transrepression remains unclear,
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but this work adds yet another layer of complexity to the role of GR in regulating

transcription.



155

Materials and Methods

Reporter Gene Assays

The U-2 OS human osteosarcoma cells were obtained from the American Type
Culture Collection (ATCC) and cultured at 37 °C with 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM), 10% stripped fetal bovine serum (FBS), and 5%
penicillin/streptomycin without phenol red. A 150 bp region of the IL11, IL6, and VCAMI
TRE-containing inflammatory gene promoters was cloned in the pGL3 plasmid in between
the SV40 enhancer and promoter with a Firefly luciferase reporter gene downstream, as

. . 12,13
described previously ~

. The sequences cloned into the pGL3 vectors are as follows: IL11, -
17 to -167 upstream of the transcription start site; VCAMI, -385 to -585 upstream of the
transcription start site; and /L6, -938 to —1131 upstream of the transcription start site. All
numbers correspond to the human GRCh38.p7 genome, accessed through Ensembl®'. U-2 OS
cells were transfected with 50 ng of the indicated reporter; 10 ng of wild type (WT) or
mutant full-length GR, or full length MR in a pcDNA3 vector; and 1 ng of constitutively
active Renilla luciferase under the control of pRL-TK promoter; with FuGene HD in
OptiMEM (Invitrogen) according to the manufacturer’s protocol. Twenty-four hours after
transfection, cells were treated with media alone, 100 nM dexamethasone (DEX), or 100 nM
aldosterone for MR experiments. Twenty-four hours post treatment, firefly and Renilla
luciferase activity was detected using the Duel-Glo Luciferase Assay system (Promega) and
read on a Biotek Synergy 4 plate-reader. Data were plotted as firefly luciferase activity
divided by Renilla luciferase activity, normalized to control for each well and plotted using

GraphPad Prism (v7). Data are representative of three independent biological replicates, and

normalized values were compared using Tukey’s multiple comparison test.
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ChIP-PCR

WT and mutant GR were expressed in HEK293T cells using the Tet-On® Advanced
inducible gene expression system (Takara Bio USA, Inc., Mountain View, CA). Cells in 6-
well plates were co-transfected with the TransIT*-LT1 transfection reagent (Mirus Bio LLC,
Madison, WI) and 1.25 pg/well of pTet-On Advanced reverse tetracycline-controlled
transactivator (rtTA), and 1.25 pg/well of pTight-FRT-Hygro2-HA-GR-WT, -Ser425Gly, or
- Lys442Ala/Arg447Ala expression plasmids. Control cells were transfected with empty
pTight vector instead of the GR expression plasmid. After 24 h, the media were replaced
with phenol red-free DMEM + 10% csFBS, with or without 1 ug/ml Doxycycline (Dox). The
next day, the cells were treated with 100 nM Dex alone or in combination with 10 ng/ml

TNFa for 1 h.

Quantitative ChIP assay was performed as previously described with some
modification®. Cells were fixed in 11% formaldehyde for 15 min, quenched with 0.125 M
glycine for 10 min, and rinsed with cold 1x PBS. The cells were disrupted in lysis buffer®,
incubated at 4 °C for 1 h and then sonicated. The lysates were then incubated with 100 pl
Dynabeads protein G (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA) and 10 pL
pre-immune rabbit IgG for 1 h at 4 °C, and centrifuged at 12,000 rpm for 15 min at 4 °C. 100
ul of the pre-cleared supernatant was mixed with an HA antibody (Y-11, Santa Cruz
Biotechnology Inc., Dallas, TX), 25 pl Dynabeads protein G (Invitrogen, Thermo Fisher
Scientific Inc.), and lysis buffer to make a 200 pl IP mixture that was rotated overnight at 4
°C. The precipitates were sequentially washed in low salt, high salt, and LiCl buffers, and
twice in 1x TE buffer. The crosslinks were then reversed at 65 °C for 3 h. DNA fragments

were isolated using QIAquick PCR purification kit (QIAGEN, Hilden, Germany), and
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analyzed by qPCR using TagMan® 2x master mix and the following custom TaqMan® real-

time PCR assays (Applied Biosystems, Thermo Fisher Scientific Inc.):

IL11
Fwd
Rev
Hyb

VCAM1
Fwd
Rev
Hyb

FKBP5
Fwd
Rev
Hyb

GILZ
Fwd
Rev

Hyb

SGK1
Fwd
Rev
Hyb

5’ - AACTTTTCCTTCCGTGCCCT - 3’
5’ - TGACACATCCTGACTCACCC - 3°
5’ - TGAATGGAAAAGGCAGGCAG -3’

5’ - CCAGGACAGAGAGAGGAGCT - 3’
5’ - AGTTTAACAGACACCCAGCCA - 3’
5’ - TCAGCAGTGAGAGCAACTGA - 3°

5" - AGGGTGTTCTGTGCTCTTCAA - 3°
57 - CGAGCTGCAAAACATCACTT - 3
57 - CTGCCCTAGAGCAATTTTGTT - 3°

57 - CCGTTGCTGCTCTGCTATTG - 3°
5’ - TTCCCTGTCAGAGCAAGCAC - 3’
5" - GCTGTTGCCAGACATCCAAT - 3’

5’ - TGTCAGCGTCCATCCAAATG -3’
57 - ACAGCATGATTGATCCTCAGC - 3’
5" - TGGGCACAGTGAGATGACTC - 3°
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Protein Expression and Purification

GR DBD (residues 417-506) was expressed and purified as described previously' as
a 6X-Histidine tag fusion protein using the pMCSG7 vector. GR DBD was expressed in
BL21 (DE3)pLysS E. coli and induced with 0.3 mM IPTG and grown for 4 h at 32 °C. Cells
were lysed in 20 mM Tris-HCI (pH 7.4), 1 M NaCl, 25 mM imidazole, and 5% glycerol via
sonication. Protein was purified using affinity chromatography (His-Trap) followed by gel
filtration chromatography. Protein was then concentrated to 3-4 mg/ml in 20 mM Tris-HCl
(pH 7.4), 150 mM NacCl, and 5% glycerol, flash frozen in liquid N, and stored at -80 °C.
Full-length GR was expressed in baculovirus-infected SF9 cells treated with 1 uM
triamcinolone acetonide (TA) for 24 hours. Full-length GR was a gift from Prof. David Bain
and purified as described previously”. "N-GR DBD was expressed in E. coli BL21(DE3)
pLysS cells using a standard minimal media protocol with "NH,CI as the sole nitrogen
source and purified as described above. The 6X-His tag was cleaved with TEV protease
overnight at 4 °C, passed through an Ni-NTA column, and the flow through containing

purified "N-GR DBD was collected and verified to be >99% pure by SDS-PAGE.

Nucleic Acid Binding Assays

Synthesized FAM-labeled nucleic acid duplexes (Integrated DNA Technologies) of
various TREs were annealing by heating to 90 °C followed by slow cooling to room
temperature. Fluorescence polarization assays were performed by adding increasing

concentrations of WT or mutant GR DBD (1 nM- 50 uM) and 10 nM of the FAM-labeled
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DNA. Reactions were performed in 20 mM Tris-HCL (pH 7.4), 150 mM NaCl, and 5%
glycerol. Polarization was monitored on a Biotek Synery 4 plate-reader at an
excitation/emission wavelength of 485/528 nm. Three technical replicates and three
biological replicates were conducted. Data plotted using GraphPad Prism (v7) are a
compilation of all data collected and error bars represent standard error of measurement
(SEM). Binding data was analyzed with an F-test to compare a two-site binding event to a
one-site binding event with Hill slope; this test generated an F-statistic and p-value for a two-
site binding model, which are represented in Figure 3.3 along with dissociation values (Kq)

and coefficient of determination ().

Sequences of DNA constructs used for fluorescence polarization assays were: IL6: 5’-(FAM)
CAAGTGCTGAGTCACTAATAA - 3°, 5 - TTATTAAGACTCAGCACGTTG - 3’; IL11
5’ —(FAM) GGGTGAGTCAGGATGTGTCAGG - 3, 5 —
CCTGACACATCCTGACTCACCC - 3% VCAM1 5’ —(FAM)
TTCCGGCTGACTCATCAAGCG - 3°, 5° — CGCTTGATGAGTCAGCCGGAA - 37
ILI(F5° —(FAM) GAAGAAGACTGACTCTCAGGCTTAAGC - 3, 5 -
GCTTAAGCCTGAGAGTCAGTCTTCTTC - 3’ MMP13 5 —(FAM)
ATAAGTGATGACTCACCATTGCA - 3°, 5 - TGCAATGGTGAGTCATCACTTAT -3,

In all cases, (FAM) indicates the position of 6-FAM (fluorescein).
NMR analysis

NMR data were collected on a Bruker 700 MHz NMR instrument equipped with a
QCI cryoprobe. For NMR studies to monitor binding to DNA, the 19-nt /L// TRE DNA

duplex was reconstituted in 20 mM phosphate (pH 6.7), 100 mM NaCl, 1 mM TCEP, 10%
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D,O0 buffer to a final concentration of 437 pM; subsequently annealed by denaturing at 95 °C
for 3 minutes and then equilibrated to room temperature (20-23 °C) overnight. Two-
dimensional ['H,"°N]-HSQC spectra were collected at 25 °C for free '"N-GR DBD in the
absence or presence of 0.44:1 or 2.3:1 of /L/] TRE DNA duplex; or 1.5x GBS consensus
DNA sequence. Data were processed using Bruker Topspin (v3.2) and analyzed using
NMRViewlJ (OneMoon Scientific, Inc.). Chemical shift perturbations were calculated using
previously published GR DBD NMR chemical shifts® using the minimum chemical shift

perturbation procedure®.
Structure Determination of GR DBD-TRE Complexes

Crystals of the GR DBD:/L/] complex were grown by hanging drop vapor diffusion
in 0.2 M lithium nitratie, 15 % PEG 3350, 1 % glycerol with a 2:1 protein:DNA molar ratio.
Crystals were cryo-protected with 30 % PEG 3350 and 15 % glycerol and flash cooled in
liquid N2. Crystals of the GR DBD:VCAM1 complex were grown by hanging drop vapor
diffusion in 0.05 M Na cacodylate (pH 7), 5 mM MgCl,, 1 mM spermine, and 2 % t-butanol
with a 2:1 protein:DNA molar ratio. Crystals were cryo-protected with 50 % glycerol and
flash cooled in liquid N,. Data were collected at 1.00 A wavelength at the 22-ID beamline
(Advanced Photon Source, Argonne, IL) and processed using the HKL-2000 software®®. The
structures were phased using a previously solved structure of GR DBD:IR-GBS complex
(PDB 4hn5) in Phenix'*®. Structure refinement and validation was performed using
PHENIX refine software and model building was performed in COOT**®. PDB Redo was
used iteratively to optimize refinement parameters and geometry®’. PyMOL v1.8.2 was used

to visualize structures and generate figures (Schrodinger, LLC).
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Generation of GR Lys442Ala/Arg447Ala “DNA Dead” and GR A458T/16344 (GRmon)

Mutants

The QuikChange Site-directed Mutagenesis kit (Stratagene) was used to generate the
GR Lys442Ala/Arg447Ala and GR Ala458Thr/Iso634Ala mutants. The “DNA Dead”
mutation was made in both the GR DBD only for bacterial expression and in the full-length
GR PCDNA3 vector for reporter gene assays. The GRmon mutant was also made in the full-

length GR PCDNA3 vector for reporter gene assays.
TR-FRET Competition Assays

Lyophilized Lumi4-Tb Cryptate anti-HIS6 antibody (Cisbio) was reconstituted in 250
uL of distilled water to create a working stock per the manufacturer instructions® and
subsequently diluted 1:100 in reaction buffer containing 20 mM Tris-HCL (pH 7.4), 150 mM
NaCl, and 5% glycerol. The Lanthascreen TR-FRET-based assay was performed by adding
increasing concentrations of HIS-tagged AP-1 (1.5 nM- 50 nM), 10 nM of the FAM-labeled
IL11 TRE DNA, and 5 pL of diluted antibody. Competition experiments were conducted by
adding increasing concentrations of GR DBD (50 nM — 1 uM) lacking the 6xHIS tag. TR-
FRET was measured on a Biotek Neo (Winooski, VT) plate-reader at an excitation and
emission wavelength of 340 and 520 nm, respectively. Two technical replicates and three
biological replicates were conducted. Plots generated using GraphPad Prism (v7) are a
compilation of all data collected; data are shown as a ratio of acceptor to donor values; and

error bars represent standard error of the mean (SEM).
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Figure 3.1: WT GR, but not GR Ser425Gly, is recruited to TREs in the absence of

tethering factors
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(a) Cartoon representation of GR-DNA interactions. (b-e) MCF-7 cells were transfected and
steroid-deprived with or without 1 pg/ml Dox as described in methods, stimulated for 1 hr
with 100 nM dexamethasone (DEX) alone or in combination with 10 ng/ml TNFa, and
analyzed by ChIP assay using anti-HA antibody. HA-GR occupancies at the /L// and
VCAMI promoters were determined by ChIP-PCR and shown as percent input (mean +
s.e.m) relative to un-stimulated transfectants. (b) MCF7 whole cell lysates analyzed by
western blot using anti-HA and anti-ERK1/2 antibodies. (¢) WT GR occupies TRE target
genes where GR SER425GLY has reduced occupancy at these sites (d) Schematic of IL11
and VCAMI promoters. Both promoters contain a TRE and NF-kB (kBRE) recognition
element. (¢) WT GR and GR Ser425Gly are similarly recruited to canonical GBS containing
promoters from FKBPS5, GILZ, and SGKI (f) MR is unable to transrepress a constitutively
active luciferase reporter containing a portion of the /L11, IL6, and VCAMI promoters upon

treatment with 100 nM aldosterone, a MR agonist.
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(a) WT GR transrepresses constitutively active luciferase reporters containing portions of the
IL11, IL6, and VCAMI promoters upon treatment with 100 nM DEX but not media alone;
GR Lys442Ala/Arg447Ala (GR DNA Dead “DD”) is unable to repress inflammatory gene
reporters. (b) GR uses K442 and R447 to make base specific interactions on a canonical GBS
(PDB: 3FYL), these side chains were mutated to Ala to disrupt sequence-specific DNA
interactions. (c) Compared to WT GR, GR Lys442Ala/Arg447Ala does not occupy TREs or

to canonical GBS from FKBPS5, GILZ, and SGK 1.
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(a) Fluorescence polarization binding assays monitored the ability of full-length GR to bind

to the /L11 TRE and a canonical GBS from the SGK promoter. (b) GR DBD binding to TREs

from the IL11, IL6, VCAMI, CSF1, IL-1a, and MMP13 promoters. (c¢) Values of fits shown

in (b).
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(a) 2D ['H,”N]-HSQC NMR analysis of "N-GR DBD binding to /IL// TRE DNA; data for

GR DBD alone is shown in black and the GR DBD:IL/] complex shown in purple. (b)

Zoom-in view of the 2D NMR data show that residues contacting DNA in the complex,

including Cys441 and Val488, show significant chemical shift perturbations upon binding

DNA. Residues in the dimerization loop (D loop) do not show perturbations, suggesting GR
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binds as a monomer to /IL/] TRE. (c) D loop residues show perturbations when GR binds as
a dimer on a canonical GBS. (d) GR DBD-GBS crystal structure (PDB: 3FYL) with the
DNA reading helix and D loop highlighted in red. Residues highlighted in panels a-c are
located within these two regions. (e) Dimerization deficient mutants GRdim (Ala458Thr) and
GRmon (Ala458Thr/Iso634Ala) cause more repression of the constitutively active TRE

luciferase reporters compared to WT GR.
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Figure 3.5: Crystal structures of GR DBD bound to the IL11 TRE, VCAM1 TRE, and a
GBS.
(a,b) Structures of the GR DBD bound to the (a) /L1 (purple) and (b) VCAM1I (green) TRE
sequences. In both structures, two GR monomers were bound to opposite sides of the DNA
sequence. The darker colored monomer (#1) sits over the GR binding footprint, highlighted
in red, and the faded monomer (#2) sits over an end-stacking junction without making direct
DNA contacts. (c) In contrast, the structure of GR DBD bound to a canonical GBS shows GR
binds as a homodimer. For all structures, GR base-specific contacts are shown to the right.
GR contacts the DNA through hydrogen bonds (red) and Van der Waals contacts (black)
made between Arg447, Lys442, and Val443. These contacts are highlighted on the sequence
below, where red circles represent contacts made through hydrogen bonds and black circles
are bases contacted by Van der Waals interactions. The dotted red circle in the VCAMI
footprint indicates contacts being made by GR with the backbone of the adenine base but not

a base-specific interaction. This data shows that GR makes similar contacts on all sites.
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Figure 3.6: GR and AP-1 Compete for the same DNA binding site.
(a) Overlay of GR DBD-IL/I TRE complex and AP-1 TRE complex (GR, purple; AP-1
green; TRE, red) (PDB Code: 1FOS) (b) TR-FRET assay showing GR competes with AP-1

for binding to FAM-labeled /L1 TRE DNA via decreased acceptor/donor signal.
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GRDBD-1L11 GR DBD - VCAM1

Data Collection
Space Group P2,2:2; P2,2,2,
Cell Dimension A=39.1 b=96.9 c=104.6 a=39.4, b=96.3, c=105.2
Resolution (A) 2.15(2.23 -2.15)* 2.29 (2.37 - 2.29)*
Roym 7.7 (47.5) 11.9 (58.2)
I/o 8.9 (1.7) 9.7 (2.1)
Completeness 98.3 (82.9) 94.4 (98.1)
Redundancy 5.3(3.5) 7.0 (6.6)
Refinement
Resolution 2.15 2.29
No. Reflections 21901 17582
Ryvork/Rfree 20.1/22.7 19.4/22.8
No. Atoms:

Protein 1082 1094

DNA 650 650

Water 47 42
B-factors:

Protein 47.3 42.3

DNA 64.7 50.9

Water 48.2 40.5
R.m.s. deviations:

Bond lengths (A) 0.009 0.008
Bond angles (°) 1.06 1.88

PDB Code 5VA7 5VAO

*Data collected from a single crystal; values in parentheses are for the highest-resolution shell.

Table 3.1: Data Collection and Refinement Statistics

Data collection and refinement statistics for the GR DBD in complex with the TRE from the

IL11 and VCAM]I promoter.
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Abstract

The synthetic glucocorticoids (GCs) dexamethasone, mometasone furoate, and triamcinolone
acetonide have been pharmaceutical mainstays to treat chronic inflammatory diseases. These
drugs bind to the glucocorticoid receptor (GR), a ligand-activated transcription factor and
member of the nuclear receptor superfamily. GR is widely recognized as a therapeutic target
for its ability to counter pro-inflammatory signaling. Despite the popularity of GCs in the
clinic, long-term use leads to numerous side effects, driving the need for new and improved
drugs with less off-target pharmacology. X-ray crystal structures have played an important
role in the drug-design process, permitting the characterization of robust structure-function
relationships. However, steroid receptor ligand-binding domains (LBDs) are inherently
unstable and their crystallization has required extensive mutagenesis to enhance expression
and crystallization. Here, we utilize an ancestral variant of GR as a tool to generate a high-
resolution crystal structure of GR in complex with the potent glucocorticoid triamcinolone
acetonide (TA) and a fragment of the small heterodimer partner (SHP). Using structural
analysis, molecular dynamics and biochemistry, we show that TA increases intramolecular
contacts within the LBD to drive affinity and enhance stability of the receptor-ligand
complex. These data support the emerging theme that ligand-induced receptor
conformational dynamics at the mouth of the pocket play a major role in steroid receptor
activation. This work also represents the first GR structure in complex with SHP, which has

been suggested to play a role in modulating hepatic GR function.
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Introduction

The nuclear receptor superfamily is comprised of a family of ligand-regulated
transcription factors that are critical for maintaining specific gene expression profiles across a
number of biological processes'. The glucocorticoid receptor (GR), the founding member of
the nuclear receptor superfamily, is ubiquitously expressed and both up- and down-regulates
thousands of genes involved in immunity, metabolism, and inflammation®. GR has a modular
architecture consisting of five primary domains: an N-terminal region that contains an
activator function (AF-1) surface that interacts with coregulators; a highly conserved zinc
finger DNA-binding domain (DBD); a flexible hinge region; and a ligand-binding domain
(LBD), which binds ligands that modulate receptor activity. Ligands drive conformational
changes within the LBD that modulate a second activation function surface (AF-2), which in
turn enables selective interaction with coregulators'~~. Unliganded GR resides in the cytosol
bound to chaperone proteins. Upon binding to glucocorticoids, GR undergoes a
conformational change resulting in an exchange of chaperones and translocation to the
nucleus®’. In the nucleus, GR interacts with the genome via multiple mechanisms to then
recruit transcriptional coregulator proteins, which serve to promote or repress transcription®”.
The simplistic view of GR signaling suggests that GR will bind directly to DNA at canonical
GR binding sequences (GBS) as a homodimer to activate transcription or can bind as a
monomer to inverted repeat GBS (IR-GBS/nGREs) to repress transcription'™''. GR can also
regulate transcription in a DNA-independent manner by interacting directly with the pro-
inflammatory transcription factors activator protein-1 (AP-1) and nuclear factor kappa-beta

12-14

(NF-kB) through protein-protein interactions to block their activity ~ . This mechanism,
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known as tethering, is the major mechanism targeted by pharmaceutical companies for anti-

inflammatory therapies'”.

Since their discovery in 1948, glucocorticoids (GCs) have been the most efficacious
treatment for chronic inflammatory diseases such as rheumatoid arthritis and asthma'®. GC-
bound GR is unmatched in its anti-inflammatory action, resulting in its prevalence in the
clinic and worldwide sales that surpass 10 billion dollars per year'’. Yet despite the
effectiveness of GCs, long-term exposure leads to numerous debilitating side effects
including weight gain, muscle wasting, and development of Cushing’s syndrome'®. These
adverse effects have generally been attributed to GR’s role in transactivation'®, spurring
studies focused on the molecular mechanisms of GR-ligand interactions to support the

development of more selective GCs.

Triamcinolone Acetonide (TA) is a highly potent synthetic glucocorticoid that has
been FDA-approved to treat allergic rhinitis as a nasal spray (Nasacort®; Sanofi,

1819 1t is also used to treat macular edema as a result of diabetes

Bridgewater, New Jersey)
(KENALOG) and as an over-the-counter cream to treat skin lesions (Bristol-Myers Squibb
Company; Princeton, New Jersey)'’. In addition to its prolific clinical uses, TA has been
widely used in the laboratory setting to probe GR biology since it shows a higher affinity
than dexamethasone (Dex) and promotes the soluble expression and purification of the full

. . . . . . 1.20-22
length receptor for in vitro biochemical characterization = .

Soluble expression and purification of human GR LBD is challenging and requires
mutation at several sites to promote solubility and purification”. These mutations, designed

via sequence alignments to other steroid receptor LBDs, enable expression in E. coli and
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greatly enhance crystallization. However, their effect on ligand selectivity, conformational
dynamics and activity remains unknown, resulting in uncertainty when constructing robust
structure-function relationships. Recently, resurrected ancestral proteins have been used as a
tool not only to study evolutionary biology, but also to generate x-ray crystal structures of

24-26
novel complexes

. Here, we utilize AncGR2, the ancestral precursor to the modern GR,
which recapitulates both the structure and function of its extant counterpart while exhibiting
better expression, purification, and crystallization in the laboratory setting along with a
higher tolerance to mutagenic analysis, which is critical for probing structure-function
relationships®**>*"**, AncGR2 and hGR LBDs share 78.6 % sequence identity with 100 % of
the residues within the ligand binding pocket conserved. This makes it an ideal surrogate for
hGR structure-function studies, and allowed us to generate the first x-ray crystal structure of

the GR LBD complexed with TA and with a peptide from the atypical coregulator, small

heterodimer partner (SHP).
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Materials and Methods

Protein Expression and Purification

AncGR2 LBD (GenBank accession number EF631976.1) was cloned into a pMALCHIOT vector,
transformed into Escherichia coli strain BL21(pLysS), and expressed as a maltose-binding protein (MBP) with
a hexahistidine tag. Cultures (9 L in Terrific Broth) were grown at 37 °C until an ODgy, of 0.6. Protein
expression was induced with the addition of 0.5 mM isopropyl-1-thio-D-galactopyranoside (IPTG) and 25 uM
TA or 50 uM dexamethasone and grown for 4 hours at 32 °C. Cells were lysed in a buffer containing 20 mM
Tris-HCI (pH 7.4), 300 mM NaCl, 25 mM imidazole, and 5 % glycerol via sonication on ice. Fusion protein
was purified by affinity chromatography (GE Healthcare His-Trap FF) and the MBP tag was removed by
Tobbaco Etch Virus (TEV) protease cleavage with an additional two passes over HisTrap FF media (GE
Healthcare). After purification, protein was dialyzed overnight at 4 °C into buffer containing 20 mM HEPES
(pH 8.0), 200 mM NaCl, 10 % glycerol, and 50 ¥ g@CHAPS. Protein was concentrated to 3-5 mg/mL, flash

frozen in liquid N,, and stored at -80 °C.

Protein Crystallization, Data Collection, and Structure Determination

AncGR2 LBD-TA was concentrated to 4.75 mg/mL and incubated with a peptide
derived from SHP (NH2-QGASRPAILYALLSSSLK-OH) at two-fold molar excess. Crystals
were grown by hanging drop vapor diffusion at 18 °C in drops containing 1 pL. of AncGR2-
TA-SHP and 1 pL of 100 mM HEPES pH 7.5, 1.5 % glycerol, and 25 % PEG 300. Crystals
were flash frozen in liquid nitrogen, using a cryopreservative consisting of 100 mM HEPES
pH 7.5, 10 % glycerol, and 40 % PEG 300. Data were collected remotely from the South East
Regional Collaborative Access Team (SER-CAT) at the Advanced Photon Source (APS),
22ID beamline (Argonne National Laboratories, Chicago, IL). Data were processed and
scaled using HKL-2000"* and phased by molecular replacement using Phaser-MR*. The

structure was phased using the previously solved AncGR2 — dexamethasone — nuclear
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receptor coactivator 2 (TIF2) peptide complex as a search model (3GN8)**. Structure
refinement and validation was performed using PHENIX (v1.11.1) and model building was
performed in COOT**°. PDB Redo was used iteratively to optimize refinement parameters
and geometry (Joosten et al., 2009). PyMOL (v1.8.2) was used to visualize structures and

generate figures (Schrodinger, LLC).

Riactors for the final model are 21.5 % and 25.2 % for Ry and Ryee, respectively.
MolProbity was used for model validation, indicating that 98 % of the residues fall in the
most favored regions of the Ramachandran plot with none in disallowed regions®~'. The
overall MolProbity score was 0.70, placing the structure in the 100™ percentile for overall
geometric quality among protein crystal structures of comparable resolution. The remaining
data collection and refinement statistics can be found in Table 5.1. Coordinates and structure
factors have been deposited in the Protein Data Bank (PDB) with the accession number,

SUFS.

Ligand Binding & Competition Assays

Hexabhistidine-tagged MBP-fused AncGR2 LBD-Dex was dialyzed overnight into
buffer containing 150 mM NaCl, 10 mM HEPES pH 7.4, 3 mM EDTA, 5 mM DTT, and
0.005 % Tween-20. All binding experiments were performed using this buffer. Binding
affinity for dexamethasone-fluorescein was measured with 12 nM dexamethasone-
fluorescein and protein concentrations from 10" to 10° M. Polarization was monitored on a
Biotek Neo plate-reader at an excitation/emission wavelength of 485/528 nm (Winooski,
VT). Three technical replicates and three biological replicates were conducted and graphs are
a compilation of all data collected. Binding data were fit with a one-site binding curve in

GraphPad Prism v7 (GraphPad, Inc). Competition assays were performed at a protein
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concentration 1.2 times the binding affinity for dexamethasone and in the presence of 12 nM
dexamethasone-fluorescein and 10" to 10° M of competing ligand. Three technical
replicates and three biological replicates were conducted and graphs are a compilation of all
data collected. GraphPad Prism v7 was used to analyze data using a one-site, fit K| curve.

Differential Scanning Fluorimetry (DSF)

DSF assays for protein-ligand complexes (Figure 5.2d) were performed with 5 uM of
AncGR2 LBD (expressed and purified with varying ligands), buffer containing 20 mM Tris
pH 7.4, 300 mM NaCl, and 5 % glycerol, and a final 1:1000 dilution of SYPRO® orange dye
(Sigma) to a final volume of 20 pL. Reactions with coregulator peptides (Figure X.Se)
consisted of 5 uM protein, 5 uM peptide, buffer, and SYPRO dye as above. The peptide
sequences used were as follows: SHP NR Box 1 (NH2-QGASRPAILYALLSSSLK-OH) and
TIF2 NR Box 3 (NH2-KENALLRYLLDKDD-OH). For all DSF experiments reactions were
heated from 25 °C to 95 °C in 0.5 °C increments every minute and fluorescence was
monitored using the ROX filter (602 nm) with a StepOne Plus Real Time PCR System
(ThermoFisher). Two technical replicates and three biological replicates were conducted and
graphs are a compilation of all data collected. Data was normalized by subtracting each data
point from a dye-buffer only control reaction. Data was fit using a Boltzmann sigmoidal
curve to determine the melting temperature (Ty,), defined as 50 % unfolding.

ProSMART Analysis

ProSMART alignment tool provides a conformation-independent structural
comparison of two proteins’>. Pairwise comparisons were conducted between AncGR2 LBD-
TA-SHP and AncGR2 LBD-Dex-TIF2 (PDB 3GNS8); AncGR2 LBD-TA-SHP and AncGR2

LBD-ME-TIF2 (PDB 4E2J); AncGR2 LBD-Dex-TIF2 and AncGR2 LBD-MF-TIF2***. The
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comparisons generate a Procrustes score, which is mapped onto the LBD structures. This
score is the r.m.s.d. of the central residue of two corresponding structural fragments of length

n, where n is an odd number of amino acids.
Molecular Dynamics Simulations

Three complexes were prepared for molecular dynamics simulations using AncGR2
LBD: i) TA-TIF2 ii) Dex-TIF2 (PDB 3GNS) and iii) MF-TIF2 (PDB 4E2J). The structure
for TA-TIF2 was created by replacing SHP peptide with TIF2 and an all-atom minimization
of the structure. The complexes were solvated in an octahedral box of TIP3P* water with a
10 A buffer around the protein complex. Na" and CI” ions were added to neutralize the
protein and achieve physiological conditions, to a final concentration of 150 mM. All
systems were set up using xleap in AmberTools®* with the parm99-bscO forcefield®.
Parameters for TA, MF and Dex were obtained using Antechamber’® in AmberTools. All
minimizations and simulations were performed with Amber14®’. Systems were minimized
with 5000 steps of steepest decent followed by 5000 steps of conjugate gradient
minimization with 500 kcal/ mol-A” restraints on all atoms. Restraints were removed from all
atoms excluding the atoms in both the ligand and the TIF2 peptide, and the previous
minimization was repeated. The systems were heated from 0 to 300 K using a 100-ps run
with constant volume periodic boundaries and 5 kcal/mol-A* restraints on all protein and
ligand atoms. Twelve ns of MD equilibration was performed with 10 kcal/ mol-A” restraints
on protein and ligand atoms using the NPT ensemble. Restraints were reduced to 1 kcal/
mol-A” for an additional 10 ns of MD equilibration. Then restraints were removed and 500 ns
production simulations were performed for each system in the NPT ensemble. A 2 fs

timestep was used and all bonds between heavy atoms and hydrogens were fixed with the
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SHAKE algorithm®. A cut-off distance of 10 A was used to evaluate long-range
electrostatics with Particle Mesh Ewald (PME) and for van der Waals forces. 25,000 evenly

spaced frames were taken from each simulation for analysis.

MD trajectories were analyzed with various tools. Structural averaging and analysis
were performed with the CPPTRAJ module® of AmberTools (v14). Hydrogen bonds were
identified using HBPLUS™ with default criteria (minimum angles: D-H-A 90.0, H-A-AA
90.0, D-A-AA 90; maximum distances D-A 3.9A, H-A 2.5A, D = Donor, A = acceptor, AA=
atom attached to acceptor). Root mean square fluctuations (RMSF) analysis was performed
on Ca atoms of protein residues. RMSF was computed relative to the reference structure
(crystal structure) for each frame in the trajectory. CPPTRAJ was used to calculate distances
between Co atoms or hydrogen bonding atoms over trajectories. All distances between
residue pairs were calculated using Ca atoms. The MMTSB toolset was used to perform a

cluster analysis with a 2 A RMSD cutoff*'.
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Results
Structural analysis of AncGR2-Triamcinolone/SHP complex

To understand how TA interacts with GR, we determined the x-ray crystal structure
of AncGR2 LBD — TA complex bound to a fragment of the coregulator SHP. Crystals
formed in the C2 space group with two AncGR2 LBD — TA — SHP complexes in the
asymmetric unit. Data sets were collected to 2.1 A with 98.6 % completeness. Full data

collection and refinement statistics are summarized in Table 4.1.

The AncGR2 LBD is bound by one molecule of TA and the SHP coregulator peptide
(Figure 4.1a). The LBD adopts a canonical fold with 11 a-helices and 4 3-strands that fold
into three layers of a helical sandwich bundle (Figure 4.1a)’. This folding creates a
hydrophobic ligand binding pocket (LBP) encompassing TA (Figure 4.1b), which is

supported by unambiguous electron density (Figure 4.1¢).

TA is coordinated via extensive hydrophobic contacts and a series of specific
hydrogen-bonding interactions (Figure 4.1d). This hydrogen bonding network includes a
water molecule, which is a common feature for SR LBD-ligand complexes and is seen in all
AncGR2 LBD-ligand structures to date®**’. This water hydrogen bonds with the terminal
oxygen of the A-ring. The amide of GIn39 and guanidinium group of Arg80 not only
hydrogen bond to the water molecule but also form hydrogen bonds to the A-ring 3-keto
oxygen (Figure 4.1d,2a). Molecular dynamics simulations (MD) of ligand-hydrogen
bonding interactions show that over a 500 ns simulation, these hydrogen bonds alternate
between being direct or water-mediated (Figure 4.2a). In addition, there is a water-mediated

hydrogen bond that occurs between the Arg80 and GIn39 residues that persists for 47% of
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the simulation. Both of these hydrogen-bonding interactions have a joint effect in keeping
TA in the correct orientation within the LBP over the duration of the simulation. Asn33
hydrogen bonds to the C-ring 11-hydroxyl. Finally, Asn33 and Thr208 hydrogen bond to the
21-hydroxyl located off the C-17 position on the D-ring. These hydrogen bonds are well

supported via MD and persist throughout the entirety of the simulations (Figure 4.2b).

The C-17 acetonide moiety on TA increases the affinity and stability for GR LBD over Dex.

Synthetic GCs typically show increased affinity and selectivity for the receptor over
GR’s endogenous ligand, cortisol. Corticosteroids, like most cholesterol-derived steroid
hormones, contain three 6-carbon rings (A, B, C) and one 5-carbon ring (D) (Figure 4.3a).
Dex varies from cortisol by the addition of a C1-C2 double bond in ring A, a C-16 a-methyl,
and a C-9 a-fluoro group. TA varies from Dex by the addition of the 16,17 acetonide moiety.
MF varies from Dex by the presence of a chloro group at C-9 instead of a fluoro group, a
chloro group instead of a 21-hydroxyl off the C-17 D-ring, and the large furoate moiety off
the C-17 position. The C-17 furoate moiety is more polar and labile than the TA acetonide
moiety and is cleaved in vivo. The active metabolite, mometasone, contains a at hydroxyl at
the C17 position due to loss of the fuorate moiety; thus, conclusions based on analysis of the
GR-MF complex cannot be reliably correlated with its in vivo potency. However, MF has
proven a useful tool to probe GR LBD biochemistry in vitro and is therefore included in our
analysis. For synthetic GCs, the steroid backbone halogen substitutions are thought to
increase potency and the substitutions at position 17 account for the largest functional

21,42

differences” . These substitutions on TA and MF drive the increased affinity and reported

. 43,44
potencies over Dex ™.
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Similar to previous reports, we show that TA displaces bound fluorescent Dex (FL-
Dex) from the AncGR2 LBD with a K; of 3.2 nM (Ky4 for FL-Dex = 38 nM) (Figure
4.3b)**>*_ Furthermore, we show there is an 8 °C increase in thermal stability of the LBD
when bound by TA or MF over Dex (Figure 4.3c). To understand how TA has such a high
affinity and potency for GR, we compared our structure to the previously solved AncGR2-

Dex-TIF2 and AncGR2-MF-TIF2 complexes (PDB 3GNS8, 4E2J) (Figure 4.4)**%.

Superposition of the different ligand-bound structures revealed only subtle
differences in the RMSD’s of main chain carbon alphas. The difference between AncGR2-
TA and AncGR2-Dex is 0.346 A, and between AncGR2-TA and AncGR2-MF is 0.349 A.
Within the ligand-binding pocket, the same side chains participate in hydrogen bonding
interactions, including a water molecule in all structures (Figure 4.4a). This is not surprising
when comparing Dex and TA, as the ligands are almost identical except for the acetonide
moiety, which is contacted by hydrophobic interactions. However, MF-bound GR makes one
fewer hydrogen bonding interaction; the C17 position contains a chloro group rather than a
hydroxyl, altering the interaction with Thr208. Yet, as with MF, the acetonide C-17 addition
is oriented almost 90° from the steroid backbone. This allows for the ligand to expand and
fill the binding pocket as well as generate additional hydrophobic contacts between GR and
the ligand. These large substitutions on TA and MF cause a 100 A’ (1.1-fold) and 200 A’
(1.3-fold) increase, respectively, in pocket volume compared to Dex (Figure 4.4b).
Therefore, the differences in potency and affinity must be due to changes in hydrophobic
contacts and long-range allosteric changes generated by the ligands. To investigate this

possibility, we combined in-depth structural analysis with MD simulations.
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TA increases intramolecular contacts within the LBD to drive affinity and stability

To identify how differential ligands affect local structure, we performed pairwise
comparisons of the three AncGR2 ligand structures using ProSMART?? (Figure 4.5a). Each
chain is compared separately and the final models are colored by their Procrustes score,
which defines the similarity of an aligned fragment according to the legend provided in
Figure 4. The largest differences are seen in the mouth of the ligand binding pocket,
encompassing the loops after H1, H3, and H6, and the transition between H9 and H10.
Differences in the H9-H10 loop are not surprising, as this loop is often difficult to model and
is not supported by strong electron density in any structure. However, there are meaningful
differences in local residue conformation at the entrance to the ligand binding pocket, where
TA constricts the opening of the pocket to 4.6 A, compared to 6.3 A for Dex and 10.1 A for
MF as measured by the distance between Ser25 on H3 and Prol06 on H6. (Figure 4.5b).
This TA-driven pocket constriction is also observed in MD simulations. The average Ser25-
Pro106 distances in the simulations are 6.4 A, 10.5 A and 11.3 A respectively for TA, Dex
and MF. To link differential contacts with ligand-induced differences in receptor motion, we
used MD to calculate the root mean square fluctuations between the key LBD-ligand
complexes over 500 ns simulations. To focus only on ligand-induced dynamic changes, we
first replaced SHP with TIF2 to mitigate peptide-driven effects. The MD trajectories showed
less motion at residues 101-109 (Helix 6-7) in the TA complex compared to both Dex and

MF, suggesting TA introduces a stabilizing effect (Figure 4.5¢,d).

To obtain the structure most representative of the dominant conformation sampled in
each trajectory, clustering was performed with the MMTSB tool. For each AncGR2 complex,

the structure with the lowest RMSD in the most populated cluster was used as a
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representative for the complex. Comparison of these structures shows a rearrangement of the
residues in the binding pocket of the TA bound structure as a result of stabilizing,
hydrophobic interactions between the acetonide group and Met29 and Met108 (Figure 4.5e¢).
The interaction causes a shift of other residues (e.g. Metl03) and shifts in the overall
positions of H6 and H7, bringing them closer (Figure 4.5f,g). This movement is responsible
for the closer distances observed between Ser25 and Prol06 in the TA-bound structure.
Similar effects are observed in AncGR2 LBD-TA-SHP and LBD-TA-TIF2 structures,

indicating that the TA ligand drives this effect.

Recognition of the SHP NR Box 1 LXXLL Motif

Coregulator proteins interact with SRs via an a-helix containing a short LXXLL

motif (L- leucine, X- any amino acid)47’48

. These coregulators bind to the same hydrophobic
groove on the surface of SR LBDs, the AF-2%"° The AF-2 is comprised of helices 3, 4, and
12 and is generally held in place by a charge clamp formed by a lysine on H3 and a
glutamate on H12 that interacts with the helix dipole™’. GR is known to interact with a
wide variety of coregulator proteins, yet structural analysis has been limited to the typical
coregulators of the p160 SRC family, specifically SRC-2 (TIF2, GRIP-1). Here, we show GR

complexed with 11 residues of the SHP NR Box 1 peptide. This is the first GR LBD structure

with this coregulator.

SHP is an atypical orphan nuclear receptor comprised only of an LBD that co-folds
with the transcriptional corepressor EID1°'’. SHP has been shown to act as a potent
5154-57 o

corepressor for numerous nuclear receptors including ER, RXR, LRH-1, and GR

modulate receptor activity, SHP utilizes two canonical NR Box motifs to bind to the AF-2
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surface, competing directly with coactivators’’. SHP’s repression of GR activity has been

postulated to have important biological implications in the liver and pancreas™.

The overall AncGR2-TA-SHP structure shows the AF-H in the active conformation
and the SHP peptide bound at the AF surface (Figure 4.6a). The peptide inserts leucine side
chains into the surface and is further stabilized by a charge clamp interaction, which is
conserved across NRs. Lys48 on H3 hydrogen bonds with the backbone carbonyl of Leu24,
and Glu224 hydrogen bonds to the free amide nitrogen of I1e20 (Figure 4.6b). The terminus
of the peptide is stabilized by a hydrogen bond involving Lys48 interacting directly with the
terminal Ser27 residue. The peptide is further stabilized by Met62, which makes van der
Waals contacts with Tyr22. As in previous NR LBD-SHP structures, this interaction holds
the tyrosine residue in the center of the peptide helix, which is further stabilized between the
aromatic face and the Ser26 sidechain. The NR Box 1 peptide contains an arginine residue at
the first position, but there was not strong enough density to model in this side chain;
therefore it is modeled as an alanine residue. The SHP NR Box 1 and 2 peptides look most
similar to the LXXLL motif seen in the coactivator PGC-1a (Figure 4.6d). It has been
postulated that SHP antagonizes PGC-1a activation of GR. This repression of GR was shown

to inhibit PEPCK, implying a role for SHP in modulating GR function within the liver™*,

The SHP peptide in our structure interacts with the same AF-2 surface seen in the
previously solved AncGR2 LBD-TIF2 NR Box 3 structure (Figure 4.6¢)”. Since SHP
interacts with GR via a classical NR coactivator motif, similar interactions are expected. In
both GR-peptide complexes, the charge clamp formed by Lys48 and Glu224 is conserved.
Despite these peptides having sequence differences, both peptides stabilize AncGR2 LBD to

similar levels (Figure 4.6d,e).
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Discussion

In the 1940s, GR’s endogenous ligand, cortisol, was identified as a potent suppressor
of inflammation’®. Since then, synthetic GCs with dramatically improved affinity, potency
and selectivity have become the most widely used treatment for anti-inflammatory
therapies'’. Targeting GR is not challenging, however, current GCs drive the activation of

metabolic, homeostatic and growth pathways in addition to immunosuppression'>'®'®

. X-ray
crystal structures are required to build robust structure-function relationships; however, this
has proved difficult due to the instability of recombinantly expressed, purified human GR
LBD (hGR). To circumvent this issue, we utilized the AncGR2 LBD derived from the
phylogenetically reconstructed GR present in the ancestor of bony vertebrates®*°. This
ancestral receptor has been extensively used to understand the evolution of corticoid
selectivity in modern GR; it displays the same ligand selectivity and agonist response as the
human receptor but shows enhanced expression, solubility, crystallizability, and tolerance to
mutation®**>*’. Therefore, AncGR2 represents a powerful tool to explore novel GR-ligand

complexes that would otherwise be difficult to probe**>°,

The synthetic glucocorticoid TA is used in the clinic to treat allergic rhinitis, macular

19,59

edema, and skin lesions . TA is more hydrophobic than other synthetic GCs, making it

18,19

ideal for topical use and allowing for a prolonged duration of action ™. Furthermore, TA

has gained popularity in the laboratory due to its increased affinity for GR over other

synthetic compounds (Figure 4.3c¢) such as dexamethasone**”’

, and for its ability to promote
the expression and solubility of the intact receptor. These improvements in affinity, potency,

and bioavailabity over other GCs makes TA a critical ligand to study. We show that TA

significantly increases the thermal stability of the LBD relative to dexamethasone, (Figure
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4.3d) causing GR to assume a more compact structure with smaller conformational
fluctuations near the pocket (Figure 4.5). Driving these effects with TA is the bulky
hydrophobic C17 acetonide moiety, which generates additional contacts relative to other
ligands and repositions the H6-H7 loop to constrict the pocket (Figure 4.5d-e). The bound
TA maintains interactions with the hydrogen bond network critical for GR specificity and
transactivation (Figure 4.1d, 2, 4a), but enables greater intramolecular contacts, which likely
explains the increased affinity and stability (Figure 4.5). Ligand-driven perturbation of
intramolecular contacts and dynamics at the mouth of the ligand binding pocket has been
shown to be essential for selective modulation of other nuclear receptors such as ERa,
PPARy, and LRH-1°, Taken together, we have elucidated the structural mechanisms
driving TA’s enhanced affinity and ability to stabilize the GR LBD, which will inform future

glucocorticoid design.

This work also offers the first visualization of GR’s interaction with the atypical NR,
SHP, which is part of a transcriptional corepressor complex that targets NRs in the active

. 53,54,64,65
conformation™ """

. SHP accomplishes this by utilizing two LXXLL motifs to mimic
coactivators and bind directly to the AF surface. SHP is expressed at high levels in the liver
and has been shown to interact directly with GR to modulate its function®. We demonstrate
that indeed, SHP binds to the AF surface on GR and makes the conserved charge clamp
interaction, similar to the previously solved structure of AncGR2 in complex with the
coregulator TIF2 (Figure 4.6b). Furthermore, the GR LBD-TA complex was stabilized to
similar levels whether in complex with SHP or TIF2 (Figure 4.6e). SHP has been suggested

to play a role in modulating hepatic GR function and thereby metabolism™. It is likely that

increased levels of SHP permit direct competition with coregulators for the GR-agonist-DNA
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53,64,64,65

complex . However, further studies are needed to test this mechanism and to

determine its physiological and clinical relevance for hepatic GR action.

Developing improved GCs with less off target side effects, will require linking

ligand-induced receptor motions with selective coregulator interactions to drive GR

65,66

to specific promoters™ ™. Obtaining structural and dynamic information, as presented here,

1s vital to this effort.
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Figure 4.1: Structure of the AncGR2-TA-SHP NR Box 1 Complex.

(a) Cartoon representation of the overall structure of AncGR2 LBD (blue) in complex with
TA (Green) and SHP (Pink) (b) Close-up view of ligand binding pocket (side chains are
shown as sticks with a-carbons shown as spheres) Residues that participate in hydrophobic
contacts are shown in faded blue and side chains that make hydrogen bonding interactions
are shown darker blue with Hydrogen bonds denoted by red dashes. (c) Omit map (F,-F.)
contoured at 2.5 ¢ around the ligand. (d) Schematic of hydrogen bonding network. Hydrogen

bonds are shown in red.
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Figure 4.2: MD Simulations Support LBP-Hydrogen Bonding Interactions.

(a) Graph of hydrogen bonding distances between the guanidinium hydrogen atom on Arg80
and the amide hydrogen atom on GIn39 with the 3-keto oxygen on the A ring of TA during
the 500 ns MD simulation. These hydrogen atoms either make contacts with the water
molecule within the pocket or make direct interactions with the ligand. The A ring of TA is
labeled in each view of the ligand (b) MD analysis supports the hydrogen bonding

interactions seen between Asn33 and Thr308 with the ligand.
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Figure 4.3: TA readily competes Dex out of the binding pocket and highly stabilizes the

LBD.

(a) GR’s endogenous ligand cortisol and a myriad of synthetic glucocorticoids including
Dex, TA, and MF. (b) Fluorescent Dex (FL-Dex) binds AncGR2 LBD with a K4 of 38 nM.
Binding was measured via fluorescence polarization and graphs are fit using a one site

binding curve to calculate K4 values, error bars indicate standard error of the mean (SEM;
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n=9). (c) TA competes FL-Dex out of the ligand binding pocket with a K; of 3.2 nM. Graphs
are fit using a one site, fit K; equation to calculate K; values, error bars indicate SEM (n=9).
(d) DSF monitors the thermal stability of different AncGR2 ligand complexes. Both TA and
MF-bound LBD increased the thermal stability by 8 °C. Graphs are fit using the Boltzmann
sigmoidal equation, which calculates Ty, as 50 % unfolding. Error bars error bars indicate

SEM (n=6).



209

Arg80

Asn33

ds bound to AncGR2 LBD.

id Ligan

ison of Glucocortico

Compar

.
.

Figure 4.4

(a) Overlay of TA (blue), Dex (purple), MF (green) within the pocket. Insets to the right

show TA (blue), Dex (purple) and MF (green) hydrogen bonding networks. Hydrogen bonds
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are shown in red. (b) Mesh depicting ligand pocket volume induced by different
glucocorticoid ligands. TA and MF have large additions at the C-17 position, which the GR

LBP expands to accommodate.
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Figure 4.5: Structural comparison of different GR-ligand complexes.



212

(a) ProSMART analysis of pairwise comparisons of different structures of GR-ligand
complexes. Areas shown in white were not used in the comparison. Structures are colored by
Procrustes score of the central residue of an aligned fragment pair according to the legend
shown on the right. The following comparisons were made: AncGR2 LBD-TA-SHP versus
AncGR2 LBD-Dex-TIF2 (PDB 3GNS); AncGR2 LBD-TA-SHP versus AncGR2 LBD-MF-
TIF2 (PDB 4E2J); AncGR2 LBD-Dex-TIF2 versus AncGR2 LBD-MF-TIF2. (b) Structural
overlay of the mouth of the ligand binding pocket, which was one of the areas with the
largest variance from the analysis done in (a). TA induces a narrowing of the pocket
entrance, indicated by a 4.6 A distance between Ser25 on H3 and Prol106 on H6. Dex has a
6.3 A and MF has a 10.1 A distance across the same area. (c) 500 ns molecular dynamics
simulations looking at RMSFs between various GR-ligand complexes. ** indicate areas of
significant differences in RMSF that are not obvious due to flexible loops, where higher
RMSF values are to be expected. (d) The AncGR2 LBD-TA structure shows the acetonide
group on TA makes hydrophobic contacts (black) with Met29 and Metl08 (e) The
hydrophobic contacts seen in d causes a shift in the position of other side chains within the
ligand binding pocket, such as Met103. Structural overlays of AncGR2-ligand complexes
show this is unique to the TA bound complex. (f) The shift in side chains causes an overall

rearrangement of H6/H7, explaining the constricted pocket entrance seen in the TA structure.



H4
H3

SHP

/

AF-H/H12

SHP NR Box 1 APAILYALLSS
SHP NR Box 2 VPSILKKILLE
PGC-la EPSLLKKLLLA

TIF-2 NR Box 3 NALLRYLLDKD

I

LXXLL Motif

Asn742

Glu224

Fluorescence

213

Arg746
Ala743

Leu745

i Leu748

1.5%1064 Tm
~o- AncGR2-TA+SHP 55.0+0.2 °C
AncGR2-TA+TIF2 55.8+0.1°C
1.0x10°4 II} L]
7 ]
5.0x10°4 »
o.cv'““."““""‘./ .
40 50 60

Temperature (°C)

Figure 4.6: AncGR2-TA complex is bound by atypical coregulator, SHP.

(a) Overall structure of AncGR2 with SHP represented as sticks and ribbon (pink). The

peptide is bound in the canonical AF-2 surface made by H3, H4, and the AF-H/H12. The

peptide is held in place by charge clamp formed by Glu224 and Lys48, shown in sticks

(blue). (b) Zoom in of SHP peptide. (c) Overlay of SHP (faded pink) with TIF2 peptide

(purple) from the AncGR2-Dex (PDB 3GNS) structure. (d) Comparison of LXXLL motifs

found in various coregulators. (¢) DSF monitors the thermal stability AncGR2 LBD-TA in

complex with the SHP NR Box 1 and TIF-2 NR Box 3 peptide. There is little difference

between the two complexes.



Table 1: Data Collection and Refinement Statistics

AncGR2 LBD-TA + SHP

Data Collection

Space Group C2
Cell Dimension a=87.0, b=52.8, c=126.0
Resolution (A) 2.11 (2.19-2.11)

Rpim 6.2 (370)
I/o 2.67
Completeness 98.6 (93.2)
Redundancy 3.6 (3.0)
Refinement
Resolution 2.11
No. Reflections 31942
Rwork/Rfree 21.5/25.2
No. Atoms
Protein 4158
Ligands 62
Water 119
B-factors
Protein 449
Ligands 31.8
Water 41.0
R.m.s. deviations
Bond lengths (A) 0.002
Bond angles (°) 0.52
PDB Code

SUFS
*Data collected from a single crystal; values in parentheses
are for the highest-resolution shell.

Table 4.1: Data Collection and Refinement Statistics

Data collection and refinement statistics for the AncGR2 LBD in complex with TA and the

SHP coregulator peptide.
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Two nuclear receptors are key regulators of Oct4 expression during development. In
order to understand the structural basis for this regulation, it is crucial to solve x-ray crystal
structures of each receptor in complex with their DNA recognition element. In this work, I
crystallized GCNF bound to the Oct4 direct repeat sequence. This structure was directly
compared to the structure of LRH-1 bound to the same DNA sequence. This work allowed
direct comparison of the sequence specific contacts that guide Oct4 regulation. This work

was accepted for publication in Journal Molecular Biology in November 2016.
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Abstract

Oct4 is a transcription factor required for maintaining pluripotency and self-renewal
in stem cells. Prior to differentiation, Oct4 must be silenced to allow for the development of
the three germ layers in the developing embryo. This fine-tuning is controlled by the nuclear
receptors, liver receptor homolog-1 and germ cell nuclear factor. Liver receptor homolog-1 is
responsible for driving the expression of Oct4 where germ cell nuclear factor represses its
expression upon differentiation. Both receptors bind to a DRO motif located within the Oct4
promoter. Here, we present the first structure of mouse germ cell nuclear factor DNA binding
domain in complex with the Oct4 DRO. The overall structure revealed two molecules bound
in a head-to-tail fashion on opposite sides of the DNA. Additionally, we solved the structure
of the human liver receptor homolog-1 DNA binding domain bound to the same element. We

explore the structural elements that govern Oct4 recognition by these two nuclear receptors.
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Introduction

The pluripotency of embryonic stem cells is maintained by a specific group of factors
including leukemia inhibitor factor, and transcription factors Oct4, Sox2, and Nanog'. All of
these proteins are critical for maintaining precise gene expression profiles in ES cells. Oct4, a
member of the POU-domain family is widely recognized as the gatekeeper, preventing
embryonic stem cell differentiation by maintaining pluripotent gene expression and inhibiting
lineage-determining factors®. During this time, Oct4 expression must be tightly regulated to
ensure proper expression levels. Upon exposure to differentiation cues, such as the presence
of retinoic acid, Oct4 and the other pluripotency factors are repressed in a temporal and
spatial manner to ensure proper development of the three germ layers. Members of the
nuclear receptor superfamily of ligand-regulated transcription factors are responsible for

ensuring this specific pattern of Oct4 expression™”.

Nuclear receptors (NR) play key roles in diverse biological processes, including
maintaining homeostasis, metabolism, development, and many others™. These receptors all
share the same core domain structure: a N-terminal transactivation domain (NTD), a DNA
binding domain (DBD) with two highly conserved zinc fingers, a flexible hinge region, and a
ligand binding domain (LBD) that contains an activator function-2 helix that is critical for
binding coregulators (Fig. X.2A). These receptors bind to palindromic DNA sequences as a
monomer, homodimer, or heterodimer to regulate transcription from their target genes’. A
number of these receptors including, liver receptor homolog-1 (LRH-1, NR542), germ cell
nuclear factor (GCNF, NR6AI), steroidogenic factor (SF-1, NR5AI), and retinoic acid
receptor (RAR, NRIBI) are known to regulate of Oct4 expression by binding to response

elements within the promoter regions™"*”.
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LRH-1 regulates Oct4 gene expression by binding DNA as a monomer to a 9
nucleotide recognition element comprised of a YCA followed by a NR half-site (AGGCCR)
sequence (Y= pyrimidine, R= purine)'’. LRH-1 contains a canonical NR DBD composed of
two helical zinc fingers, which recognize the NR-halfsite. LRH-1, and all NR5A family
members, contain a unique fushi tarazu factor 1 (Ftz-F1) domain located C-terminal to the
DBD that has been shown to play a functionally important role as a protein interaction

1-14 " This domain was

module required for the recruitment of other transcription factors
structurally characterized in the LRH-1 DBD CYP7A41 complex by X-ray crystallography
then by NMR for SF-1'""" and assumes an o-helix fold that packs against body of the zinc-
figure domain. Mutations that untether the Ftz-F1 helix from the body of the protein
dramatically reduce both DNA binding and transactivation. LRH-1 makes structurally
conserved contacts with its DNA half-site through both the canonical DNA-reading helix,
located within the zinc finger domain, and the C-terminal extension (CTE), located between

the zinc-finger domain and Ftz-F1 domain. The CTE-DNA interactions are influenced by the

Ftz-F1 helix, which serves to orient the CTE in the DNA minor groove'".

In early embryonic development, LRH-1 is highly expressed within the inner cell
mass and primitive endoderm of the blastocyst, where other NRs are secluded to other cell
types’. To maintain pluripotency, LRH-1 binds directly to DRO sequences within the
proximal promoter and proximal enhancer to drive expression of Oct4'®. This regulation via
LRH-1 is critical, as loss of LRH-1 results in embryonic lethality at day 6.5. LRH-17"
embryos also exhibit low Oct4 expression and die before liver development is established.

Recently, it has even been shown that LRH-1 can replace Oct4 in the reprogramming of
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somatic cells into pluripotent stem cells'’. However, upon signals for differentiation, LRH-1
plurip p g

levels are dramatically reduced while GCNF is recruited to repress Oct4.

GCNEF is an orphan nuclear receptor that was first identified from mouse heart tissue
and shows high expression levels in developing germ cells, oocytes, and spermatogenic
cells'®. GCNF comprises its own unique NR superfamily subclass with a DBD that resembles
retinoid X receptor (RXR) but a LBD more closely related to COUP transcription factor 2
(COUP-TF). Additionally, GCNF does not have the typical AF-2 helix within its LBD but
instead contains a predicted B-sheet that interacts with the transcriptional corepressors
nuclear receptor corepressor-1 (NCoR) and nuclear receptor corepressor-2
(NCoR2/SMRT)""”. GCNF represses Oct4 expression by binding directly to a DRO element
within the proximal promoter region, the same site as LRH-1'"?'. This transrepression of
Oct4 is required for cell differentiation as loss of GCNF results in embryonic lethality at day
E10.5 from cardiovascular complications and other severe developmental abnormalities'**.
DNA binding by GCNF is functionally critical as a deletion of the DBD phenocopies the
GCNF” mice”. GCNF binds the Oct4 DRO element in the proximal promoter as a
homodimer and recruits transcriptional corepressors and DNA methyltransferases in order to
ultimately silence Oct4 expression™’. This promoter methylation is maintained well beyond

25,26

GCNF expression in order to maintain Oct4 silencing™"". This process is depicted in Figure

5.1

Here, we present the crystal structures of the mGCNF DBD-TA and hLRH-1 DBD-
FtzF1 bound to the mOct4 DRO proximal promoter element. Throughout the rest of this
manuscript mGCNF DBD-TA and hLRH-1 DBD-FtzF1 will be referred to as GCNF DBD

and LRH-1 DBD, respectively. This work represents the first crystal structure of GCNF and
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permitted the visualization of the sequence specific contacts that facilitate recognition of this

element for both of these orphan NRs.
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Results
GCNF and LRH-1 directly bind the mOct4 DR0

To characterize in vitro binding affinity and kinetics of GCNF and LRH-1 we
monitored the ability of recombinant GCNF DBD, LRH-1 DBD, and full-length LRH-1 to
bind a FAM labeled 16 bp Oct4 DRO fragment via fluorescence polarization (Figure 5.2).
Intact, GCNF has been shown to bind the Oct4 DRO as a homodimer via electric mobility
shift assay'™'”. Here, GCNF bound the Oct4 DRO with a two-site binding mechanism with
the K4 of the high affinity site at 170 nM and 2.2 uM for the low affinity site (Figure 5.2¢).
This apparent two-site binding, rather than cooperative binding, may be due to the lack of the
LBD which presumably facilities dimerization®*. The LRH-1 DBD displayed a one site
binding mechanism with an apparent K4 of 60 nM (Figure 5.2b). The full-length LRH-1
construct also fit a one site binding curve with the 16 bp Oc#4 element with an apparent

affinity of 30 nM. The data is summarized in a Figure 5.2d.
Structural analysis of GCNF and LRH-1 — Oct4 Complexes

To determine how these individual NRs recognize the same Oct4 DRO, we solved
crystal structures of each protein-DNA complex. The GCNF-Oct4 16 bp DRO DNA complex
crystallized in the P2,2,2; space group and data were collected to 2.1 A with 96.2%
completeness. The LRH-1-Oct4 DRO 12 bp DNA complex crystallized in the space group

P4; and data were collected to 2.2 A with 99.8% completeness (Table 5.1).

The GCNF structure shows two molecules bound to opposite sides of the DNA in a
head-to-tail fashion (Figure 5.3a). This orientation on DNA is very similar to the structure of

the RXRa-DR1 complex (PDB ID: 1BY4)*’. The GCNF DBD adopts the canonical NR DBD
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fold®, and strong electron density allowed for modeling of the T and A box residues within
the C-terminal extension (CTE) for molecule 2. One molecule, colored purple, positions the
DNA reading helix into the major groove of the DNA at the first AGGTCA repeat (bases
106-111). This molecule makes three base-specific contacts (Figure 5.3b). The Lys96 side
chain makes hydrogen bonds to the O6 and N7 positions on guanine 107. ArglOl make
additional hydrogen bonds to the on guanine 97 at the N7 position on the other side of the
DNA as well as to the backbone phosphate of a thymine 98. The second molecule, colored
deep purple, makes similar contacts to the second AGGCTA sequence (bases 112-117)
(Figure 5.3b). Here, Lys96 again makes hydrogen bonds to the O6 position of guanine 113.
Argl01 makes hydrogen bonds to the N7 position on adenine 91 instead of a guanine and
also makes additional hydrogen bonds the backbone of thymine 90. These interactions are
supported by excellent electron density and additional side chains participating in backbone

and water-mediated interactions are highlighted in Figure 5.3c.

The GCNF CTE, including the T/A box residues, was observed for molecule 2
(residues 141-156). There is strong electron density for these residues, which is shown in
Figure 5.5d. The GCNF CTE dips into the minor groove at the TCAA sequence (bases 109-
112) to make additional sequence specific contacts. Arg86 makes hydrogen bonds to the O2
positions on both thymine 109 and cytosine 110. Arg78 makes hydrogen bonds to the
polypeptide backbone oxygen at Gly152, which may help lock the CTE into a more stable
conformation for interaction with the DNA minor groove. In addition to DNA contacts, the
CTE also makes a series of contacts with GNCF molecule 1 via a set of highly conserved
residues (Figure 5.4). The largely negative CTE of molecule 2 rests within the minor groove

but also makes contacts with the positive surface of molecule 1(Figure 5.4a). Namely,
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Asp148 makes weak electrostatic contacts with Argl21.This intermolecular interface is also
supported by a series of hydrophobic contacts driven largely by the conserved Met150, which

interacts with Argl21 and Argl24 (Figure 5.4b,c).

The LRH-1 DBD crystallized as a monomer on a 12 bp Oct4 fragment, with its DNA
recognition helix resting in the major groove formed by the DRO motif, flanked by two
conserved zinc fingers (Figure 5.5a). This structure is similar to the previously solved LRH-
1 — hCYP7A4I complex (PDB ID: 2A66)'"°. The DNA reading helix contains four residues that
make distinct base-specific contacts with the Oct4 DRO, including hydrogen bonds between
Glul04 and cytosine 93, Lys107 and the O6 atom on guanine 113, Lys111 and the N7 atom
on guanine 114, and Argl12 and the N7 atom on adenine 91 (Figure 5.5b). In addition to the
core DBD there was also density to model the CTE and Ftz-F1 domains. The CTE of hLRH-
1 wedges into the minor groove of the DNA duplex (Figure 5.6¢). Base-specific contacts
formed by the CTE include hydrogen bonds between Argl62 and thymine 95 and Argl65
and cytosine 110. Other stabilizing interactions with the phosphate backbone and the water

network are shown in Figure 5.5c¢c.

LRH-1 and GCNF differentially recognize the DRO of the Oct4 Proximal Promoter

To understand how these distinct proteins recognize the same Oct4 DRO DNA, we
compared both the primary amino acid sequence and structure (Figure 5.6). Alignment of
mGCNF and hLRH-1 DBDs show 44.7% identity with 61.8% similarity. Though human
LRH-1 DBD was used, sequence alignments show that human and mouse LRH-1 DBDs are
94.4 % identical, with the critical DNA binding residues being 100% conserved. Mouse

GCNF (495 aa) and human GCNF (480 aa) are 95.4% identical, with both the DBD and CTE
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100% identical. Furthermore, the core DRO motif within the Oct4 PP is conserved between

mice and humans, suggesting these interactions would be maintained across species.

In order to visualize differences in the structure, we superimposed both to identify
how each recognizes the same DNA element (Figure 5.6). Unlike, GCNF, LRH-1 binds to
DNA as a monomer. While this is uncommon among NRs, other monomeric receptors
include SF-1, ERR2, REV-ERB"***_ Perhaps not surprising, the LRH-1 DBD binds the
Oct4 DRO element with greater affinity than the GCNF DBD, which is lacking the LBDs that
are known to participate in receptor dimerization®*. Superposition of the structures revealed
LRH-1 makes four additional base-specific contacts within the major and minor groove. The
root-mean-square deviation (r.m.s.d.) between the DBD core domains of LRH-1 (83-154)
and GCNF (74-147) is 0.46 A (63 Ca aligned). In the DNA reading helix, LRH-1 displays
two additional base-specific contacts with Glul04 and Lys107 making hydrogen bonds to
cytosine 93 and guanine 114, respectively (Figure 5.5b). The GCNF and LRH-1 CTE share
56.3% identity with 62.5% similarity and a similar backbone position within the DNA minor
groove (r.m.s.d 0.51 A; 13 Ca aligned). However, LRH-1 makes two additional H-bonding
contacts vs GCNF via Argl60 and 162 (Figure 5.5c,e) where GCNF contains glycine and
proline residues at those positions (Figure 5.5d,e). Mutation of the GCNF CTE glycine and
proline to arginine residues (Glyl49Arg and Prol51Arg), to mimic the LRH-1 CTE,
increased the GCNF DBD affinity from 170 nM to 20 nM (Figure 5.5f). Conversely,
simultaneous Argl60Gly and Argl62Pro mutations within the LRH-1 CTE reduced binding
affinity from 60 nM to 750 nM (Figure 5.5f). Taken together, difference within the CTE
drive differential affinity for the isolated DBDs for the Oct4 promoter. The difference in

affinity between these isolated DBDs should not be used to predict in-cell kinetics; however,
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it is clear that these proteins compete for Oct4 proximal promoter binding when co-expressed

in vivo.
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Discussion

The orphan nuclear receptors, LRH-1 and GCNF play a critical role in regulating genes
central to embryonic development™’. Notably, LRH-1 and GCNF reciprocally regulate the
pluripotency factor, Oct4, by binding to a DRO response element within the promoter™’.
Though many have studied this mechanism, the structural basis for this regulation has yet to
be explored. Here, we not only present the first structure of GCNF DBD but also LRH-1
DBD bound to the Oct4 DRO sequence and examine the sequence-specific contacts that

guide Oct4 regulation.

Understanding the DNA-binding properties of transcription factors is required to
understand their biological function. Initial gel mobility shift assays show GCNF binds direct
repeats of the AGGTCA sequence with no spacer or to extended half-sites of TCAAGGTCA
sequence as a homodimer, though GCNF bound to the DRO with higher affinity than the half-

18,19

sites . Deletion studies show that removal of the ligand-binding domain had no effect of

DNA binding and in vivo removal of this domain did not affect transrepression®””.
Additionally, N-terminal domain deletions still bound DNA to the same levels of WT
GCNF?. In contrast, removal of the DBD in vivo phenocopies the GCNF complete knockout
mice®. Additionally, the DBD and the CTE are strictly required to bind DNA making them

necessary to repress Oct4>*". For this reason, we purified the minimal residues required for

DNA recognition (Figure 5.2A).

We show that purified GCNF DBD binds to the Oct4 DRO via a two-site binding
mechanism with a high and low affinity binding event (Figure 5.2¢). In contrast, intact in

vitro translated full-length protein binds DNA as a homodimer'>***°. The overall structure
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shows two GCNF molecules bound to opposite sides of the DNA and the sister DBDs only
weakly interact (Figure 5.3,4). This structure is similar to retinoic X receptor bound to a
DR1 sequence”’. The GCNF DBD sequence has been shown to be most similar to the RXR
DBD, which requires an intact LBD for receptor dimerization; therefore, it is likely that

1928 Dimerization motifs have been

strong homodimerization of GCNF also requires the LBD
proposed in the DBD, CTE, and LBD. Structural analysis reveals that the CTE makes a
number of hydrophobic contacts with the other GCNF molecule (Figure 5.4). Additionally,
the side chains that participate in homodimerization are very well conserved (Figure 5.4c).
Therefore, structural studies of the GCNF LBD or full-length will be required complete the

24,30

understanding of GCNF:DNA recognition

LRH-1 is required to maintain Oct4 expression’. Monomeric LRH-1 interacts with
extended half-site sequences in both the proximal promoter and proximal enhancer to
activate Oct4 expression prior to differentiation'®. The only reported structures of NR5SA
DBDs are the x-ray structure of the LRH-1-ACYP7A1 complex (PDB ID: 2A66) and the
NMR solution structure of SF-1 in complex with a 9 bp fragment of inhibin-o. (PDB ID:
2FF0; 16 conformers) (/0,15). While SF-1 and LRH-1 bind the same response elements,
previous data show that SF-1 is not expressed at detectable levels in ES cells’. We show that
purified LRH-1 DBD and full-length LRH-1 bind the Oct4 DRO with high affinity as a

monomer positioned over the extended LRH-1 recognition sequence (Figure 5.2b,d, 5.5).

Comparing the GCNF and LRH-1 structures revealed that their respective response
elements directly overlap in the DRO of the PP. (Figure 5.6). LRH-1 is highly expressed in
ES cells when Oct4 expression is up regulated’. However, upon signals to differentiate, both

LRH-1 and Oct4 expression is rapidly decreased’*®. During this time GCNF expression is
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high (Figure 5.1)'. LRH-1 has an apparent higher affinity in vitro, potentially due to
additional side chain — DNA base interactions (Figure 5.5,6). Mutational analysis of GCNF
CTE to mimic the LRH-1 CTE shows an increased affinity for the Oct4 DRO and the high
LRH-1 affinity can be drastically reduced when the Arg residues of the CTE are mutated to
the GCNF glycine and proline residues at the same positions (Figure 5.5f). Since binding
was only being tested with isolated domains, this result is not surprising. Kinetic studies with
intact GCNF may reveal similar affinities for the element. Yet, it is possible that GCNF will
not have to compete for binding to the DRO during embryonic development due to the

inverse expression patterns of LRH-1 and GCNF (Figure 5.6)'*.

Mutational analyses of C-terminal extensions from numerous nuclear receptors such
as SF-1, RXR, LRH-1, and GCNF have shown this region to be critical for DNA recognition

and transcriptional regulation'****>%*

. The GCNF structure shows electron density for the
CTE within molecule 2 (Figure 5.5d). Removal of these residues from GCNF prevents DNA
binding, highlighting their importance'”. Furthermore, DNA sequence analysis revealed that
the TCA sequence preceding the second direct repeat, that forms the minor groove CTE
interaction, is most important for GCNF to bind DNA'**, Here, GCNF uses an Arg residue
to make two base-specific contacts within the minor groove (Figure 5.5d). PISA analysis of
the GCNF structure reveals that the average gain on complex formation for molecule 2 and
DNA is -9.1 kcal/mol (complex score 1.0) but with the CTE removed it is -5.2 kcal/mol
(complex score 0.190) and has a much weaker complex score (1.0 being highly favorable

complex)™. Like GCNF, the LRH-1 CTE also dips into the minor groove to make additional

base-specific contacts (Figure 5.5¢).
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Structure alignments of GCNF, LRH-1, RXR, and SF-1 bound to DNA elements
show high conservation among the overall DBD structures. The r.m.s.d. of LRH-1 and
GCNF on the Oct4 DRO is 0.57 A (76 Ca aligned), while RXRa and GCNF is 0.66 A (66 Ca
aligned) and SF-1 and LRH-1 is 1.12 A (88 Ca aligned). Though GCNF is cited as most
similar to RXR, the CTE regions are very different. When overlaid, these structures show
that the RXRa CTE does not rest in the DNA minor groove but trails off away from the
DNA. Furthermore, sequence alignments of GCNFj26.141 and RXRo01-216 only have 27%
identity and 40% similarity. These differences also set GCNF apart in its own subclass of the
nuclear receptor superfamily. LRH-1s5:.167 and SF-179.94 on the other hand, are 100%
identical. Aligned structures show that both of these proteins’ CTEs rest in the minor groove
of DNA leading into NR5A conserved Ftz-F1 helices. The NMR solutions of SF-1 show that,
although the CTE adopts multiple conformations, all make contacts in the minor groove, as

in both LRH-1 structures (PDB ID: 2A66 and SLOM). Interestingly, replacing the GCNF

CTE with that from LRH-1/SF-1, induces a monomeric DNA binding preference likely by
removing conserved GCNF intermolecular contacts (i.e. Met150) and increasing half-site
affinity®*. In agreement, the WT GCNF binds to the Oct4 DRO with an apparent two-site
binding curve but the GCNF Gly142Arg/Prol151Arg mutant binds the same element using a
one-site binding mechanism (Figure 5.5f). As these mutations now mimic the LRH-1 and
SF-1 CTE, this result is not surprising. Structural studies using intact LRH-1 and GCNF
would shed deep insight Oct4 recognition; however, it is clear that the CTEs of these

receptors play a critical role not only in sequence specificity but oligomierization on DNA®.
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Methods
Protein expression and purification

The DNA binding domain (DBD) of mouse GCNF (residues 69-180, UniProt
Q64249) with a C104S mutation was cloned into a pMCGS7 vector with a 6X-Histidine tag.
GCNF was expressed in BL21 (DE3) pLysS E. coli cells. The protein was grown at 37 °C for
2 hrs, then reduced to 20 °C and grown until an ODgg of 0.6, and then induced with 0.78
mM Isopropyl B-D-1-thiogalactopyranoside (IPTG). Cultures were grown overnight at 20 °C.
Cells were lysed in 20 mM Tris-HCI (pH 7.4), 1M NaCl, 25 mM imidazole, and 5% glycerol
via sonication. Protein was purified using affinity chromatography (His-Trap FF, GE
Healthcare) followed by further purification via gel filtration chromatography. Protein was
then concentrated to 2-3 mg/ml in 20 mM Tris-HCL (pH 7.4), 150 mM NaCl, and 5%

glycerol, flash frozen in liquid N, and stored at -80 °C.

The DBD-FtzF1 domains of human LRH-1 (LRH-1 DBD) were expressed and
purified similar to previous'’. Briefly, cultures were grown in Terrific Broth (TB) at 37 °C to
ODygo of 0.6, induced with 0.3 mM IPTG at 18 °C and grown overnight. Fusion protein was
purified via affinity chromatography (His-Trap FF, GE Healthcare) and the MBP tag was
removed following TEV protease cleavage with an additional pass over His-Trap FF resin.
LRH-1 DBD was further purified using gel filtration (Superdex 75; GE Healthcare)
equilibrated with 20 mM Tris-HCL (pH 7.4), 150 mM NacCl, and 5% glycerol. Eluted protein
was concentrated to 11.5 mg/mL and either flash frozen in liquid N, and stored at -80 °C or

used directly for crystallization experiments.

hLRH-1 has multiple full-length functional isoforms, the canonical sequence (isoform
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2; 1-541) was used to number the residues of the crystal structure (/0). Experimentally,
isoform 1 (1-495) lacking residues 22-67 in the N-terminal domain, was used to generate a
construct (amino acids 2-495) preceded by a TEV protease site, was cloned into the pE-
SUMO-Amp vector (LifeSensors) and recombinantly expressed in E. coli BL21 DE3 cells.
Cells were grown in LB at 37 °C to ODgg of 0.6, induced with 0.5 mM IPTG at 20 °C and
grown overnight. Cells were lysed in 20 mM Tris-HCl (pH 8.5), 0.5 M NaCl, 25 mM
imidazole, 2 mM CHAPS, 0.2% Triton-100X and pierce protease inhibitor tablets (Thermo
Fisher Scientific) via sonication. Fusion protein was purified by affinity chromatography
(His-Trap FF and HiTrap Heparin, GE Healthcare). The His-SUMO fusion tag was removed
by incubation with TEV overnight and affinity chromatography used to isolate pure target

protein.
Generation of GCNF DBD Gly149A4rg/Prol51A4rg and LRH-1 DBD Argl60Gly/Argl62Pro

Mutagenesis was performed following the MEGAWHOP protocol. Briefly,
megaprimers were generated containing the desired mutations, purified and used for whole

plasmid PCR®. Mutant proteins were prepared as wild-type.
Sequence Alignments and Analyses

The following sequences were obtained from UniProt: mGCNF (UniProt Q64249-1),
hGCNF (Uniprot Q15406-1), mLRH-1 (UniProt P45448-1), hLRH-1 (UniProt O00482-1),
hSF-1 (UniProt Q13285-1) and hRXRa (UniProt P19793-1) and aligned using Clustal
Omega™®. Jalview’’ was used for visualization and manipulation of the alignments. The
Sequence Manipulation Suite (SMS) was used for percent identity and similarity

calculations™®.
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Nucleic acid binding assays

Synthesized FAM-labeled nucleic acid duplexes (Integrated DNA Technologies) of
mouse Oct4 DRO (5° — [FAM] AGAGGTCAAGGCTAGA — 3°) were annealed ina 1 L
water bath heated to 90 °C then cooled slowly to room temperature. Fluorescence
polarization assays were performed by adding increasing concentrations of GCNF, LRH-1
DBD, or FL LRH-1 (1 nM- 50 uM for the DBDs; 1 nM- 20 uM for FL hLRH-1) to 10 nM of
the FAM-labeled DNA. Reactions were performed in 20 mM Tris-HCL (pH 7.4), 150 mM
NaCl, and 5% glycerol. Polarization was monitored on a Biotek Synergy plate-reader at an
excitation/emission wavelength of 485/528 nm. The program GraphPad Prism 6 was used to
analyze binding data and generate graphs. Binding data were analyzed with an F-test to
compare a two-site binding event to a one-site binding event with Hill slope. This test
generated an F-statistic and p-value supporting a two-site binding model. These values are
represented in Figure 2. Additionally, dissociation values (K4) and coefficient of

determination (r') are included.

Crystallization, data collection, and structure determination

Crystals of the GCNF-mOct4 (16bp - 5> — AGAGGTCAAGGCTAGA - 3’) complex
were grown by hanging drop vapor diffusion in 0.1M Tris pH 8.5, 20% PEG 3350, 3%
glycerol with a 2:1 protein:DNA molar ratio. Crystals were cryo-protected with 0.1M Tris
pH 8.5, 30% PEG 3350, and 15% glycerol and flash cooled in liquid N,. The hLRH-1 DBD-
mOct4 (12bp duplex - 5° — GGTCAAGGCTAG — 3’) complex was formed by mixing 1:1.2
molar ratios of protein to DNA and incubating at 25 °C. Crystallization conditions were

screened using a Phoenix nanolitre drop dispensing robot (Art Robbins) with a 1:1 protein (5-
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6 mg/mL) to well solution ratio. Single well-formed crystals appeared overnight at 18 °C in
0.2 M calcium acetate and 20% (w/v) PEG 3350. Larger crystals were grown by hanging
drop vapor diffusion in the same solution. Crystals were cryo-protected with an additional

20% (v/v) glycerol and flash cooled in liquid No.

Data were collected at the 22-ID beamline (Advanced Photon Source, Argonne, IL)
and processed using HKL-2000"". The structures were phased using a low-resolution model
GCNF-Oct4, previously generated in the lab or the hLRH-1 DBD-CYP7al complex (PDB
ID: 2A66)'°. Structure refinement and validation was performed using PHENIX refine

241 PDB Redo was used iteratively to

software and model building was performed in COOT
optimize refinement parameters and geometry®”. PyMOL v1.8.2 was used to visualize
structures and generate figures (Schrodinger, LLC). Both structures showed good overall
geometry with one Ramachandran outlier in the LRH-1 DBD — DNA complex and all other

residues (93) in favored or allowed regions and zero Ramachandran outliers in the GCNF

DBD — DNA complex and all in favored or allowed regions.
Accession Numbers

Coordinates and structure factors have been deposited in the Protein Data Bank with

the accession numbers, SKRB for GCNF:Oct4 complex and SLOM for LRH-1:0Oct4 complex.
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Figure 5.1: Schematic representation of differential regulation of Oct4 by LRH-1 and

GCNEF.

In undifferentiated ES cells, LRH-1 expression is high and drives Oct4 expression by binding
to DRO sequences in the proximal enhancer and promoter. This binding recruits coactivators
and the transcriptional machinery to drive gene expression. Upon signals to differentiate,
LRH-1 expression is rapidly reduced while GCNF expression is high. GCNF then binds to
the DRO within the proximal promoter to repress Oct4 expression. Binding by GCNF recruits
corepressors, such as NCoR, to block Oct4 expression. GCNF also recruits DNA
methyltransferases (DMNT) and methyl-binding proteins (MBP) to methylate the Oct4 gene

in order to efficiently shut off its expression.
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Figure 5.2: GCNF and LRH-1 bind directly to the Oct4 DRO.
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(a) Diagram of the GCNF and LRH-1 modular structure. In this study, GCNF DBD-TA

(residues 69-180), LRH-1 DBD Ftz-F1 (residues 79-187), and full-length LRH-1 (residues 2-

495) were used. (b) GCNF DBD-TA bound to the Oct4 DRO in a two-site binding

mechanism. (c) LRH-1 DBD Ftz-F1 (orange) and full-length LRH-1 (green) bind the Oct4

DRO in a one-site binding mechanism. Binding data are represented as mean + s.e.m from

three replicates and from three independent fluorescence polarization experiments. (d)

Summary of binding data.
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Figure 5.3: Structural Analysis of GCNF - mOct4 Complex.

(a) Overall structure of GCNF DBD (purple) bound to the Oct4 DRO (gray). GCNF DBD and
DNA shown as cartoon in purple and white, respectively and zinc atoms as spheres. Two
molecules of GCNF bound to opposite sides of the DNA in a head-to-tail fashion. The DRO
sequence is shown below with arrows denoting the direction of GCNF over the sequence. (b)

Each molecule of GCNF makes base-specific contacts with the DRO (bases in white)
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mediated by hydrogen bonds (red) made between Argl01 and Lys96. Mesh shows 2Fo-Fc
electron density map contoured to 2c around the DNA bases. (c) Schematic view of protein-
DNA interactions. Larger, bold side chains denoted base-contacting side chains. Water

molecules are indicated as red spheres.
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Figure 5.4: Interactions between GCNF molecules.

(a) Electrostatic surface of overall GCNF structure. (b) Zoom in of contacts (black) made
between the two molecules. Side chains from molecule 1 are colored purple and dark purple
from molecule 2. (c) Sequence alignments from numerous species reveal that the side chains

that participate in homodimer formation are highly conserved.
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5’ GGTCAAGGCTAG 3’

3’ CCAGTTCCGATC 5’
100 89

Figure 5.5: Structural Analysis of LRH-1 - mOct4 Complex.

(a) Overall structure of LRH-1 DBD (orange) bound to the 12 bp Oct4 DRO (gray) with zinc
atoms as spheres. The Oct4 DRO sequence is shown below with arrows denoting the footprint
and orientation of the LRH-1 binding site. (b) LRH-1 makes base-specific contacts with the
DRO (bases in white) mediated by hydrogen bonds (red) made between Glul104, Lys107, Lys
111, Argl12. Mesh shows 2Fo-Fc electron density map contoured to 26 around the DNA
bases. (c) Schematic view of protein-DNA interactions. Larger, bold side chains denoted

base-contacting side chains. Water molecules are indicated as red spheres.
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Figure 5.6: GCNF and LRH-1 comparison.

(a) Overlay of GCNF and LRH-1 structures. Molecule 2 of GCNF (Dark purple) sites

directly on top of the LRH-1 (orange) recognition site. (b) Close up view of the base-specific
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contacts mediated by these two receptors. LRH-1 makes an additional contact with Lys 107
making hydrogen bonds to guanine 114. (c) LRH-1 CTE has good electron density, mesh
shows 2Fo-Fc electron density map contoured to 1o around the residues. Argl62 and 165
make hydrogen bonds (red) to thymine 95 and cytosine 110. (d) GCNF CTE has good
electron density, mesh shows 2Fo-Fc electron density map contoured to 2c around the
residues. Arg86 makes hydrogen bonds to thymine 109 and cytosine 110. Arg78 also folds
into the CTE to make hydrogen bonds to Glyl52. (e) Sequence alignment of GCNF and
LRH-1 CTEs show LRH-1 to contain two additional Arg residues that are used for DNA
binding. (f) Mutational analysis of CTE residues on Oct4 binding: GCNF DBD
Gly149Arg/Prol51Arg (open purple circles) bound to the Oct4 DRO with an affinity 20 nM,
where WT GCNF DBD (faded closed purple circles) binds with an affinity of 170 nM. LRH-
1 DBD Argl60Gly/Argl62Pro (open orange circles) bound with an affinity of 750 nM,

where WT LRH-1 DBD (faded closed orange circles) bound with an affinity of 60 nM.



Data Collection
Space Group
Cell Dimension
Resolution (A)
Rpim
l/o
Completeness
Redundancy

Refinement
Resolution
No. Reflections
Rwork/ Rfree
No. Atoms
Protein
DNA
Water
B-factors
Protein
DNA
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
PDB code

GCNF DBD -
mOctd (16bp)

P2:2:2,
a=53.6, b=69.5, c=84.5
2.10 (2.18-2.10)
6.9 (37.1)

9.7 (2.0)

96.2 (80.2)
5.2(3.5)

2.10
18277
21.6/26.8

1244
651
43

56.0
51.8
54.6

0.003
0.57
S5KRB
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LRH-1 DBD -
mOct4 (12bp)

P4,
a=40.9, b=40.9, c=105.1
50-2.2 (2.28-2.20)
3.7 (30.0)

24.3 (2.1)

99.8 (98.8)

7.2 (5.7)

2.20
8789
15.4/19.7

779
485
50

59.1
52.6
534

0.016
1.65
SLOM

*Data collected from a single crystal; values in parentheses are for the highest-

resolution shell

Table 5.1: Data Collection and Refinement Statistics

Data collection and refinement statistics for the GCNF DBD and LRH-1 DBD in complex

with the Oct4 DRO.
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Conclusions

These collective works aim to better understand the mechanisms that guide nuclear
receptor regulation. This regulatory specificity is determined by the assembly of distinct
complexes, each attuned to a particular gene-, cell- and physiologic-context. This work
expands the current simplistic views of NR signaling by utilizing structural biology and
biochemistry to examine the allosteric effectors of NR function. These allosteric
modifications result in different NR surfaces that are read by coregulator proteins, driving

alternative transcriptional programs.

DNA as an allosteric modulator

How is DNA specificity achieved?

High-throughput studies have identified thousands of proteins that interact with
DNA' and transcriptional regulatory factors (TRFs) are the most common group with
sequence-specific DNA binding activity. Specific DNA sequences serve not only as
platforms for binding, but appear also to act as direct allosteric effectors of transcription
factors™. But how is this specificity achieved? As the human genomes contain
approximately 3 billion base pairs and considering there is such a large number of DNA
binding proteins, many of which have high sequence conservation, like NR DBDs, how are

specific binding sequences distinguished?

There are two main mechanisms that account for specific binding: direct and indirect
interactions between proteins and DNA. Direct recognition involves hydrogen bonding and

steric interactions between protein side chains and bases within the major and minor groove
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of DNA. Each DNA base has a unique pattern of hydrogen bond donors and acceptors in the
major groove with less specific hydrogen bonding potential in the minor groove (Figure 6.1).
DNA binding proteins commonly rely on alpha helices to position residues for direct DNA
recognition. This structural motif is ideal to wedge within the major groove of DNA and
present side chains that can “read” DNA base edges. This is the case for NR DBDs, which
utilize a DNA-reading alpha helix to make base-specific contacts within the major groove.
Within the major groove, the hydrogen bond donors and acceptors of T-A and G-C base pairs
are exposed and easily contacted by protein side chains. Here, it is possible to distinguish a
C-G base pair from G-C and vise versa with A-T. Yet, in terms of hydrogen bond donors, a C
and a T are indistinguishable. In the minor groove, A and T are indistinguishable and G and
C only differ slightly. Despite this lower information content, many DNA binding proteins
also utilize conserved arginine and lysine residues to make base-specific contacts within the
minor groove in addition to contacts to the major groove. Mutation of these minor groove-
contacting residues shows a dramatic effect on binding affinity (Figure 5.6), suggesting both

contacts are important for specificity.

Though initially it was believed that only direct interactions accounted for specificity,
it was later shown that the indirect component is also important. Indirect recognition involves
the identification of DNA shape, which can be altered depending on the sequence. The ability
of these indirect interactions to affect transcriptional output was shown for the glucocorticoid
receptor, where changes within the minor groove spacer region between binding sites altered
DNA shape. Comparing the structures of GR bound to these different sequences revealed GR
adopted slightly different conformations, resulting in changes to gene expression (Figure

2.2F).
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How do different DNA sequences alter NR function?

As outlined in Chapter 2, the glucocorticoid receptor (GR) regulates transcription
through a multitude of mechanisms (Figure 2.1A)’. GR binds directly to DNA at canonical
GR binding sequence (GBS) composed of two pseudo-palindromic hexameric AGAACA
repeats separated by a three-base pair spacer®’ (Figure 2.1Ai,B,D). GR binding to GBS
sequences occurs in a head-to-head fashion through a protein-protein interaction between two
GR DBD proteins’. In addition to x-ray crystallographic analyses, NMR studies revealed
allosteric communications occur between the dimerized GR monomers® (Figure 3.4c). At
these sites GR’s DNA reading helix makes sequence-specific contacts within each hexameric
half site (Figure 2.1D). Structural studies have also revealed that the 3bp spacer between the

half sites as well as the +8 and -8 positions flanking the GBS can alter GR conformations™”.

GR also binds to a newly characterized inverted repeat-GBS (IR-GBS/nGREs), which
shows monomeric GR binding to a CTCC(N)p.GGAGA motif'*" (Figure 2.1Aii,C,E).
Unlike binding to a canonical GBS, GR binding to IR-GBS sequences occurs in a tail-to-tail

fashion where GR DBD proteins do not interact'>'*

. Molecular dynamics simulations
suggested allosteric regulation between monomers at IR-GBSs (although this might not be

relevant in vivo, as IR-GBS elements may be occupied by only monomeric GR in the in vitro

. 26
scenario”™).

However, in contrast to these DNA-binding-dependent mechanisms, GR also
represses transcription without direct interaction with DNA'®''. DNA-independent
transrepression involves binding of GR to other TFs, such as activator protein-1 (AP-1) and

nuclear factor-kappa beta (NF-kB), through protein-protein interactions'>"? (Fig 1aiv). This
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mechanism, referred to as tethering, has been the accepted model for GR-mediated

transrepression of inflammatory genes'*"

. However, many of these original papers in
support of this DNA-independent mechanism failed to show a direct interaction between GR
and AP-1 via immunoprecipitation experiments. Only one paper was able to detect an
interaction and this was after crosslinking and days of exposure to the GR antibody. This was
attributed to a weak or transient interaction. Yet, despite this result there has been continued
overwhelming acceptance of this model and no one has gone on to fully characterize a GR-

AP-1 complex. Additionally, much of the tethering model support came from GR mutants,

which generated complex and often conflicting interpretations.

The GRdim mutant, designed with the aim of breaking intramolecular protein-protein
interactions at the GR homodimerization interface, was another driver for a DNA-binding-
independent mechanism at inflammatory genes. This mutant was shown to not bind DNA
and displays a reduced ability to transactivate genes, whereas transrepression was unaffected.
These results drove the conclusions that dimerization of GR is required for DNA binding and
that dimerization is not necessary for GR to repress inflammatory gene expression. However,
it was later shown that GRdim does not affect GR stoichiometry on DNA; GRdim can still
forms dimers in vitro and in cells; instead, GRdim affects cooperative binding to DNA.
These results suggest that the GRdim mutant cannot be used to rule out a DNA-binding-
dependent mechanism at TREs. Another GR mutant, GR Ser425Gly mutant was used to
show that DNA binding was dispensable at TREs; this mutant binds to canonical GBSs but is
unable to repress inflammatory genes. However, these interpretations were made before the

DNA-binding-dependent GR mechanisms at IR-GBS were identified. It has since been
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shown that the GR Ser425Gly mutant not only has diminished binding to an IR-GBS but also

affects GR transrepression from IR-GBS sites.

With this reexamination into the tethering model and the identification of DNA-
binding-dependent mechanisms at IR-GBSs, we hypothesized that instead GR could bind
directly to the DNA at these sites and compete with AP-1 for the same binding site. This
work expands GR’s role in regulating inflammatory genes by showing that GR can also
directly bind the DNA at AP-1 response elements (TREs) (Chapter 3). We show that GR
binds directly to TREs via sequence-specific contacts to a GR-binding sequence (GBS) half-
site found embedded within the TRE motif (Figure 3.3-5). Furthermore, we show that GR-
mediated transrepression observed at TRE sites to be DNA-binding-dependent (Figure 3.1-
2). We also show that when we tested the GR mutants used to rule out a DNA-dependent
mechanism that indeed their initial conclusions were incorrect (Figure 3.1,4). Our findings
represent a dramatic shift in our understanding of GR-mediated repression of inflammation.
What drives the selection between DNA-binding-dependent repression and tethering/
transrepression remains unclear, and yet to be explored. This work will be paramount as the
field continues to seek selective gene modulators for the treatment of chronic inflammatory
diseases. We not only proposed a new mechanism of repression but also show that
monomeric GR is responsible for this repression (Figure 3.4). As we continue to discover
characteristics that will distinguish transactivation from transrepression, these can potentially

provide avenues for future therapeutic development.

This work also reports the first crystal structure of germ cell nuclear factor (GCNF)
DBD and the liver receptor homolog-1 (LRH-1) DBD bound to the same sequence within the

Oct4 promoter at an overlapping site (Chapter 5)'°. The overall structure of the GCNF-Oct4
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DRO shows two GCNF molecules bound to opposite sides of the DNA and the sister DBDs
only weakly interact (Figure 5.3,4). The LRH-1 DBD crystallized as a monomer on a 12 bp
Oct4 fragment, with its DNA recognition helix resting in the major groove formed by the
DRO motif, flanked by two conserved zinc fingers (Figure 5.5a). Both receptors utilize a C-
terminal sequence (CTE) to make sequence-specific contacts with the DNA in the minor
groove. Mutational studies of this region revealed that addition of charged residues within the
GCNF CTE enhanced DNA binding or removal of these resides within the LRH-1 DBD
abolished DNA binding (Figure 5.5f). As these two proteins are required to differentially
regulate Oct4 during key stages in development this work allowed us to explore the structural

mechanisms that govern this regulation.

Collectively, these studies suggest that DNA sequence-specific conformational states
of NRs result in the generation or stabilization of distinct patterns of NR surfaces, which
serve as interaction platforms, driving alternative transcriptional outcomes. In all cases, DNA
acts as a ligand to impart these allosteric changes that likely extend into the N-terminal
domain and LBD. So far, structural studies of GR, GCNF, and LRH-1 in the context of
allosteric modulation by DNA have been limited to isolated domains, but work with full-
length vitamin D receptor (VDR) and retinoid X receptor (RXR) heterodimer confirm
allosteric communication throughout NR complexes upon DNA binding'’. Indeed, hydrogen
deuterium exchange mass spectrometry (HDX-MS) on the full-length liganded VDR—-RXR—
DNA complex revealed conformational changes upon binding ligands, DNA, and
coregulators. Changes within the VDR DNA binding sequence (VBS) read through the
VDR-DBD had far-reaching intramolecular allosteric effects that altered solvent accessibility

of regions within the sister LBD of the complexed RXR molecule'’. Future work with full-
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length NRs will be essential to fully describe the allosteric consequences of differential DNA

binding.
Ligands as allosteric modulators

The NR LBD is a complex allosteric signaling domain that upon ligand binding
undergoes conformational changes to modulate coregulator binding surfaces'™'”. The
hydrophobic ligand binding pocket (LBP) is adapted to accept variety of small, lipophilic
ligands, such as steroids, thyroid hormone, retinoids, and to exogenous pharmaceutical
ligands (Figure 1.4)*. Guided by conserved hydrogen bonding and hydrophobic residues
within the pocket, binding to these varied ligands drives the dramatic size differences within
ligand binding pockets across NRs (Figure 1.4e). Structural studies with GR have shown that
the LBD is highly dynamic and can accommodate binding to a variety of ligands. The
endogenous ligand cortisol binds specifically, but fails to fill the binding pocket similarly, the
exogenous glucocorticoid dexamethasone occupies only ~65% of the GR ligand binding
pocket (leaving >200 A* excess volume within the 590 A’ binding pocket*')** (Figure 2.4b).
The additional volume within the binding pocket offers potential space for interaction with
alternative modulatory ligands. Moreover, LBD structures bound to an alternate GR ligand,
RU-486 (Figure 2.4¢,d) reveal extensive structural malleability within the LBD that appears
to enable interaction with a wide range of potential ligands™. In order to better understand
how ligands allosterically modulate GR, we utilized x-ray crystallographic structures and
molecular dynamics simulations of GR bound to a clinically prevalent GC, triaminacolone
acetonide (TA). Binding by TA revealed increased intramolecular contacts within the pocket,
which drove conformational changes within the mouth of the ligand binding domain. These

changes in structure drove the stabilizing effect of this GR-ligand complex (Chapter 4).
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Moreover, these data support the emerging theme that ligand-induced receptor
conformational dynamics at the mouth of the pocket play a major role in steroid receptor
activation. Furthermore, this work also provided the first crystal structure of the GR LBD in
complex with a peptide from the atypical coactivator SHP (Figure 4.6a,b). Most GR LBD
structures have been solved in complex with a TIF2 coactivator peptide but attempts to make
crystals of GR LBD-TA complex with TIF2 were unsuccessful. This suggests that different
protein-ligand complexes present different surfaces that are better read by certain
coregulators. However, as TIF2 and SHP utilize conserved residues to contact the AF surface
and neither showed a difference in stabilizing the GR LBD-TA complex by thermal stability,
we are unable to discern the forces that drove the preference for SHP in our structure of the

GR LBD-TA complex (Figure 4.6b-e).

In summary, GR ligands are critical physiologic or pharmacologic context inputs that

confer allosteric transitions®* that affect gene-specific GOR formation®*°

, or regulatory
complex composition and/or function (e.g., altered HAT activity). To date, few GR LBD-

ligand structures have been solved. Therefore, this work greatly expands our understanding

of the structural mechanisms that guide high-affinity ligand interactions.
NRs as scaffolds

We present a model in which NRs act as scaffolds whose conformations are altered
allosterically by signaling inputs (Figure 2.6). This model accounts for the precision and

plasticity of eukaryotic transcriptional regulation.

Our model assumes that the signals impacting NR transcriptional regulatory activity

operate allosterically, and that their effects integrate to produce context-specific patterns of
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NR surfaces. These patterns of surfaces are recognized and bound by specific coregulator
complexes, which typically possess enzymatic activities that confer structural and/or
functional changes on the transcription machinery and/or the chromatin. Coregulators are
generally not themselves cell specific; rather, we propose that they assemble in unique
combinations at each DNA element, based on the context-specific interactions established at

these sites.

A provocative extension of these ideas is that GR and other TRFs may typically lack
intrinsic regulatory activities, instead serving merely as molecular scaffolds, patterns of
surfaces produced by signaling, to which coregulators, the actual regulatory machinery,
combinatorially associate. This accounts readily for the common observation that TRFs can
activate transcription in one context and repress it in another. In this sense, NR activities
reflect its molecular conformations, which emerge owing to context-specific cues, whereas
NR functions are integrated regulatory outcomes of coregulatory enzyme actions that
associate with those various conformations. Thus, we suggest that NR structure, together
with its determinants, are keys to understanding both its regulatory precision and plasticity.
These ideas likely extend, at least conceptually, to other eukaryotic transcriptional regulatory

factors®, all of which face the same precision/plasticity challenge.
Remaining Questions and Future Directions
Can the oligomeric state of GR distinguish transactivation from transrepression?

The models of transcriptional regulation by GR have consistently shown GR
homodimers to be required for transactivation and monomeric GR preferred for gene

repression. As described above, x-ray crystallographic, NMR, and MD analyses of the GR
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DBD bound to GBSs and IR-GBSs clearly show this dimer/ monomer difference.
Furthermore, work with GR dimerization deficient mutants, GRdim (GR A458T) and
GRmon (A458T/1638A) solidified this concept. Ala458 makes a hydrogen bond with 11e483
on the dimer partner, and mutation of the Ala to Thr has been shown to alter GR activity in a

. 14,27,28
gene-specific manner'**"

. This mutation, though initially believed to be devoid of
dimerization potential, still forms dimers on DNA but with diminished cooperativity’. To
counter this issue another mutation, 1638A, was made within the LBD to generate GR-mon
(A458T/1638A). GRmon has been shown to be overwhelmingly monomeric in cells and
maintained the ability to repress NF-kB activity”. This work agrees with the monomeric
hypothesis by showing that not only does GR DBD crystallize as a monomer on TREs, but
NMR analysis shows residues within the dimerization loop to not be perturbed when binding

a TRE (Figure 3.4). We also show that GRdim and GRmon repressed our luciferase gene

reporters slightly better than WT GR (Figure 3.4e).

To expand this hypothesis we aim to develop a constitutively active GR dimer with
the goals of testing if this dimeric GR would preferentially activate gene transcription. The
GR (both full-length and isolated domains) are monomers in solution. Therefore, to
accomplish this goal we aimed to create a new surface within the GR LBD that would
promote dimerization. Unlike the 3-keto SRs, the estrogen receptor (ER) is a dimer in
solution (Figure 6.2a). The ER LBD structure shows H8, H9, H10, and loops 8-9 from each
monomer interacts to form a homodimer (Figure 6.2a,1.6a)’". Therefore, we decided to
create a GR LBD chimera that had elements of the dimerization interface of ER, to generate
a new mutant called DIMER (Figure 6.2b,c). Preliminary data with this GR mutant revealed

promising results (Figure 6.2d,e). In contrast to GRmon, which is a strong repressor of
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inflammatory gene reporters, GR DIMER drove expression of the luciferase gene reporter
better than WT GR. Further work with this mutant will be required to ensure that a dimeric

GR is forms in cells.
Are GR selective gene modulators possible?

In the 1940s, GR’s endogenous ligand, cortisol, was identified as a potent suppressor
of inflammation®'. Since then, synthetic GCs with dramatically improved affinity, potency
and selectivity have become the most widely used treatment for anti-inflammatory
therapies>>. Targeting GR is not challenging, however, current GCs drive the activation of

33 1t s

metabolic, homeostatic and growth pathways in addition to immunosuppression
GR’s role in transactivation that is associated with the numerous debilitating side effects
associated with GC treatment. Therefore, researchers have worked to develop GCs that will

allow GR to transrepress but not transactivate. These selective gene modulators are a popular

1dea but have thus far been unsuccessful.

The difficulty lies in the fact that GR regulates vastly different gene programs
depending on the context. This is a main theme of Chapter 2. Developing improved GCs with
less off target side effects will require linking ligand-induced receptor motions with selective
coregulator interactions to drive GR to specific promoters'®. We add to this work by solving
the structure of GR bound to a clinically relevant ligand, TA (Chapter 4). As exemplified for
ER, comparing ER LBD structures bound to 20 different ligands, subtle allosteric changes
within LBDs could be linked to a range of ER activity’>. Obtaining more structural and

dynamic information for GR will be vital to this effort.
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What techniques are on the horizon for expanding our understanding of NRs.

Full-Length Structural Studies: NRs contain a modular domain architecture consisting of 4

main domains (Figure 1.1): an unstructured N-terminal domain (NTD) which contains the
activation function-1 (AF-1) region which interacts with coregulator proteins; a zinc finger
DNA binding domain (DBD); a hinge region; and a ligand-binding domain (LBD) which
contains the ligand-sensitive AF-2 surface that also enables interaction with coregulators®®".
Until recent advances, only the DBD and LBD were amenable to structural analysis.
However, we have learned a great deal from these structures. Yet, advancements in single
particle cryo-electron microscopy (EM) and x-ray crystal structures of a few intact NRs have
revealed how these the intact proteins interact with DNA (Figure 1.1¢)**. The first atomic
resolution structure was PPAR-RXR bound to a DR1 RE™. Since then another two high
resolution structures have been solved including HNF-4 homodimer and the LXR-RXR
heterodimer bound to DR DNA REs***!. These structures revealed that the DBDs and LBDs
directly interact, that the “common NR architecture” is not so common, and even bound to

the same DNA element the NR complexes can look different. More intact NR structures will

be required to expand our understanding of allosteric control of NRs.

CRISPR-Cas: Genome editing using zinc finger nucleases or transcription activator-like
effector nucleases (TALENSs) provide, in principle, routes for assaying nuclear receptor
response element (RE) activity in sifu. Used in conjunction with ChIP, qPCR, RNA-seq,
transcriptomics, or other in vivo assays, can validate RE activity and identify RE target gene.
Unfortunately, the technical complexity of these methods, have left these approaches largely
unused. For example, only one single glucocorticoid response element (GRE) has been

validated at its endogenous locus in vivo. In that case, a short deletion introduced into the
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first intron of the mouse circadian clock gene Per2 fortuitously covered a GOR ~25kb
downstream from the transcription start site, and produced allele-specific loss of
glucocorticoid-mediated induction of Per2 expression in mesenchymal stem cells*2. With the
emergence of CRISPR-Cas technologies*3, precise genome editing will rapidly become the
gold standard for validation of NR RE activity in any chosen cell type- or physiological-

context.

Concluding Remarks

The research presented in this work utilized structural biology to explore how
allosteric modulators can have a drastic effect on NR function. To this end, we present an
intriguing model that NR, and likely transcription factors as a whole, simply function as
scaffolds to which these modulators act upon. To this end, this suggest that these modulators
ultimately influence whether a gene is turned off or on. Looking forward, applying this
model will be critical as we work towards understanding the highly complex process of gene
regulation. NRs are an important family of proteins that are useful tools to probe these

difficult scientific questions.
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Figure 6.1: G-C and A-T base pairs.

The top edge represents the portion exposed to the major groove and the bottom would be
exposed in the minor groove. Below there is a schematic indicating the relative locations of
the hydrogen bond donors (D) and acceptors (A) within the major and minor grooves.
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Figure 6.2: Generation of GR DIMER.

(a) Overall cartoon structure of the ER LBD homodimer. Helix 10/11 (colored blue) are the

main face of the dimerization interface. Ligand shown as green sticks. (b) ER LBD
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homodimer (gray) with two copies of the monomeric GR LBD (blue) overlaid. (¢) The amino
acid sequences from H10/11 from ER and GR were compared and mutations (bold/blue)
were made to create an ER like interface. (d) Preliminary data using a luciferase reporter that
contains a portion of the interleukin-6 (/L6) promoter, which has a NF-kB response element
(«xBRE). Treatment with lippopolysaccride (LPS) stimulates NF-«xB to activate luciferase
expression. With subsequent dexamethasone treatment, which activates GR, the luciferase
reporter is repressed. This repression is only seen upon co-transfection with WT GR or the
monomeric GR mutant, GRmon, but not in the presence of DIMER. (e) Preliminary data
using a constitutively active luciferase reporter that contains a repeating glucocorticoid
response element (GRE). Upon activation by Dex, WT GR and DIMER can drive expression

of the luciferase reporter. GRmon is unable to transactivate.
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