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Abstract

Two for one: The glucocorticoid receptor as a DNA- and RNA-binding protein
by William H. Hudson

Glucocorticoids are a class of small molecule hormones that control inflamma-
tion, metabolism, and responses to stress in vertebrates. Due to their potent anti-
inflammatory effects, glucocorticoids are prescribed for a multitude of conditions, in-
cluding asthma, arthritis, organ transplant rejection, cancer, and endocrine disorders.
Glucocorticoids act by binding to the intracellular glucocorticoid receptor, which is
expressed in nearly all human tissue and binds to genomic DNA to control the expres-
sion of hundreds of genes. Recently, the receptor has also been shown to bind RNA,
including an emerging class of cellular molecules, long intergenic non-coding RNA.
This work describes the molecular mechanisms by which the glucocorticoid receptor
interacts with both DNA and RNA and subsequently controls transcription of target
genes. This understanding is critical not only for designing improved glucocorticoid
receptor agonists but also understanding the increasing number of proteins that bind
both DNA and RNA to control cellular processes such as protein expression, cell
division, and genomic repair. I show that proteins that bind both RNA and DNA
are numerous - approximately 2% of the human proteome - and represent an efficient
mechanism of controlling important cellular processes. I then demonstrate the specific
mechanisms by which such a protein - the glucocorticoid receptor - recognizes both a
long non-coding RNA as well as genomic DNA elements that mediate the repression
of pro-inflammatory genes. In each case, the receptor shows a capability to bind a
diverse set of nucleic acid sequences in a specific manner that is evolutionarily unique
from the other, related steroid receptors. Collectively, this work expands the number
of human proteins known to bind both DNA and RNA and provides an in-depth
analysis of how one such protein can recognize multiple nucleic substrates.
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cDNA Complementary DNA
ChIP Chromatin immunoprecipitation
CpdA Compound A
CSD Cold shock domain
CSDE1 CSD-containing protein E1
Csp Cold shock protein
CT Threshold cycle
DAVID Database for Annotation, Visualization and Integrated Discovery
DBD DNA binding domain
DNA Deoxyribonucleic acid
DNMT DNA methyltransferase
DRBP DNA/RNA binding protein
dsDNA Double-stranded DNA
dsRBD Double-stranded RNA binding domain
dsRNA Double-stranded RNA
DTT Dithiothreitol
EMSA Electrophoretic mobility shift assay
ENO1 α-enolase
ER Estrogen receptor
ERE Estrogen response element
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EPHA2 EPH receptor A2
FAM Fluorescein amidite
FGFR3 Fibroblast growth factor receptor 3
FKBP5 FK506 binding protein 5
GABRB3 Gamma-aminobutyric acid A receptor, β-3
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GAR Glycine/arginine rich (domain)
Gas5 Growth arrest specific 5
GPU Graphics processor unit
GR Glucocorticoid receptor
GRE Glucocorticoid response element
GREM Glucocorticoid response element mimic
GST Glutathione-S-transferase
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HOTAIR HOX transcript antisense RNA
HSQC Heteronuclear single quantum coherence
INS Insulin
IPTG Isopropyl β-D-1-thiogalactopyranoside
IVT In vitro transcription
Kd Dissociation constant
Ki Inhibitory constant
KH K homology (domain)
LBD Ligand binding domain
lincRNA Long intergenic non-coding RNA
MDN1 Midasin AAA ATPase 1
MECP2 Methyl-CpG-binding protein 2
miRNA MicroRNA
MME Monomethyl ether
MR Mineralocorticoid receptor
mRNA Messenger RNA
Mya Million years ago
NAPEPLD1 N-acyl phosphatidylethanolamine-specific phospholipase D
NCoR Nuclear receptor co-repressor 1
NF90 Nuclear factor of activated T cells 90 kDa
NF-Y Nuclear factor Y
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
nGRE Negative glucocorticoid response element
NMR Nuclear magnetic resonance
NOESY Nuclear Overhauser effect spectroscopy
nt nucleotide
NTP Nucleoside triphsophate
ORC origin recognition complex
PANDA P21-associated ncRNA DNA-damage activated
PDB Protein data bank
PEG Polyethylene glycol
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Pit-1 POU domain, class 1, transcription factor 1
PPAR Peroxisome proliferator-activated receptor
PR Progesterone receptor
pre-miRNA Precursor microRNA
pri-miRNA Primary microRNA
RANBP2 RAN-binding protein 2
RAR Retinoic acid receptor
RBD RNA binding domain
rDNA Ribosomal DNA
RBM3 RNA-binding motif 3
RMS Root mean square
RMST rhabdomyosarcoma 2-associated transcript
RNA Ribonucleic acid
RNA-IP RNA-immunoprecipitation
RNP Ribonucleoprotein (domain)
RNP-1 Ribonucleoprotein 1
RRM RNA Recognition Motif
RsmE Ribosomal RNA small subunit methyltransferase E
RT-PCR Reverse transcriptase polymerase chain reaction
RXR Retinoid X receptor
SELEX Systematic evolution of ligands by exponential enrichment
SF-1 Steroidogenic-factor 1
snoRNA Small nucleolar RNA
SMRT Silencing mediator for retinoid or thyroid-hormone receptors (or NCoR2)
SNP Single nucleotide polymorphism
SR Steroid receptor
SRA Steroid receptor RNA activator 1
SRC1 Steroid receptor coactivator 1
ssDNA Single-stranded DNA
ssRNA Single-stranded RNA
SV2C Synaptic vesicle glycoprotein 2c
TAF15 TBP-associated factor 15
TBE Tris/borate/EDTA (buffer)
TDP43 TAR DNA-binding protein 43
TERRA Telomere repeat-encoding RNA
TFIIIA Transcription factor IIIA
Tm Melting temperature
TOP Terminal oligopyrimidine tract
TR Thyroid receptor
TRF2 Telomeric Repeat binding Factor-2
tRNA Transfer RNA
TSLP Thymic stromal lymphopoetin
UTR Untranslated region
UV Ultraviolet
WCSP1 Wheat cold shock protein 1
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Chapter 1

Introduction: Proteins that bind
DNA and RNA

1.1 Abstract

Proteins that bind both DNA and RNA typify the ability of a single gene product
to perform multiple functions. Such DNA- and RNA-binding proteins (DRBPs) have
unique functional characteristics that stem from their specific structural features;
these developed early in evolution and are widely conserved. Proteins that bind RNA
have typically been considered as functionally distinct from proteins that bind DNA
and studied independently. This practice is becoming outdated, in part owing to the
discovery of long non-coding RNAs (lincRNAs) that target DNA-binding proteins.
The majority of this dissertation will describe how a particular DRBP - the gluco-
corticoid receptor - interacts with both DNA and RNA. This opening chapter focuses
on enumerating and describing the function of human DRBPs, finding that DRBPs
regulate many cellular processes, including transcription, translation, gene silencing,
microRNA biogenesis and telomere maintenance.

This chapter is adapted from the manuscript:
Hudson WH and Ortlund EA. The structure, function, and evolution of proteins that bind DNA

and RNA. Nat Rev Mol Cell Biol. 2014 Nov;15(11):749-60.
©Macmillan Publishers Limited. Used with permission.
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1.2 Introduction

Proteins that bind DNA or RNA are often considered and studied independently of

one another. For example, transcription factors are usually modeled relatively simply:

they bind to genomic promoters and control target gene expression by activating or re-

pressing RNA polymerases. Following transcription, RNA-binding proteins modulate

protein expression by regulating the stability and translation of mRNAs. However,

the consideration of DNA- and RNA-binding functions within proteins as separate

entities is becoming outdated. The unappreciated dual DNA- and RNA-binding ca-

pacity of a growing body of proteins plays a key part in modulating gene expression,

cell survival and homeostasis. Recent studies have demonstrated that many tran-

scription factors are capable of binding diverse types of RNA, which enables them

to bind to the mRNA products of transcription to regulate their turnover and to

integrate other signals, such as responses to stress.1–7 Additionally, the prevalence

and emerging functions of long intergenic non-coding RNAs (lincRNAs) have revealed

that non-coding RNAs target many types of proteins through direct interactions.2,8–11

In this analysis, we enumerate these DNA- and RNA-binding proteins (DRBPs)

and describe their functions, structures and evolution. We first broadly discuss the

prevalence of DRBPs within the human genome. We highlight known functions of

DRBPs with specific examples of how simultaneous and serial RNA and DNA inter-

action allows better gene targeting, finer control of gene expression and integration

of metabolic state or stress to modulate protein activity. We discuss the structural

features of DRBPs that enable dual nucleic acid specificity, focusing on the limited

number of solved structures that allow direct comparison of a DRBP complexed with

either DNA or RNA. Finally, we discuss the evolution of dual DNA- and RNA-binding

domains within DRBPs, including ancient domains, for which dual DNA and RNA

binding conferred a selective advantage, and more modern domains, which have re-

cently been targeted by rapidly evolving lincRNAs.
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1.3 Defining DRBPs

Defining the subset of human proteins that bind both DNA and RNA is a difficult task.

Using gene ontology searches, only 64 human protein-coding genes in the QuickGO

gene ontology database12 (European Bioinformatics Institute) are identified as having

direct and specific experimental evidence for both RNA binding (GO:0003723) and

DNA binding (GO:0003677) (Figure 1.1a). The PROTEOME database (BioBase)

returns 122 such proteins, although direct evidence is lacking for many.

An alternative approach involves combining evidence from studies that have

separately attempted to catalog all human proteins that bind DNA or RNA (Figure

1.1b). A study using protein microarrays and bioinformatics approaches identified

over 4,000 human proteins that directly interact with double-stranded DNA (dsDNA)

in vitro.13 Gene ontology analysis of these proteins reveals that the term RNA binding

is highly enriched for (p < 1 x 10-40), indicating that RNA binding may be a common

feature of DNA binding proteins (Figure 1.1c). Among these dsDNA-binding proteins,

the ontology term ’dsRNA binding’ is much more represented than ssRNA binding.

Another study used a crosslinking- and mass spectrometry-based approach to

identify 860 mRNA-binding proteins from HeLa cells termed the mRNA interac-

tome.14 Functional analysis of these proteins again indicates that dual nucleic acid

binding is a widespread phenomenon (Figure 1.1d), as they are significantly enriched

for both ssDNA binding and dsDNA binding (P = 8.9 x 10-21 and P = 5.5 x 10-8,

respectively). Notably, of the 860 proteins identified as mRNA binding, 407 (47.3%)

were independently characterized as dsDNA binding in reference 13. Together, the

two studies indicate that DRBPs are widespread, perhaps constituting 2% of the

human proteome (407 of 20,300 proteins, Figure 1.1b). This number would prob-

ably increase if the studies included proteins that are expressed in other cell types,

proteins that require ligand binding-dependent signals for nucleic acid binding, or

proteins that bind other types of DNA or RNA.
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Figure 1.1: Defining human DRBPs. (a) Venn diagram shows DNA-binding proteins
and RNA-binding proteins in the QuickGO database supported by low-throughput
experimental evidence (as of July 2014).12 The overlap of these two sets represents
human DNA- and RNA-binding proteins (DRBPs), which consists of 64 proteins.
(b) Venn diagram shows DNA-binding proteins and RNA-binding proteins identified
in high-throughput studies defining the human mRNA and double-stranded DNA
(dsDNA) interactomes.13,14 There are 407 proteins found in both studies, indicating
that they may bind both mRNA and dsDNA. In parts (a) and (b), circles are drawn
to scale. (c) Molecular function gene ontology analysis reveals that RNA binding is a
potentially major function of the dsDNA-binding proteins identified in reference 13.
(d) Gene ontology analysis reveals that DNA binding is potentially a major function
of the mRNA-binding proteins identified in reference 14. In parts (c) and (d), only
selected molecular function attributes are shown for brevity. P values in parts (c) and
(d) indicate the probability that the over-representation of the stated ontology term
in the selected 407 genes compared with all human genes is due to chance. These
were calculated in the TRANSFAC + PROTEOME database (BioBase) using the
hypergeometric distribution; very large indicates a P value of <1 x 10-40 (-log(P)
>40). rDNA, ribosomal DNA; ssDNA, single-stranded DNA.
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We note that many of the proteins identified in references 13 and 14 as DNA

and/or RNA binding lack corroborating evidence from other studies, and these find-

ings should thus be interpreted with caution. For example, many identified proteins,

such as polymerase subunits, may bind nucleic acid-bound proteins without binding

DNA and/or RNA directly. Additionally, many proteins that bind DNA or RNA

in vitro may not bind them in vivo. However, the two studies provide a reasonable

estimate of potential human DRBPs owing to their wide coverage of the human pro-

teome, and we discuss below examples in which the demonstration of protein-nucleic

acid binding in vitro has preceded the discovery of such binding in vivo, sometimes

by decades.

In Table 1.1, we provide a detailed list of 149 human DRBPs, with comments on

their nucleic acid-binding properties, structures and functions. These proteins were

selected based on experimental evidence demonstrating their ability to bind directly

to both DNA and RNA, generally obtained from studies using more traditional exper-

imental approaches than the high-throughput studies13,14 discussed above. Although

many of the proteins in Table 1.1 have only been shown to bind DNA and/or RNA in

vitro, the remainder of this analysis focuses on selected human DRBPs with known

cellular roles.

1.4 Functions of DRBPs

We carried out gene ontology and domain enrichment analyses (Figure 1.2) to illu-

minate the main biological functions of our list of human DRBPs (see Table 1.1).

The gene ontology analysis revealed expected biological processes, such as transcrip-

tional regulation, mRNA processing and DNA replication. However, several surpris-

ing functions are also implicated, including the DNA-damage response, apoptosis and

responses to extreme temperatures (Figure 1.2a).
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Ultimately, DRBP functions are governed by their inherent structural and bio-

chemical properties. One can envision DRBPs capitalizing on both RNA and DNA

binding in numerous ways; for example, a transcription factor that binds DNA and

RNA may interact orthogonally with RNAs that compete with DNA binding to re-

press transcription, or simultaneously with a promoter and an RNA co-activator to

upregulate transcription. The following section focuses on DRBPs that bind DNA

and RNA competitively (Figure 1.3a).
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Figure 1.2: Functional and structural properties of DRBPs. The 149 DNA- and RNA-
binding proteins (DRBPs; see Table 1.1) were subjected to gene ontology enrichment
of biological process (PROTEOME database; BioBase) and to INTERPRO domain
enrichment (DAVID ontology563,564) in order to explore the biological functions of and
protein domains commonly found in DRBPs. (a) In gene ontology analysis, biological
processes such as transcriptional regulation and mRNA processing are expectedly
prominent terms found to be enriched in DRBPs. However, unexpected functions
are also enriched, including response to many cellular stresses (such as heat, viral
infection and radiation). For brevity, only selected functions are shown. (b) In
domain enrichment analysis, all domains enriched in the set of 149 DRBPs that have
P values ≤10-3 are shown. P values in parts (a) and (b) indicate the probability
that the over-representation of the stated term in the 149 DRBPs compared with all
human genes is due to chance. RNP1, ribonucleoprotein 1.
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Figure 1.3: Three archetypes of DRBP function. (a) RNA can compete with DNA for
binding to DNA- and RNA-binding proteins (DRBPs), typically at the same protein
interface. In the case of transcription factors, this can reduce promoter occupancy and
the transcription of target genes. (b) DRBPs can regulate gene expression at multiple
levels. In addition to binding to the promoters of genes to regulate their transcription,
DRBPs can also affect microRNA (miRNA) processing, as well as mRNA stability
and translation. (c) DRBPs can bind DNA and RNA simultaneously, allowing the
RNA to function as a scaffold to recruit other proteins to a specific DNA locus. Shown
here is steroidogenic factor 1 (SF-1) binding to the long non-coding RNA (lincRNA)
steroid receptor RNA activator (SRA) to recruit the SRC1 (also known as NCOA1)
transcriptional complex in a ligand-independent manner. NF, nuclear factor; NF90,
NF of activated T cells 90 kDa; pre-miRNA, precursor miRNA; pri-miRNA, primary
miRNA.
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1.4.1 Binding DNA or decoy RNAs

The role of certain lincRNAs as decoys of genomic DNA is illustrated by the reduc-

tion in promoter occupancy by transcription factors, typically measured by chromatin

immunoprecipitation (ChIP), in response to the overexpression of competing decoy

RNAs. The glucocorticoid receptor (GR), a steroid hormone receptor, is a classic

example of a ligand-activated transcription factor (reviewed in reference 332). In its

inactivated state, the GR is kept in the cytoplasm by chaperone proteins. Upon lig-

and binding, the GR translocates to the nucleus, where it can bind to the promoters,

and regulate the transcription, of hundreds of genes.565 Given the anti-inflammatory

role of the GR, much effort has been put into developing modulators of GR-driven

transcription.566 Recently, the lincRNA growth arrest-specific 5 (Gas5) was found

to inhibit the transcriptional activity of the GR by competing directly with DNA

for protein binding in vitro and in cells;2 overexpression of Gas5 leads to a decrease

in ChIP-detected GR occupancy at its target promoters, as well as a decrease in

the mRNA levels of glucocorticoid-activated genes.2,567 As cellular Gas5 levels are

regulated by nonsense-mediated decay567 in response to serum starvation and other

stressors,2 the transcriptional activity of the GR is tuned by titrating the levels of

Gas5 against the fixed number of genomic GR-binding sites in response to cellular

stress. Three closely related steroid receptors that share the DNA specificity of the

GR - the androgen, progesterone and mineralocorticoid receptors - are also suscep-

tible to Gas5-mediated transcriptional repression.2 Although steroid receptors have

traditionally been thought of as DNA-binding proteins, the affinity of the GR for

RNA and DNA is similar, as measured in vitro by glutathione S-transferase pulldown

assays and fluorescence-based competition assays (see also Chapter 2).2 The most

distantly related member of the steroid receptor family, the estrogen receptor, does

not share the DNA specificity of the GR and is not susceptible to Gas5-mediated

transcriptional repression, indicating that the binding of steroid receptors to RNA is
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sequence specific, a topic further explored in Chapter 2.2

Additional examples of pairs of transcription factors and decoy RNAs are nuclear

factor-Y (NF-Y), which binds the lincRNA P21-associated ncRNA DNA-damage ac-

tivated (PANDA),8 and NF-κB, which binds the mouse pseudogene-derived RNA

Lethe.9 The dual nucleic acid-binding activity of NF-κB was demonstrated in vitro

many years before the discovery of an endogenous RNA target,10 suggesting that

transcription factors that are known DRBPs in vitro may have endogenous RNA tar-

gets awaiting discovery; an example of such DRBPs is the acute myeloid leukemia 1

(AML1; also known as RUNX1) protein.408 Although structural information on the

interaction of human proteins with their decoy RNAs is lacking, a recent study demon-

strated an elaborate mechanism of an analogous bacterial system: the sequestration

of ribosomal RNA small subunit methyltransferase E (RsmE) by the non-coding RNA

RsmZ.11 Competitive DNA and RNA binding is a feature not only of transcription

factors but also of nucleic acid-modifying enzymes, such as DNA methyltransferases.

In humans, DNA methylation is initiated by DNA (cytosine-5)-methyltransferase 3A

(DNMT3A) and DNMT3B; DNMT1 maintains this methylation by binding to hemi-

methylated DNA after replication (reviewed in reference 568). RNA binding can

inhibit the DNA-binding and methylation activity of both DNMT3A (reference 110)

and DNMT1 (reference 106). In vitro, DNMT1 binds RNA with a higher affinity

than DNA, as shown in electrophoretic mobility shift assays (EMSAs).110 In the case

of DNMT1, and probably in that of DNMT3A, RNAs bind to the catalytic domain

of the methyltransferase to inhibit DNA methylation.106,110

It is notable that several metabolic enzymes - such as the glycolytic enzymes lac-

tate dehydrogenase,106,251–253 glyceraldehyde-3-phosphate dehydrogenase (GAPDH)148–150

and α-enolase (ENO1)14,118,119 - are DRBPs with competitive DNA- and RNA-

binding capacities. In the case of GAPDH, DNA and RNA compete for binding of

the cofactor NAD+ to the enzyme,148,150 suggesting that Rossmann fold-containing
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proteins such as GAPDH may be sensitive to cellular DNA and/or RNA levels. ENO1

binds RNA as a monomer,119 which inhibits the formation of the catalytically active

protein dimer.119,569 NAD+-specific isocitrate dehydrogenase, which converts isoci-

trate to α-ketoglutarate, is allosterically inhibited by the 5’ untranslated regions of

yeast mitochondrial mRNA.570 Binding of RNA and DNA to metabolic enzymes indi-

cates that nucleic acids can regulate the function of proteins other than transcription

factors to modulate cellular metabolism.571

1.4.2 DRBPs that regulate gene expression at multiple levels

Approximately half of the DRBPs we identified in our analysis are transcription

factors. As discussed above, some such proteins have been shown to be the targets

of decoy RNAs. By contrast, several others bind both the DNA and the mRNA of

their target genes (Figure 1.3b). Regulating genes at both the DNA and the RNA

levels allows powerful, combinatorial control over protein expression and may enable

DRBPs to generate both immediate effects (through regulating RNA turnover) and

long-lasting effects (through regulating transcription).

When activated, the GR can promote the transcription of anti-inflammatory

genes572 and repress the transcription of pro-inflammatory genes.572–574 Agonist-

bound GR destabilizes the mRNA of pro-inflammatory genes such as the chemokine

(C-C motif) ligand 2 (CCL2 ; also known as MCP1) gene through direct RNA bind-

ing, perhaps by the recruitment of ribonucleases.329 The presence of a GR-binding

motif in many immunogenic mRNAs has been confirmed using RNA immunoprecipi-

tation (RNA-IP) and suggests that the GR can accelerate the decay of many mRNAs,

broadening its known role in the anti-inflammatory reponse.1 Given that the GR

also binds directly to pro-inflammatory transcription factors, such as adaptor protein

complex 1 and NF-κB,575,576 it seems that the GR uses its diverse DNA-, RNA- and

protein-binding capacities to regulate inflammatory genes at the transcriptional and
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post-transcriptional level.

Transcription factors can also regulate gene expression post-transcriptionally

through the regulation of microRNA (miRNA) biogenesis. miRNAs are small RNAs

that facilitate gene silencing through sequence-specific pairing to target mRNAs and

recruitment of these to the RNA-induced silencing complex (RISC; reviewed in refer-

ence 577). Several transcription factors have been shown to regulate Drosha-mediated

primary miRNA (pri-miRNA) processing, a key step in the biogenesis of functional

miRNAs.578 SMAD proteins, which are transducers of transforming growth factor-

β (TGFβ) signalling, activate transcription by forming a DNA-binding heterodimer

(reviewed in reference 579). SMAD proteins also increase the levels of several miR-

NAs, including miR-21 (reference 431), which has important roles in development and

immunity.580 Surprisingly, the increase in miR-21 levels is due not to increased tran-

scription of pri-miR-21 but to increased Drosha-mediated processing of pri-miR-21

to the precursor miRNA (pre-miRNA) mir-21 (reference 431). Bioinformatic analysis

identified a conserved RNA motif in TGFβ-regulated miRNAs, which was shown by

RNA-IP and EMSA to bind directly to the MAD homology 1 domain of SMAD to

mediate Drosha processing.3 Interestingly, the RNA sequence motif that is bound by

SMAD4 and that mediates the regulation of miRNA expression post-transcriptionally

is identical to the DNA sequences that are bound by SMAD4 and that mediate reg-

ulation of gene expression transcriptionally.3

Nuclear factor of activated T cells 90 kDa (NF90; also known as ILF3) is a

particularly versatile DRBP that, along with its partner NF45 (also known as ILF2),

has important roles in T cell activation.581 Through the direct binding of DNA,

mRNA and miRNA, NF90 controls transcription,4,5 regulates mRNA turnover and

translation,233,582 and affects miRNA processing,583 respectively. These functions

assist in its role in T cell activation: NF90 upregulates the mRNA levels of interleukin-

2 (IL-2), a critical cytokine in T cell development,584 by binding its promoter to
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activate its transcription and by stabilizing the IL-2 mRNA through direct binding

to its 3’ untranslated region, as was found by EMSA and ribonucleoprotein (RNP)

immunoprecipitation analysis.4,582 Additionally, using in vitro pri-miRNA-processing

assays and RNA-IP, NF90 in complex with NF45 was shown to inhibit the processing

of the pri-miRNA pri-let-7a by binding it directly.583 let-7a represses IL-6, a cytokine

that is critical for T cell survival and proliferation,585 which may link inflammation

to cancer,586 and let-7 downregulation following NF90 upregulation reduces survival

in several cancer types.587,588 In summary, these examples illustrate that DRBPs

can use both transcriptional and post-transcriptional mechanisms to serve as potent

controllers of gene expression.

1.4.3 Simultaneous binding of DNA and RNA

In contrast to DRBPs that target DNA or RNA serially to serve different or related

functions, another class of DRBPs binds RNA and DNA simultaneously to perform a

single function (Figure 1.3c). Generally, transcription factors not only require DNA

binding to target promoters but also bind to co-repressors or co-activators to af-

fect transcriptional regulation. There are several examples of RNA molecules acting

as co-activators by simultaneously binding DNA and various transcription factors.

The lincRNA rhabdomyosarcoma 2-associated transcript (RMST), in particular, is

required for binding of neurogenic gene promoters and subsequent upregulation by

SOX2 (reference 440), a transcription factor with important roles in development,

pluripotency and cell fate.589 RNA-IP and RNA pulldown experiments showed that

RMST interacts directly with SOX2 (references 440, 441), and DNA occupancy of

SOX2 measured by ChIP followed by sequencing (ChIP-seq) was reduced following

RMST depletion.440,441 The lincRNA EVF2 is a transcriptional co-activator of DLX2

(reference 101) and recruits methyl-CpG-binding protein 2 (MECP2) to intergenic

enhancers.590 A direct interaction between DLX2 and EVF2 has been demonstrated
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by the immunoprecipitation of DLX2 followed by reverse transcription PCR of the

EVF2 lincRNA,101 and MECP2 also has previously been shown to bind RNA.282 It

should be noted that RNA-mediated recruitment of a protein to a particular DNA

locus might not require direct binding of both DNA and RNA by the protein, as

lincRNAs could recruit transcription factors to a particular DNA locus to which the

lincRNA is bound. Dual nucleic acid recognition also facilitates targeted gene repres-

sion through RNA-guided DNA methylation. This phenomenon was first discovered

in plants,591 and some mammalian RNA guides of DNA methylation have since been

found,592,593 although their mechanisms of action are less clear. In mice, DNMT3A

forms a complex with Tsix RNA to promote methylation of the X-inactive-specific

transcript (Xist) promoter.594

Several nuclear receptors - including steroidogenic factor 1 (SF-1), DAX1 (also

known as NR0B1) and thyroid receptor-α (TRα) - bind simultaneously to both gene

promoters325,336 and the RNA co-activator SRA (steroid receptor RNA activator) to

modulate transcriptional activation6,7 (Figure 1.3c). Using pulldown experiments,

SF-1 and TRα have been shown to bind SRA through their hinges, which are flex-

ible, disordered regions that connect their DNA- and ligand-binding domains.6,506

Knockdown of SRA decreases the interaction of SF-1 with protein transcriptional

activators and the transcription of SF-1-regulated genes.6 Several other nuclear re-

ceptors associate with, but lack direct evidence for direct binding to, SRA, including

the androgen, progesterone and estrogen receptors, as well as retinoic acid receptor-α

(RARα), which may bind SRA and its target gene promoters simultaneously.7,595–597

Crosslinking immunoprecipitation has demonstrated that RARα can bind to and reg-

ulate the translation of target mRNAs through a unique RNA-binding motif at its

carboxyl terminus.383

Another example of simultaneous DNA and RNA binding that is required for

DRBP function is the role of telomeric repeat-binding factor 2 (TRF2; also known
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as TERF2) at telomeres. Deletion of TRF2 leads to an arrest in cell division caused

by the formation of chromosome end-fusions.598 Crystal structures have revealed

that TRF2 binds to telomeric DNA in a sequence-specific manner through a C-

terminal DNA-binding domain, which resembles a homeodomain.502 Part of the role

of TRF2 at the telomere includes the recruitment, through its positively charged

amino-terminal GAR domain, of the origin-recognition complex (ORC, which is a col-

lection of proteins that serves as a scaffold for DNA replication factors, among other

functions599) so that it can assist in the maintenance of telomere structure.600 Us-

ing biotinylated RNA pulldown experiments, RNA-IP and EMSAs, the GAR domain

responsible for ORC recruitment was later shown to bind telomere repeat-encoding

RNA (TERRA).55 Depletion of TERRA hampers ORC recruitment to the telomere

without affecting TRF2 binding to the telomere itself, suggesting a model in which

TRF2 serves as a mediator between telomere DNA and TERRA, which in turn re-

cruits factors required for telomere maintenance.55

1.5 Structural characteristics of DRBPs

For a protein such as TRF2 to coordinate telomeric DNA binding and recruit protein

complexes by binding of RNA, it must have multiple nucleic acid-binding motifs.

Some DRBPs, such as the GR and NF-κB, have maintained domains that are capable

of binding both DNA and RNA, which allows decoy RNAs to evolve and compete with

DNA for protein binding. We analyze next the prevalence of structural domains in

DRBPs and discuss examples of DRBPs that bind both single-stranded and double-

stranded nucleic acids.
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1.5.1 DRBP domains that enable DNA and RNA interac-

tions

We carried out InterPro domain enrichment analysis by DAVID563,564 on our 149

DRBPs to identify domains enriched in proteins that bind both DNA and RNA

(Figure 1.2b). The RNA-recognition motif (RRM; also known as the RNP domain

or RNA-binding domain) was the most highly enriched domain in DRBPs (P =

2 x 10-26). The RRM is an abundant, short (∼100-amino-acid long) domain that

generally recognizes ssRNA and is often present in proteins with other domains,

such as zinc-finger domains, WW domains or additional RRMs.601 Such multidomain

DRBPs may bind RNA and DNA simultaneously through separate domains, as occurs

with heterogenous nuclear RNA A1, which contains two RRMs.175 Single RRM-

containing proteins are also capable of binding both DNA and RNA, and this function

is present, for example, in RNA-binding motif 3 (RBM3), TBP-associated factor

15 (TAF15), and TAR DNA-binding protein 43 (TDP43; also known as TARDBP;

see Table 1.1).485,602,603 Such bivalent domains may not have the same sequence

specificity when binding DNA and RNA, highlighting the complexity of recognizing

nucleotide bases in a sequence-dependent manner.

Nuclear receptor domains are also enriched in DRBPs: RARα binds mRNA

through a unique C-terminal domain,383 SF-1 binds the RNA co-activator SRA through

its hinge and a unique Ftz-F1 domain, and TRα binds SRA through its hinge.6,506

The majority of nuclear receptors have two highly conserved Cys4 zinc-fingers through

which they bind DNA, and some nuclear receptors, such as the GR, can also bind

RNA through these domains.2 Other types of zinc-fingers are also enriched in DRBPs,

such as the RAN-binding protein 2 (RANBP2) type. Other notably enriched domains

in DRBPs are the K-homology domain, the dsRNA-binding domain (dsRBD), the

cold-shock domain (CSD) and various helicase domains. Each of these domains is

capable of binding DNA and RNA, and we focus below on the structural mechanisms



1.5. STRUCTURAL CHARACTERISTICS OF DRBPs 27

underlying this dual specificity.

1.5.2 General properties of DRBPs

There are only two chemical differences between RNA and DNA. First, RNA (but not

DNA) has a 2’ hydroxyl (2’ OH) group on the ribose sugar, which allows an additional

hydrogen bond to be formed and a greater diversity of secondary structures than is

possible in DNA. Second, RNA contains uracil rather than thymine, as in DNA; uracil

lacks a methyl group at the C5 position. A comparative analysis of known protein-

nucleic acid structures revealed that the recognition of DNA occurs largely through

electrostatics and direct base-protein interactions. Conversely, RNA recognition by

proteins mainly depends on shape complementarity and interaction with the 2’ OH

group.602 Given these general differences, one could expect that, during evolution,

highly selective protein interfaces would be generated that are optimized for either

RNA or DNA, with minimal cross-binding. However, the most energetically favorable

associations between proteins and nucleic acids rely on hydrophobic and charge-charge

interactions. These interactions are less constrained than interactions with the sugar

backbone or with the nucleotide base edge, which is capable of highly-specific Watson-

Crick base pairing. Thus, DRBP domains that competitively bind DNA and RNA

probably rely on the less specific hydrophobic and charge-charge interactions. For

example, ssRNA-binding proteins are more likely to form hydrogen bonds with bases

rather than with the phosphate-sugar backbone, compared to those that recognize

folded RNA, such as ribosomal proteins and tRNA synthetases.603 Because ssRNA-

binding proteins do not rely heavily on sugar recognition, they are more likely to

also bind DNA. This may explain why the RRM is the most enriched domain in the

DRBPs included in our analysis (Figure 1.2b).603
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1.5.3 The RRM

The RRM is an extremely versatile domain that is capable of binding (mainly single-

stranded) RNA and DNA, as well as proteins.601 RRMs preferentially interact with

nucleic acid bases rather than with the phosphate-sugar backbone. The structural

nature of ssRNA and ssDNA allows much easier access to the exposed aromatic

base faces, as opposed to hydrogen bonding to the base edges that occur frequently

with double-stranded nucleic acid-binding DRBPs. Additionally, stacking interac-

tions with the faces of bases are more energetically favorable than recognition of the

nucleotide edge. Therefore, stacking interactions between aromatic protein side chains

and nucleic acid bases are often observed in single-stranded nucleic acid-binding pro-

teins.

TDP43 is a DRBP that has important roles in mRNA splicing and miRNA

biogenesis.485,486 It contains two RRMs, which are separated by a short loop and are

both capable of binding DNA and RNA. Crystal structures of the TDP43 RRMs in

complex with DNA and RNA have been reported,489,490 making TDP43 an excellent

case study for dual DNA and RNA recognition by RRMs. The DNA- and RNA-

bound structures of TDP43 reveal nearly identical modes of nucleic acid recognition.

Aromatic side chains, such as Phe149 within the first RRM (RRM1), form stacking

interactions with DNA or RNA bases (Figure 1.4a). Trp113, which is part of the more

flexible loop 1, is able to shift conformations and base-stack slightly differently when

bound to different nucleic acid sequences (Figure 1.4b), whereas Phe149 in the rigid

β3 sheet of the RRM1 fold makes similar interactions with DNA and RNA (Figure

1.4a). Relying on the more energetically favorable π-stacking interactions through

the planar face of the DNA and RNA bases results in less specificity than that gained

from hydrogen bonding with the base edge. Uracil and thymine interact with Phe194

of the second RRM (RRM2) in the RNA- and DNA-bound structures, respectively

(Figure 1.4c,d). Despite the additional methyl moiety at position C5 in the DNA,
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no TDP43 residues recognize the edge of the nucleotide to interact or clash with the

additional carbon (Figure 1.4d). Thus, one of the chemical differences between DNA

and RNA, the use of uracil in RNA, plays no part in nucleic acid discrimination in

this example.

By contrast, the RRM2 of TDP43 does make RNA-specific contacts with the

2’OH group. The majority of protein-2’ OH group interactions are mediated through

protein side chains,602 and both the Lys263 and Arg227 (Figure 1.4e) side chains in

RRM2 contact a 2’ OH group when bound to RNA. However, when TDP43 is bound to

DNA, these same protein side chains contact the DNA backbone phosphates (Figure

1.4f), demonstrating that amino acids are capable of reorienting to allow distinct

types of interactions to support RNA and DNA binding. Nevertheless, DNA binding

is not a general property of all RRMs. For example, the RRM of poly(A)-binding

protein relies on many RNA-specific 2’ OH contacts for RNA interaction, and binding

to DNA may be at low affinity, if detectable at all.604
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Figure 1.4: The structural basis for dual DNA and RNA recognition by TDP-43 and
by the NF-κB subunit p50. Protein-RNA structures are shown in blue and protein-
DNA structures in green, with protein in the darker shade. π-stacking interactions
play a prominent part in both the single-stranded DNA (ssDNA)- and the ssRNA-
binding activities of TAR DNA-binding protein 43 (TDP43). (a,b) Phe149 part (a)
and Trp113 part (b) within the first RNA-recognition motif (RRM1) of TDP43 stack
with both RNA and DNA bases. (c,d) In the second RRM (RRM2) of TDP43,
Phe194 is capable of recognizing both uracil in RNA part (c) and thymine in DNA
part (d); the additional methyl group at C5 in thymine does not contribute to nucleic
acid specificity. (e) When bound to RNA, both the terminal amine and ε-nitrogen
of Arg227 in RRM2 of TDP43 contact a 2’ hydroxyl (2’ OH) group on the RNA
backbone. (f). By contrast, these same groups can also make contacts with the
DNA backbone, both directly and through water-mediated hydrogen bonding. (g,h).
The p50 subunit of nuclear factor-κB (NF-κB) makes strikingly similar base-specific
contacts when bound to an RNA aptamer part (g) or to double-stranded DNA part
(h). This is due in large part to the similar secondary structure and chemical moieties
presented by the RNA and DNA. Major groove width was calculated with 3DNA
software using phosphate-phosphate distances.605
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1.5.4 DRBPs that recognize double stranded nucleic acids

Crystal structures of protein-dsRNA complexes are less common than their single-

stranded counterparts, but there are some examples that are instructive for dual

nucleic acid recognition. NF-κB is a central transcription factor of immune signalling

and is formed of homodimers or heterodimers of Rel family proteins, such as p50 (also

known as NFKB1) or p65 (also known as RELA).306 High-affinity aptamers have been

developed for both the p50 subunit and the p65 subunit of NF-κB, with an affinity

of RNA binding that approaches that of the transcription factor’s affinity for native

DNA response elements.10,305 DNA with an identical sequence to the p50-targeting

aptamer will not bind p50 (reference 10); p50 is therefore another DRBP that binds

RNA and DNA in a sequence-specific manner, with different sequence specificities for

each.

Crystal structures of p50 bound to DNA and to RNA reveal that both bind at

the same surface of the p50 immunoglobulin-like domain.307,308 Although p50 binds

to RNA as a monomer and to DNA as a dimer, similar networks of base-specific

interactions occur between protein and nucleic acids in each structure (Figure 1.4g,h).

Not only do the DNA- and RNA-contacting residues of p50 maintain an equivalent

position, but both DNA and RNA also present similar interfaces for p50 recognition

in charge distribution and in secondary structure605 (Figure 1.4g,h). This is a seminal,

structurally confirmed example of ’DNA mimicry’ by RNA to bind to a transcription

factor and, although the RNA in this case was artificial, DNA mimicry has been

hypothesized to play a part in the endogenous regulation of several transcription

factors.2,606

Structures have also been solved of the DRBP dsRNA-specific adenosine deam-

inase 1 (ADAR1), which binds both double-stranded Z-DNA and double-stranded

Z-RNA through its unique Zα domain.19,22 The ability of the Zα domain to make

sequence-independent interactions with the Z-form phosphate backbone of both DNA
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and RNA enables ADAR1 to sense nucleic acid secondary structure conformations.

Thus, double-stranded nucleotide-binding DRBPs can recognize their DNA and RNA

targets through sequence-specific interactions (in the case of NF-κB) or through non-

specific interactions with the DNA and RNA backbone (in the case of ADAR1).

1.6 The evolution of DRBPs

The evolutionary forces driving the structure and function of DRBPs are complex,

but understanding them will help us to identify new DRBPs and perhaps predict

their susceptibility to interactions with lincRNAs. Although the DRBPs identified

in our analysis are members of many different structural classes, each with their own

evolutionary history, we focus on members of two very dissimilar DRBP families:

CSD-containing proteins and eukaryotic DNA methyltransferases. CSD-containing

proteins, which are required to protect cells from low temperatures, are members of

an ancient DRBP family that uses weak selection criteria to interact with nucleic acids

and therefore intrinsically bind to both DNA and RNA. Members of the eukaryotic

DNA methyltransferase family are DRBPs that have more recently evolved the ability

to recognize both DNA and RNA: they preferentially interact with DNA, and only

one family member (DNMT2) acquired the ability to bind and methylate tRNAs.109

The discovery of a eukaryotic DNA methyltransferase with a predominant tRNA

methylation activity and only a modest DNA methylation activity showcases how

evolution can modify protein surfaces to create new functions of DRBPs.

1.6.1 The ancient CSD DRBPs

The CSD is one of the most ancient nucleic acid-binding domains found in bacteria,

archaea and eukaryotes. All CSD-containing proteins bind DNA and RNA (see Ta-

ble 1.1). In humans, there are several CSD-containing proteins, such as the three Y
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box-binding proteins, LIN28A and LIN28B (which are homologs of the Caenorhabdi-

tis elegans LIN-28), and CSD-containing protein E1 (CSDE1). Y box 1 (YB-1; also

known as YBX1) was originally named for its ability to bind and repress the Y box

of major histocompatibility complex class II promoters.607 YB-1 also binds RNA,

with roles in alternative splicing,546 translational control608 and RNA stabilization.609

In addition, YB-1 binds to damaged DNA and is involved in the DNA-damage re-

sponse545,610,611 - it translocates to the nucleus following stresses, such as exposure to

ultraviolet radiation.610,612

In bacteria, CSDs exist in short proteins that contain one CSD with short flank-

ing sequences. In Escherichia coli, there are nine such proteins (cold-shock protein A

(CspA)-CspI), which are probably products of multiple gene duplication events.613 Of

these, CspA, CspB, CspG and CspI are induced by cold stress, with CspA constitut-

ing >10% of all protein synthesized during cold shock.614–617 Simultaneous deletion

of these four genes results in lack of E. coli colony formation at temperatures at or

lower than 25 °C (reference 618). CspD is induced by nutrient stress,619 but CspC

and CspE are constitutively expressed at normal growth temperature.620 Many (if

not all) of the Csp proteins bind DNA and RNA621,622 and have similar roles to those

of the human CSD-containing proteins, including in maintaining RNA stability,621 in

translational regulation,623 in transcriptional control,623,624 in DNA replication and

repair,625,626 and in chromosome folding.627

CSD-containing proteins are widespread in plants,628 in which they have simi-

lar cellular functions. The first Csp-like protein found in plants was wheat CSP 1

(WCSP1), which is upregulated specifically by cold stress and binds ssDNA, dsDNA

and RNA homopolymers.629 WCSP1 was found to complement the cold-sensitive phe-

notype of the E. coli four-gene knockouts mentioned above,630 exhibiting remarkable

functional conservation. In addition, WCSP1 showed nucleic acid melting activity in

E. coli, which is critical to preventing inappropriate nucleic acid secondary structures
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that disrupt and terminate transcription. This activity is similar to the endogenous

E. coli CspA, which also has transcription antitermination activity.630 Arabidopsis

thaliana has four CSD-containing proteins, CSP1-CSP4, all of which can also com-

plement the quadruple csp knockout in E. coli to varying degrees, suggesting that

their DNA and RNA interactions are well conserved during evolution.631–633

Unlike their counterparts in bacteria, most plant and animal CSD-containing

proteins have additional functional domains (including more CSDs), which expand

their functions, protein-protein interactions and/or nucleic acid-binding specificities.

For example, the human protein CSDE1 has five CSDs, which increase the protein’s

affinity for target RNA sequences.634 YB-1 has both an N-terminal and a C-terminal

domain flanking its CSD, which can support homomultimerization and interactions

with many other protein partners (reviewed in Reference 635). In addition to its

CSD, WCSP1 has three CCHC zinc-fingers, through which most of its dsDNA binding

is mediated.629 Nevertheless, the exceptional sequence and functional conservation

between eukaryotic CSD-containing proteins and bacterial Csp proteins demonstrate

a conserved, ancient role and origin of the domain. It is likely that a CSD fold that

was capable of binding DNA and RNA was present in the last common ancestor of

bacteria, archaea and eukaryotes.636

1.6.2 The curious case of DNMT2

DNA methylation has important roles in gene expression and repression of transpos-

able elements in eukaryotic cells. There are three eukaryotic proteins in the cytosine-

C5 DNA methyltransferase family: DNMT1, DNMT2 and DNMT3. Whereas DNMT1

and DNMT3 play important parts in maintaining genome-wide methylation, DNMT2

has little DNA methylation activity637 and is instead capable of methylating tRNAs

(Figure 1.5a).109 When this activity was discovered, it was speculated that the three

eukaryotic DNMTs might have evolved from an RNA methyltransferase.109 However,
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there is no evidence that DNMT2 is more closely related to the ancestral protein of the

family members. In fact, the three eukaryotic DNMTs may not be monophyletic and

may have evolved from separate bacterial DNA methylation restriction-modification

enzymes.638 Thus, it seems likely that DNMT2 shifted its nucleic acid specificity from

DNA to RNA in the last common eukaryotic ancestor638 (Figure 1.5b).

Despite the relatively narrow substrate specificity of DNMT2 compared with

that of its family members, it is highly conserved and is the only extant DNMT in

some species, such as Schizosaccharomyces pombe and Drosophila melanogaster .638

This seems to indicate that DNMT2 has an important physiological role; however,

Dnmt2-/- mice are viable and fertile, and yield no obvious phenotype.109 This apparent

contradiction was resolved with the recent report that deletion of DNMT2 in addition

to another tRNA methyltransferase, NSUN2, in mice is lethal.345 These mice show

defects in tRNA stability, protein synthesis and differentiation,345 implying that the

DNA methylation activity of DNMT2 is dispensable, whereas its tRNA methylation

activity is not.

NSUN2 is a member of the nuclear protein 1 (NCL1) family of eukaryotic RNA

cytosine-C5 methyltransferases, which are broadly distributed among eukaryotes.639

Interestingly, NSUN2 itself is a DRBP and is able to bind and methylate both

tRNA and hemi-methylated DNA.341 Crosslinking immunoprecipitation-based analy-

ses showed that NSUN2 also methylates mRNAs and non-coding RNAs.344 Given the

distant evolutionary relationship between DNA and RNA cytosine-C5 methyltrans-

ferases,638 NSUN2 and DNMT2 have most likely undergone convergent evolution from

an RNA-binding and a DNA-binding protein family, respectively, to ensure proper

tRNA modification. These evolutionary trajectories have bestowed on both proteins

the ability (if residual) to bind and modify both DNA and RNA. This indicates not

only that proteins with evolutionarily conserved DNA-binding activities are capable

of binding RNA (and vice versa) but also that some nucleic acid substrates may be
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similar enough in sequence and structure to promote binding promiscuity. As men-

tioned above, this phenomenon is exploited by RNAs, both endogenous and artificial,

that function as decoys to modulate DRBP function.2,408,640
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Figure 1.5: DNA methyltransferases target both DNA and RNA. (a) Best known for
their role in gene silencing, all DNA methyltransferase family members are able to
interact with both RNA and DNA.106,109,110 DNA (cytosine-5)-methyltransferase 1
(DMNT1) and DMNT3 play a part in initiating and maintaining DNA methylation,
whereas DNMT2 methylates tRNAs. This modification is critical for maintaining
tRNA stability and cell viability. (b) The evolution of the three major DNMTs is
depicted in a cladogram. DNMT2 probably diverged from its ancestral DNA methyl-
transferase to perform a critical role in methylating tRNAs, a function which it per-
forms redundantly with NSUN2 (reference 639). This radical change in substrate
specificity highlights the ability of evolution to reshape a DNA-binding interface into
one that preferentially recognizes RNA.
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1.7 Conclusion and perspectives

In this analysis, we have demonstrated that DRBPs constitute a significant fraction of

cellular proteins - perhaps 2% of the human proteome - and have important cellular

roles. Their functions include the control of transcription and translation, DNA

repair, mediating responses to stress, splicing and apoptosis. These functions are

intimately linked to the structures of DRBPs: orthogonal binding of DNA and RNA

provides an opportunity for competitive regulation of transcription by decoy RNAs,

whereas simultaneous binding of DNA and RNA permits transcriptional activation

by RNA co-activators or allows the recruitment of RNA-containing complexes to

specific DNA loci. In turn, the structures underlying DRBP functions are linked to

their evolution. Some DRBPs contain ancient domains that have long bound DNA or

RNA; others contain multiple domains that separately confer DNA- and RNA-binding

abilities and mediate their functional roles.

The majority of RNA-binding proteins have had remarkably similar motifs dur-

ing evolution,641 although individual members of protein families, such as the forkhead

box transcription factors, can have diverse nucleic acid sequence specificities arising

from independent evolutionary events.642 It is also worth noting that intrinsically

disordered protein domains that do not fold into defined secondary structures may

also play important parts in mediating nucleic acid binding,14 as was found for RNA

chaperones.643 In addition to protein evolution, nucleic acid sequence evolution has

important roles in the development of DRBP function. The discovery of lincRNAs

illuminated new cellular binding targets for proteins that were previously thought of

as DNA-specific binding proteins. Tens of thousands of human lincRNAs have been

catalogued,644 and it is likely that many of them have yet-undiscovered functions

requiring binding to proteins that are currently considered as DNA-specific binding

proteins or that have so far only been shown to bind RNA in vitro. For example,

the GR and the estrogen receptor were shown to bind DNA and RNA competitively
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>20 years before a physiological role for RNA-steroid receptor interactions was es-

tablished.128,645,646 Experimental selection techniques, such as systematic evolution

of ligands by exponential enrichment (SELEX), have been used to develop inhibitory

RNA aptamers for DNA-binding proteins, such as NF-κB. If such inhibitory RNA

binding is functionally advantageous, the rapidly evolving sequences of lincRNAs647

could provide a platform for the evolution of an analogous endogenous function, and

many DRBPs may have species-specific RNA targets. For example, the RNA Lethe,

which binds NF-κB, exists only in mice and is not present even in the closely related

rat genome.648

Proteins that bind both DNA and RNA could have several obvious functional

advantages. By binding to both mRNAs and their encoding promoters, DRBPs

can exert a powerful, amplified effect on gene expression. This also allows greater

flexibility in generating cellular responses, as these DRBPs could both produce rapid

effects on protein synthesis and impart long-acting changes on gene expression. At a

cellular level, using one DRBP rather than two independent DNA-binding and RNA-

binding proteins is more efficient, as it requires the transcription and translation of

only one gene product. Finally, competitive RNA and DNA binding by some DRBPs

allows an additional level of transcription factor regulation through decoy RNAs.

These functional advantages, in addition to the rapid pace at which lincRNAs and

their functions are being discovered, strongly indicate that more DRBPs and DRBP-

mediated functions will be discovered in the coming years.



Chapter 2

Conserved, sequence-specific
lincRNA-steroid receptor
interactions drive transcriptional
repression and direct cell fate

2.1 Abstract

The majority of the eukaryotic genome is transcribed, generating a significant num-
ber of long intergenic noncoding RNAs (lincRNAs). Although lincRNAs represent
the most poorly understood product of transcription, recent work has shown lincR-
NAs fulfill important cellular functions. In addition to low sequence conservation,
poor understanding of structural mechanisms driving lincRNA biology hinders sys-
tematic prediction of their function. Here we report the molecular requirements for
the recognition of steroid receptors (SRs) by the lincRNA growth arrest-specific 5
(Gas5), which regulates steroid-mediated transcriptional regulation, growth arrest
and apoptosis. We identify the functional Gas5-SR interface and generate point mu-
tations that ablate the SR - Gas5 lincRNA interaction, altering Gas5-driven apoptosis
in cancer cell lines. Further, we find that the Gas5 SR-recognition sequence is con-
served among haplorhines, with its evolutionary origin as a splice acceptor site. This
chapter demonstrates that lincRNAs can recognize protein targets in a conserved,
sequence-specific manner in order to affect critical cell functions mediated by SRs.

This chapter is adapted from the manuscript:
Hudson WH, Pickard MR, de Vera IMS, Kuiper EG, Mourtada-Maarabouni M, Conn GL, Kojetin

DJ, Williams GT, and Ortlund EA. Conserved sequence-specific lincRNA-steroid receptor
interactions drive transcriptional repression and direct cell fate. Nat Commun. 2014 Nov; 5:5395.
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2.2 Introduction

An emerging phenomenon in biology is the widening gap between the availability of ge-

nomic sequences and the functional understanding of the products encoded within.649

The vast majority of functional research has focused on protein-coding genes, which

constitute only 2% of the human genome.650 Recently, attention has turned to the

non-protein-coding elements of the genome and transcriptome. Although some non-

coding RNA molecules (ncRNAs) such as small nucleolar and transfer RNAs have

well-defined function, the majority of non-ribosomal, nuclear-encoded RNA molecules

present in a cell are of unknown function and/or structure.651 Of these, long inter-

genic ncRNAs (lincRNAs), defined as intergenic ncRNAs greater than 200 nucleotides

in length, remain the most poorly understood product of transcription.652 lincRNAs

have been shown to function in diverse processes such as pluripotency, development,

cell cycle, immunity, transcription and apoptosis.204,653–656 Until recently, conser-

vation of these lincRNAs was considered non-existent; however, emerging studies

show higher conservation in lincRNAs than originally perceived, although well below

the level of protein-coding exons.653,657,658 Consistent with this observation, a re-

cent study searched for similarity between mouse and zebrafish lincRNAs and found

only 9.0% of annotated mouse lincRNAs contained detectable sequence homology

to whole-genome zebrafish alignments, with most of this conservation clustered in

small domains separated by longer stretches of divergent sequence.659 Remarkably,

mammalian lincRNA orthologues were still able to rescue developmental defects in

zebrafish caused by specific lincRNA knockouts, indicating lincRNA function can be

conserved despite divergent primary sequence.659 However, the mechanisms by which

lincRNA functions are conserved in a rapidly changing sequence space are unclear.

The study of such mechanisms requires the identification of functional domains

within lincRNAs. Unfortunately, there are currently few lincRNAs with well-characterized

function, and still fewer in which functional domains have been identified and char-
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acterized. Known lincRNA functional domains include the 5’ terminal region of

lincRNA-p21, which interacts with hnRNP K to mediate the p53 response.204 HO-

TAIR, a regulator of gene expression and chromatin state, uses a 5’ domain to bind

polycomb repressive complex 2, and a 3’ domain to bind the LSD1/CoREST/REST

complex.660 Another lincRNA, growth arrest-specific 5 (Gas5), uses a region in its

12th exon to interact with and repress the steroid hormone receptors (SRs).2 With-

out detailed structural information about these protein - lincRNA interactions, the

basis of conservation (or lack thereof) within lincRNA functional domains is impos-

sible to determine. By focusing on the interaction between SRs and Gas5, we sought

to determine the molecular and structural requirements of a particularly important

lincRNA-protein interaction.

The GAS5 gene is a noncoding 5’ terminal oligo-pyrimidine gene consisting of

12 exons in humans and forms two mature fully-spliced and polyadenylated isoforms

in addition to numerous expressed sequence tags.2,661 The 11 introns of the GAS5

gene contain ten box C/D snoRNA genes, which are critical for ribosome modifica-

tion and embryonic development.662 Gas5 is present in all tissue types and is one

of the most highly expressed noncoding RNAs in the human genome.663 Gas5 has

been implicated in many important cellular and physiological processes, including

p53 signalling,204 embryogenesis,654 growth arrest and cell cycle,664,665 and apopto-

sis.2,666–668 In addition, Gas5 is required for rapamycin action in immune cells,666

and Gas5 knockdown affects mRNA levels for M-Ras, prion protein, parkin and other

genes.654 Gas5 inhibits the transcriptional activity of steroid receptors (SRs) through

direct competition for DNA binding.2 The SR-binding site was previously mapped

to a putative stem-loop region (bases 546-566) and described as a ’mimic’ of genomic

SR-binding sites, or glucocorticoid response elements.2 This GRE mimic (GREM)

within Gas5 represents a compact lincRNA-protein interaction domain, optimal for

examining the effects of altered lincRNA sequence and structure on protein-RNA in-
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teractions, and the downstream consequences on cellular processes. Here we describe

detailed studies of the mechanistic, structural and evolutionary aspects of the SR -

Gas5 interaction.

2.3 Results

2.3.1 The Gas5 GREM selectively binds 3-keto SRs

To measure the binding affinity between GR and Gas5, we monitored via fluorescence

polarization the ability of full-length Gas5 and shorter GREM-containing constructs

(Figure 2.1) to compete with fluorescently-labeled DNA activating glucocorticoid re-

sponse elements, or (+)GREs, for binding to the glucocorticoid receptor (GR) DNA

binding domain (DBD; Figure 2.2a). Full-length Gas5 competed for DNA binding the

most strongly, with a Ki of 158 nM - within the range of affinities of GR for (+)GREs

(80 nM - 1 µM).669 Shorter constructs (Figure 2.1) containing only the GREM were

sufficient for DNA competition, although affinity was lowered approximately five-fold

compared to the full-length Gas5 transcript (Figure 2.2a). In addition, a fluorescently

labeled Gas5 GREM construct containing only the stem bound directly to GR, in-

dicating that only the putative double helical region within the GREM is required

for GR binding (Figure 2.2b), much like GR - DNA binding requires a short, double

helical response element.
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Figure 2.1: Human Gas5 constructs used in this study. (a) The 51 base GREM was
used in OH• footprinting and UV melting. (b) Tested for binding in Figure 2.2a and
used in NMR studies. (c) Tested for binding in Figure 2.2a. (d) Fluorescently-tagged
and used in most WT binding assays, and unlabeled constructs used in crystallization.
Mutants (red) of this construct (e-g) were used in Figure 2.6a-c. (h-j) Constructs
used in Figure 2.8. The full-length human Gas5 construct used (Figure 2.2a and in
all cellular assays) are identical in sequence to the NCBI reference sequence with the
poly(A) tail removed (NR 002578.2 bases 1-631). Mutations from the WT sequence
are in red. For comparison to the binding constructs, a consensus (+)GRE and the
TSLP nGRE are shown in (k) and (l). (m) A DNA estrogen response element was
used to confirm ER DBD activity; the experimental Kd for ER DBD - ERE was 109
nM, demonstrating that the recombinantly expressed ER DBD is capable of binding
DNA. (n) However, the ER DBD does not bind to the Gas5 GREM. (o) Native TBE
gel of the 33 base construct generated by IVT (from panel b).
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Figure 2.2: Gas5 selectively binds the 3-keto steroid receptors. (a) Full length Gas5
competes strongly for DNA binding to the glucocorticoid receptor (GR; Ki = 158
nM). Shorter Gas5 constructs (Figure 2.1) containing only the GREM stemloop are
sufficient for GR binding (Ki for the 23 and 33 base constructs are 825 and 654 nM,
respectively). (b) A double helical region containing only the GREM stem is suffi-
cient for direct GR binding (Kd = 801 nM). (c) The 3-keto steroid receptors but not
the estrogen receptor are able to bind to an activating DNA glucocorticoid response
element ((+)GRE). (d) Similarly, the GREM stem construct shown in (b) binds the
3-keto steroid receptors, but not the estrogen receptor. However, the estrogen recep-
tor is capable of binding its own response element (Figure 2.1m,n). (e) GR and ER
recognize their cognate DNA response elements via different sequence-specific con-
tacts. Notably, ER contains a glutamic acid at position 203 (Gly439 in GR), which
excludes binding to an activating GR response element, or (+)GRE (f). (g) Muta-
tion of this residue (Glu203) to the homologous GR residue (Glu203Gly) restores ER
binding to a (+)GRE (right), and the converse mutation in GR (left, Gly439Glu)
reduces affinity for a GRE. n.b., no binding. (h) Remarkably, the ER Glu203Gly mu-
tation confers binding to Gas5 (right), demonstrating that Gas5 exploits differences
in GR/ER nucleic acid specificity to selectively target the non-ER steroid receptors.
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Previous work demonstrated that Gas5 regulates the transcriptional activity of

not only GR, but also the androgen receptor (AR), progesterone receptor (PR), and

mineralocorticoid receptor (MR), which share the ability to bind 3-keto steroids as

well as DNA (+)GREs.2 Other nuclear receptors such as the estrogen receptor (ER),

PPAR, and RXR, which bind different DNA response elements, are not susceptible

to Gas5 mediated repression.2 To determine the relative affinity of the Gas5 GREM

for all SRs, we tested the ability of recombinantly expressed DBDs from all five SRs

to bind both (+)GRE DNA and the Gas5 GREM stem (Figure 2.2c,d). All 3-keto

SRs bound both to a DNA (+)GRE and to the Gas5 GREM, which is consistent with

their transcriptional repression by Gas5.2 As predicted, the estrogen receptor DBD

bound only to an estrogen receptor response element (ERE), and was unable to bind

the Gas5 GREM (Figure 2.1m,n and Figure 2.2c,d).

2.3.2 Gas5 exploits sequence-specific differences in related

proteins to discriminate among binding partners

Given their similar structure and sequence (>50% within the DBD), it is unclear how

Gas5 discriminates among SRs; for example, the ER and GR DBDs share an identical

fold and insert an α-helix to read the major groove of DNA (Figure 2.2e). However,

key amino acid differences in this helix allow the two receptors to bind disparate

response elements. Notably, one ER side chain, Glu203, makes contact with DNA

when bound to an ERE, while the 3-keto SRs contain a glycine at this position (Figure

2.2f). When bound to a ERE, ER Glu203 contacts a cytosine, forming an interaction

required for DNA binding and subsequent gene activation.127 The 3-keto SRs do not

contact DNA at this position, and substitution of glycine with a bulkier amino acid

side chain would introduce steric clashes with (+)GRE DNA bases (Figure 2.2e).

Remarkably, mutation of this single amino acid in ER to glycine (Glu203Gly)

confers ER binding not only to a DNA (+)GRE (Figure 2.2g), but also to the Gas5
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GREM (Figure 2.2h). Likewise, the converse mutation in GR (Gly439Glu) reduced

GR binding to both a DNA (+)GRE and the Gas5 GREM (Figure 2.2g,h). The

discrimination among evolutionary-related proteins by Gas5 demonstrates that lin-

cRNAs are capable of sequence-specific interactions with their target proteins. Addi-

tionally, the strong correlation between DNA binding and Gas5 RNA binding suggest

the presence of sequence-specific, (+)GRE-like SR contacts in the Gas5 major groove.

2.3.3 The GREM forms a double helix with a widened major

groove for SR binding

Previous work postulated that a double-helical region of the GREM mediated SR

- Gas5 binding.2 UV melting experiments confirm that the Gas5 GREM stemloop

indeed forms a secondary structure in solution (Tm 58 °C; Figure 2.3a). To determine

the secondary structure required for Gas5-SR recognition, we determined the x-ray

crystal structure of the Gas5 GREM stem to a resolution of 1.9 Å. Two merohedrally

twinned crystal forms were obtained in the rhombohedral space group R3, but twin

refinement yielded excellent electron density and statistics (Figure 2.3b, Table 2.1

and 2.2). In both crystal forms, the Gas5 GREM adopts an A-form double helix

with a widened major groove. The average minor and major grooves widths are

greater than 15.0 Å in both crystal structures, wider than most A-form RNA helices

found in crystal structures, but within the broader range of major groove widths in

solution as determined by NMR33. GR-bound DNA response elements of GR exhibit

major groove widths approximately 1.5 - 3.0 Å wider than the free Gas5 GREM

structure,333,669 indicating that only minimal secondary structure perturbation may

be necessary for GR - Gas5 binding (Figure 2.3c,d).
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Figure 2.3: Gas5 forms a double helix in the region required for steroid receptor
binding. (a) UV melting of the Gas5 GREM demonstrates that a strong secondary
structure is present in the Gas5 GREM. (b) The stem of the Gas5 GREM was crys-
tallized to a resolution of 1.9 Å. The blue mesh represents a composite omit map with
simulated annealing contoured to 1 σ. The GREM contains a widened major groove
compared to previous crystal structures of A-form RNA helices. This widened ma-
jor groove imitates genomic binding sites for GR, including activating glucocorticoid
response elements (panel c) and repressing negative glucocorticoid response elements
(panel d). The DNA structures shown in (c) and (d) are GR DBD-bound.
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Gas5 GREM (4 Duplexes) Gas5 GREM (2 Duplexes)
Data collection
Space group R3 R3
Cell dimensions (Å)
a, b, c (Å) 43.3, 43.3, 304.2 43.5, 43.5, 173.2
α, β, γ(°) 90.0, 90.0, 120.0 90.0, 90.0, 120.0
Resolution (Å) 1.9 (1.97 - 1.90) 2.2 Å (2.24-2.20)
Rmerge 5.2 (42.3) 6.9 (25.6)
I / σI 22.5 (2.8) 28.5 (5.5)
Completeness (%) 99.7 (100.0) 99.8 (82.1)
Redundancy 2.9 (2.8) 3.5 (2.5)

Refinement

Resolution (Å) 1.9 2.2
No. reflections 16794 6140
Rwork / Rfree 19.8 / 26.3 17.7 / 25.2
No. atoms
RNA 1649 857
Water 114 85
B-factors
RNA 31.6 34.6
Water 24.4 22.2
RMS deviations
Bond lengths (Å) 0.0053 0.0065
Bond angles (°) 0.77 0.77
Coordinate error (Å) 0.26 0.40

Table 2.1: Data collection and refinement statistics for Gas5 GREM x-ray crystal
structures. Data for each structure were collected from a single crystal. Values in
parentheses are for highest-resolution shell. Maximum-likelihood coordinate error is
shown.
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Gas5 GREM (4 duplexes) Gas5 GREM (2 duplexes)
Twinning Tests (acentric):
< I2 > / < I >2 2.928 2.333
< F 2 > / < F >2 0.708 0.797
< |E2 − 1| > 0.868 0.710
< L >, < L2 > 0.515, 0.354 0.430, 0.263
Multivariate Z score L-test 3.370 8.612
Twin law -h-k, k, -l -h-k, k, -l
Robs 0.017 0.031
Twin fraction
Britton Analysis 0.449 0.446
H-test 0.488 0.478
Maximum Likelihood 0.478 0.457

Table 2.2: Twinning and Intensity Statistics for Gas5 GREM crystal structures. For
acentric untwinned data, expected values are < I2 >= 2.000, < F 2 > / < F >2=
0.785, < |E2−1| >= 0.736, < L >= 0.500, and < L2 >= 0.333. For acentric perfectly
twinned data, expected values are < I2 >= 1.500, < F >2 / < F 2 >= 0.885,
< |E2 − 1| >= 0.541, < L >= 0.375, and < L2 >= 0.200.
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2.3.4 Molecular determinants and model of the GR - Gas5

interaction

To identify bases within the GREM for critical SR - Gas5 binding, we performed

hydroxyl radical footprinting and used NMR to structurally map the GR - Gas5 in-

teraction. Increasing concentrations of GR DBD protected several portions of the

GREM stem from OH• hydrolysis while deprotecting bases U554-U556 within the

loop (Figure 2.4a-c). The pattern of protection indicates GR interaction with the

major groove, much like its classical interaction with DNA. To visualize the impact

of GR binding on Gas5, we obtained two-dimensional homonuclear [1H,1H] NOESY

spectra via 1H NMR of the Gas5 GREM stemloop both in the presence and ab-

sence of the GR DBD (Figure 2.4d-f). Nucleotides within the Gas5 GREM stem

showed NMR resonances with moderate or strong line broadening, whereas others

displayed strongly shifted positions (>0.025 ppm). Broadened resonances correspond

to nucleotides that are switching between two states in the intermediate exchange

NMR timescale, whereas resonances that are simultaneously shifted and broadened

are switching between two states in the slow-to-intermediate or intermediate-to-fast

exchange regime. Only C561 and U569 have H1’-H6 resonances that are shifted but

not broadened, and therefore, have two states that are in slow or fast exchange.

The two states may correspond to nucleotides situated in disparate chemical shift

environments, such as (1) free vs. GR DBD-bound Gas5 RNA, (2) two Gas5 RNA

conformational states in the presence of GR DBD, or (3) as a result of interactions

with a neighboring Gas5 RNA or with another Gas5 RNA region within the same

molecule. Both NMR and OH• footprinting demonstrated conformational changes

in the four base loop upon GR binding (Figure 2.4c), consistent with previous stud-

ies indicating that bulges and loops can widen the RNA major groove, presenting

surfaces for protein interaction.670,671
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Figure 2.4: Base specific-interactions mediate the glucocorticoid receptor - Gas5 inter-
action. (a) GR protects the Gas5 GREM from OH• hydrolysis. Increasing amounts
of GR DBD were added to in vitro transcribed Gas5 GREM RNA and subjected
to OH• hydrolysis, followed by denaturing polyacrylamide gel electrophoresis. GR-
mediated protection from OH• hydrolysis is quantified in (b). Light and dark blue
indicate moderate and strong protection with GR DBD, and red indicates deprotec-
tion in the presence of GR DBD. (c) Results from NMR and OH• footprinting are
mapped onto the Gas5 GREM. (d) Zoomed in overlay of free Gas5 RNA (black) and
1:1 Gas5 RNA:GR DNA binding domain (DBD; orange) 2D [1H,1H]-NOESY spectra
with 200 ms mixing time. Broadened resonances in the presence of GR DBD are
labeled. Intra-nucleotide H1’-H6/H8 resonances are labeled according to nucleotide
type and position number. H5-H6 peaks are labeled in the same way, followed by an
asterisk (*). Peak labels separated by a slash (/) are for inter-nucleotide H1’-H6/H8
NOESY crosspeaks. (e) NMR crosspeak shifting calculated from NOESY spectra
for free and GR DBD-bound Gas5 GREM stem reveals strongly shifted resonances
(changes >0.025 ppm; horizontal dashed line). (f) NMR crosspeak line broadening
determined from NOESY spectra as calculated from the crosspeak intensity ratio for
free and GR-DBD bound Gas5 GREM stem (moderately broadened resonances, gray;
strongly broadened resonances, yellow).
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To determine the effects of Gas5 binding on GR, we collected two-dimensional

[1H,15N]-HSQC data on the GR DBD both free and bound to the Gas5 GREM (Fig-

ure 2.5a-c). Notably, chemical shift perturbations are observed in helix 1 of the DBD

when bound to either DNA672 or Gas5 RNA, indicating that GR uses its DNA bind-

ing interface to bind RNA (Figure 2.5b-e). Additional regions of the GR DBD that

contact DNA in a non-specific manner, such as helix 2 and the N-terminus, are also

perturbed when GR is bound to DNA and RNA. However, no chemical shift pertur-

bations are observed in the dimerization interface (D-loop) of the DBD upon RNA

binding, suggesting that GR binds to Gas5 as a monomer (Figure 2.5c). This is in di-

rect contrast to DNA binding, which induces positive cooperativity and dimerization

of the receptor and causes significant chemical shift perturbations in the D-loop upon

DNA binding (Figure 2.5e).672 These GR DBD [1H,15N]-HSQC data, Gas5 GREM

[1H,1H] NOESY spectra, and mutagenesis data were used to generate a model of

the GR DBD - Gas5 GREM complex using HADDOCK.673 The top scoring models

showed the GR DBD reading the Gas5 GREM by inserting helix 1 into the major

groove (Figure 2.6a).



54 CHAPTER 2. CHARACTERIZATION OF THE GR - GAS5 INTERACTION

Figure 2.5: NMR reveals Gas5 interacts directly with residues that comprise GR’s
DNA-binding interface. (a) 2D [1H,15N]-HSQC spectra of GR DBD free (black) and
bound to the Gas5 GREM (orange). (b) Chemical shift perturbations induced in GR
DBD upon binding Gas5. Perturbations greater than 0.05 ppm are colored orange;
blue vertical lines represent resonances that broaden upon binding Gas5 and are no
longer observed. (c) GR chemical shift perturbations upon GREM binding mapped
onto the HADDOCK model of GR DBD bound to the Gas5 GREM. (d) Chemical
shift perturbations greater than 0.1 ppm (green) induced in GR DBD upon binding
Gha DNA672 plotted against GR DBD primary and secondary structure. (e) GR
chemical shifts upon Gha DNA binding mapped onto the GR DBD crystal structure
(PDB 4HN5).669
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Figure 2.6: A single nucleotide mutation within Gas5 eliminates its ability to bind
steroid receptors and repress steroid-driven transcription. (a) Superposition of the
highest-scoring cluster of GR - Gas5 GREM models generated by HADDOCK. GR
binds in the major groove to the A-form helix of the Gas5 GREM. (b) Guanine 549
presents a carbonyl moiety toward the major groove, which GR may recognize with a
basic amino acid such as Arg447 (modeled here by HADDOCK) or Lys442. Mutation
of this guanine to 2-aminopurine (c) removes this carbonyl moiety without affecting
the minor groove interaction surface. (d) Mutation to adenine introduces an amine in
the major groove, which would clash with the basic major-groove reading amino acids
of GR. (e) Mutation of the two guanine bases identified by structure probing (Figure
2.5) to adenine ablates binding of GR to the Gas5 GREM stem. (f) The G549A
mutation ablates GR binding to the Gas5 GREM stem. However, mutation of G549
to 2-aminopurine reduces GR - Gas5 GREM stem binding only 2.5-fold, indicating
that GR contacts the major groove of Gas5 (see panels b-d). (g) Two G-U wobble
pairs (including G549) are present in the GREM; however, Watson-Crick G-C pairs
are also compatible with GR binding. (h-j) The G549A mutation, which ablates SR
- Gas5 binding in vitro, also compromises Gas5-mediated repression of steroid-driven
transcriptional activation in 22Rv1 cells. Three androgen receptor-responsive genes
were measured and normalized to ACTB via RT-PCR in 22Rv1 prostate cancer cells
with and without the AR agonist R1881.
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2.3.5 A single nucleotide mutation abolishes the SR - Gas5

interaction

Glucocorticoid receptor and 3 keto SR - DNA recognition and gene activation is heav-

ily dictated by the contact of arginine and lysine residues in helix 1 of the GR DBD

with two guanine-cytosine (GC) pairs in the (+)GRE major groove. Surprisingly,

two equivalently spaced guanine-containing pairs (G549 and G559) are present in

the Gas5 RNA GREM and were identified by structure probing as critical for the

GR - Gas5 interaction (Figure 2.4). Mutating these two guanines to adenine, which

replaces the major groove O6 carbonyl with an amine, ablates GR binding (Figure

2.6b-f). Mutation of G549 to 2-aminopurine, which selectively removes a potential

hydrogen bond acceptor (O6) from the major groove while leaving the minor groove

unchanged, diminishes but does not abolish binding. Critically, these Gas5 RNA mu-

tations preserve secondary structure as monitored by UV melting (Table 2.3). Along

with the structural data above, these experiments establish that GR indeed binds

Gas5 in the major groove. Additionally, protein recognition of RNA wobble pairs has

been reported in several systems,674,675 and two such non-Watson-Crick interactions

are present in the Gas5 GREM: U548-G563 and G549-U562. To determine if GR-

GREM recognition depends on this wobble base pairing, we mutated these G-U pairs

to canonical Watson-Crick G-C pairs. This mutation only marginally affected GR

binding (Figure 2.6g), indicating that GR does not discriminate between guanine-

uracil pairs in Gas5 and guanine-cytosine pairs in DNA (+)GREs. To examine the

effect of the G549A mutation on SR-mediated transcription in cells, we transfected

AR+ 22Rv1 prostate cancer cells with WT Gas5, Gas5 with the G549A mutation, or

empty vector (pcDNA3.1). In these cells, WT Gas5 inhibited the androgen-driven

expression of several AR target genes (Figure 2.6h-j). However, this effect was re-

versed by the G549A mutation, with expression of the AR target genes returning to

vector control levels. These results demonstrate that a single nucleotide mutation is
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sufficient to ablate the interaction between SRs and Gas5 both in vitro and in cells.
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Mutation Effect on Tm compared to WT Gas5 (°C)
G549A -2.1
G549AP -3.8
No wobble pairs +14.6
Transcribed (+)GRE -0.5

Table 2.3: Effects of GREM mutations on Gas5 melting temperature. Melting of WT
is shown in Figure 2.3a.
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2.3.6 Ablation of the Gas5 - SR interaction prevents Gas5-

induced apoptosis in steroid-dependent cancer cell lines

Gas5 is downregulated in both breast and prostate cancers, and its reintroduction

accelerates apoptosis in both prostate and breast cancer cell lines.667,668,676 However,

the potential role of the Gas5 - SR interaction in cancer cell proliferation and survival

has not been studied. To test whether a Gas5 mutant specifically compromised in

SR interaction displays aberrant function in SR-driven cancer cell lines, we tested

the ability of both the WT and G549A Gas5 to drive apoptosis when expressed in

22Rv1 prostate cancer cells. Transfection of both the WT and mutant constructs

increased Gas5 expression compared to the vector control (Figure 2.7a), but only

the WT sequence caused caspase activation in these cells, and this was accompanied

by a corresponding decrease in cell viability (Figure 2.7b,c). The G549A mutant,

in contrast, had no effect on either parameter (Figure 2.7b,c). We repeated these

experiments in the PR+/ER+ breast cancer cell line MCF-7; again, the G549A mutant

completely prevented the pro-apoptotic phenotype induced by transfection of WT

Gas5 (Figure 2.7d-f). Thus, in steroid-driven cancer cells such as 22Rv1 cells, Gas5

function appears to be directly related to the SR - Gas5 signaling axis.
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Figure 2.7: Selective ablation of the steroid receptor - Gas5 interaction has dramatic
effects on cell fate. (a) Quantification of Gas5 levels normalized to 18S RNA in 22Rv1
cells after transfection with WT Gas5, G549A Gas5, and pcDNA3 constructs. (b) WT
Gas5 induces caspase-dependent cell death in 22Rv1 cells, but this effect is completely
reversed in the G549A mutant. Similar effects were seen for cell viability (panel c).
(d) MCF-7 cells were transfected with identical constructs, and levels quantified via
RT-PCR and normalized to 18S RNA. The G549A mutation completely ablated the
pro-apoptotic (e) effects and reduction in cell viability (f) caused by transfection of
WT Gas5. (g) Likewise, three suspension cell lines were transfected with pcDNA3,
WT Gas5, or the G549A mutant and expression were quantified as above. In these
cell lines, the G549A mutation only partially reverses the apoptotic effects (h) and
colony-forming effects (i) seen by transfection of WT Gas5.
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The expression of Gas5 variants has differential effects in immune cells which

are less dependent on SR signaling for growth.665 To determine the role of SR - Gas5

interactions in apoptosis and viability in these cells, we transfected three suspension

cell lines, JeKo-1, CEM-C7, and Jurkat, with the WT and G549A Gas5 constructs

(Figure 2.7g). Among all three cell lines, transfection of WT Gas5 induced apoptosis

and a corresponding decrease in cell viability (Figure 2.7h,i) as previously reported.665

Interestingly, the G549A mutation only partially reversed this phenotype (Figure

h,i), in contrast to the complete reversal of apoptosis induction seen in steroid-driven

cancer cell lines (Figure 2.7b-c, e-f). These results indicate that additional functions

and regions of the Gas5 transcript play important roles in regulating apoptosis in

immune cells.

2.3.7 GR is incapable of binding its own transcribed genomic

binding sites

Since 70% of the genome is transcribed, there may be many Gas5-like RNAs capable

of binding and modulating the activity of SRs. In particular, there are 2.3 × 106

genomic sequences matching a GR-binding motif,677 and many of these lie within

transcribed regions. Due to their inverted repeat sequence, transcribed (+)GREs

would form a stemloop structure much like the Gas5 GREM (Figure 2.8a), which led

us to inquire whether an RNA GREM could readily evolve from a DNA GR binding

site. However, a (+)GRE-derived stemloop differs from the Gas5 GREM in two ways.

First, the loop of the (+)GRE structure would contain a 3-base loop, whereas the

GREM contains a 4-base loop. Second, the (+)GRE sequence differs slightly from

the bases found in the Gas5 GREM (Figure 2.8a).



62 CHAPTER 2. CHARACTERIZATION OF THE GR - GAS5 INTERACTION

Figure 2.8: The glucocorticoid receptor will not bind its transcribed genomic response
elements. (a) Within genomic DNA, GR binds (+)GREs, which are inverted repeats
separated by three nucleotides. Such inverted repeat sequences would form a stemloop
with similar sequence to the Gas5 GREM when transcribed (on right). However, this
sequence is incapable of binding GR due to both secondary structure constraints
caused by a 3 base stemloop (b) as well as a different primary sequence (c). (b)
Competition for a fluorescently-labeled (+)GRE DNA construct was performed with
a GREM-containing 50 nt construct of WT or the same construct with a 3-base
stemloop (∆G556). (c) A fluorescently-labeled transcribed (+)GRE sequence with
Gas5 GREM stem flanking sequences was tested for binding to the GR DBD.



2.3. RESULTS 63

To test the effects of the decreased-length loop on GR binding, which would

occur upon transcription of a (+)GRE, we generated the WT Gas5 GREM with a 3-

base loop UUU loop rather than the 4-base UUGU loop found in WT Gas5. Although

3-base loops are often less stable than 4-base loops, a UUU loop with a closing AU

pair demonstrates adequate stability.678 Nonetheless, the 3-base loop Gas5 GREM

showed dramatically lower affinity for GR than the WT 4-loop structure, indicating

that inverted repeat sequences with 3-base spacers are unlikely to be active GR-

binding elements following transcription (Figure 2.8b).

However, it is possible that a SR-binding RNA sequence such as the GREM could

form via a single nucleotide insertion into a (+)GRE, creating a four base stemloop

for SR binding. To eliminate effects of the loop length, we placed the consensus

(+)GRE halfsite within the Gas5 GREM stem, which is sufficient for GR binding

(Figure 2.2b). GR could not bind this consensus sequence with either Watson-Crick

or Gas5-like wobble pairs (Figure 2.8c), but required additional sequence changes to

achieve GR-binding ability (Figure 2.9). These results indicate that Gas5 indepen-

dently and convergently evolved a SR-binding surface, and we sought to establish the

evolutionary origin of the Gas5 GREM.
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Figure 2.9: Additional primary sequence changes are required to convert a transcribed
DNA (+)GRE into a GR binding site. (a) Binding of Gas5 GREM stems to the GR
DBD. (b) Sequences showing the WT Gas5 GREM (left), a transcribed (+)GRE
(middle), and the additional change required to correct a transcribed (+)GRE to
achieve GR binding (right; panel a).
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2.3.8 The Gas5 GREM evolved from a splice acceptor site

The GAS5 gene is annotated in only three genomes in the Ensembl database, and

the low sequence conservation of lincRNAs makes sequence alignment across multiple

species challenging. Fortunately, Gas5 hosts ten snoRNAs in humans that are highly

conserved throughout vertebrates. Intron 11, just upstream of the Gas5 GREM, con-

tains the snoRNA gene U81, which is positionally conserved from reptiles to mam-

mals. The length of intronic sequence from snoRNAs to the downstream 3’ acceptor

splice site is restricted for proper processing of box C/D snoRNAs, with lengths of

65-75 nucleotides from a box C/D snoRNA to the downstream exon ideal for efficient

snoRNA excision.679 Since Gas5-containing snoRNAs are critical for embryonic devel-

opment,662 we expected the length of intronic sequence downstream of these snoRNAs

to be well-conserved. Using this anticipated high conservation of snoRNA sequence

and intronic length as a guide, we were able to align the Gas5 GREM sequences from

over 40 vertebrates. Gas5 does not appear to be present in jawless fish. As expected,

the distance from U81 to the downstream splice acceptor site was tightly clustered

across vertebrates (Figure 2.10a).
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Figure 2.10: (a) The downstream intron length from the snoRNA U81 is highly
conserved due to excision constraints, illustrating the importance of sequence and
positional conservation of the splice acceptor site at this locus. (b) The Gas5 GREM
was interrupted by an AluJo insertion (red) in haplorhines, moving the ancestral splice
acceptor site into exon 12, where splicing no longer occurs. (c) However, despite the
lack of splicing at the haplorhine GREM, the haplorhine GREM maintains a splice-
site like sequence with a polypyrimidine tract and AG sequence, which is required
for high-affinity steroid receptor - Gas5 binding (mutated to GA in panel d). Other
haplorhine species contain Gas5 GREM stemloops that exhibit similar secondary
structure (e) and GR-binding affinity to the human Gas5 GREM (f).
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The most striking feature of the GAS5 GREM alignment is the presence of an

Alu insertion in the haplorhine lineage, belonging to the AluJo family (Figure 2.10b).

This insertion occurred directly at the GAS5 intron 11/exon 12 boundary, lengthening

the GAS5 exon 12 by 100 nucleotides compared to mice. In haplorhines, an Alu-

contained splice acceptor site is used for Gas5 transcript processing, maintaining

the strict requirement for intron length downstream of U81. However, this insertion

demonstrates that the GREM, while exonic in humans and other haplorhines, evolved

from an ancestral splice acceptor site still present in other vertebrates. Multiple

previously unassigned cDNAs from GenBank support both the alignment as well

as the presence of a splice site at the GREM (Table 2.4). The AluJo insertion re-

positioned the ancestral splice acceptor site to be fully contained within exon 12, and

it is this now-defunct splice site through which the SRs bind Gas5 (Figure 2.10b).
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Species GenBank Accession Spliced at GREM?

Baboon GE873351 No

Chicken XM 001234629 No

Chicken CR387333 Yes

Chimpanzee XR 126956 No

Cow GW424764 No

Dog CO680308 Yes

Dog CF411110 No

Gibbon XR 122856 No

Gibbon XM 003259120 No

Horse DN505807 No

Horse DN509669 Yes

Human* NR 002578 No

Macaque (fascicularis) DW525031 No

Macaque (mulatta) CB312793 No

Marmoset EH380662 No

Mouse* X59728 Yes

Mouse* BB732963 No

Pig EW253363 No

Pig EW573340 Yes

Platypus ENSOANG00000020492 (Ensembl) Yes

Rabbit CU465388 Yes

Rat* NR 002704.1 Yes

Wallaby FY571474 Yes

Zebra finch DQ214391 Yes

Zebrafish* CT722790 No

Zebrafish* DT877503 Yes

Table 2.4: Previously unassigned Gas5 transcripts from vertebrates confirm the pres-
ence of an alternatively spliced acceptor site at the Gas5 GREM in non-haplorhines.
Entries marked with an asterisk indicate previous identification as a Gas5 transcript.
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Due to snoRNA excision restraints, the haplorhine Gas5 GREM, over 150 bases

downstream of U81, would be under negative selection to lose the ancestral splice site

features located inside exon 12 incorporated with the AluJo insertion. However, if

this locus was selected for both its splice site sequence and SR binding ability before

the Alu insertion, it is possible that splice-site like sequences required for SR binding

would be conserved. Remarkably, when haplorhine GREM sequences are aligned,

splice site-like features are readily apparent: a polypyrimidine tract and acceptor AG

sequence are conserved throughout the haplorhine clade, despite a lack of splicing at

this locus (Fig 2.10c). The splice-site like sequence shows higher sequence identity

among 14 haplorhines (93.8% versus 84.5% for the remainder of exon 12). Addition-

ally, relative rate analysis of each position within the ancestral splice site reveals a

lower rate of nucleotide substitution within the GREM versus the remainder of exon

12, supporting sequence conservation of the splice-site like sequences required for GR

binding to the GREM (Figure 2.11). Mutation of these splice-site like features, such

as the AG within the ancestral splice acceptor sequence, reduces the GREM’s affin-

ity for GR binding (Fig 2.10d), suggesting that other haplorhines contain conserved,

functional GREMs with both a primary sequence and secondary structure capable

of binding SRs. Indeed, the GREM sequences of two other haplorhines formed sec-

ondary structures in solution (Fig 2.10e) and were capable of binding the GR DBD

(Fig 2.10f).
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Figure 2.11: Relative rate analysis supports conservation of the ancestral splice site
at the haplorhine Gas5 GREM. (a) Maximum likelihood relative rate analysis was
performed on fourteen haplorhine genomic Gas5 exon 12 sequences (exon 12 average
= 1.00). Plotted is relative rate (10-neighbor average) versus position in exon 12;
the region of exon 12 with lowest sequence turnover is the GREM splice-site like
sequence, shown in part (b). Guanine bases required for GR binding are marked
with an asterisk. The average relative rate for each nucleotide within the ancestral
splice site (20 nt) is 0.85, compared to 1.00 across exon 12 as a whole. The median
relative rate for each nucleotide within the ancestral splice site is 0.68, compared
to 1.00 for exon 12 nucleotides outside the ancestral splice site. Genomic sequences
used for analysis were Callithrix jacchus, Chlorocebus aethiops, Gorilla gorilla, Homo
sapiens, Macaca fasicularis, Macaca mulatta, Nomascus leucogenys, Pan paniscus,
Pan trogolodytes, Papio anubis, Pongo abelii, Pongo pygmaeus, Samiri boliviensis,
and Tarsius syrichta.
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Given the evolutionary origin of the human Gas5 GREM as a splice acceptor site,

it is possible that alternate splicing of the GAS5 gene may control its ability to bind

and repress GR in non-haplorhines. The mouse splice isoforms with exon 11 excised

or retained bound GR in vitro (Figure 2.12a), and the GREM derived from both the

splice or unspliced Gas5 transcripts was sufficient for secondary structure formation

and GR binding (Fig 2.12b,c). When we tested for GR - Gas5 binding across the

vertebrate clade, eutherian mammals demonstrated the highest affinity interaction

(Fig 2.12d), suggesting that the Gas5 GREM was perhaps capable of binding SRs at

the time of the AluJo insertion, roughly 55 Mya.680 However, further study of the

mouse and other mammalian Gas5 transcripts is required to definitively determine if

GR regulation is a conserved property of Gas5 outside of the haplorhine clade. This is

especially true given the short lifetime of unspliced Gas5 and the relative shortening

of exon 12 compared to haplorhine Gas5 (Figure 2.10b).
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Figure 2.12: Non-haplorhine GAS5 gene products retain the ability to bind GR. (a)
Full length constructs of mouse Gas5 are able to directly compete for GR binding with
(+)GREs. Ki for the excised and retained intron 11 full length constructs are 253
and 185 nM, respectively. (b) Mouse Gas5 GREMs (60 base constructs) are sufficient
to compete with (+)GREs for GR binding. Ki for the excised and retained intron 11
GREM constructs are 86 and 76 nM, respectively. (c) Both the spliced and unspliced
mouse Gas5 GREMs form a secondary structure in solution. (d) Binding of the human
GR DBD, which is 100% identical from reptiles to mammals, to fluorescently-labeled
Gas5 GREMs from various species.
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2.3.9 GAS5 is a retrotransposed gene within multiple mam-

malian lineages

Finally, given the unique ability of the GREM to bind SRs, we searched for additional

GREM-like sequences within the human genome which could serve as SR-repressing

elements. Remarkably, we found processed copies of Gas5 in at least five locations

in the human genome, including within the introns of four genes: GABRB3, NAPE-

PLD1, MDN1, and SV2C (Figure 2.13). At least 29 splice variants of the GAS5

gene are known,681 and GAS5 retrotransposition events mirror this complexity. Two

human copies are fully spliced (splice variant GAS5 -001; Figure 2.13), whereas the

sequence within the GABRB3 gene is a copy of the GAS5 -008 splice variant (Fig-

ure 2.13b). Additionally, some retrotransposed copies of Gas5 are from unreported,

species-specific, or ancestral splice variants, such as a copy in gibbons that contains

exons 1-4, 6, 7, 11, and 12 (Figure 2.13). Such a splice variant is not currently

described in humans.

GAS5 appears to be highly susceptible to retrotransposition, with either full or

partial copies of the processed Gas5 present in multiple mammalian lineages including,

mice, dogs and more distal members of the mammalian clade, such as sloths (Table

2.5). At least 15 independent copies appear in the haplorhine lineage with many of

these copies located within transcribed loci (Table 2.5). Given the limited species

distribution and high sequence identity between genomic GAS5 sequences and these

copies, the retrotransposition events described here are relatively recent. It is likely

that additional, ancient copies of GAS5 are present in mammalian genomes but have

diverged beyond recognition.
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Figure 2.13: Processed Gas5 transcripts are present across mammalian genomes. (a)
The structure of the GAS5 gene, showing the complicated 12-exon structure that
gives rise to at least 29 splice variants. (b) Selected retrotransposed copies of Gas5 in
primate genomes. In humans, copies of fully spliced Gas5 are present in the introns of
the MDN1 and NAPEPLD genes. Additional variants are found in the GABRB2 and
SV2C genes. A currently undescribed splice variant is present as a retrotransposed
copy in the gibbon genome. A more comprehensive list of Gas5 copies in mammalian
genomes can be found in Table 2.5.
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Species Host gene Chromosome or

contig

Position Notes

Human Intergenic 1 91515150-

91515512

Not present in marmoset

or macaque

Human SV2C 5 75503325-

75504199

Intronic; In marmoset

through human

Human MDN1 6 90430849-

90431533

Intronic; Not present in

marmoset or macaque

Human NAPELD1 7 102766413-

102767023

Intronic; Not present in

marmoset, present in

macaque

Human GABRB3 15 26890549-

26891121

Intronic; Not present in

marmoset or macaque

Gibbon GL397277.1 15903584-

15904571

Not present in human

Gibbon GL397291.1 13299130-

13300294

Novel splice variant; not

present in human

Gibbon GL397418.1 2010802-

2011783

Macaque SFRS16 5 109342131-

109342386

In the host gene promoter;

Not present in human

Macaque Intergenic 19 51464559-

51465515

Not present in human

Marmoset 2 170511210-

170511852

Not present in human

Marmoset 4 36004499-

36005456

Not present in human

Marmoset Intergenic 4 42481974-

42483397

Not present in human

Marmoset Intergenic 9 58792598-

58794226

Not present in human
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Marmoset Intergenic 12 11735326-

11736078

Not present in human

Marmoset TM7SF4 16 90230274-

90230600

In the host gene 3’ UTR;

Not present in human

Dog 8 16442238-

16442450

Dolphin scaffold 86663 8686-9353

Mouse USP13 3 32864146-

32864604

Intronic

Mouse Wee1 5 79638027-

79638538

Intronic

Mouse Intergenic 8 75431299-

75431482

Rat F1LZG6 RAT 2 178388169-

178388429

Intronic (LRBA alternate

gene name)

Rat Intergenic 2 184798750-

184799252

Rat Intergenic 8 16893702-

16893937

Rat Kpnb1 10 85892834-

85893047

Intronic

Rat Flt1 12 7878928-

7879481

Intronic

Sloth scaffold 294758 615-1099

Sloth scaffold 436 32904-33393

Sloth scaffold 72748 4883-5310

Tenrec Genescaffold 5531 164947-

165316

Tenrec scaffold 257391 3053-3462
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Table 2.5: Retrotransposed, processed copies of Gas5 pervade both transcribed and
intergenic regions of mammalian genomes. Species, host gene (if applicable), location,
and various notes are given. Genomic location may not be the exact ends of the retro-
transposon. If genome annotation does not allow determination of a host gene (or
intergenic position), no host gene is given. This may not be a comprehensive list of all
processed Gas5 retrotransposons in the listed species. Genome builds used: Human,
GRCh37; Gibbon, Nleu1.0; Macaque, MMUL 1; Marmoset, C jacchus3.2.1; Dog,
CanFam3.1; Dolphin, truTru1; Mouse, GRCm38; Rat, RGSC3.4; Sloth, choHof1;
Tenrec, TENREC. Genomes were accessed via Ensembl.648
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2.4 Discussion

Using a range of structural and biochemical approaches, we offer a mechanism to

explain the potent ability of Gas5 to suppress SR-mediated transactivation. This

repression is mediated through sequence-specific protein RNA-contacts within an A-

form double helical structure with a widened major groove that facilitates SR binding.

We show that full-length, fully spliced Gas5 binds strongly to the GR DBD, with affin-

ity comparable to physiological DNA (+)GREs.669 In addition, GR exhibits stronger

binding to full-length Gas5 than single (+)GRE half-sites or the newly characterized

negative GREs (Chapter 3 and reference 574), illustrating the strength of the GR

- Gas5 interaction as well as the versatility of GR as a diverse nucleic acid-binding

protein.1,330,669 As discussed in Chapter 1, GR is one of a growing number of proteins

that bind DNA and RNA, a class that includes ADAR, TFIIIA and the p50 subunit

of nuclear factor-κB, among many others. p50 has been crystallized in complex with

its DNA response element as well as a competing RNA aptamer.307 The RNA ap-

tamer adopts a similar conformation as nuclear factor-κB response elements, and p50

makes nearly identical contacts with RNA as it does with DNA;307,308 we expect a

similar mechanism of DNA mimicry occurs with GR and Gas5. Here we show that

GR - Gas5 interactions are mediated through helix 1 of GR’s DBD, demonstrating

that GR uses the same surface to bind both DNA and Gas5 RNA. However, the

dimerization loop of the GR DBD is not affected upon Gas5 binding, although more

study is required to definitively determine GR’s dimerization status when bound to

RNA, given recent reports demonstrating the importance of the ligand-binding do-

main in receptor dimerization.682 Although the exact Gas5 GREM sequence does

not appear in any human mRNAs, we have demonstrated that this sequence evolved

from a splice acceptor site; therefore, GR may be able to recognize RNA transcripts

similar to Gas5 at splice site sequences; GR has been previously shown to affect the

alternate splicing of several genes.683–685
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The potent repression of SR signalling by Gas5 is likely explained by both the

strong affinity of the SR - Gas5 interaction and by the large discrepancy between Gas5

copy number and GR DNA-binding sites in a cell during periods of Gas5 upregulation.

In HeLa cells, Gas5 copy number increases by an order of magnitude to roughly 75,000

during serum starvation,2 which is on par with or greater than the increase in Gas5

expression caused by exogenous transfection in this study (Figure 5a,d,g). In contrast,

available genomic GR-binding sites are roughly fixed in number, ranging from 3,000

to 8,000 depending on cell type.677 This suggests that Gas5 regulates SR activity by

simply titrating its own GR-binding site against genomic GR-binding sites. However,

it is unclear whether Gas5 interferes with DNA binding- independent, SR-mediated

transrepression such as tethered’ GR transrepression.686 Future studies are needed

to determine if Gas5 modulates these DNA-independent effects.

The GAS5 gene is unique in its high level of alternative splicing: at least 29 non-

redundant, alternatively-spliced transcripts originate from the GAS5 locus, making

it one of the most highly alternatively spliced genes in the genome.661 Although it

is not clear whether Gas5 splicing patterns are tissue-specific, the majority of Gas5

splice variants include the GREM, which is sufficient for SR binding. Notably, it

was recently shown that exon 12-containing Gas5 transcripts are downregulated in

breast ductal carcinoma compared with adjacent normal tissue.667 Nevertheless, 13

Gas5 splice variants either exclude exon 12 or shorten exon 12 such that the GREM

is not included in the final transcript,681 indicating that alternative splicing may

present an additional level of SR regulation by Gas5. Such control may be required

for tissue-specific homeostasis and may be disrupted by single-nucleotide polymor-

phisms (SNPs) that affect the splicing of GREM-containing exon 12 (rs11537772,

rs111755386). An additional SNP that alters the GREM sequence (G559U) has also

been described (rs186249529). Mutation of G559 in this study, even when combined

with a compensatory mutation to preserve secondary structure, dramatically weakens
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the GR - Gas5 interaction (Figure 2.6e), potentially attenuating riborepression of SR

signalling. Thus, it is possible these and other Gas5 SNPs may predispose individuals

to steroid-driven cancers despite apparently normal tissue levels of Gas5.

Given the paucity of identified sequence-specific lincRNA function, we used the

detailed biochemical and structural data here to examine the evolutionary origin

of the Gas5 GREM. The SR DBDs are highly conserved throughout vertebrates;

in contrast, two recent studies with lincRNA functional domains show mixed levels

of conservation: megamind and cyrano show conserved function between zebrafish

and mammals,659 whereas key functional human domains of the lincRNA HOTAIR

are missing in mice.687 Given the comparatively faster sequence turnover within

lincRNAs compared with their protein targets, we propose that Gas5 co-opted a splice

acceptor site into its current SR-binding role. Such a mechanism allows the primary

sequence required for SR binding to be conserved because of the presence of a second,

stronger pressure for conservation. The relatively loose sequence requirements of an

acceptor splice site - a polypyrimidine tract followed by AG - may have allowed this

locus to gradually acquire SR-binding ability in eutherian mammals (Figure 2.12d).

However, it is clear that once Gas5 - SR binding was established, this function was

conserved, given the retention of splice site-like sequences required for SR binding

at the GREM (Figure 2.10c). The development of this functional domain within

the translationally regulated 5’ terminal oligo-pyrimidine Gas5 transcript may have

provided an important link between translational downregulation and other critical

events involved in growth arrest.665

Given the large number - tens of thousands - of lincRNAs, it is likely that

hundreds of lincRNAs have precise, sequence-specific functions analogous to that of

Gas5. Furthermore, given their large size, it is likely that some lincRNAs contain

multiple protein-recognition sites and may serve as scaffolds for protein complexes.

Here we have demonstrated that the interaction between Gas5 and SRs depends on
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unique structural elements and precise, sequence-specific interactions to differentiate

among target proteins. Subtle disruptions of these interactions have dramatic effects

on cell fate. Further, we show that the lincRNA Gas5 co-opted splicing regulatory

sequences into a SR-binding role, explaining functional and sequence conservation at

the GREM. Together, these results demonstrate that lincRNAs can contain conserved,

sequence-specific protein interaction surfaces that ensure a high level of specificity to

bind to target proteins and control cell fate.

2.5 Methods

2.5.1 Protein expression and purification

The DBDs of the human glucocorticoid receptor (GenBank ADP91253.1; residues

L381-E541), androgen receptor (UniProtKB P10275.2; residues D550-K630), proges-

terone receptor (UniProtKB P06401.4; residues E560-F642), mineralocorticoid recep-

tor (GenBank AAA59571.1; residues S593-G671), and estrogen receptor (UniProtKB

P03372.2; residues A175-R260) were cloned as 6X His fusions into the pMCSG7 vec-

tor. Mutations were made with the QuikChange site-directed mutagenesis kit (Strata-

gene). The DBDs were expressed in BL-21(DE3)pLysS E. coli and induced with 0.3

mM IPTG for four hours at 30 °C. Cells were lysed in 1 M NaCl, 20 mM Tris-HCl

pH 7.4, 25 mM imidazole, 5% glycerol via sonication, and protein was purified via

affinity chromatography (HisTrap) followed by TEV protease cleavage and dialysis

to 100 mM NaCl, 20 mM Tris-HCl pH 7.4, 25 mM imidazole, and 5% glycerol. The

DBDs and tags were separated by affinity chromatography (HisTrap), and further

purified by gel filtration chromatography. For storage, protein was concentrated to 4

mg/ml, flash frozen in liquid N2, and stored at -80 °C. For 15N labeling, the GR DBD

was expressed in M9 minimal media with 15NH4Cl as the nitrogen source. Cultures

were inoculated at an OD600 of 0.3-0.4, and induced for 14 h with 1 mM IPTG at an
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OD600 of 1.2. The GR DBD was then purified via affinity chromatography as above.

2.5.2 Nucleic acid synthesis and purification

Constructs for in vitro transcription were ligated into the puc57 vector using a for-

ward primer with the T7 promoter sequence and a reverse primer using the HindIII

restriction site. Plasmid was cut overnight with HindIII (Fermentas) and used as

template for in vitro transcription in 50 mM Tris-HCl pH 7.5, 15 mM MgCl2, 5 mM

DTT and 2mM spermidine with 2 mM each of individual NTPs. Recombinant T7

RNA polymerase (0.1 mg/ml reaction) and inorganic pyrophosphatase (1 U/ml re-

action, Fermentas) were added and the reaction was incubated for 5 hours at 37 °C.

RNA was purified by anion exchange chromatography as described previously688 and

ethanol precipitated. Both in vitro transcribed and synthetic nucleic acid duplexes

(Integrated DNA Technologies) were annealed in 10 mM NaCl, 20 mM Tris-HCl pH

8.0 by heating to 85 °C and slow cooling to room temperature.

2.5.3 Nucleic acid binding assays

Fluorescence polarization (FP) was used to detect the formation of DBD-nucleic

acid complexes. Indicated amounts of DBD were added to wells containing 10 nM

of 5’ 6-FAM-labeled nucleic acids. For competition assays, labeled DNA was used

at a concentration 1.2 times higher than the GR - (+)GRE Kd. Reactions were

performed in 100 mM NaCl, 20 mM Tris-HCl pH 7.4, 5% glycerol and measured with

a Biotek Synergy plate-reader at an excitation/emission wavelength of 485/528 nm.

FP data were analyzed and graphed using GraphPad Prism 5 (Graphpad Software,

Inc.). Error is shown as ±SEM, and was normalized to the mean for figures showing -

logKd. Sequences used in binding experiments can be found in Figure 2.1. All binding

experiments were performed at least in duplicate, with three internal replicates.
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2.5.4 UV melting assays

UV melting assays were conducted as described previously.689 Briefly, samples con-

taining 25 µg RNA in a solution of 10 mM Tris pH 7.4 and 20 mM NaCl were melted

and UV absorption collected on a Varian Cary 400 UV/Vis spectrophotometer. Sam-

ple temperatures were measured with an in-cell temperature probe. First derivatives

of the melting curves were calculated in GraphPad Prism 5.

2.5.5 Hydroxyl radical probing

In vitro transcribed Gas5 GREM RNA was treated with FastAP (Fermentas) and

5’-end labeled using [γ-32P]ATP and T4 polynucleotide kinase. Labeled RNA was

urea denaturing gel purified and annealed by heating at 65 °C for 10 minutes and

slowly cooling to room temperature prior to use. GR was dialyzed against 20 mM

Tris pH 7.5, 100 mM NaCl. In a total volume of 25 µl, labeled RNA (50,000 cpm) was

incubated without or with GR (0.2, 0.8, 3 or 12 µM) and hydroxyl radicals produced

by adding 1 µl each of 50 mM Fe(SO4)2, 100 mM EDTA, 250 mM ascorbic acid

and 3% (v/v) hydrogen peroxide. The reaction was allowed to proceed on ice for

5 minutes before quenching by ethanol precipitation in the presence of yeast tRNA

(0.4 mg/ml) as a carrier and resolving the RNA products by 12% urea denaturing-

PAGE for 1.5 hours at 55 W. Band quantification was performed with ImageQuant

applying the Rubber Band background subtraction. For normalization, the intensity

of each band was measured and normalized to the most intense band in 0 µM GR. The

normalized intensities were compared between 0 µM and 12 µM GR. A nucleotide was

considered protected/enhanced if the difference in normalized intensity was greater

than (±) 20%.
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2.5.6 Crystallization and structure analysis

Bipyramidal crystals of the Gas5 GREM duplex appeared in two conditions. Crystals

grown in 0.05 M sodium succinate pH 5.5, 0.5 mM spermine, 0.02 M MgCl2, and 3

M ammonium sulfate were frozen directly in liquid N2. Data from these crystals

were collected at 100K at the Emory University home source to a resolution of 2.2

Å. Crystals that formed in 0.1 M Citric Acid pH 4, and 3 M ammonium sulfate were

cryoprotected in 0.1 M citric acid pH 4, 3 M ammonium sulfate, and 10% glycerol and

flash-frozen in liquid N2. Data from these crystals were collected at the Advanced

Photon Source BM-22, and data from both crystals were integrated and indexed

in HKL-2000. Phases were determined using molecular replacement from an ideal

RNA helix modeled in Coot,690 using PHASER in the PHENIX suite.691 Crystal

twinning was detected using phenix.xtriage, and twin refinement was performed in

phenix.refine.691 Molprobity indicated no incorrect sugar puckers, bad bonds, or bad

angles in both crystal structures. The composite omit map utility within PHENIX

was used to generate the composite omit map, with simulated annealing enabled.691

RNA and DNA structure analysis was performed in 3DNA,605 using refined P-P

distances to determine major and minor groove widths. Figures of models and crystal

structures were generated in the PyMOL Molecular Graphics System (Schrödinger

LLC). The Gas5 GREM duplex crystal structures have been deposited to the PDB

under accession numbers 4MCE and 4MCF.

2.5.7 NMR

NMR data were collected at 25 °C on a Bruker 700 MHz 1H frequency equipped with

a QCI cryoprobe. For RNA NMR experiments, the 33 nt Gas5 RNA (Figure 2.1) was

reconstituted after ethanol precipitation in 20 mM phosphate, 50 mM KCl, 10% D2O

buffer, pH 7.4 to a final concentration of 10 mg/ml. The RNA sample was annealed by

denaturing at 95 °C for 5 minutes and equilibrating to room temperature (20-23 °C)
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overnight. Two-dimensional 1H-detected NOESY and TOCSY spectra were collected

using 100 ms and 200 ms mixing times for Gas5 RNA and after adding equimolar

concentration of GR DBD. The proton carrier frequency was set coincident with the

water resonance for all experiments. For protein NMR experiments, 2D [1H,15N]-

HSQC spectra were collected for free 15N-labeled GR DBD protein or complexed

with 33 nt Gas5 RNA in the same buffer as above. Chemical shift perturbations were

assigned using previously published GR DBD NMR chemical shifts672 and calculated

using the minimum chemical shift perturbation procedure.692 Data were analyzed

with NMRViewJ (OneMoon Scientific, Inc.).693

2.5.8 Modeling the GR DBD - Gas5 RNA complex

NMR chemical shift perturbation and mutagenesis data was used as input to HAD-

DOCK673 to model the GR DBD-Gas5 RNA complex. Prior to docking, the AMBER

12 package694 was used to perform molecular dynamics on the crystal structure of the

Gas5 GREM duplex in order to widen the major groove. Briefly, the tleap module was

used to solvate the Gas5 GREM using a TIP3P octahedral box water model695 and

neutralize the system. The ff12SB force field was employed in the calculations with

the sander module used for the equilibration period and the pmemd.cuda code696,697

used on a graphics processor unit (GPU) for the production runs. The system was

equilibrated in a multi-step process,698 starting with 10000 steps of energy minimiza-

tion (5000 steps of steepest descent, followed by 5000 steps of conjugate gradient); all

non-water and non-hydrogen atoms were restrained during this minimization step.

The systems were then equilibrated for 200 ps in the canonical NVT ensemble699

during which time the temperature was ramped from 10 to 295 K during the first

100 ps and the restraints on the solute atoms were retained. Particle-MESH-Ewald

periodic boundary conditions and a cutoff of 1 nm for both electrostatic and Lennard-

Jones interactions were employed; the SHAKE algorithm700 was applied to constrain
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bonds to hydrogen atoms, and a time step of 1 fs was used. After HADDOCK dock-

ing, the lowest energy docked model from the best scoring cluster was used as the

representative model.

2.5.9 Cell culture

Human adherent cell lines, 22Rv1 (prostate carcinoma cells) and MCF-7 (breast

carcinoma cells), and suspension cell lines, Jurkat, CEM-C7 (both T-lymphoblastic

leukemia cells) and JeKo-1 (Mantle cell B lymphomacells) were routinely cultured

in R-10 medium [RPMI-1640 medium supplemented with L-glutamine (2 mM), fetal

bovine serum (10%) and gentamicin (50 µg/ml)] at 37 °C in a humidified incubator

with 5% CO2. For experiments to determine the influence of Gas5 on androgen signal-

ing, 22Rv1 cells were switched to prfR-10DCSS [phenol red-free RPMI-1640 medium

supplemented with L-glutamine (2 mM), dextran charcoal-stripped fetal bovine serum

(10%) and gentamicin (50 µg/ml) at 24 h prior to transfection. All experiments were

carried out using cells in the logarithmic phase of growth.

2.5.10 Plasmid DNA transfection

WT Gas5 (NR 002578.2 bases 1-631) was cloned into the pcDNA3.1 vector and the

G549A mutation made with the Quikchange site-directed mutagenesis kit (Strata-

gene). 22Rv1, MCF7 cells (each at 2 x 106 cells in 0.1 ml Nucleofector solution V)

and JeKo-1 cells (5 x 106 cells in 0.1 ml Nucleofector solution R) were nucleofected

with 2 µg plasmid, using programs X-001, E-014 and X-001, respectively. Cells were

diluted to 2 ml with R-10 medium (or prfR-10DCSS medium, as appropriate) and cul-

tured in 6-well plates.
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2.5.11 Determination of apoptosis and cell survival

Adherent cell lines were trypsinized at 24 h post-nucleofection, samples were collected

for RNA isolation, and cells were re-plated in 12-well plates (8 x 104 cells/well). For

22Rv1 and MCF-7 cells, additional samples were irradiated with ultraviolet (UV)

light to induce apoptosis before re-plating: cells (105/ml medium) in plastic petri

dishes (lids removed) were exposed to a dose of 40 J/m2 UV-C light, then immedi-

ately centrifuged and resuspended in fresh medium. After culture for 24 h (22Rv1) or

48 h (MCF-7), cells were trypsinized, and adherent and non-adherent cells were com-

bined. Suspension cell lines were also collected at 24 h following transfection for total

RNA isolation and for re-plating at 2 x 105 cells/well in 12-well plates. To determine

viability, cells were stained with 0.1% nigrosin (w/v) and counted using a hemocy-

tometer; cells which excluded the dye were considered to be viable. To determine

apoptosis, cells were stained with acridine orange (25 µg/ml), and the proportion

of cells containing condensed or fragmented chromatin was scored by fluorescence

microscopy (≥200 cells/treatment were scored). In some experiments, the propor-

tion of cells containing activated caspase activity was determined using a commercial

Caspatag assay (CaspaTag Pan-Caspase In Situ Assay Kit; Millipore, Watford, UK)

and fluorescence microscopy (≥200 cells/treatment were scored), according to the

supplied instructions.

2.5.12 Clonogenic assay

Long-term survival and proliferation of transfected JeKo-1, CEM-C7, and Jurkat cells

were assessed by the ability of the cells to form colonies in soft agar. An equal pro-

portion of the culture from each experimental condition was diluted in 5 ml Iscove’s

medium (Sigma) containing 20% heat inactivated fetal calf serum, 10% cell condi-

tioned medium and 0.3% Noble agar (Difco) and plated in 60 mm dishes. Dishes

were also overlaid with 2.5 ml Iscove’s complete medium containing 10% cell con-
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ditioned medium. The number of colonies formed was counted following 2-3 weeks

incubation at 37 °C in 5% CO2.

2.5.13 Determination of androgen sensitivity

22Rv1 cells were trypsinized at 24 h post-nucleofection and cells were re-plated in

12-well plates (8 x 104 cells/well) in prfR-10DCSS. Cells were allowed to attach to

plates for 6 h, then treated with 10 nM R1881 in prfR-10DCSS; controls received 0.05%

DMSO. After 4 h, cells were collected in TRIZOL reagent (Invitrogen, Paisley, UK)

for total RNA isolation.

2.5.14 Real time PCR analysis of gene expression

Total RNA was isolated using TRIZOL reagent (Invitrogen, Paisley, UK), treated

with RQ1 RNase-free DNase (Promega, Southampton, UK) then reverse transcribed

using random hexamer priming and SuperScript II Reverse Transcriptase (Invitro-

gen, Paisley, UK), according to the supplied protocols. For determination of Gas5

levels, real time PCR was conducted using SensiFast Probe Hi-ROX kit (Bioline,

London, UK) and Taq Man Gene Expression Assays (Applied Biosystems, War-

rington, UK; assay codes Hs03464472 m1 for GAS5 and Hs99999901 m1 for 18S).

For determination of expression levels of androgen-responsive genes, real time PCR

was conducted using SensiFast SYBR Hi-ROX kit (Bioline, London, UK) accord-

ing to the supplied instructions and primer sets specific for: KLK2 (forward: 5’-

ATGTGTGCTAGAGCTTACTC-3’; reverse:

5’-AAGTGGACCCCCAGAATCAC-3’); KLK3 (forward:

5’-CCAAGTTCATGRGTGTGR-3’; reverse: 5’-CCCATGACGTGATACCTTGA-3’);

FKBP5 (forward:

5’-CGCAGGATATACGCCAACAT-3’; reverse: 5’-GAAGTCTTCTTGCCCATTGC-

3’); and ACTB (forward: 5’-GTTTGAGACCTTCAACACCC-3’; reverse:
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5’-ATGTCACGCACGATTTCCC-3’). Assays contained 10 ng sample cDNA in a

final volume of 25 µl and were run on an ABI Prism Sequence Detection System

model 7000. For adherent cell lines, standard curves, comprising 0.2 - 60 ng cDNA

(prepared from parental cells), were included with each assay to allow relative quanti-

tation; standard curves of threshold cycle (Ct) value versus log input standard cDNA

were constructed by linear regression, and the equation of the line was used to cal-

culate input amounts of samples from their respective Ct values. For suspension cell

lines, quantitation of Gas5 was determined using the comparative Ct method, using

parental cells as calibrators. Gas5 levels were expressed relative to 18S rRNA, and

levels of androgen-responsive genes were expressed relative to ACTB.

2.5.15 Statistical analysis

Data are presented as the mean and standard error of the mean (SEM). Data shown

represents at least three independent transfections, each being conducted on a sep-

arate cell culture. Data were usually analyzed by a one-way analysis of variance;

culture growth of suspension cell lines was analyzed by a two-way analysis of vari-

ance. Post-hoc analysis was by Tukey’s multiple comparison test. *, **, and ***

indicate p < 0.05, 0.01, and 0.001, respectively by ANOVA with Tukey’s post-hoc

test.

2.5.16 Evolutionary analysis

Genomic sequences of the GAS5 locus were downloaded from the Ensembl database.681

For species where Gas5 was not annotated, the exon 12 sequence was determined using

splice prediction downstream of SNORD81.701 Sequences were aligned in Geneious

(Biomatters), and evolutionary rate analysis was conducted with the haplorhine se-

quences in MEGA 5 with the Tamura-Nei model, using all sites and 3 gamma rate

categories.702
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Chapter 3

The structural basis of
glucocorticoid-mediated
transrepression

3.1 Abstract

A newly discovered negative glucocorticoid response element (nGRE) mediates DNA-
dependent transrepression by the glucocorticoid receptor (GR) across the genome
and plays a major role in immunosuppressive therapy. The nGRE differs dramati-
cally from activating response elements and the mechanism driving GR binding and
transrepression is unknown. To unravel the mechanism of nGRE-mediated transre-
pression by the glucocorticoid receptor, we characterize the interaction between GR
and a nGRE in the thymic stromal lymphopoetin (TSLP) promoter. We show using
structural and mechanistic approaches that nGRE binding represents a new mode of
sequence recognition by human GR and that nGREs prevent receptor dimerization
through a unique GR-binding orientation and strong negative cooperativity, ensuring
the presence of monomeric GR at repressive elements.

This chapter is adapted from the manuscript:
Hudson WH, Youn C, Ortlund EA. The structural basis of direct glucocorticoid-mediated

transrepression. Nat Struct Mol Biol. 2013 Jan;20(1):53-8.

91
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3.2 Introduction

The glucocorticoid receptor (GR) is a ubiquitously expressed vertebrate nuclear re-

ceptor that controls the transcription of genes critical for metabolism, immunity,

development, and responses to stress.703–705 Glucocorticoids, widely prescribed for

their powerful immunosuppressive and anti-inflammatory properties,706 drive the both

the transactivation and transrepression of GR target genes, with transactivation

of target genes slightly more prevalent than repression.565 Therapeutically benefi-

cial GR-mediated immunosuppression is thought to occur primarily through indirect

or tethered DNA-independent interactions of GR with other transcription factors

such as NF-κB572 and Stat3707 to repress pro-inflammatory genes.708 In contrast,

side effects of glucocorticoids are often attributed to direct gene activation.709 Re-

cently, a new role for direct, DNA-dependent transrepression by GR was discov-

ered through the identification of widely-prevalent negative glucocorticoid response

elements (nGREs).574 These elements differ in sequence from activating glucocorti-

coid response elements ((+)GREs) and selectively recruit the corepressors NCoR and

SMRT to the promoters of nGRE-containing genes upon GR binding.574 Functional

nGREs have been identified within hundreds of promoters, including many key in-

flammatory and metabolic genes.574 Furthermore, nGRE-containing genes such as

insulin, the insulin receptor, and Bcl-2 are implicated in side effects associated with

glucocorticoid therapy.574 Identifying the repressive mechanism of GR at nGRE-

containing genes may support the quest for dissociated GR ligands that separate

beneficial effects of glucocorticoid agonists from their side effects.

Numerous mechanistic studies have shown that GR transactivation requires

the presence of (+)GREs which allosterically mediate GR binding, recruitment of

coactivators, and transcription.669,710 These elements contain two inverted repeat

AGAACA sequences separated by three nucleotides, with bold residues critical for

GR binding.677 The three nucleotide spacing between half-sites is strictly required to
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preserve dimerization potential of GR on the element.334 In contrast, the nGRE con-

sensus sequence, CTCC(n)0-2GGAGA, differs dramatically from activating sequences.

The spacing required in the nGRE is variable, ranging from 0-2 nucleotides, suggest-

ing that GR dimerization may not be necessary for nGRE-mediated transrepression.

Given the radically different sequence and organization of nGREs, it is unclear

how GR binds to this element to repress the vast array of nGRE containing genes. To

unravel the mechanism of nGRE-mediated transrepression by the glucocorticoid re-

ceptor, we characterize the interaction between GR and a nGRE in the thymic stromal

lymphopoetin (TSLP) promoter. This nGRE, 850 base pairs (bp) upstream of the

TSLP transcription start site, mediates the reduction of TSLP mRNA levels by 50%

in response to GR agonists.574 TSLP regulates many critical immune processes711–713

and is implicated in disorders such as atopic dermatitis, asthma, irritable bowel syn-

drome, and arthritis.714–718 Using this prototypical nGRE, we employ structural,

biochemical, and cellular approaches to demonstrate that two GR monomers bind

nGREs in an everted repeat orientation with strong negative cooperativity. When

combined, the unique GR conformation and negative cooperativity, ensures the pres-

ence of monomeric GR at nGREs. This interaction mechanism represents a new mode

of GR - DNA binding and a new paradigm for GR transrepression.

3.3 Results

3.3.1 nGRE binding displays negative cooperativity

To initially characterize the affinity of GR for nGREs, we compared binding of

recombinantly expressed glucocorticoid receptor DNA binding domain (DBD) to

fluorescently-labeled activating and repressive GR response elements. The canoni-

cal (+)GRE contains two nearly-identical inverted GR binding sites separated by 3

bp and enables cooperative DNA binding and dimerization. We found that GR binds
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these elements with a Kd of 73 nM and a Hill slope of 1.4, indicating the expected pos-

itive cooperativity (Figure 3.1a, Table 3.1). However, when testing GR binding to the

TSLP nGRE, we observed a dramatically different binding curve, which qualitatively

appeared as a two-site binding event (Figure 3.1a).

To test the superiority of a two-site binding model for GR - nGRE interactions,

we performed an extra-sum-of-squares F-test comparing a two-site binding event with

a cooperative one-site binding event (Table 3.1). We found that the TSLP nGRE

contains two distinct binding sites (p < .0001) with Kds of 363 nM and 63 µM. To

establish this as a property of all nGREs, we confirmed this result on other nGREs

from promoters of genes such as insulin and FGFR3 (Figure 3.1b, Table 3.1). We

found that relatively weaker binding of GR to nGREs compared to (+)GREs appears

to be a general feature of nGREs and mirrors the affinity of GR for a canonical

(+)GRE half-site (Table 3.1). While high-affinity site binding affinity was relatively

constant among nGREs, affinity of the second site varied considerably, suggesting

that flanking sequence of the low-affinity site may affect its ability to recruit GR.
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Figure 3.1: GR interacts with nGREs in a unique orientation, preventing receptor
dimerization. (a) GR-DNA binding monitored by fluorescence polarization. mP,
millipolarization. (b) Additional human nGREs as well as the mouse Tslp nGRE
exhibit a similar binding profile with two GR binding sites and affinities comparable
to that of the TSLP promoter. Binding data are represented as mean ± SEM from
three replicates from at least two independent fluorescence polarization experiments.
(c) Overall structure of GR DBD (blue) in complex with the TSLP nGRE (gray).
Bases comprising the GR binding sites are in black, and Zn2+ is depicted as gray
spheres. The GR dimerization interface (red) of each GR monomer is oriented away
from the second monomer in an everted repeat conformation. (d) Structure showing
how GR binds to a (+)GRE as a dimer in an inverted repeat conformation, enabling
contact between dimerization loops (PDB 3FYL).669
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F (DFn,
DFd) for
two-site
binding

p-value for
two-site
binding

Kd, high ±
SEM (µM)

Kd, low ±
SEM (µM)

r2

(+)GRE NC NC 0.07 ± .007 NC 0.92

TSLP nGRE 21.84 (1,92) <0.0001 0.36 ± 0.06 63 ± 86 0.97

FGFR3 nGRE 8.386 (1,92) 0.0047 0.28 ± 0.08 42 ± 42 0.92

INS nGRE 43.26 (1,92) <0.0001 0.50 ± 0.07 444 ± 1976 0.98

EPHA2 nGRE 39.85 (1,43) <0.0001 0.14 ± 0.01 9.8 ± 2.1 0.99

Tslp nGRE (mouse) 3.457 (1,92) 0.0662 0.52 ± 0.19 36 ± 37 0.92

GR DBD Arg460Asp /
Asp462Arg - TSLP nGRE

10.16
(1,140)

0.0018 0.14 ± 0.06 5.6 ± 1.5 0.95

GR DBD Lys442Ala - TSLP
nGRE

NC NC 5.14 ± 0.51 NC 0.97

TSLP nGRE, high site muta-
tion

2.579 (1,92) 0.1117 0.83 ± 0.2 14 ± 9.3 0.98

TSLP nGRE, low site muta-
tion

16.83 (1,44) 0.0002 0.26 ± 0.06 11 ± 1.2 0.99

TSLP nGRE (mouse), IR0 8.968 (1,92) 0.0035 0.79 ± 0.18 43 ± 57 0.97

(+)GRE Half-site only NC NC 0.38 ± 0.09 NC 0.92

TSLP, low site only NC NC 12.7 ± 0.8 NC 0.99

GR DBD Ala458Thr -
(+)GRE

26.54 (2,44) <0.0001 0.37 ± 0.06 10.9 ± 6.0 0.99

GR DBD Ala458Thr - TSLP
nGRE

NC NC 1.1 ± 0.08 NC 0.99

GR DBD Ala458Thr - TSLP
nGRE (mouse)

NC NC 1.5 ± 0.08 NC 0.99

GR DBD Ala458Thr - INS
nGRE

NC NC 1.1 ± 0.05 NC 0.99

GR DBD Arg460Asp /
Asp462Arg - (+)GRE

NC NC 0.08 ±
0.007

NC 0.97

GR DBD Ala458Thr - low site
only

NC NC 2.8 ± 0.3 NC 0.99

Table 3.1: Interaction between GR DBD and nGREs, monitored by fluorescence
polarization. NC, no convergence of two-site binding model. All binding experiments
are with WT GR DBD unless otherwise noted.
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3.3.2 Structure of the repressive GR DBD - nGRE complex

To discover the structural basis for this unusual mechanism of binding, we solved the

crystal structure of the GR DNA binding domain (DBD) in complex with the TSLP

nGRE to a resolution of 1.9 Å (Table 3.2). Surprisingly, the crystal structure showed

two GR monomers bound to non-identical everted sites in a head-to-tail fashion, sep-

arated by 1 bp as predicted (Figure 3.1c).574 In this orientation, the dimerization

loop (or D-loop) of each GR monomer is directed away from the other monomer and

rotated by 180° around the DNA axis (Figure 3.1c), abrogating the opportunity for

DBD-mediated GR dimerization. In contrast, GR binds (+)GREs in a head-to-head

orientation on the same side of DNA, allowing cooperative binding and dimeriza-

tion (Figure 3.1d). The everted repeat conformation found in the nGRE ensures

monomeric binding by preventing DNA-mediated GR dimerization and may explain

the element’s repressive character since monomeric GR is associated with gene re-

pression.719 To our knowledge, this unexpected everted repeat nuclear receptor-DNA

binding geometry has been previously described only in the thyroid and retinoic acid

receptors.720,721



98 CHAPTER 3. GLUCOCORTICOID-MEDIATED TRANSREPRESSION

GR DBD-TSLP nGRE GR DBD Arg460Asp / Asp462Arg -
TSLP nGRE

Data collection
Space group P212121 P212121

Cell dimensions
a, b, c (Å) 39.3, 96.6, 104.0 38.7, 87.9, 103.2
Resolution (Å) 1.9 (1.97-1.90) 2.55 (2.64-2.55)
Rsym 8.5 (54.5) 9.8 (37.7)
I / σI 26.7 (2.2) 15.7 (2.8)
Completeness (%) 99.7 (98.4) 96.9 (83.3)
Redundancy 6.3 (4.2) 3.7 (2.8)

Refinement

Resolution (Å) 1.9 2.55
No. reflections 31,815 11,685
Rwork / Rfree 20.7 / 23.5 19.5 / 24.8
No. atoms
Protein 1,115 1,110
DNA 650 650
Water 204 33
B-factors
Protein 39.7 32.6
DNA 56.5 45.5
Water 44.7 30.2
RMS deviations
Bond lengths (Å) 0.007 0.013
Bond angles (Å) 1.15 1.78

Table 3.2: Data collection and refinement statistics. Both data sets obtained from a
single crystal.
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3.3.3 GR binds to nGREs as two monomers at nonequivalent

sites

Based on the identification of low- and high-affinity sites in our GR - nGRE binding

data, we hypothesized that each nGRE-bound GR monomer may make different

contacts with DNA, resulting in differing affinities of each monomer for its binding

site. Indeed, each of the two bound monomers uses different amino acid side chains

to make base-specific contacts. One GR monomer makes three base-specific contacts,

whereas a second monomer contacts only one base in a specific fashion (Fig 3.2).

To assist in the determination of the high- and low-affinity sites, we used the PISA

server722 to identify free energy gains from GR monomer-DNA interactions. The first

DNA-monomer interaction, with three specific contacts, has a very favorable free

energy change upon formation of the interface (∆G = -9.5 kcal/mol). The second

monomer shows a ∆G of only -5.9 kcal/mol, identifying the former site as the likely

high-affinity site.
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Figure 3.2: Comparison of GR receptor conformation bound to the low- and high-
affinity nGRE sites. Close up view of the high- and low-affinity GR - TSLP nGRE
interaction with side chains and nucleotide depicted as sticks (O, red; N, blue). (a) In
the low affinity nGRE binding site (white), Arg447 contacts a guanine base outside the
nGRE consensus sequence. However, in the high-affinity site (black), Arg447 makes
no base-specific contacts. Rather, Arg447 makes contact with the C844 backbone
phosphate. (b) In the low-affinity site (white) Lys442 and Val443, which are critical
for recognition of the high affinity nGRE site (black), make no base-specific contacts.



3.3. RESULTS 101

This suspected high-affinity GR DBD - nGRE DNA interaction involves three

base specific contacts within the major groove (Figure 3.3a): Val443 makes hydropho-

bic contacts with cytosine 846 and thymine 847 and Lys442 donates a hydrogen bond

to N7 of guanine 849. Mutation of this guanine to adenine increases the Kd of GR

for the high affinity site, confirming the identity of the high-affinity GR binding site

(Table 3.1). In a previous study, the identical mutation ablates the repressive ability

of the mouse TSLP nGRE.574 Likewise, mutation of Lys442 significantly diminishes

nGRE binding (Table 3.1). Unlike its DNA-reading function in (+)GRE structures,

the Arg447 side chain is prevented from making base-specific contacts due to a steric

clash with thymine 845 (Figure 3.3b). The repositioned Arg447 instead make hy-

drophobic interactions with this base and ionic interactions with the cytosine 844

backbone phosphate. Mutation of thymine 845 to guanine, which would permit the

active conformation of Arg447, abrogates transrepression.574 The low-affinity GR

DBD - DNA interaction involves only one sequence-specific contact: Arg447 contacts

guanine 856, outside the nGRE consensus sequence (Figure 3.2a). Mutation of gua-

nine 856 does not affect GR binding to the high-affinity site (Table 3.1), and Lys442

and Val443 do not sufficiently penetrate the major groove to facilitate sequence-

specific DNA contacts (Figure 3.2b). As a result, the DNA major groove at the

low-affinity site contains more waters than the high-affinity site. Recognition of the

nGRE high-affinity site requires a more specific contacts and a greater hydrophobic

interaction surface than either the low-affinity nGRE site or (+)GRE sequences, as

confirmed by PISA.574
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Figure 3.3: GR employs unique interactions to recognize the high-affinity site within
nGREs. (a) Close up view of the high-affinity GR - TSLP nGRE interaction with side
chains and nucleotide depicted as sticks (O, red; N, blue). Hydrogen bonds and van
der Waals interactions are represented by red and black dashed lines, respectively.
Three base-specific contacts are present between GR and the high-affinity nGRE
binding site. Val443 makes two hydrophobic contacts, and Lys442 donates a hydrogen
bond to guanine 849. (b) Arg447 makes unique non-specific interactions with DNA at
the high-affinity nGRE binding site. In contrast, Arg447 makes base-specific contacts
with a guanine base when bound to a (+)GRE (orange; PDB 3FYL). c) 2Fo-Fc

electron density (blue mesh) contoured at 1 σ showing the conformation of the lever
arm residues in TSLP nGRE-bound GR alone and (d) superimposed on (+)GRE-
bound GR (orange).
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Taken together, these data demonstrate the mechanism by which GR recognizes

the GGAG within the high-affinity nGRE binding site (Figure 3.1c), and explains the

strict conservation of one of these GGAG motifs present in the nGRE consensus.574

The role of the low affinity GR site within the nGRE remains unclear. Despite an

identical GGAG sequence present at the low-affinity site, GR binds this site very

weakly (Table 3.1). The low affinity site is far more resistant to mutation than the

high-affinity site, yet spacing between the low- and high-affinity sites affects both GR

binding and transrepression (reference 574, Table 3.1).

3.3.4 DNA-mediated allostery differs between activating and

repressive GR response elements

Recent work comparing several GR - (+)GRE crystal structures demonstrated that

DNA serves as an allosteric modulator of GR activity where the binding of the first

GR monomer relays conformational information through DNA to promote the sec-

ond binding event, ultimately driving transactivation by favoring coactivator recruit-

ment.669,723 This positive cooperativity is so strong that detection of the intermediate

state (monomeric GR on DNA) is often difficult.724 In contrast, we found that GR

binding to the TSLP nGRE exhibits unusually strong negative cooperativity, where

binding of the first GR monomer impedes binding of the second (Figure 3.4). The GR

nGRE complex also exhibits a different DNA shape than (+)GREs, with a narrow

major groove compared to the average of 11 GR DBD structures solved669 in complex

with 16 bp (+)GRE DNA constructs (Figure 3.5). B-factor analysis also reveals that

nGRE and (+)GRE DNA undergo dramatically different structural perturbations

upon GR binding (Figure 3.5). On (+)GREs, GR binding drives a constriction of

the minor groove to facilitate direct protein protein contacts. In contrast, the GR

- nGRE interaction forces a narrower major groove and wider minor groove, which

opposes the binding of a second GR monomer (Figure 3.5). Since monomeric GR
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is linked with transcriptional repression,719 negative cooperativity may reinforce the

repressive character of the nGRE. Alternatively, since recruitment of coactivators by

steroid receptors may depend on cooperative binding on DNA response elements,723

non-cooperative mechanisms of DNA binding may allow DNA-sensitive domains of

GR to adopt alternate, repressive confirmations.
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Figure 3.4: Binding model of GR to the TSLP nGRE. The TSLP nGRE contains two
non-identical, interacting binding sites. Binding of GR to the high- and low affinity
sites is defined by K1 and K2, respectively. However, binding of GR to the low-
affinity site is reduced when the high affinity site is occupied (K2>K3), demonstrating
negative cooperativity.
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Figure 3.5: GR-bound nGRE DNA exhibits a different conformation than GR-bound
(+)GRE elements. (a, b) The DNA shape from the GR - nGRE crystal structure
reported in this article (left) and a previously solved GR - (+)GRE structure (PDB
3G9P). Groove measurements for (+)GRE DNA are an average of 11 GR - (+)GRE
structures solved with 16 bp DNA constructs. (c, d) Isotropic B-factors are shown
for the DNA in the GR-TSLP nGRE structure and a GR - (+)GRE structure.
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For example, the lever arm, which immediately follows the DNA reading he-

lix, has been identified as being the critical structural motif sensitive to sequence-

dependent conformational changes on (+)GREs.669 When bound to a nGRE, these

lever arm residues adopt a distinct conformation compared to (+)GRE-bound GR

(Figure 3.3c, 3.3d). Specifically, His453 adopts a flipped conformation in both monomers,

interacting with Arg447 and Tyr455 rather than the packed conformation critical for

activation from (+)GRE-containing promoter elements (Figure 3.3d, Figure 3.6). The

loss of sequence-specific contacts by Arg447 in the nGRE allows His453 to be stabi-

lized in a flipped conformation by both a hydrogen bond and van der Waals contact

from the repositioned Arg447 (Figure 3.6). Repositioning of Arg447 also eliminates

half of a helical turn of the DNA reading helix, supporting the flipped conformation

of the lever arm (Figure 3.3d). The lever arm is the most dynamic portion of the GR

DBD, with B-factors significantly higher than other regions of the protein, yet these

residues display good electron density. This modulation of the lever arm by sequence-

specific contacts illustrates the pivotal role of the lever arm in receptor activation and

confirms the allosteric ability of DNA to drive receptor activation and repression.
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Figure 3.6: Repositioning of Arg447 in nGRE-bound GR stabilizes a flipped con-
formation of His453. A close up view of Arg447 and His453 interactions in the GR
- TSLP nGRE complex (blue) and GR - (+)GRE complex (orange) is shown. (a)
When bound to the high-affinity nGRE site, Arg447 of nGRE makes no sequence spe-
cific contacts (see also Figure 3.3b). However, Arg447 is able to stabilize His453 in
the flipped conformation using a hydrogen bond (red dashed line) and van der Waals
contact (black dashed line) not present in (+)GRE-bound GR (PDB 3G6P, panels
b and c). On (+)GREs, His453 may be flipped (b) or packed (c). In both cases,
Arg447 makes a sequence specific contact with DNA and is therefore not positioned
to control the conformation of His453.
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3.3.5 Dimerization competes with nGRE binding and tran-

srepression

Our structure and model of nGRE action predict that receptor dimerization op-

poses nGRE binding and therefore interferes with direct transrepression. Recent

work has indicated that GR is unique among steroid receptors in that it exhibits

no reversible self-association725 and is dependent on receptor-DNA interactions for

dimerization.726,727 To examine the effects of altered dimerization surfaces on nGRE

binding and repression, we used two well-characterized GR mutants: Ala458Thr,

often called the GRdim mutant, which is unable to support most glucocorticoid me-

diated gene activation, (+)GRE binding, or direct DNA repression in vivo,728 and

a double mutant containing the Arg460Asp and Asp462Arg mutations (Arg460Asp

/ Asp462Arg), which has been shown to reduce GR dimerization and decrease ac-

tivation of multiple (+)GREs.729 Notably, this mutation was previously found to

potentiate repression of Bcl-2,730 which was recently shown to harbor a consensus

nGRE within its promoter.574

The Ala458Thr mutant bound to a (+)GRE in a clear two-site binding event

(Table 3.1), indicating a loss of cooperativity on this element. In this way, binding

of the Ala458Thr mutant to (+)GREs strongly resembles binding of WT GR to

nGREs. The Arg460Asp / Asp462Arg mutant showed similar DNA binding as WT

to (+)GRE sequences. Next, we tested each of these mutants for binding to nGREs.

The Ala458Thr mutation differentially affected binding to each of the GR binding sites

on the TSLP nGRE, improving low-affinity site binding but decreasing high-affinity

site binding (Table 3.1). The net effect of this mutation is to decrease the affinity of

GR for nGREs by 500%, to nearly 3 µM. In contrast, the Arg460Asp / Asp462Arg

mutation improved binding at both sites on the TSLP nGRE. We then tested the

ability of each variant to repress a reporter containing a constitutively active luciferase

gene preceded by the nGRE-containing region of the TSLP promoter, as performed
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previously.574 In line with our in vitro binding data, the Ala458Thr showed a modest

ability to repress luciferase expression (Figure 3.8). Strikingly, the Arg460Asp /

Asp462Arg mutation was a more potent repressor of luciferase activity than WT

GR (Figure 3.7a). To observe the effects of this mutant on the GR dimerization

interface, we solved the crystal structure of the GR Arg460Asp / Asp462Arg mutant

bound to the TSLP nGRE (Figure 3.7b, Table 3.2). The structure of the Arg460Asp

/ Asp462Arg mutant shows a less favorable dimerization interface (Figure 3.7c-e),

suggesting that the superior binding and repressive potential of the GR Arg460Asp

/ Asp462Arg mutant is indeed due to decreased dimerization efficiency.
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Figure 3.7: The GR Arg460Asp / Asp462Arg mutant reduces receptor dimerization,
enhancing GR-mediated transrepression at the TSLP nGRE. (a) Transfection of the
plasmid encoding the GR Arg460Asp / Asp462Arg mutant in HeLa cells potentiates
downregulation of a constitutively active TSLP promoter compared to the wild-type
(WT) GR (5 ng each). Data are presented as the mean ± SEM of two indepen-
dent experiments with five internal replicates each. (b) Superposition of GR (blue)
and the GR Arg460Asp / Asp462Arg mutant (magenta) bound to the TSLP nGRE
(gray). (c) When bound to a (+)GRE element, Arg460 and Asp462 form two in-
termolecular salt bridges (red dashes) across the homodimer interface (PDB 3FYL).
(d) In the GR - nGRE structure, crystal-packing interactions require the formation
of a pseudocontinuous DNA helix and promote the formation of a pseudo-GR dimer
across a twofold symmetry axis. These interactions are necessary for crystal forma-
tion but are not possible in solution-based binding assays. (e) Struture showing that
the GR Arg460Asp / Asp462Arg mutant lacks key dimerization contacts between GR
monomers, disrupting symmetry-imposed dimerization contacts.



112 CHAPTER 3. GLUCOCORTICOID-MEDIATED TRANSREPRESSION

Figure 3.8: The GRdim mutant, Ala458Thr, represses a constitutively active TSLP
nGRE- containing promoter. 10 ng of indicated receptor was transfected into HeLa
cells, and the data represents two independent experiments with five internal repli-
cates each, and mean ± SEM is shown.
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3.4 Discussion

The glucocorticoid receptor controls the transcriptional activation and repression of

thousands of genes. Multiple regulatory levels are required to achieve a coordinated

response, including epigenetic and mRNA regulation, posttranslational modification,

circadian rhythms, ligand availability, and target DNA sequence accessibility and

binding.677,731–734 Here, we demonstrate that DNA-binding orientation and sequence-

specific contacts control repression of negative GR response element-containing genes.

GR binds to these nGREs in a head-to-tail, rotated conformation that prevents DNA-

mediated dimerization, in contrast to the DNA-mediated dimerization found on ac-

tivating GR-binding sites. These unique nGRE sequences alter the conformation of

GR residues critical for transcriptional activation, further illustrating the importance

of DNA as an allosteric modulator of receptor activity.

A similar mechanism of allosteric modulation between repressive and activating

response elements has been demonstrated with the transcription factor Pit-1. Like

GR, Pit-1 is monomeric in solution and dimerizes in a DNA-dependent manner.735

Pit-1 differentially represses and activates transcription of target genes based on spac-

ing between DNA response elements, and this difference in DNA sequence allows re-

cruitment of NCoR to repressive Pit-1 elements.736 However, Pit-1 maintains similar

protein-DNA contacts at both repressive and activating elements; repressive elements

differ in that they contain two additional, conserved bases between half-sites.736 Fur-

ther, Pit-1 homodimerizes in both the transactivating and transrepressive complexes.

In contrast, we demonstrate that nGREs have evolved to recognize GR using a new set

of sequence specific criteria favoring monomeric binding over the cooperative binding

observed in (+)GREs. This altered sequence generates a novel high-affinity GR bind-

ing site and affects the conformation of GR residues, such as His472, which are critical

for receptor activation.669 The comparison between Pit-1 and GR gives an excellent

example of how different transcription factors adopt activating and repressive confor-
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mations via contrasting mechanisms. It is possible that other transcription factors

have alternate DNA response elements that may differentially affect their function.

Notably, the other 3-keto steroid receptors (the androgen, mineralocorticoid, and

progesterone receptors) can recognize (+)GREs, but it is currently unknown whether

these receptors can bind or mediate repression from nGREs.

In general, GR-dependent activation requires DNA-mediated receptor dimer-

ization. We confirm that the GRdim mutation, Ala458Thr, ablates DNA-mediated

cooperative binding to (+)GREs. Despite this, the GRdim mutation does not actively

repress (+)GRE containing genes (e.g. it does not convert a (+)GRE into a repres-

sive element), suggesting that the GRdim mutant is either incapable of stably binding

(+)GREs as a monomer in vivo or that the presence of monomeric GR at (+)GRE

elements is not sufficient for corepressor recruitment. This indicates that the nGRE

sequence may be specific not only for monomeric binding of GR but also for arrang-

ing the receptor into a repressive conformation. The lever arm, previously implicated

in receptor activation status,669 adopts a distinct conformation in the nGRE-bound

structures reported here, suggesting that it plays a critical role mediating not only

GR transactivation but also transrepression.

Widespread clinical use of glucocorticoids has fueled the search for dissociated

compounds, capable of minimizing side effects without compromising their anti-

inflammatory function. One such GR ligand, Compound A (CpdA), has been shown

to inhibit GR dimerization and consequently transactivation from (+)GRE contain-

ing genes,737 yet still supports the transrepression of nGRE-containing genes such as

POMC .738,739 Thus, if the major effect of CpdA is to disrupt dimer formation, it is

now clear why CpdA permits transrepression from nGREs while preventing transacti-

vation, suggesting that the opposing effects of direct, DNA-dependent transrepression

and transactivation are mediated by the dimerization status of the receptor.
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3.5 Methods

3.5.1 Protein expression and purification

The DNA binding domain (DBD) of human glucocorticoid receptor (GR) α (residues

417-506, accession ADP91252) was cloned with a 6X-Histidine tag into the pMCSG7

vector. The DBD was expressed in BL-21(DE3) pLysS E. coli and induced with 0.3

mM IPTG for four hours at 30 °C. Cells were lysed in 1 M NaCl, 20 mM Tris-HCl

(pH 7.4), 25 mM imidazole, and 5% glycerol via sonication. Protein was purified via

affinity chromatography (HisTrap) followed by TEV protease cleavage and dialysis to

100 mM NaCl, 20 mM Tris-HCl (pH 7.4), and 5% glycerol. The DBD and affinity

tag were separated by affinity chromatography (HisTrap), and further purified by gel

filtration. For storage, protein was concentrated to 4 mg/ml, flash frozen in liquid

N2, and stored at -80 °C. Mutations were made using the QuikChange Site-directed

Mutagenesis kit (Stratagene).

3.5.2 Nucleic acid binding assays

Synthesized nucleic acid duplexes (Integrated DNA Technologies) were annealed in

10 mM NaCl, 20 mM Tris-HCl pH 8.0 by heating to 90 °C and slow cooling to room

temperature. Fluorescence polarization was used to detect the formation of DBD -

nucleic acid complexes. Indicated amounts of DBD were added to wells containing 10

nM of 6-FAM-labeled nucleic acids (Table 3.1). Reactions were performed in 100 mM

NaCl, 20 mM Tris-HCl (pH 7.4), 5% glycerol and measured with a Biotek Synergy

plate-reader at an excitation/emission wavelength of 485/528 nm.

For each binding experiment, an F-test was used to compare a two-site binding

event to a one-site binding event with Hill slope, generating an F-statistic and p-value

for a two-site binding model. In Table 3.1, these F-statistics (with numerator and

denominator degrees of freedom) and p-values are shown in addition to Kd values
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for the low and high affinity DNA binding sites, and the coefficient of determination

(r2) of the applicable fit. Complexes are with WT GR DBD unless otherwise noted,

and Graphpad Prism 5 was used for binding data analysis and graph generation.

Nucleotide sequences used in binding experiments are shown in Table 3.3.



3.5. METHODS 117

Construct Sequence
TSLP nGRE (crystallization) 5’ - CGCCTCCGGGAGAGCT - 3’

5’ - AGCTCTCCCGGAGGCG - 3’
TSLP nGRE (binding) 5’ - (FAM)CCGCCTCCGGGAGAGCTG - 3’

5’ - CAGCTCTCCCGGAGGCGG - 3’
FGFR3 nGRE 5’ - (FAM)CTGCCTCCCCGGAGATGG - 3’

5’ - CCATCTCCGGGGAGGCAG - 3’
INS nGRE 5’ - (FAM)TGCTCTCCTGGAGACATT - 3’

5’ - AATGTCTCCAGGAGAGCA - 3’
EPHA2 nGRE 5’ - (FAM)TGAGCTCCAGGAGAAGGG - 3’

5’ - CCCTTCTCCTGGAGCTCA - 3’
Tslp nGRE (mouse) 5’ - (FAM)TGAGCTCCAGGAGAGTAG - 3’

5’ - CTACTCTCCTGGAGCTCA - 3’;
TSLP (high site mutation) 5’ - (FAM)CCGCCTCCGAGAGAGCTG - 3’

5’ - CAGCTCTCTCGGAGGCGG - 3’
TSLP (low site mutation) 5’ - (FAM)CCGCCTCGGGGAGAGCTG - 3’

5’ - CAGCTCTCCCCGAGGCGG - 3’
Tslp, IR0 (mouse, spacer removed) 5’ - (FAM)TGAGCTCCGGAGAGTA - 3’

5’ - TACTCTCCGGAGCTCA - 3’
(+)GRE 5’ - (FAM)CCAGAACAGAGTGTTCTGA - 3’

5’ - TCAGAACACTCTGTTCTGG - 3’
TSLP, low site only 5’ - (FAM)CCGCCTCCGG - 3’

5’ - CCGGAGGCGG - 3’

Table 3.3: Oligonucleotides used in crystallization and binding studies. FAM indicates
the position of 6-carboxyfluorescein.
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3.5.3 Reporter gene assays

A 400 bp region of the TSLP promoter surrounding the nGRE (chr5:110,406,332-

110,406,745; GRCh37) was cloned between an SV40 enhancer and promoter upstream

of firefly luciferase, similar to the construct described previously.574 50 ng of this

construct, indicated amounts of receptor, and 1 ng of constitutively active renilla

luciferase were transfected with FuGene HD (Promega) in OptiMEM (Invitrogen)

into HeLa cells cultured in AlphaMEM (Invitrogen) supplemented with 10% char-

coal stripped FBS (PAA). 24 hours after transfection, cells were treated with 1 µM

dexamethasone, and after 18 hours, firefly and renilla luciferase were measured with

the Dual-Glo assay system (Promega) on a Biotek Synergy plate-reader. Firefly lu-

ciferase activity was normalized to renilla luciferase for each well, and levels of all

treatments were normalized to cells transfected only with the constitutively active

nGRE construct and not treated with dexamethasone. An asterisk indicates p < 0.01

by ANOVA with Tukey’s multiple comparison test.

3.5.4 Structure determination

Crystals of the GR DBD - TSLP nGRE complex were grown by hanging-drop va-

por diffusion in 15% PEG 20000, 6% glycerol, 7.5% ethanol, and 0.1M HEPES (pH

7.5) with a protein concentration of 3.5 mg/ml and a 2:1 protein:DNA molar ratio.

Crystals were cryoprotected in crystallant with 20% PEG 20000 and 20% glycerol

and flash-frozen in liquid N2. Crystals of the GR DBD Arg460Asp / Asp462Arg

- TSLP nGRE complex were grown by hanging-drop vapor diffusion in 15% PEG

2000 MME, 6% glycerol, and 0.1M HEPES (pH 7.5), with a protein concentration

of 3.5 mg/ml and a 2:1 protein:DNA molar ratio. These crystals were cryoprotected

in crystallant with 25% PEG 2000 MME and 20% glycerol, and flash-frozen in liquid

N2. Data were collected at 100 K and a wavelength of 1.00 Å at Southeast Regional

Collaborative Access Team (SER-CAT) at the Advanced Photon Source (Argonne,
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IL) and processed using the HKL-2000 software. The structures were phased via

molecular replacement using previously-solved structures669 of the GR-GRE complex

in Phenix.691 The structure was refined with phenix.refine691 and model building was

performed in COOT.690 99% of residues are Ramachandran favored or allowed regions

for both the WT GR and Arg460Asp / Asp462Arg structures, respectively, with 1%

outliers in both structures. Pymol was used to visualize the structure and generate

figures. 3DNA was used to analyze nucleic acid groove widths.605 Amino acids are

numbered according to the human GR sequence (ADP91252). Bases are numbered

by position upstream of the TSLP (NM 033035) transcription start site, which is an

additional 199 nt upstream of the translation start site (CCDS4101).

3.5.5 Accession codes

Coordinates and structure factors of the human GR DBD and Arg460Asp / Asp462Arg

mutant bound to the human TSLP promoter have been deposited in the Protein Data

Bank under accession numbers 4HN5 and 4HN6, respectively.

3.6 Statistical Note

In a model with two identical interacting binding sites, cooperativity (β) is positive

when the affinity for binding of a second GR monomer is higher than the affinity

for the first and is defined by the ratio of two affinities, yielding β >1. Negative

cooperativity is defined by β < 1. The value for perfect negative cooperativity is

zero where the binding of one monomer completely prevents the binding of second

monomer.

However, since the TSLP nGRE contains two non-identical interacting GR bind-

ing sites, we used a two independent interacting binding site model to determine

cooperativity (Figure 3.4). Binding of GR DBD to the fluorescently labeled WT
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TSLP nGRE construct provided association constants (K = 1/Kd) for high affinity

site binding and low affinity site binding following high affinity site binding (K1 and

K3, respectively). To determine the affinity of low affinity site binding (K2), we used

a fluorescently labeled TSLP nGRE construct containing only the low affinity site

(Table 3.3).

In this model, cooperativity (β′) is given by equation 3.1:

β =
2K1K3

K1+K2

1
2
(K1 +K2)

(3.1)

which gives a value indicating strongly negative cooperativity, β′ = 0.02. This indi-

cates that binding of the first GR monomer at the high affinity site strongly hinders

binding of a second GR monomer.

Statistical model adapted from notes by A. van Oudenaarden: Equilibrium bind-

ing and cooperativity, Accessed May 31, 2012. http://web.mit.edu/biophysics/

sbio/PDFs/L3_notes.pdf.
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Chapter 4

Crystal structure of the
mineralocorticoid receptor DNA
binding domain in complex with
DNA

4.1 Abstract

The steroid hormone receptors regulate important physiological functions such as re-
production, metabolism, immunity, and electrolyte balance. Mutations within steroid
receptors often drive cancers or cause endocrine disorders. Despite the conserved
structure of proteins within the steroid receptor family, activation of individual steroid
receptors can often have differing effects on gene expression. Here, we present the
first structure of the human mineralocorticoid receptor DNA binding domain, in com-
plex with a canonical DNA response element. The overall structure is similar to the
glucocorticoid receptor DNA binding domain, but small changes in the mode of DNA
binding and lever arm conformation may begin to explain the differential effects on
gene regulation by the mineralocorticoid and glucocorticoid receptors. In addition,
we explore the structural effects of mineralocorticoid receptor DNA binding domain
mutations found in type I pseudohypoaldosteronism and multiple types of cancer.

This chapter is adapted from the manuscript:
Hudson WH, Youn C, Ortlund EA. Crystal structure of the mineralocorticoid receptor DNA

binding domain in complex with DNA. PLoS ONE. 2014 Sept 4; 9(9):e107000.
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4.2 Introduction

Steroid hormones are powerful regulators of homeostatic functions such as cell growth,

immunity, reproduction, and metabolism.740 Steroid hormones exert their effects by

binding to steroid hormone receptors (SRs), which include the estrogen receptors as

well as members of the NR3C subfamily (i.e. the mineralocorticoid, glucocorticoid,

androgen, and progesterone receptors). Upon ligand binding, SRs translocate from

the cytoplasm, where they are bound to heat shock proteins, to the nucleus where

they bind their DNA response elements and regulate the transcription of hundreds

of genes.741 The potent transcriptional activity of SRs combined with a very high

affinity for their endogenous ligands allows small concentrations of steroid hormones

to coordinate diverse cellular processes across a single organism.

Protein domain structure is conserved throughout the NR3C family. The SRs

contain an N-terminal transactivation domain of variable length, a DNA binding do-

main (DBD) containing two Cys4 zinc fingers, and a flexible hinge connecting the

DBD with the ligand binding domain (LBD).742 The N-terminal transactivation do-

main and the hinge are different lengths and not well conserved among the NR3C

receptors. While hormone preference differs among NR3C receptors due to sequence

differences in the LBD, the DBDs are highly conserved, conferring overlapping DNA

binding preferences for all members of this subfamily. However, the mineralocor-

ticoid receptor (MR) and glucocorticoid receptor (GR), which diverged after a gene

duplication event of the ancient corticoid receptor, also show overlap in hormone pref-

erence:743 MR responds to aldosterone, 11-deoxycorticosterone and cortisol, while GR

is selective for cortisol only.

Expression of MR is tissue-specific, with highest concentrations found in the

kidney, brain, and heart.744–747 MR is involved in responses to stress and is basally

activated in the brain,748,749 but is most commonly studied for its role in vascular

health and salt and water balance. MR knockout mice develop normally, but die near
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postnatal day 10 from renal sodium and water loss.750 These mice exhibit extreme

hyperactivation of the renin-angiotensin system, with elevated renin, angiotensin II,

and aldosterone levels.750 The endogenous mineralocorticoid aldosterone promotes

atherosclerotic plaque formation,751 and aldosterone levels are predictors of acute

ischemic events and death in patients with coronary artery disease.752 These findings

have led to the use of MR antagonists to treat heart failure.753

Both MR and GR bind glucocorticoid response elements ((+)GREs) on genomic

DNA to control target gene expression.565,754 Administration of glucocorticoids pro-

longs the survival of MR-/- mice, suggesting overlapping - but not fully compensatory

- functions of GR and MR.750 Additionally, GR and MR differentially regulate cellular

functions such as inflammation, with MR often acting as a pro-inflammatory factor

and GR acting as an anti-inflammatory factor.755–758 These differences may be due to

opposing effects on gene regulation. For example, MR upregulates the expression of

the pro-inflammatory gene ICAM1 ,759 while GR acts to transrepress its expression.760

The mechanisms that underlie such differential gene regulation by receptors with

similar sequence and overlapping preferences for ligand and DNA binding are un-

known. In this chapter, we determine the first crystal structure of the MR DBD

in order to provide a framework for elucidating the subtle differences between the

corticosteroid receptors and interpreting the biology of disease-associated mutations.

4.3 Results

4.3.1 Crystal structure of the MR DBD - (+)GRE complex

After purification of the MR DBD, we tested the ability of both the MR DBD and

GR DBD to bind to a fluorescently labeled (+)GRE via fluorescence polarization

(Figure 4.1a). Both proteins showed similar affinity for the element, at 55 nM and

53 nM for MR and GR, respectively. These are consistent with previous reports of
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MR - DNA binding on the order of 10 nM.761 Both proteins showed similar, slight

positive cooperativity in DNA binding, which would likely be augmented by lower

salt concentrations.762

We then crystallized the MR - (+)GRE complex, obtaining small crystals that

anisotropically diffracted to 2.4 Å (Table 4.1). The crystal structure of the MR

- (+)GRE complex reveals a canonical steroid receptor DBD dimer bound to the

(+)GRE sequence via two half sites (Figure 4.1b). As expected, the structure is very

similar to structure of GR DBD - (+)GRE complexes (RMSD < 1.0 Å; Figure 4.1c).

As multiple GR - (+)GRE complexes have previously been solved, we compared

our novel MR-GRE structure to PDB 3G6P, which contains GR in complex with

a (+)GRE from the FKBP5 promoter.669 This (+)GRE is nearly identical to the

sequence contained in the crystal structure reported here (Figure 4.1b,c). One GR

DBD monomer (monomer B in Figure 4.1c) contains a C-terminal α-helix when bound

to the FKBP5 (+)GRE (Figure 4.1c); the MR DBD structure reported here does not

exhibit such a structure. However, not all GR DBDs form this helix when bound to

DNA, including monomer A in the GR DBD - FKBP5 (+)GRE structure (Figure

4.1c).
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Figure 4.1: Structure of the human mineralocorticoid DNA binding domain in com-
plex with a glucocorticoid response element. (a) The MR DBD binds to a (+)GRE
with approximately the same affinity as the GR DBD. (b) Overall structure of the
MR DBD (green) bound to a 17 base pair (+)GRE. The sequence of the element,
along with the two bound half sites, is shown below the structure. In both panels
(b) and (c), the structure shown depicts the asymmetric unit of the crystal structure
and separate GR monomers are differentially colored. (c) Structure of the GR DBD
(orange) bound to a similar (+)GRE, with sequence and half sites indicated below.
Panel (c) is derived from the structure of the GR DBD bound to the FKBP5 (+)GRE,
PDB 3G6P.669
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Data collection
Space group C2221

Cell dimensions
a, b, c (Å) 74.1, 115.1, 81.4
α, β, γ (°) 90.0, 90.0, 90.0
Resolution (Å) 2.39 (2.48 - 2.39)*
Rmerge 7.8 (45.4)
I / σI 25.3 (2.4)
Completeness (%) 92.7 (66.7)**
Redundancy 4.1 (3.0)

Refinement

Resolution (Å) 2.39
No. reflections 13291
Rwork / Rfree 21.9 / 25.8
No. atoms
Protein 1084
DNA 691
Water 4
B-factors
Protein 71.0
DNA 86.0
Water 60.1
RMS deviations
Bond lengths (Å) 0.010
Bond angles (°) 1.23

Table 4.1: Data collection and refinement statistics. *Data for highest resolution shell
are in parentheses. **Data are 94.1% complete to 2.59 Å. Data were collected from a
single crystal. The estimated isotropic and anisotropic Wilson B for the data is 52.94
and 86.19 Å2, respectively.
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4.3.2 Sequence-specific contacts between MR and (+)GREs

Inspection of the MR - DNA interface reveals three amino acids that make sequence-

specific contacts with (+)GRE bases (Figure 4.2a). The terminal nitrogen of Lys624

forms a hydrogen bond with the N7 position of guanine 3. On the opposite DNA

strand, Val625 makes van der Waals contacts with C7 of thymine 13, and Arg629

makes two interactions with guanine 12 at the O6 and N7 positions. These interac-

tions are supported by excellent electron density (Figure 4.2a).

These interactions are conserved in the glucocorticoid receptor, which contacts

DNA in an identical fashion (Figure 4.2b). Lys442, valine 443, and arginine 447

in GR make contacts with a guanine, thymine, and guanine, respectively. These

DNA-reading amino acids are strictly conserved in the four steroid receptors in the

GR/MR-like subfamily (Figure 4.2c), and their mutation in GR leads to deficiencies

in both DNA and RNA binding in GR.2,763



128 CHAPTER 4. MR DBD CRYSTAL STRUCTURE

Figure 4.2: Sequence-specific DNA recognition by the MR DBD. (a) Three residues
mediate sequence-specific contacts by the MR DBD DNA reading helix. Lys624 makes
a hydrogen bond with a guanine base, Val625 makes van der Waals contacts with a
thymine base, and Arg629 makes two interactions with a guanine base. Electron
density (composite omit 2Fo-Fc map with simulated annealing, contoured to 1 σ) is
shown for the three protein side chains. (b) GR recognizes (+)GREs in an identical
manner as the MR DBD, using Lys442, Val443, and Arg447 to contact analogous
bases. (c) Sequence alignment showing conservation of the DNA reading helix among
the NR3C receptors.
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4.3.3 Lever arm conformation of MR

Previous studies have proposed that DNA sequence allosterically modulates GR’s

structure, in turn affecting transcriptional activation.669,672 One possible mechanism

for such allosteric modulation may be structural changes in the lever arm of steroid

receptors, which connects the DNA reading helix of the receptor to its dimerization

loop (Figure 4.3a). Mutation of lever arm residues affects transcriptional activation,669

and one GR splice variant, GRγ, contains a single arginine insertion into the lever

arm. This insertion has the ability to affect both GR’s binding to target DNA as well

as its transcriptional activity.764

The lever arm sequence of MR is identical to that of GR and the progesterone re-

ceptor (PR), although the androgen receptor (AR) contains three amino acid changes

in this region (Figure 4.3a). One key structural element of the lever arm is the position

of His453 in GR, whose homologous residue is His635 in MR. In GR, the side chain of

His453 can assume a flipped conformation, where it occupies a position between the

DNA and the reading helix (Figure 4.3b). This conformation can also be seen, with

minor variations, in the crystal structure of MR bound to a (+)GRE (Figure 4.3b).

However, His453 can also assume a packed conformation in GR, wherein the side

chain rests between GR helices and stacks against a tyrosine residue in helix 3 of the

DBD fold (Figure 4.3c). This tyrosine, residue 478, is unique to GR and is conserved

as a leucine in the other NR3C family receptors (Figure 4.3a). This likely reduces

the stability of the packed conformation, and such a conformation is not found in the

MR - GRE structure (Figure 4.3c). This single amino acid change may cause MR to

respond differently than GR to identical sequence elements and alter any potential

protein-DNA mediated allostery. However, conclusions regarding the structure and

function of the lever arm may be confounded by crystal packing contacts found in

the lever arm in many GR DBD-DNA structures as well as in chain B (but not chain

A) of the structure reported here.
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Figure 4.3: Lever arm conformation differs between MR and GR. (a) Sequence align-
ment of the lever arm through helix 3 of the NR3C receptors. AR and GR contain
divergent sequence at the lever arm and helix 3, respectively (red). In a dimer of GR
molecules on DNA (see Figure 4.1c), the side chain of His453 can assume two con-
formations. (b) Monomer A of the GR - FKBP5 (+)GRE complex contains His453
in a flipped conformation, where the histidine side chain sits between the DNA and
DBD reading helix; a similar conformation is seen in monomer A of the MR DBD -
(+)GRE complex. (c) However, His453 in the second GR DBD monomer assumes a
packed position against Tyr478 in the core of the GR DBD fold. This conformation
does not occur in the MR DBD - (+)GRE structure, likely due to the presence of a
leucine rather than tyrosine at position 660 (GR position 478). In panels (b) and (c),
DNA is shown as a ribbon helix below the protein.
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4.3.4 Dissecting the protein-DNA interface

In addition to protein-based allostery, recent studies have shown that the shape of

DNA itself regulates protein-DNA binding. Occupancy of one protein binding site

on a DNA double helix affects the occupancy of additional binding sites in a periodic

manner.765 This phenomenon may be exploited by the glucocorticoid receptor to pre-

vent cooperative dimerization at negative glucocorticoid response elements (nGREs;

see Chapter 3). The MR - (+)GRE structure reveals that the MR dimer perturbs

DNA in a very similar manner as a GR dimer (Figure 4.4a). Both receptors induced

a similar widening of the DNA major groove to 18 Å (Figure 4.4b). This is noticeably

distinct from interactions of GR with nGREs, where the major groove is constricted

relative to (+)GREs bound to GR.333

We also analyzed the buried surface area of each MR monomer-DNA interface

as well as the MR dimer interface. The MR dimer interface buries 574 Å2, similar

to the GR dimer interface when bound to the FKBP5 (+)GRE, which buries 555 Å2

. However, each the MR - (+)GRE interface is comprised of a much smaller surface

area than the corresponding GR - (+)GRE interface. The two MR DBD - DNA

interfaces bury 373 Å2, and 369 Å2, compared to 554 Å2 and 520 Å2 for GR. This is

consistent with GR’s potential ability to bind to DNA as a monomer.333
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Figure 4.4: Analysis of the MR - DNA interface. (a) Thermal motion of (+)GREs
when bound to GR (left) and MR (right). Thicker, red sections of DNA indicate
higher B-factors and therefore higher thermal motion. (b) Major groove width at
each position of the (+)GRE when bound to the MR and GR DBDs.
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4.4 Discussion

Mutations to the mineralocorticoid receptor are the primary cause of type 1 pseudo-

hypoaldosteronism, or PHA1.766 Many of these mutations target the receptor DBD,

including nonsense, missense, and frameshift mutations (Figure 4.5). The missense

mutations in PHA1 include the mutation of the Zn2+-coordinating Cys645 to serine,

which would be devastating for folding of the zinc finger (Figure 4.6a). Additional

PHA1 missense mutations include the mutation of lever arm Gly633 to arginine767

and the mutation of Arg659 to serine at the DNA binding interface.766 The Arg659

mutation removes a charge-charge interaction between the MR DBD and the DNA

backbone, likely reducing DNA binding activity without altering sequence specificity

(Figure 4.6b). The lever arm mutation of Gly633 to arginine does not alter DNA

binding affinity,766 and the structure of the MR DBD reveals this residue is solvent

exposed (Figure 4.6c). However, this mutation reduces MR’s transactivation ability

by 40% compared to wild-type receptor, supporting the lever arm’s predicted role in

receptor activation.669

In addition to endocrine disorders, steroid receptors frequently assume malicious

roles in cancer, with PR and the estrogen receptor (ER) often driving breast cancer

growth and AR driving prostate cancer cell growth.768–770 While MR and GR are less

studied with respect to their action in cancer cells, there is accumulating evidence

that these receptors also play key roles in neoplastic diseases.771–774 A recent study

demonstrated that a decrease in MR expression was associated with increased angio-

genesis and poor patient survival in colorectal cancer.773 MR is mutated in up to 6%

of colorectal cancer samples on the cBioPortal database and is also frequently (≥ 5%)

altered in skin cutaneous melanoma, uterine, bladder, and stomach cancers.775,776
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Figure 4.5: MR DBD mutations found in disease. Mutations found in type I pseudo-
hypoaldosteronism are in blue and mutations found in cancer are in red. An asterisk
indicates a nonsense mutation, and fs indicates a frameshift mutation.



4.4. DISCUSSION 135

Figure 4.6: MR DBD mutations driving PHA1. Mutated residues are shown in blue.
(a) Cys645 is one of four cysteines that coordinate a Zn+2 ion in MR’s second zinc
finger. Its mutation to serine would destroy the zinc finger fold of the DBD. (b)
Arg659 makes non-specific interactions with the DNA backbone, and is mutated to
serine in some cases of PHA1. (c) Gly633 is part of the DBD lever arm, which
is important for receptor activation.669 Mutation of this residue to arginine affects
receptor activation without affecting its affinity for DNA.767
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Several mutations found in cancer affect the MR DBD, including nonsense muta-

tions that truncate part of or the entire domain (Figure 4.5). Four missense mutations

affect the DNA binding interface of the MR DBD (Figure 4.7a-d). His614, which in-

teracts with both the phosphate DNA backbone and a serine side chain, is mutated in

a kidney renal papillary cell carcinoma sample to asparagine (Figure 4.7a). Arg652,

which also interacts with the DNA backbone, is mutated to glutamine in a uterine

corpus endometrioid carcinoma sample (Figure 4.7b). MR Lys653 is mutated to as-

paragine in multiple cancer types. This residue may make non-specific contacts with

the minor groove, but does not have strong electron density to support its side chain

position (Figure 4.7c). The most interesting mutation at the DNA interface is that

of Gly621 to aspartic acid (Figure 4.7d). This glycine residue is strictly conserved

in GR, AR, and PR, but ER contains a glutamic acid at the homologous position

(Figure 4.7e).127 Mutation of the homologous residue in GR, Gly439, to aspartic acid

results in a DNA binding domain that poorly discriminates among (+)GREs and

estrogen response elements.777

Two additional cancer mutations target the hydrophobic core of the MR DBD

(Figure 4.7f,g). One mutation found in a glioblastoma multiforme patient targets

Cys606, which is one of four cysteine residues that coordinate a Zn+2 ion in one

of MR’s two zinc fingers (Figure 4.7f). Like the mutation of Cys656 in PHA1, this

mutation to tryptophan would be devastating for folding of the DBD. A second cancer

mutation within the hydrophobic core, Phe626 to cysteine, may also affect the DBD’s

core fold (Figure 4.7g). Finally, one interesting mutation in colorectal cancer targets

the dimerization interface of the MR DBD (Figure 4.7h). In this case, Asp644 is

mutated to glycine; this aspartic acid participates in two salt bridge interactions that

link the two MR DBD monomers. Such a mutation may affect cooperative binding

of the receptor to DNA and subsequent gene activation.
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Figure 4.7: MR DBD mutations found in cancer. Mutated residues are shown in
red. (a) His614 interacts with both the DNA backbone and Ser611. (b) Similarly,
Arg652 also interacts with the DNA backbone and a neighboring amino acid, aspartic
acid 608. (c) Lys653 is within an appropriate distance to make non-specific contacts
with the minor groove of a (+)GRE. (d) Gly621 is mutated to aspartic acid in a
stomach cancer sample. In the estrogen receptor, the homologous amino acid is the
similar glutamic acid, which participates in base-specific DNA recognition (panel e).
(f) Cys606 is one of four cysteine residues to coordinate a Zn+2 ion in one of MR’s
two zinc fingers. (g) Phe626 comprises part of the hydrophobic core of the DBD. (h)
Asp644 is a key mediator of MR dimerization, forming a salt bridge with Arg642 of
the second monomer.
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In addition to PHA1 and cancer, MR mutation also occurs in hypertension;778

mutations of genes in steroid metabolic pathways upstream of MR can lead to similar

disorders.779 Some MR DBD mutations in PHA1 are frameshift or nonsense muta-

tions,766 but many are missense mutations that affect the dimerization, DNA binding,

or hydrophobic core structure of the domain (Figure 4.6). The MR mutations found in

cancer are very similar, affecting the fold of the DBD, its DNA binding interface, and

its dimerization loop. Since these types of mutation diminish MR’s transcriptional

activity in PHA1, the MR mutations found in cancer also likely abrogate receptor

activity. This is consistent with the decreased MR expression found in some types of

cancer.780,781

Such mutations found in PHA1 and cancer may also lead to structural changes

of elements flanking the DBD, such as the nuclear localization sequences immediately

to the C- and N-terminus of the MR DBD.782 Several post-translational modifications

also occur at the DBD flanks, including acetylation at Lys677783 and phosphoryla-

tion at Ser601.782 Amino acid changes in MR are not limited to cancer and PHA1:

numerous human SNPs within MR’s coding region have been identified, including

the change of Val617 to alanine in the DBD (rs373194830).784 This mutation likely

may have minimal effect on MR activity, since the androgen receptor contains an

alanine at the homologous position. However, it is possible that such SNPs lead to

quantifiable physiological differences, as has been noted with MR polymorphisms in

the N-terminal domain.748 Finally, one MR mutation in cancer may change the DNA

binding specificity of the receptor. The stomach cancer mutation of Gly621 to aspar-

tic acid mirrors the mutation of Gly439 previously performed with the GR.777 This

mutation within GR led to a DBD that poorly discriminated among estrogen and

glucocorticoid response elements.777 Such diverse DNA recognition in vivo may allow

for the receptor to activate a more diverse set of target genes than wild type MR.

MR and GR can heterodimerize,785 implying that MR mutations that affect the
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core structure and dimerization of the receptor may also affect responses to glucocor-

ticoids. Other domains of MR are key for other protein-protein interactions, including

the unstructured N-terminal domain.786 Common polymorphisms in the N-terminal

domain lead to phenotypic changes in stress response, including saliva production and

heart rate.748

In addition to its relevance to human disease, the comparison between MR and

GR is interesting due to the different responses activation of each receptor produces

despite similar DNA and ligand binding properties. To provide a framework to the

interpretation of differences between GR and MR, we report the structure of the MR

DBD in complex with a DNA (+)GRE. The DBDs of GR and MR make identical

contacts with DNA, but GR buries a larger surface area at the (+)GRE interface

and makes very favorable monomer-DNA interactions at nGREs.333 Although MR

binding to consensus nGREs574 has not been tested, this difference in DNA binding

may allow GR to bind to a greater diversity of DNA sequences. ChIP-seq analyses

have found a large number of motifs at GR binding sites on genomic DNA, including

not only the (+)GRE but also AP-1, AML1, UNKN, NF-κB, HNF3, TAL1, and NF1

response elements.677 In ChIP-seq studies of the MR, only palindromic motifs were

explored; it is unclear whether MR binds a similarly wide array of genomic binding

sites.754 Future work is required to determine how such similar receptors can effect

disparate function in vivo and whether this disparate function is based on differences

in DNA binding preference.

4.5 Materials and Methods

4.5.1 Protein expression and purification

The DNA binding domain (DBD) of the human MR (amino acids 593-671, UniProt

P08235.1) was cloned into the pMCSG7 vector, which contains a 6X-histidine tag.
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Both the MR and GR DBDs were expressed and purified as described previously

(see Chapter 2). Briefly, BL-21 (DE3) pLysS E. coli transformed with the expression

construct were grown in TB media. At an OD600 of 0.8, cultures were induced with

300 µM IPTG for four hours at 30 °C. Cells were pelleted via centrifugation at 4,000

g for 20 minutes and frozen at -80 °C until purification.

For purification, cells were thawed and resuspended in a buffer containing 1 M

NaCl, 20 mM Tris-HCl pH 7.4, 5% glycerol, and 25 mM imidazole. Cells were lysed

on ice via sonication and centrifuged for 1 hour at 4 °C and 35,000 g. DBD was

purified from the supernatant using a 5 ml HisTrap affinity column followed by gel

filtration with a HiPrep 26/60 S300 Sephacryl column (GE Healthcare) into a buffer

containing 100 mM NaCl, 20 mM Tris-HCl pH 7.4, and 5% glycerol. Protein was

concentrated to 3 mg/ml, flash frozen, and stored at -80 °C.

4.5.2 Crystallization, data collection, and structure determi-

nation

Crystals of the MR DBD - (+)GRE complex were grown by hanging-drop vapor

diffusion in 0.2 M sodium malonate and 12% PEG 3350 at a protein concentration of

3.0 mg/ml and a 2:1 molar ratio of DNA to protein. Crystals were cryoprotected in

0.2 M sodium malonate, 12% PEG 3350 and 20% glycerol and flash cooled in liquid

N2.

Data were collected remotely on the 22-ID beamline at the Southeast Regional

Collaborative Access Team (SER-CAT) at the Advanced Photon Source (Argonne,

IL, USA). Data were processed using HKL-2000 software and phased using previ-

ously solved structures of the GR DBD bound to (+)GREs.669 Phasing, refinement,

and omit map generation were performed in the PHENIX software suite (version

1.9 1692).691 Model building was performed in COOT (version 0.6.1).690 As the data

are highly anisotropic, completeness is only 67% in the highest resolution shell (Table
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1), despite 49.2% of reflections in the shell from 2.39 - 2.30 Å having an I / σI > 5.

To balance completeness and using the available data, 2.39 Å was chosen as the reso-

lution cutoff for refinement. The PyMOL software suite (Schrödinger, LLC) was used

to visualize the structure and generate figures. Amino acids are numbered according

to the human MR sequence (UniProt P08235.1). 3DNA was used to analyze nucleic

acid structure,605 and the PISA server was used to calculate buried surface areas of

each interface.722 The coordinates and structure factors for the MR DBD - (+)GRE

complex were deposited in the Protein Data Bank under accession code 4TNT.

4.5.3 Nucleic acid binding assay

A synthesized 6-carboxyfluorescein (6-FAM) labeled (+)GRE (Integrated DNA Tech-

nologies) was annealed in 10 mM NaCl and 20 mM Tris-HCl pH 8.0 by heating to

90 °C in a 1 L water bath and slow cooling to room temperature. The (+)GRE

sequences used for binding were 5’-[FAM]CCAGAACAGAGTGTTCTGA-3’ and 5’-

TCAGAACACTCTGTTCTGG-3’, where [FAM] indicates the position of 6-FAM.

Indicated amounts of DBD were added to wells containing 10 nM of 6-FAM-labeled

(+)GRE, and formation of DBD - GRE complexes was monitored by fluorescence

polarization with a Biotek Synergy plate reader at an excitation wavelength of 485

nm and emission wavelength of 528 nm. Reactions were performed in buffer contain-

ing 100 mM NaCl, 20 mM Tris-HCl (pH 7.4), and 5% glycerol. Prism version 6.0d

(Graphpad Software, Inc.) was used for data analysis and graph generation.

4.5.4 Cancer mutations

Cancer mutations were accessed via the cBioPortal for Cancer Genomics.776
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4.5.5 Sequences

Sequence numbering for the steroid receptors are for the human proteins and derived

from the following sequences: androgen receptor, UniProtKB P10275.2; progesterone

receptor, UniProtKB P06401.4; mineralocorticoid receptor, UniProt P08235.1; glu-

cocorticoid receptor, GenBank ADP91252.1.



Chapter 5

The evolution of DNA-dependent
transrepression by steroid
receptors

5.1 Abstract

Gene duplication is a key factor in the acquisition of novel protein function over evo-
lution. Most species, including humans, encode numerous families of paralogs - genes
with divergent function that evolved from a common ancestral gene after a duplica-
tion event. Promiscuity of ancestral genes is a major factor in evolution, and many
models have been proposed to explain how new functions arise and are subdivided
among paralogous proteins. Understanding these processes is critical for understand-
ing evolutionary processes as well as developing therapies to target specific proteins
contained within larger gene families. In this work, we examine the mechanism by
which two ancestral, dissimilar, and sequence-specific DNA binding functions were
subdivided and enhanced throughout the evolution of a remarkably small protein
domain, the DNA binding domain of steroid hormone receptors.

This chapter is adapted from a manuscript in preparation for publication:
Hudson WH, Kossmann BK, de Vera IMS, Chuo S-W, Weikum ER, Ivanov I, Kojetin DJ, Ortlund

EA. Epistasis drives the evolution of a multifunctional protein domain.
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5.2 The evolution of DNA-dependent transrepres-

sion by steroid receptors

Steroid hormones are cholesterol-derived molecules that mediate long-range, long-

lasting physiologic effects by signaling through steroid hormone receptors (SRs) in

target tissue.787,788 SRs are members of the nuclear receptor superfamily, consisting

of 48 proteins (in humans) that are important drug targets due to their powerful tran-

scriptional effects in response to lipophilic ligands.789,790 The glucocorticoid receptor

(GR), a SR, is the target of more approved drugs than any other protein, due to its

powerful anti-inflammatory transcriptional effects.790 GR is capable of both activat-

ing791,792 and repressing574,576,793 transcription in response to a DNA binding event.

To elicit these opposite responses, the GR’s DNA binding domain (DBD) is capable

of recognizing both activating glucocorticoid response elements ((+)GREs) as well as

repressive negative glucocorticoid response elements (nGREs) in a sequence-specific

manner (Figure 5.1a). These two modes of binding require alternate kinetics: GR

- (+)GRE binding exhibits positive cooperativity, while GR - nGRE binding shows

negative cooperativity (Chapter 3). Likewise, 2D NMR spectra of 15N-labeled GR

DBD bound to a (+)GRE and nGRE are strikingly divergent: the DBD’s dimeriza-

tion loop undergoes significant perturbation upon (+)GRE - but not nGRE - binding,

demonstrating that the GR DBD adopts distinct DNA-bound conformers to elicit op-

posing transcriptional responses (Figure 5.1b, Figure 5.2).
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Figure 5.1: The glucocorticoid receptor (GR) DNA binding domain (DBD) uniquely
adopts distinct conformations to activate and repress transcription. (a) At left, the
NMR structure of free GR DBD in solution794 is shown. In the center, the GR DBD
can dimerize on an inverted repeat (+)GRE element669 to activate transcription,
or can bind as two monomers on an nGRE to repress transcription (left, see also
Chapter 3). The dimerization loop of the DBD is shown in red. (b) NMR spectra
of 15N-labeled GR DBD in the absence of DNA (left), with (+)GRE DNA (center),
and nGRE DNA (right). While DNA contacting residues (such as Gly439 or Lys442)
are shifted upon nGRE or (+)GRE binding, residues of the dimerization loop (red)
are significantly shifted upon (+)GRE binding but not nGRE binding. Additionally,
significant differences between (+)GRE- and nGRE-bound GR DBD occur at other
residues, including the appearance of arginine side chain density at lower right, which
indicates altered rates of exchange of DBD - (+)GRE and DBD - nGRE complexes.
Together, these results indicate that GR DBD adopts two distinct conformations in
order to activate or repress transcription when bound to DNA. See also Fig 5.2. (c)
Sequence alignment of the human 3-keto steroid receptor DBDs; consensus sequence
is shown in gray, and difference from the consensus sequence is shown in color. (d) All
3-keto steroid receptor DBDs bind to a consensus (+)GRE with nanomolar affinity,
but only human GR binds to nGREs with nanomolar affinities (e). (f) While full-
length human GR is capable of repressing a constitutively active nGRE-containing
reporter, MR is not, despite significant sequence (g) and structural similarity within
the DBDs (ref. 669 and Chapter 4). In (f), **** indicates P < 0.0001 by two-way
ANOVA followed by Tukey’s post-hoc test. In all panels, points or bars indicate
mean, and error bars represent SEM.
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Figure 5.2: The interaction of GR DBD with nGREs is characterized by two non-
identical, monomeric binding events. (a) NMR spectra of 15N-labeled GR DBD in the
presence of 0.47x or 2.1x TSLP nGRE DNA (approximately 2:1 and 1:2, respectively).
In the 0.47x sample (black), two proteins are likely bound to one nGRE - one to a
high affinity site and one to a lower affinity site - and in the 2.1x (+)GRE (green), it is
likely that a single protein is bound to the higher affinity site. (b) Peaks of individual
residues at the DNA binding interface (Gly439, Cys441) are affected by the lower
affinity dimer interaction, supporting the previously-observed low micromolar affinity
for a second DNA binding event. Residues in the dimerization interface (Cys457,
Ala458) are not affected, indicating that the GR DBD does not dimerize on nGREs
as it does on (+)GREs. Finally, a distant residue to the DNA binding interface
(Thr504), is not affected, indicating that the chemical shifts observed are specific to
the DNA binding interface.
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GR, along with the mineralocorticoid, progesterone, and androgen receptors

(MR, PR, and AR, respectively), comprise the 3-keto steroid binding (NR3) sub-

family of nuclear receptors. All of these receptors are capable of binding (+)GREs

through a highly conserved DBD (Figure 5.1c-d). However, only the GR DBD can

bind to the TSLP nGRE with nanomolar affinity (Figure 5.1e), indicating that the

conformational diversity of GR’s DNA binding ability may be unique among the

steroid receptors. Furthermore, full-length MR - the most closely related paralog of

GR - is incapable of repressing a constitutively driven nGRE-containing reporter in

cells (Figure 5.1f). This divergence in function is quite remarkable given the close

sequence (Figure 5.1c) and structural (Figure 5.1g) similarity of GR and MR, as well

as the small size of their DBDs (75 amino acids).

To trace the evolutionary history of divergent response element specificity among

the steroid receptors from their well-established phylogeny,795 we determined se-

quences of ancestral DBDs from key nodes within the 3-keto steroid receptor evolu-

tionary lineage (Tables 5.1, 5.2, 5.3, 5.4, 5.5); all reconstructed DBDs had very high

posterior probabilities (Figure 5.3). To determine the ability of the DBDs within the

GR/MR lineage to repress transcription at nGREs, we used overlap-extension PCR

to insert these DBDs into the full-length human GR (Figure 5.4a) and tested their

ability to both activate a simple (+)GRE reporter and repress the TSLP nGRE un-

der a constitutively-active promoter. As expected, all extant and ancestral proteins

within both the GR and MR lineage activated a (+)GRE reporter (Figure 5.4b-c).

Surprisingly, the AncSR2 and AncCR DBDs - ancestors common to the GR and MR

lineage - were able to repress the TSLP nGRE from baseline, although these activi-

ties were not statistically significant when corrected for multiple comparisons (Figure

5.4d). This slight repressive ability was lost in the ancestral MR (AncMR; Figure

5.4e) but enhanced in the GR lineage (Figure 5.4d), supporting the hypothesis that

subfunctionalization of ancestral moonlighting functions is an important mechanism
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of divergent function among paralogs.796 In particular, the transition from AncGR to

AncGR2 - which represent the ancestor of cartilaginous fishes and bony vertebrates

and the ancestor of ray- and lobe-finned fishes, respectively797 - caused a dramatic

increase in the ability of GR to repress at nGREs (Figure 5.4d).
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Figure 5.3: Distribution of the posterior probabilities of individual amino acid residues
among the ancestral DBDs reconstructed in this study. Mean posterior probabilities
are 0.98 for AncCR (a), 0.96 for AncGR1 (b), 0.99 for AncGR2 (c), 0.97 for AncMR
(d), and 0.98 for AncSR3 (e).
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Position ML state PP Alt. State 1 PP Alt. State 2 PP Alt. State 3 PP
415 G 0.42 S 0.407 A 0.098 T 0.034
416 P 0.964 S 0.022 T 0.005 A 0.004
417 P 0.977 T 0.009 S 0.007 A 0.004
418 P 0.273 Q 0.258 H 0.239 S 0.199
419 K 0.998 R 0.001
420 I 0.549 V 0.355 L 0.068 M 0.021
421 C 1
422 L 0.997 M 0.001
423 V 0.993 I 0.007
424 C 1
425 G 0.552 S 0.415 A 0.017 N 0.004
426 D 1
427 E 0.997 D 0.002
428 A 1
429 S 1
430 G 1
431 C 1
432 H 1
433 Y 1
434 G 1
435 V 1
436 L 0.996 I 0.001 M 0.001 V 0.001
437 T 1
438 C 1
439 G 1
440 S 1
441 C 1
442 K 1
443 V 1
444 F 1
445 F 1
446 K 1
447 R 1
448 A 1
449 V 0.999 I 0.001
450 E 1
451 G 1
452 Q 0.999
453 H 0.999
454 N 0.998 D 0.001 S 0.001
455 Y 1
456 L 0.999
457 C 1
458 A 1
459 G 1
460 R 1
461 N 1
462 D 1
463 C 1
464 I 1
465 I 1
466 D 1
467 K 1
468 I 1
469 R 1
470 R 1
471 K 1
472 N 1
473 C 1
474 P 1
475 A 1
476 C 1
477 R 1
478 F 0.986 L 0.012 Y 0.002
479 R 1
480 K 1
481 C 1
482 L 0.999 F 0.001
483 Q 1
484 A 1
485 G 1
486 M 1
487 N 1
488 L 1
489 E 0.468 D 0.419 G 0.112 A 0.001
490 A 1
491 R 1
492 K 1
493 T 0.82 S 0.171 N 0.005 A 0.003
494 K 1
495 K 1

Table 5.1: Maximum likelihood states (ML states) and posterior probabilities (PPs)
for the reconstructed AncCR DBD. Amino acid positions are numbered to correspond
to the human glucocorticoid receptor α (GenBank ADP91252.1).
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Position ML state PP Alt. State 1 PP Alt. State 2 PP Alt. State 3 PP
415 S 0.907 F 0.052 A 0.016 T 0.008
416 P 0.643 S 0.276 L 0.026 Q 0.02
417 P 1
418 Q 1
419 K 1
420 I 0.887 V 0.063 L 0.024 T 0.02
421 C 1
422 L 1
423 I 1
424 C 1
425 G 1
426 D 1
427 E 1
428 A 1
429 S 1
430 G 1
431 C 1
432 H 1
433 Y 1
434 G 1
435 V 0.998 A 0.002
436 L 0.999 I 0.001
437 T 1
438 C 1
439 G 1
440 S 1
441 C 1
442 K 1
443 V 1
444 F 1
445 F 1
446 K 1
447 R 1
448 A 1
449 V 0.718 I 0.174 A 0.093 S 0.013
450 E 1
451 G 1
452 Q 0.99 H 0.005 K 0.005
453 H 1
454 N 0.996 K 0.004
455 Y 1
456 L 1
457 C 1
458 A 1
459 G 0.999 S 0.001
460 R 1
461 N 1
462 D 1
463 C 1
464 I 0.995 T 0.005
465 I 0.998 V 0.001
466 D 1
467 K 1
468 I 1
469 R 1
470 R 1
471 K 1
472 N 1
473 C 1
474 P 1
475 A 0.996 S 0.004
476 C 1
477 R 1
478 L 1
479 R 1
480 K 1
481 C 1
482 C 0.845 F 0.129 Y 0.021 L 0.005
483 Q 0.996 A 0.002 E 0.001 H 0.001
484 A 1
485 G 1
486 M 1
487 T 0.605 V 0.391 I 0.002 A 0.001
488 L 1
489 G 1
490 A 0.996 G 0.004
491 R 0.998 H 0.002
492 K 0.98 R 0.02
493 L 0.966 S 0.024 F 0.008
494 K 0.999 R 0.001
495 K 1

Table 5.2: Maximum likelihood states (ML states) and posterior probabilities (PPs)
for the reconstructed AncSR3 DBD. Amino acid positions are numbered to correspond
to the human glucocorticoid receptor α (GenBank ADP91252.1).
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Position ML state PP Alt. State 1 PP Alt. State 2 PP Alt. State 3 PP
415 G 0.42 S 0.407 A 0.098 T 0.034
416 P 0.964 S 0.022 T 0.005 A 0.004
417 P 0.977 T 0.009 S 0.007 A 0.004
418 P 0.273 Q 0.258 H 0.239 S 0.199
419 K 0.998 R 0.001
420 I 0.549 V 0.355 L 0.068 M 0.021
421 C 1
422 L 0.997 M 0.001
423 V 0.993 I 0.007
424 C 1
425 G 0.552 S 0.415 A 0.017 N 0.004
426 D 1
427 E 0.997 D 0.002
428 A 1
429 S 1
430 G 1
431 C 1
432 H 1
433 Y 1
434 G 1
435 V 1
436 L 0.996 I 0.001 M 0.001 V 0.001
437 T 1
438 C 1
439 G 1
440 S 1
441 C 1
442 K 1
443 V 1
444 F 1
445 F 1
446 K 1
447 R 1
448 A 1
449 V 0.999 I 0.001
450 E 1
451 G 1
452 Q 0.999
453 H 0.999
454 N 0.998 D 0.001 S 0.001
455 Y 1
456 L 0.999
457 C 1
458 A 1
459 G 1
460 R 1
461 N 1
462 D 1
463 C 1
464 I 1
465 I 1
466 D 1
467 K 1
468 I 1
469 R 1
470 R 1
471 K 1
472 N 1
473 C 1
474 P 1
475 A 1
476 C 1
477 R 1
478 F 0.986 L 0.012 Y 0.002
479 R 1
480 K 1
481 C 1
482 L 0.999 F 0.001
483 Q 1
484 A 1
485 G 1
486 M 1
487 N 1
488 L 1
489 E 0.468 D 0.419 G 0.112 A 0.001
490 A 1
491 R 1
492 K 1
493 T 0.82 S 0.171 N 0.005 A 0.003
494 K 1
495 K 1

Table 5.3: Maximum likelihood states (ML states) and posterior probabilities (PPs)
for the reconstructed AncGR DBD. Amino acid positions are numbered to correspond
to the human glucocorticoid receptor α (GenBank ADP91252.1).
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Position ML state PP Alt. State 1 PP Alt. State 2 PP Alt. State 3 PP
415 G 0.929 S 0.066 A 0.004 T 0.001
416 P 0.999 S 0.001
417 P 0.96 T 0.026 S 0.009 A 0.004
418 P 0.425 H 0.395 Q 0.117 S 0.054
419 K 1
420 I 0.714 L 0.141 V 0.124 M 0.02
421 C 1
422 L 1
423 V 1
424 C 1
425 S 0.992 G 0.007 A 0.001
426 D 1
427 E 1
428 A 1
429 S 1
430 G 1
431 C 1
432 H 1
433 Y 1
434 G 1
435 V 1
436 L 1
437 T 1
438 C 1
439 G 1
440 S 1
441 C 1
442 K 1
443 V 1
444 F 1
445 F 1
446 K 1
447 R 1
448 A 1
449 V 1
450 E 1
451 G 1
452 Q 1
453 H 1
454 N 1
455 Y 1
456 L 1
457 C 1
458 A 1
459 G 1
460 R 1
461 N 1
462 D 1
463 C 1
464 I 1
465 I 1
466 D 1
467 K 1
468 I 1
469 R 1
470 R 1
471 K 1
472 N 1
473 C 1
474 P 1
475 A 1
476 C 1
477 R 1
478 F 0.982 Y 0.018
479 R 1
480 K 1
481 C 1
482 L 1
483 Q 1
484 A 1
485 G 1
486 M 1
487 N 1
488 L 1
489 E 0.987 D 0.013 G 0.001
490 A 1
491 R 1
492 K 1
493 T 0.848 S 0.131 N 0.019 A 0.001
494 K 1
495 K 1

Table 5.4: Maximum likelihood states (ML states) and posterior probabilities (PPs)
for the reconstructed AncGR2 DBD. Amino acid positions are numbered to corre-
spond to the human glucocorticoid receptor α (GenBank ADP91252.1).
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Position ML state PP Alt. State 1 PP Alt. State 2 PP Alt. State 3 PP
415 S 0.787 T 0.127 A 0.075 G 0.005
416 P 0.453 S 0.284 T 0.165 R 0.061
417 P 1
418 S 0.97 P 0.011 A 0.008 Q 0.006
419 K 1
420 V 0.771 I 0.226 M 0.001 L 0.001
421 C 1
422 L 1
423 V 1
424 C 1
425 G 0.974 A 0.016 S 0.01
426 D 1
427 E 1
428 A 1
429 S 1
430 G 1
431 C 1
432 H 1
433 Y 1
434 G 1
435 V 1
436 L 0.979 V 0.018 I 0.001 M 0.001
437 T 1
438 C 1
439 G 1
440 S 1
441 C 1
442 K 1
443 V 1
444 F 1
445 F 1
446 K 1
447 R 1
448 A 1
449 V 1
450 E 1
451 G 1
452 Q 1
453 H 0.997 Q 0.003
454 N 1
455 Y 1
456 L 1
457 C 1
458 A 1
459 G 1
460 R 1
461 N 1
462 D 1
463 C 1
464 I 1
465 I 1
466 D 1
467 K 1
468 I 1
469 R 1
470 R 1
471 K 1
472 N 1
473 C 1
474 P 1
475 A 1
476 C 1
477 R 1
478 L 0.999
479 R 1
480 K 1
481 C 1
482 L 0.999 F 0.001
483 Q 0.997 H 0.001 N 0.001
484 A 1
485 G 1
486 M 1
487 N 1
488 L 1
489 G 1
490 A 1
491 R 1
492 K 1
493 S 0.985 T 0.013 A 0.001
494 K 1
495 K 1

Table 5.5: Maximum likelihood states (ML states) and posterior probabilities (PPs)
for the reconstructed AncMR DBD. Amino acid positions are numbered to correspond
to the human glucocorticoid receptor α (GenBank ADP91252.1).
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Figure 5.4: The GR lineage improved upon an ancestral cellular repressive function
that was lost in MR. (a) Reconstructed ancestral DBDs were inserted into full-length
human GR using overlap-extension. These constructs were transfected into HeLa cells
with the indicated reporter and treated with 1 µM dexamethasone (or aldosterone, for
human MR only). (b) All DBDs in the GR lineage, including AncSR2, are capable of
activating a (+)GRE reporter; similar results are found in the MR lineage (panel c).
(d) The AncSR2 DBD is capable of repressing transcription from an nGRE-containing
promoter, and this ability was retained in the GR lineage and further enhanced at
the AncGR2 node. (e) However, the ability repress at nGREs was lost in the MR
lineage at AncMR, consistent with in vitro binding data (see also Figure 5.5). Above
each branch are the amino acid substitutions between each node, using human GR
numbering. *, **, ***, and **** indicate P < 0.05, 0.01, 0.001, or 0.0001, respectively.
One-way ANOVA with Tukey’s post hoc test was used in all panels except for hMR
vs reporter (Student’s t test), because the full-length MR protein was used. Bars
represent mean ± SEM. Experiments were performed at least in duplicate with three
internal replicates. (f) To summarize, (+)GRE and nGRE-binding and repressive
ability of SR DBDs are mapped onto their phylogeny. (+)GRE binding was derived
at the AncSR2 node,798 along with a moonlighting nGRE binding and transrepressive
function. While (+)GRE binding was preserved throughout the clade, nGRE binding
was lost at AncCR and AncSR3 and preserved (and enhanced) in the GR lineage.
Green circles represent the ability of a given DBD to bind to and activate from
(+)GREs. Red circles indicate the ability of a DBD to repress the TSLP nGRE in
cells more or less than 50% (large and small circles, respectively). Above each branch
are the amino acid substitutions between each node, using human GR numbering.
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That so few mutations led to divergence of function within a small protein do-

main allows a unique opportunity to pursue the detailed mechanisms by which func-

tions are altered and distributed among paralogous proteins. To obtain the biochemi-

cal and structural mechanisms by which repression at nGREs was selectively retained

and enhanced in the GR lineage, we recombinantly expressed and tested all ancestral

DBDs for in vitro binding to both (+)GRE and nGRE DNA (Figure 5.4f, Table 5.6).

All ancestral DBDs retained binding to a (+)GRE, as expected given the ability of

all extant 3-keto steroid receptor DBDs to activate from these sequences (Figure 5.1d

and reference 799). The ancestral 3-keto steroid receptor, AncSR2, was capable of

binding nGREs with nanomolar affinity, implying that nGRE-binding originated at

the ancestor of all 3-keto steroid receptors and has been selectively retained in GR.

Unlike human GR, the AncSR2 DBD does not bind to nGREs with negative cooper-

ativity; negative cooperativity of DBD - nGRE binding increased progressively from

AncSR2 to human GR (hGR), where two distinct, negatively-cooperative binding

sites on nGRE DNA are present (Table 5.6, Figure 5.2). nGRE binding ability was

lost in AncSR3, the common ancestor of AR and PR, through the accumulation of

three amino acid substitutions that spare (+)GRE binding (Figure 5.4f). Individ-

ually, none of these changes affect the affinity of AncSR2 for nGREs or (+)GREs,

yet negative epistatic interaction among these substitutions results in an ablation of

nGRE binding (Figure 5.5).
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Protein-DNA complex Kd (µM) SEM (µM) r2 Notes

S425A GR DBD - (+)GRE .026 .002 0.99

S425A - TSLP nGRE 0.132, 9.8 .018, 1.4 1.00 2 site binding event

WT GR - (+)GRE 0.073 .003 1.00

WT GR - TSLP nGRE 0.363, 63.2 0.60, 89.3 1.00 2 site binding event

Ser425Gly GR DBD - (+)GRE 0.085 0.005 1.00

Ser425Gly - TSLP nGRE 48.4 59.6 0.99

WT MR DBD - (+)GRE 0.055 0.006 0.99

WT MR DBD - TSLP nGRE 21.6 19.8 0.98

Gly607Ser MR DBD - (+)GRE 0.166 0.025 0.99

Gly607Ser MR DBD - TSLP (+)GRE 38.8 19.6 0.99

AncSR2 DBD - (+)GRE 0.125 0.007 1.00

AncSR2 DBD- TSLP nGRE 0.369 0.042 0.99 h = 1.45

AncGR DBD - (+)GRE 0.110 0.13 0.91

AncGR DBD - TSLP nGRE 7.4 1.3 0.96 h = 0.94

AncGR2 DBD - (+)GRE 0.119 0.008 1.00

AncGR2 DBD - TSLP nGRE 15.9 8.8 0.98 h = 0.75

AncMR DBD - (+)GRE 0.106 0.005 1.00

AncMR DBD - TSLP nGRE 5.7 1.2 0.99

WT MR DBD - (+)GRE 0.055 0.006 0.99

WT MR DBD - TSLP nGRE 21.6 19.8 0.98

Gly607Ser MR DBD - (+)GRE 0.166 0.022 0.99

Gly607Ser MR DBD - TSLP nGRE 44.1 7.6 0.99

Gln418Ser AncSR2 DBD - (+)GRE 0.087 0.007 0.99

Gln418Ser AncSR2 DBD - nGRE 1.1 0.159 0.99

Ile423Val AncSR2 DBD - (+)GRE 0.135 0.010 0.99

Ile423Val AncSR2 DBD - TSLP nGRE 0.569 0.029 1.00

Thr487Asn AncSR2 DBD - (+)GRE 0.164 0.006 0.99

Thr487Asn AncSR2 DBD - TSLP nGRE 2.2 0.238 0.99

Gln418Ser Ile423Val AncSR2 DBD - (+)GRE 0.071 0.005 1.00

Gln418Ser Ile423Val AncSR2 DBD - TSLP nGRE 4.5 1.1 0.99

Gln418Ser Thr487Asn AncSR2 DBD - (+)GRE 0.081 0.011 0.98

Gln418Ser Thr487Asn AncSR2 DBD - TSLP nGRE 6.1 1.9 0.99

Ile423Val Thr487Asn AncSR2 (AncCR) DBD - (+)GRE 0.187 0.005 1.00

Ile423Val Thr487Asn AncSR2 (AncCR) DBD - TSLP nGRE 1.1 0.090 1.00 h = 0.89

Val420Ile AncSR2 DBD - (+)GRE 0.041 0.004 0.99

Val420Ile AncSR2 DBD - TSLP nGRE 3.3 0.450 1.00

Leu482Cys AncSR2 DBD - (+)GRE 0.129 0.018 0.98

Leu482Cys AncSR2 DBD - TSLP nGRE 2.4 0.276 1.00

Ser493Leu AncSR2 DBD - (+)GRE 0.046 0.004 0.99
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Ser493Leu AncSR2 DBD - TSLP nGRE 1.7 0.109 1.00

Val420Ile Leu482Cys AncSR2 DBD - (+)GRE 0.100 0.011 0.99

Val420Ile Leu482Cys AncSR2 DBD - TSLP nGRE 1.5 0.138 0.99

Val420Ile Ser493Leu AncSR2 DBD - (+)GRE 0.239 0.060 0.98

Val420Ile Ser493Leu AncSR2 DBD - TSLP nGRE 16.1 3.7 1.00

Leu482Cys Ser493Leu AncSR2 DBD - (+)GRE 0.126 0.022 0.97

Leu482Cys Ser493Leu AncSR2 DBD - TSLP nGRE 5.2 3.1 0.93

AncSR3 DBD - (+)GRE 0.161 0.015 0.99

AncSR3 DBD - TSLP nGRE 24.8 19.4 0.96

PR DBD - nGRE 13.5 18.3 0.61

AR DBD - nGRE 5.2 0.536 0.97

ER DBD - nGRE n/a Fit does not converge

PR DBD - (+)GRE 0.098 0.010 0.91

AR DBD - (+)GRE 0.060 0.004 0.97

MR DBD - (+)GRE 0.055 0.003 0.99

ER DBD - (+)GRE n/a Fit does not converge

Table 5.6: Interaction of DBDs with (+)GRE and nGREs, as measured by fluores-
cence polarization.
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While the DBD of the ancestral corticosteroid receptor (AncCR), the ancestor of

MR and GR, retained nGRE-binding ability, one additional mutation in the MR lin-

eage resulted in a DBD deficient in nGRE binding, consistent with cellular repression

data (Figure 5.4e, Figure 5.5). Again, this mutation acted in concert with the two

amino acid substitutions from AncSR2 to AncCR to selectively abolish nGRE bind-

ing. Both computational and directed evolution studies have implicated epistasis as a

primary factor in molecular evolution,800,801 but whether these mechanisms extend to

natural and historical protein divergence has remained an open question.802 Here, we

demonstrate that negative epistatic interactions among accumulating neutral amino

acid substitutions enables selective loss-of-function events in promiscuous proteins,

or even small protein domains.
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Figure 5.5: Negative epistasis drives the loss of nGRE binding among the 3-keto
steroid receptors. In vitro binding affinity for indicated DNA response elements is
represented on a blue-white scale (center) at each node or amino acid substitution
(circles). (a) Three substitutions occurred at the AncSR2 to AncMR transition, none
of which affected nGRE binding individually. However, the single substitution from
the AncCR to AncMR node (Gln418Ser) interacted in negative epistatic concert with
two previous neutral mutations to ablate nGRE binding. (b) None of these mutations
(or any combination) affect (+)GRE binding. (c) Three substitutions also define the
AncSR2 to AncSR3 transition; no single substitution affects nGRE binding, but the
combination is devastating to nGRE binding ability. Again, none of the substitutions
or any potential combination affects (+)GRE binding (panel d).
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After establishing that GR alone retained an ancestral ability to bind to nGREs,

we sought to obtain the structural mechanisms by which this expanded DNA speci-

ficity was subfunctionalized to and enhanced in the GR. The crystal structure of the

AncSR2 DBD - TSLP nGRE complex reveals that the GR - nGRE binding orienta-

tion and sequence specificity originated at the ancestor of all 3-keto steroid receptors,

before the emergence of vertebrates803 (Figure 5.6a-d, Table 5.7), despite the superior

ability of GR DBD to repress nGRE-mediated transcription in cells (Figure 5.4d).

NMR data from (+)GRE- and nGRE-bound GR (Figures 5.1, 5.2) indicated that

DBD conformation differs when bound to distinct response elements, and such al-

losteric changes have been shown to affect transcriptional output.669,672 Molecular

dynamics (MD) trajectories followed by community and sub-optimal path analysis

of the steroid receptor - DNA complexes show that AncSR2’s daughter proteins in

the GR and MR lineage contain more complex community organizations, resulting in

diverging allosteric communication upon DNA binding among AncSR2-derived par-

alogs (Figure 5.7): at nGREs, the community connecting DBD monomers is much

larger in hGR versus AncSR2, indicating that DNA-mediated inter-monomer commu-

nication and resulting negative cooperativity at nGREs (Chapter 3) is enhanced in

hGR as opposed to AncSR2 (Figure 5.6e-h). At (+)GREs, the community structure

of AncSR2 bound to a (+)GRE is relatively simple compared to human MR (hMR)

and hGR, with each monomer consisting of one large community (α and β) in direct

allosteric communication, with some communication diverted through residues in the

protein dimerization loops and through the DNA response element itself (Figure 5.7).
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Figure 5.6: Although nGRE binding orientation, stoichiometry, and sequence speci-
ficity originated at the common ancestor of all 3-keto SRs, GR is capable of enhanced
DNA-mediated allosteric communication at nGREs. (a) Overall structure of the An-
cSR2 DBD - TSLP nGRE complex. (b) Overall structure of the human GR DBD
- TSLP nGRE complex (see Chapter 3). Both crystal structures revealed two DBD
monomers bound as an everted repeat on the opposite sides of DNA. hGR retains an-
cient amino acid-DNA contacts to ensure sequence specificity when binding nGREs,
as shown by the AncSR2 - nGRE (panel c) and human GR - nGRE crystal struc-
tures (panel d). (e,f) Community analysis of nGRE-bound AncSR2 and human GR
DBDs. At nGREs, each DBD monomer communicates through a central commu-
nity (community C). Community C largely consists of DNA in the AncSR2 DBD -
DNA complex, but this community is expanded to include part of the GR protein
in the human GR DBD - DNA complex. The larger community in hGR, relative
to AncSR2, enhances communication between DBD monomers at nGREs, as also
shown by suboptimal path analysis between the AncSR2 monomers (panel g; 4,158
pathways) and human GR monomers (panel h; 26,165 pathways) when nGRE-bound.
This enhanced communication corresponds to an increase at negative cooperativity
at nGREs observed throughout the GR lineage.
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Figure 5.7: Allosteric communication at (+)GREs diverges among paralogous evo-
lutionary pathways. Shown are community analyses of 200 ns MD trajectories per-
formed starting from the crystal structures of (+)GRE-bound AncSR2798 (panel a),
AncGR (panel b), AncGR2 (panel c), human GR669 (panel d), AncMR (panel e), and
human MR (Chapter 4; panel f). The most ancient 3-keto steroid receptor ancestor,
AncSR2 (a) possesses a simple community structure, with each monomer consisting
of one large community (α and β) with direct communication between α and β, with
some diversion of communication through the dimerization loops (yellow) as well as
the DNA spacer (community S). Evolution from AncSR2 to AncGR (b) results in a
bifurcation of community β - into β and γ, and evolution from AncGR to AncGR2
(c) enhances protein-protein communication outside the dimerization loop (including
through S), which is retained in human GR (d). The MR branch of the phylogenetic
tree (e,f) has a qualitatively different graph structure, with a greater fraction of the
total communication between monomers occuring directly through the dimerization
interface, especially in human MR.
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In contrast to both AncSR2 and hGR, such extensive DNA-mediated commu-

nication between DBD monomers is not a feature of the MR branch of the SR phy-

logeny. MD trajectories and resulting community analysis of the AncMR - (+)GRE

(Table 5.7) and MR - (+)GRE crystal structures (Chapter 4) reveal a qualitatively

different community organization and rotes of communication, compared to their GR

paralogs (Figure 5.7). A greater fraction of the total communication between AncMR

monomers occurs directly through the dimerization interface - as opposed to through

the DNA - relative to the GR lineage, a trend that is more pronounced in hMR.

Given the link between transcriptional output and allosteric communication,669,672

the fracturing of the community organization and weakening of allosteric cohesive-

ness leads to a network in AncMR and hMR with decreased intra-DNA allosteric

communication. This correlates with weaker binding to nGRE sequences, where pro-

tein dimerization does not occur. It is noteworthy that all amino acid substitutions

driving these allosteric changes occurred far from the DNA binding surface, which

is likely necessary to maintain (+)GRE binding (Figure 5.8). Therefore, mutations

driving divergent function among structurally similar proteins are likely distant from

functional interfaces and act through subtle, allosteric mechanisms.
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Figure 5.8: Amino acid substitutions that drive changes in DNA binding specificity
among paralogous receptors are distant from the nucleic acid-binding interface. (a)
Sequence alignment showing AncSR2 and its daughter genes in the GR/MR lineage.
Substitutions are colored by the order of their appearance. These substitutions, when
mapped onto the three-dimensional structure of the AncSR2 DBD, cluster far from
the DNA binding interface in both the paralogous lineages of GR (b) and MR (c).
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Such a mutation occurred in the GR lineage: a single substitution - Gly425Ser

- greatly enhanced glucocorticoid-mediated repression at nGREs (Figure 5.4). In

the AncGR2 - DNA crystal structure (Table 5.7), the sidechain of Ser425 is solvent

exposed and makes no contacts with DNA or the remainder of the GR DBD (Figure

5.9a-b). Due to the conformational freedom granted by glycine residues (Figure 5.9c),

we hypothesized that subtle changes in backbone conformation may underlie the large

effect caused by the Gly425Ser substitution. All non-GR 3-keto SRs - extant and

ancestral - contain a glycine at position 425, and these proteins all occupy glycine-only

backbone conformations when bound to (+)GREs, as visualized by a Ramachandran

plot (Figure 5.9d-f). Intriguingly, the AncSR2 - (+)GRE crystal structure798 contains

two dimers: Gly425 of one dimer occupies glycine-only Ramachandran space and

Gly425 of the second dimer occupies general Ramachandran space (Figure 5.9d),

indicating that AncSR2 may be more dynamic and able to occupy a wider range of

conformational ensembles. The Gly425Ser substitution at the AncGR2 node locked

the GR lineage into a restricted subset of Ramachandran space, as compared to

the MR/AR/PR lineages (Figure 5.9e-f). MD trajectories show that position 425 of

AncGR2 occupies a separate subset of Ramachandran space from AncGR, eliminating

any artifacts from crystal packing (Figure 5.9g). As a result of these conformational

changes, community analysis reveals that the Gly425Ser substitution decreases direct

communication of the two DBD monomers via the dimerization interface and instead

increases inter-protein communication via DNA on activating elements, a trend that

is preserved in hGR (Figure 5.7). These results are extremely consistent with previous

hypotheses that ’evolvable’ proteins - such as AncSR2 - may exist in closely-related

but functionally distinct conformers, whose distribution may be easily perturbed by

mutation, such as the Gly425Ser substitution observed here.804



5.2. THE ORIGIN OF DNA-DEPENDENT SR REPRESSION 169



170 CHAPTER 5. EVOLUTION OF nGRE-MEDIATED TRANSREPRESSION

Figure 5.9: A single amino acid substitution far from the DNA binding interface
- Ser425Gly - led to an improvement in nGRE binding through subtle effects in SR
backbone conformation. (a) Location of serine 425 within the overall crystal structure
of the AncGR2 DBD - (+)GRE complex. (b). Serine 425 is solvent exposed and does
not contact any other side chains in the AncGR2 DBD. (c) Ramachandran plot of the
AncSR2 and extant human DBDs. (d) Non-glycine (general) amino acids in a protein
polymer are restricted in their backbone conformations (phi/psi angles) as compared
to glycine-containing residues (dark green vs. light green, respectively). (d) Inset of
panel (c); AncSR2 and hGR DBDs occupy general Ramachandran space at position
425, as opposed to the other three extant human DBDs. (e) hGR’s conformational
space was decided at the AncGR2 node, where the G425S substitution occurred. (f)
MR retains a glycine at the homologous position, and assumes a backbone confor-
mation only accessible to glycine residues. (g) Backbone conformation of AncGR -
and AncGR2 - (+)GRE complexes differs over the course of 200 ns MD trajectories.
(h,i) Comparison of binding between WT and Ser425Gly GR DBD at (+)GREs and
nGREs. (j) Full-length WT or Ser425Gly GR was transfected at indicated amounts
in to HeLa cells co-transfected with a luciferase target gene controlled by the TSLP
nGRE and treated with dexamethasone. (k,l) Comparison of binding between WT
and Gly607Ser MR DBD at (+)GREs and nGREs. While the Gly607Ser mutation
does not decrease binding to (+)GREs (k), the mutation also has no effect on nGRE
binding (l). (m) The Ser425Gly mutation reverts GR to an MR-like backbone con-
formation. *, **, and *** indicate P < 0.05, 0.01, or 0.001, respectively. Two-way
ANOVA with Sidak’s multiple comparisons test was used in all panel c. All error bars
and points represent mean ± SEM. (n) Functional landscape of activation and re-
pression among the SR DBDs, showing that the Gly425Ser switch led to a large shift
in functional ability in conunction with the conformational changes demonstrated
above.
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Reversal of this substitution (Ser425Gly) in human GR discriminates between

the activating and repressive elements in vitro: Ser425Gly retains high-affinity bind-

ing to a (+)GRE but much lower affinity for nGREs (Figure 5.9h-i); in cells, full-

length GR with the Ser425Gly mutation is a much less potent repressor of the TSLP

nGRE (Figure 5.9j). Together, these data indicate the two amino acid changes be-

tween AncGR2 and hGR, Ile420Leu and Phe478Tyr, locked hGR into dependence

on the Gly425Ser substitution for even low-affinity binding to nGREs, a hypothesis

supported by sequence alignments (Figure 5.10)648 and similar to the evolutionary

’ratchet’ observed in SR ligand binding domains.805 The crystal structure of the GR

DBD Ser425Gly mutant bound to DNA (Figure 5.11) reveals that position 425 reverts

to a glycine-only conformation (Figure 5.9m), confirming that backbone conforma-

tion is the likely mechanism for the large-effect seen by the G425S substitution. Even

when not bound to DNA, 2D NMR reveals reversal of the Gly425Ser substitution

in the hGR DBD results in large conformational changes in residues comprising the

DNA-binding interface, consistent with the historical substitution’s effects on DNA-

mediated inter-protein communication (Figure 5.12). Mutation of residue 425 to a

non-glycine amino acid, such as alanine, does not cause a loss of nGRE binding (Fig-

ure 5.13). As an aside, the GR Ser425Gly mutation has deleterious effects on the

repression of T-bet, AP-1, and NF-κB by GR28-31,806–809 suggesting DNA-mediated

effects play a larger role in pro-inflammatory transcriptional repression by the GR

than has been previously assumed.
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Figure 5.10: Alignments of position 425 in GR (a) and its homologous position in
MR (b; residue 607). All unique orthologs available from Ensembl are shown.648
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Figure 5.11: Crystal structure of the human GR DBD Ser425Gly mutant. (a) Overall
structure of the GR DBD Ser425Gly mutant bound to a (+)GRE. (b) 2Fo-Fcdensity,
contoured to 1 σ, of position 425, confirming the presence of the Ser425Gly mutation.
For comparison, density of the WT GR DBD - (+)GRE complex669 from PDB 3G6P.
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Figure 5.12: Reversal of the Gly425Ser substitution alters the conformation of the GR
DBD’s DNA binding interface, even in the absence of DNA. (a) 2D HSQC spectra of
15N labeled GR DBD in the absence of DNA; WT protein is in black and Ser425Gly
protein in orange. (b) Chemical shift perturbations greater than 2 standard deviations
from the mean are plotted as a function of protein residue. (c) Perturbed residues
are mapped onto the GR DBD structure in orange; many affected residues are distal
from position 425 and DNA-contacting.
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Figure 5.13: Mutation of position 425 to alanine does not affect GR DBD - nGRE
binding. Shown are fluorescence polarization values for increasing amounts of WT
or S425A proteins into fluoresecently-labeled nGRE or (+)GRE DNA. Calculated
high-site affinity (Kd) for WT and S425A on nGREs is 363 and 132 nM, respectively.
Error bars represent SEM. Binding studies were conducted in duplicate with three
internal replicates.
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Finally, the analogous ’forward’ substitution in the hMR DBD, Gly607Ser, re-

tains high-affinity binding to (+)GREs (Figure 5.9k) but does not improve affinity for

the TSLP nGRE (Figure 5.9l), indicating that the accumulation of amino acid substi-

tutions neutral toward function at (+)GREs restricted paths toward the recognition

of alternate DNA response elements such as nGREs. A limited difference in sequence

background - such as that between the hMR and hGR DBDs - is sufficient to restrict

and permit potential future structural conformations, limiting the evolution of new

function. However, such functional limitations permit substrate specificity among a

related group of proteins, in this case providing an evolutionary path whereby similar

transcription factors can control diverse transcriptional programs and effect specific,

distinctive responses to signaling input.
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5.4 Methods

5.4.1 Protein expression and purification

Proteins were expressed as described previously (Chapters 3,4). Proteins were cloned

into pMCSG7 vector, which contains an N-terminal 6X His tag. The expression vector

was transformed into BL-21 (DE3) pLySs E. coli, which were grown in TB media and

induced with 300 µM IPTG at an OD of approximately 0.8 for 4 hours at 30 °C.

Cells were lysed via sonication in 20 mM Tris 7.4, 1 M NaCl, 25 mM imidazole, and

5% glycerol. SR DBDs were purified from the supernatant using a nickel affinity

chromatography column (HisTrap) with fast protein liquid chromatography (FPLC).

Gel filtration via FPLC was used to further purify the DBDs into a buffer of 20 mM

Tris 7.4, 100 mM NaCl, and 5% glycerol. Protein was concentrated to approximately

4 mg/ml and flash frozen in liquid N2 until further use.

5.4.2 Protein - DNA Binding Assays

All DNA oligos for this study were purchased from Integrated DNA Technologies.

For DNA binding assays, increasing amounts of indicated protein were added to

10 nM of 5’ carboxyfluorescein-labeled DNA oligos and fluorescence polarization

values were measured using a Biotek Synergy plate reader. Sequences used for

binding assays were: (+)GRE: 5’-(FAM)CCAGAACAGAGTGTTCTGA-3’ and 5’-

TCAGAACACTCTGTTCTGG-3’; TSLP nGRE: 5’-(FAM)CCGCCTCCGGGAGAGCTG

and 5’ - CAGCTCTCCCGGAGGCGG - 3’, where (FAM) indicates the position of

the carboxyfluorescein dye. hGR - TSLP nGRE and hMR - (+)GRE binding data
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were also reported in Chapters 3 and 4.

5.4.3 Crystallization

All structures were crystallized via hanging drop vapor diffusion. The AncSR2 -

TSLP nGRE complex was crystallized in 0.1 M HEPES (pH 7.5), 10% PEG 20000,

5% glycerol, and 5% ethanol. The AncGR - (+)GRE complex was crystallized in

0.1 M HEPES (pH 7.5), 12% PEG 20000, and 5% glycerol. The AncGR2 - (+)GRE

complex was crystallized in 0.1 M HEPES (pH 7.5) and 15% PEG 8000. The An-

cMR - (+)GRE complex was crystallized in 0.1 M MES (pH 6.5), 20% PEG 6000,

and 5% glycerol. The GR Ser425Gly - (+)GRE complex was crystallized in 0.1

M HEPES (pH 7.5), 20% PEG 8000, and 4% ethylene glycol. Crystals were flash-

cooled in liquid N2 after soaking in cryoprotectant consisting of the crystallization

condition plus additional PEG and glycerol. DNA constructs used for crystallization

were 5’ - CGCCTCCGGGAGAGCT - 3’and 5’ - AGCTCTCCCGGAGGCG - 3’ for

the AncSR2 - TSLP nGRE complex, and 5’- TCAGAACACTCTGTTCTG -3’ and

5’- CCAGAACAGAGTGTTCTG -3’ for the AncGR-, AncGR2- AncMR- and hGR

Ser425Gly-(+)GRE complexes.

Data were collected at Southeast Regional Collaborative Access Team (SER-

CAT) 22-ID (or 22-BM) beamline at the Advanced Photon Source (APS), Argonne

National Laboratory, Argonne, IL, USA. Supporting institutions may be found at

www.ser-cat.org/members.html. Data were processed using HKL-2000 and phased

with molecular replacement using PHASER in the PHENIX suite and refined using

phenix.REFINE.691,810 COOT was used for model building,690 and PyMOL (Schrödinger,

LLC) and Chimera811 (Resource for Biocomputing, Visualization, and Informatics at

the University of California, San Francisco) were used for structure visualization and

figure generation. The PDBREDO server was used for structure optimization and

validation.812 Sample electron density for all structures is located in Figure 5.14.
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Figure 5.14: Stereo electron density for the crystal structures reported in this chapter.
(a-d) Electron density of the dimerization interface of the GR DBD Ser425Gly mutant
(a), AncGR2 DBD (b), AncGR DBD (c), AncMR (d) in complex with (+)GRE DNA.
Separate protein chains are shown in different shades. In panel (e), sample electron
density of the AncsSR2 - TSLP nGRE complex is shown.
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5.4.4 Molecular Dynamics Simulations

Eight systems were prepared for molecular dynamics (MD) simulation: (+)GRE-

AncSR2 (PDB 4OOR), AncGR (PDB 5CBX), AncGR2 (PDB 5CBY), hGR (PDB

3G6R), AncMR2 (PDB 5CBZ), hMR (PDB 4TNT); nGRE- AncSR2 (PDB 5CC0),

and hGR (PDB 4HN5). Each protein monomer was capped with acetyl and N-

methyl groups at the N- and C- termini, respectively. The complexes were placed

in a rectilinear simulation box extending no less than 12 Å from the protein-DNA

along each dimension. The systems were solvated with TIP3P813 water molecules.

Na+ and Cl- ions were added to maintain neutral charge with excess 0.15 M NaCl

concentration to mimic physiological conditions. Systems were set up with the xLeap

module of the AmberTools11814 package with the parm99-bsc0 forcefield.815,816 Cys-

Zn2+ tetrahedral geometries in the zinc fingers were maintained using dummy atoms.

All minimization and MD was performed with the NAMD2.9 simulation pack-

age817 using a 2 fs timestep, the r-RESPA method818 for force integration, and the

SHAKE819 algorithm to restrain bonds all bonds involving hydrogen atoms. Non-

bonded interactions were calculated within a 12 Å cutoff, with a switching function

applied between 10 Å and 12 Å. Long-range electrostatics were treated with the

smooth particle mesh Ewald (PME) scheme,820 with full electrostatics calculated ev-

ery 2 steps and 1-4 interaction scaling set at 0.83. Each system was subjected to

10,000 steps of conjugate gradient minimization, followed by a 200 ps MD simulation

in the NVT ensemble, with 5 kcal/mol × Å2 harmonic restraints on all protein and

DNA heavy atoms, while smoothly heating from 0 - 300 K. Seven stages of restraint

release were then carried out in the NPT ensemble in 1 ns segments, incrementally

releasing first protein sidechains, followed by protein backbone, DNA nucleosides,

and finally DNA backbone heavy atoms. An unrestrained, 20 ns NPT simulation was

performed to fully equilibrate the system. Each system was then sampled for 200 ns

in the NPT ensemble. 10,000 evenly spaced frames were taken from each trajectory
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for network analysis in the NetworkView821 plugin of the VMD822 visualization and

analysis program.

We have employed network theory to highlight evolutionary alterations in the

allosteric network of 3-keto SR complexes. Our networks are constructed by defin-

ing all protein alpha-carbon and DNA C1’ atoms in a system as nodes and using

Cartesian covariance as a measure of communication within the network. Any pair

of nodes that reside within a 4.5 Å cutoff for more than 75% of the MD trajectory

are connected via an edge, with the weight of the edge being proportional to the co-

variance between the nodes. From this raw data, we have resolved the networks into

communities, groups of nodes with correlated motions, using the Girvan-Newman

algorithm.823 While constructing the community graphs, we generate the minimum

number of communities possible while maintaining at least 92.3% of the maximum

modularity823 to prevent excessive community subdivision. We have quantified the

magnitude of communication flow between communities by the total betweenness824

of all edges that transition between communities. In the case of the nGRE complexes,

we have also identified suboptimal paths between monomers and through the DNA

using the Floyd-Warshall algorithm.825

Covariance plots for each of the MD simulations are found in Figure 5.15.
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Figure 5.15: Covariance plots for the MD simulations performed in this chapter.
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5.4.5 Cellular Activation and Repression Assays

HeLa cells were transfected with 10 ng of the indicated receptor, 50 ng of the in-

dicated firefly luciferase reporter, and 10 ng of Renilla luciferase under the control

of the pRLTK (constitutively active) promoter. For transfection, OptiMEM media

(without antibiotics) was used with FuGene HD, according to the manufacturer’s

protocols. Otherwise, HeLa cells were passaged in MEMα (Life Technologies) sup-

plemented with 10% stripped FBS (Atlanta Biologicals) and penicillin/streptomycin

(Life Technologies). 24 hours after transfection, cells were treated with 1 µM dexam-

ethasone, except for hMR conditions, in which aldosterone was used. 24 hours after

ligand treatment, firefly and Renilla luciferase activities were measured using the Du-

alGlo kit (Promega) according to the manufacturer’s protocol on a Biotek Synergy

plate reader.

5.4.6 NMR

15N-labeled GR DBD and S425G were expressed in E. coli BL21 (DE3) pLysS cells as

TEV-cleavable 6X-His tagged fusion proteins using M9 media, with 15NH4Cl as the

sole nitrogen source. Proteins were purified through a Ni-NTA column against a 500

mM imidazole gradient, using wash buffer containing 50 mM Tris (pH 8.0), 100 mM

NaCl, 15 mM imidazole, 1 mM TCEP. The His tag was subsequently cleaved with

TEV protease overnight at 4 °C. The protein solutions were passed through the Ni

NTA column anew, and the flow through containing purified protein was collected.

Proteins were verified to be >99% pure by SDS-PAGE.

NMR data were collected on a Bruker 700 MHz Bruker NMR instrument equipped

with a QCI cryoprobe. For DNA experiments, the 19 nt (+)GRE and TSLP nGRE

DNA duplexes were reconstituted in 20 mM phosphate (pH 6.7), 100 mM NaCl, 1

mM TCEP, 10% D2O buffer to 1.7-2.0 mM, subsequently annealed by denaturing at

95 °C for 3 minutes and equilibrated to room temperature (20-23 °C) overnight. For
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protein experiments, 2D [1H,15N]-HSQC spectra were collected at 25 °C for 250 uM of

free 15N-labelled GR DBD protein and complexed with 1.5:1 of GRE or 0.44:1/2.1:1

of TSLP nGRE DNA duplex in the same NMR buffer. Chemical shift perturbations

were assigned using previously published GR DBD NMR chemical shifts672 and calcu-

lated using the minimum chemical shift perturbation procedure. Data were processed

using Bruker Topsin and analysed with NMRViewJ (OneMoon Scientific, Inc).



Chapter 6

Beyond nGREs: GR-mediated,
DNA-dependent repression of
NF-κB

6.1 Abstract

The glucocorticoid receptor (GR) is a ubiquitously expressed nuclear receptor that
controls immunity, metabolism, and responses to stress. GR agonists, glucocorti-
coids (GCs), are potent repressors of NF-κB activity, making them a preferred choice
for treatment of inflammation-driven conditions. GCs repress 25% of LPS-activated
genes, yet current models are inadequate to explain GR’s role within this impor-
tant signaling pathway. In contrast to the current tethering hypothesis, which posits
that GR interacts with NF-κB in a DNA-independent manner, we support a model
whereby DNA binding is required for GR-driven repression of NF-κB. In this chapter,
we report the crystal structure of the GR DNA binding domain (DBD) in complex
with five NF-κB response elements (κBREs) and demonstrate that GR recognizes
cryptic sequences between the binding sites of each NF-κB subunit in order to bind
to and repress the promoters of pro-inflammatory genes. These cryptic sequences
exhibit high sequence and functional conservation, despite a lack of NF-κB sequence-
specific contacts, suggesting that GR binding to κBREs is an evolutionarily important
mechanism of controlling immunity.

This chapter is adapted from a manuscript in preparation for publication:
Hudson WH, Weikum ER, Nwachukwu JC, de Vera IMS, Herbst AG, Kojetin DJ, Nettles KW,

Ortlund EA. Cryptic glucocorticoid receptor binding sites pervade genomic NF-κB response
elements.

185
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6.2 Introduction

Glucocorticoids (GCs) are a class of steroid hormones that are widely prescribed for

inflammation-driven conditions such as asthma and arthritis.826 GCs exert their ef-

fects by binding to the glucocorticoid receptor (GR), a ubiquitously expressed nuclear

receptor that drives both the activation and repression of its target genes. Ligand-

bound GR is able to antagonize the activity of immunogenic transcription factors

such as NF-κB, AP-1, and T-bet,575,576,793,827 resulting in a potent attenuation of

inflammation. Unfortunately, GR’s anti-inflammatory actions are concomitant with

induction of a host of undesirable side effects that include skin atrophy, glaucoma, os-

teoporosis and hypertension.709 These opposing actions by GR have led to an intense

- and largely unsuccessful - search for dissociated glucocorticoids that would separate

the receptor’s anti-inflammatory properties from its more malicious effects.566

Upon binding of GCs to GR’s ligand binding domain (LBD), the receptor translo-

cates to the nucleus, where its agonist-bound conformation enables the recruitment of

transcriptional co-activators such as TIF2 and SRC-1.828 The receptor’s DNA bind-

ing domain (DBD) can bind activating glucocorticoid response elements, or (+)GREs,

which are inverted repeat sequences containing two AGAACA (or similar) half sites

separated by 3 base pairs.334 Thus, transcriptional activation mediated by GR ap-

pears to be largely dependent on DNA binding by the receptor, with additional al-

losteric modulation potentially occurring through slight variation of the (+)GRE

sequence.669,672 In contrast, GR’s repressive effects on pro-inflammatory transcrip-

tion factors are generally thought to be DNA-independent. While GR can upregulate

the transcription of IκB - an inhibitor of NF-κB - through a DNA-dependent mech-

anism,829 this activity is not sufficient for repression of NF-κB.806 Instead, GR is be-

lieved to tether, or interact directly, with DNA-bound NF-κB in a DNA-independent

manner.830

Recently, some GR-mediated transcriptional repression has been attributed to
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direct interactions of the receptor with DNA. In 2011, the discovery of a nega-

tive glucocorticoid receptor element (nGRE) DNA sequence was found to medi-

ate glucocorticoid-induced repression of hundreds of genes.574 Subsequent crystal-

lographic analyses demonstrated that the GR DBD binds nGREs in a distinct orien-

tation from (+)GREs (see Chapter 3). Simultaneously, ChIP-seq studies examining

GR’s role in attenuating the immune response have shown GR is recruited to some

pro-inflammatory genes such as CCL2 in the absence of pro-inflammatory signaling,

indicating that the tethering model is insufficient to explain GR’s recruitment to and

repression of NF-κB target genes.831 Here, we propose that GR in fact binds directly

to NF-κB response elements in order to repress pro-inflammatory genes.

6.3 Results

6.3.1 Classic GR mutations dissociate (+)GRE and nGRE

binding

The glucocorticoid receptor is one of five paralogous steroid receptors in humans. The

other four steroid receptors include the mineralocorticoid, androgen, progesterone,

and estrogen receptors. Given the critical physiological roles played by these receptors

and their similar protein structure,832 we sought to determine whether these proteins

could mediate repression from nGREs (see also Chapter 5). Interestingly, while the

DBD of the mineralocorticoid receptor (MR) - GR’s closest paralog - can bind with

high affinity to (+)GREs, the protein was unable to bind to an nGRE from the

TSLP promoter (Figure 6.1a). Additionally, the full-length MR protein was unable to

repress a constitutively active nGRE-containing promoter in cells, unlike GR (Figure

6.1b). Given the high sequence identity between the DBDs of MR and GR - 69 of

75 identical residues (Figure 5.1) - we hypothesized that reverting one or more of the

divergent residues in the GR DBD could dissociate repressive and activating DNA



188 CHAPTER 6. DIRECT REPRESSION OF NF-κB

binding by GR. Indeed, a single amino acid substitution in GR to the homologous

residue in MR (Ser425Gly) was able to decrease GR’s affinity for nGREs by two orders

of magnitude, while preserving dimeric (+)GRE binding (Figure 6.1c,d). Critically,

this mutant also diminished the ability of full-length GR to repress from nGRE-

containing elements in cells (Figure 6.1e; see also Figure 5.9).

Consistent with our data, previous studies have shown that the Ser425Gly GR

mutant is fully capable of activating transcription; however, at least five previous

studies have shown that the Ser425Gly mutant is incapable of repressing the pro-

inflammatory transcription factors AP-1 and NF-κB.575,576,793,807,808 Given the rela-

tively recent identification of the nGRE motif,574 the inability of the Ser425Gly mu-

tant to repress transcription led to the hypothesis that GR’s DNA binding function

was dispensable for repression of NF-κB. Interestingly, two other GR mutants759,833

that repress NF-κB but inhibit (+)GRE-mediated repression appear to selectively

impair (+)GRE binding more than nGRE binding in vitro (Figure 6.2). These obser-

vations led us to hypothesize that GR might bind directly to DNA in order to repress

NF-κB activity.
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Figure 6.1: A single mutation differentiates the repressive function of two homolo-
gous receptors. (a) Recombinantly-expressed human mineralocorticoid receptor (MR)
DNA binding domain (DBD) binds a consensus (+)GRE, but not repressive nGRE
elements. (b) Full-length GR (10 ng) is able to repress a constitutively active TSLP
reporter in HeLa cells, in contrast to full length MR. This difference can be traced to
a single amino acid mutation, Ser425Gly, which does not affect GR DBD binding to
a (+)GRE (c), but diminishes binding to the TSLP nGRE (d). (e) The full-length
Ser425Gly protein is a less potent repressor of a constitutively-active nGRE-driven
promoter in HeLa cells than WT GR. In panel (c), **** indicates P < 0.0001 after
one-way ANOVA followed by Tukey’s multiple comparison test. In panel (e), all WT
GR transfections differ from 0 ng by at least P < 0.05. ***, *, and n.s. indicate P
< 0.001, < 0.05, and not significant between the groups shown by two-way ANOVA
followed by Sidak’s multiple comparison test. See also Figure 5.9.
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Figure 6.2: Two GR DBD mutants selectively impair (+)GRE binding vs. nGRE
binding. (a) Binding of the GTG3A mutant759 to the TSLP nGRE and a consen-
sus (+)GRE reveals similar binding affinities for the two elements. However, this
represents a large decrease in (+)GRE binding vs. nGRE binding, due to WT GR’s
lower affinity for nGREs (panel b). (c) The GRdim (Ala458Thr) mutation also affects
(+)GRE binding more than nGRE binding.



6.3. RESULTS 191

6.3.2 GR binds directly to NF-κB response elements

In order to test this hypothesis, we investigated the ability of a GR double mutant,

Lys442Ala Arg447Ala, to repress constitutively active reporters containing NF-κB

response elements. This mutant lacks two key side chains critical for sequence-specific

DNA recognition by GR at multiple response elements (reference 669 and Chapter

3). While WT GR was able to repress several of these reporters, including IL8,

CCL2, RELB, PLAU, and ICAM1, the Lys442Ala Arg447Ala mutant was generally

unable to repress more than transfection with an empty vector (Figure 6.3). These

results indicated that GR’s DNA binding ability is critical for its ability to repress

transcription, and we sought to determine the DNA sequences through which GR

mediated these effects.
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Figure 6.3: The Lys442Ala Arg447Ala mutant is unable to repress constitutively ac-
tive reporters containing NF-κB response elements. (a) The Lys442Ala Arg447Ala
mutant is greatly deficient in activation of the (+)GRE-containing SGK promoter in
U2OS cells. (b-g) Increasing amounts of plasmid containing WT full-length GR,
Lys442Ala Arg447Ala full-length GR, or empty pcDNA3.1 were transfected into
U2OS cells containing the indicated NF-κB response element constitutively activated
by the SV40 promoter and enhancer. (h) The Lys442Ala Arg447Ala mutant was also
tested with the TSLP nGRE, which requires GR-DNA interaction for repression,574

as a control.
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Several ChIP-seq studies have been performed to determine motifs enriched at

GR binding sites. In many of these studies, NF-κB response elements are highly

enriched at GR ChIP-seq peaks.677,831,834 Most of these studies were performed in

the absence of NF-κB activation, potentially implying that GR was not recruited to

these elements via tethering. We examined ENCODE GR ChIP-seq data performed

in A549 cells with ethanol or dexamethasone treatment.565 While unliganded GR

is not present in at the CCL2, PLAU, RELB, or IL8 NF-κB response elements in

A549 cells, dexamethasone treatment alone is sufficient to recruit GR to these ele-

ments (Figure 6.4a-d); similar results have been observed on the IL6 promoter in

macrophages.831 This suggests that GR could bind directly to NF-κB response el-

ements without the need for tethering to another transcription factor. In MCF-7

cells, we observed that GR is present at the IL6 promoter, which contains an NF-

κB response element, in the absence of ligand (Figure 6.4e). In order to identify

whether potential tethering factors are present basally, we performed ChIP for p65 as

well as AP-1 family members, and compared the association relative to IgG control.

While we detected increased association of GR, along with Fra-1 and Fra-2 relative

to IgG control immunoprecipitation, there was less recruitment than IgG for ERα,

p65, c-Jun, JunB, c-Fos, and FosB, suggesting that these were not potential tethering

factors (Figure 6.4e). After TNF-α treatment, these proteins were present at the IL6

promoter, indicating that the antibodies were effective for these factors. (Figure 6.4f)

Together, these results suggested that GR might bind directly to NF-κB response

elements to repress pro-inflammatory genes.
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Figure 6.4: GR is recruited directly to NF-κB response elements. (a-d) ENCODE
ChIP-seq data reveals that GR is recruited directly to the CCL2, PLAU, RELB, and
IL8 NF-κB response elements in the presence of dexamethasone alone. (e) ChIP
at the IL6 promoter reveals that GR is basally present, even without the presence
of potential tethering factors such as p65 and AP-1 subunits. (f) ChIP at the IL6
promoter with TNF-α stimulation reveals the presence of AP-1 subunits, validating
the antibodies used in (e).
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To test this hypothesis, we used fluorescence polarization to test the ability of

the GR DBD to bind to the IL6, IL8, CCL2, and PLAU NF-κB response elements

in vitro. GR DBD was able to bind to all four of these response elements, with each

binding event fitting well to a two-site model (Figure 6.5). Interestingly, we previously

showed that binding of GR to nGREs occurs in a similar fashion; affinity of the GR

DBD for these NF-κB response elements closely mirrored the affinity of the DBD for

nGREs (see Figure 3.1 and Table 3.1).

To uncover the mechanism by which GR binds to NF-κB response elements,

we solved five crystal structures of GR DBD bound to NF-κB response elements

from the CCL2, ICAM1, IL8, PLAU, and RELB promoters, at resolutions ranging

from 1.85 to 2.30 Å (Table 6.1, Figure 6.6a-e). In all of these crystal structures, the

GR DBD formed a dimer within the asymmetric unit (Figure 6.6a-e). However, in

all structures, one DBD monomer was consistently located above the end-stacking

junction of the pseudo-continuous DNA helix formed by crystal packing. Therefore,

it is likely that monomeric GR DBD is bound to these NF-κB response elements at

all but the highest concentrations.
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Figure 6.5: GR DBD binds to NF-κB response elements in vitro. (a) Fluorescence po-
larization was used to monitor binding of GR DBD to four NF-κB response elements.
(b) These binding events showed two-site binding curves, similar to that of GR DBD
when binding to an nGRE (Figure 3.1 and Table 3.1). An extra sum-of-squares F-test
was used to compare a two-site specific binding event to a one-site specific binding
event using GraphPad Prism; the resulting P values are shown in the right column
of the panel.
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Figure 6.6: Five crystal structures of the GR DBD bound to NF-κB response elements
reveal its binding footprint. (a-e) Overall representations of five GR DBD - NF-κB
response element crystal structures. In each case, the GR DBD crystallized as a
dimer in the asymmetric unit, with one monomer positioned over a DNA end stacking
junction. The DNA sequence is shown below each structure, with the GR binding
footprint in red. (f) The DNA binding footprints of GR are aligned, showing that
crystal packing shifts in order to accommodate binding of GR to a specific AATTY
sequence (Y, pyrimidine).
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6.3.3 GR recognizes NF-κB response elements in a sequence

specific manner

An interesting feature of the five crystal structures in complex with NF-κB response

elements is the common binding footprint for the central GR DBD monomer (Figure

6.6f). In each structure, GR DBD recognizes an AATTY sequence, where Y represents

a pyrimidine base. In fact, while each of the five structures were solved with a 16 bp

oligonucleotide, the DNA packs in three distinct conformations to ensure that GR

specifically recognizes the AATTY sequence (Figure 6.6f). PISA analysis722 indicates

that the free-energy gain upon formation of the specifically-bound GR DBD monomer

and the IL8 NF-κB response element is a very favorable -8.7 kcal/mol, similar to the

change seen upon nGRE binding (see Chapter 3.3.3).

A close examination of the DBD - DNA interface shows that GR recognizes

the AATTY sequence in a specific manner (Figure 6.7). Through the side chains of

Lys442, Val443, and Arg447, the GR DBD makes contacts with four of the five bases

within the AATTY motif. Arg447 recognizes the first two bases of this sequence: its

guanidino group makes van der Waals contacts with the first adenine and a terminal

amine forms a hydrogen bond with the second adenine in the motif (Figure 6.7a-e).

Val443 participates in a van der Waals interaction with the C7 of the thymine in

the central A:T base pair; this distance is constant across the five crystal structures

(3.8-4.0 Å; Figure 6.7a-e). Finally, Lys442 makes a moderately strong, electrostatic

hydrogen bond with the purine residue opposite the final base in the AATTY motif

(Fig 4a-e). These interactions are similar to GR’s contacts at nGREs, with the

exception of the positioning of Arg447 (Figure 6.7f).
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Figure 6.7: The GR DBD makes sequence-specific contacts with NF-κB response
elements. (a-e) Sequence specific contacts between the GR DBD and the CCL2, IL8,
PLAU, RELB, and ICAM1 NF-κB response elements. For comparison, sequence
specific contacts between the GR DBD and the TSLP nGRE are shown in panel (f).
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To confirm these observations, we performed NMR footprinting analysis to map

the interaction between GR DBD and the IL8 NF-κB DNA response element. Two

dimensional (2D) homonuclear [1H,1H]-NOESY NMR analysis reveals the GR DBD

binding footprint on the IL8 NF-κB DNA observed is consistent with the crystal

structure (Figure 6.8a-c). Furthermore, the NMR data suggest the nucleotides near

the AATTY sequence are most perturbed (Figure 6.8c). The largest chemical shift

perturbation occurred at guanine-21, which is directly adjacent to the first adenine

of the AATTY motif. This is in strong agreement with the crystal structure of the

GR DBD - IL8 NF-κB response element structure, as the GR DBD makes two close

interactions (2.8 Å) with the DNA backbone at this position (Figure 6.8f). The

next two largest chemical shift perturbations upon GR DBD binding occurred in the

AATTY motif, including adenine-24, which is directly contacted by Lys442 of the GR

DBD. Crucially, thymine-24, which is contacted directly by Val443 of the GR DBD,

also had a significant chemical shift perturbation upon GR binding.

On the protein, 2D [1H,15N]-HSQC NMR analysis reveals that binding of IL8

NF-κB DNA to 15N-GR DBD causes large chemical shift perturbations for residues

that contact DNA, such as Cys441 and Val488 (Figure 6.8d). When GR binds to

(+)GRE DNA as a homodimer, this causes large chemical shift perturbations in the

dimerization loop (or D-loop) residues, such as Ala458 and Gly459 (Figure 6.8e).672

However, when bound to the IL8 NF-κB response element, these D-loop residues were

not affected (Figure 6.8d), confirming that when GR binds to this DNA sequence it

does not bind as a D-loop engaged dimer, but instead likely binds as a monomer. This

is consistent with recent reports that a monomeric full-length GR protein carrying

mutations at both the DBD and LBD dimerization interfaces remains capable of

repressing NF-κB activity.682
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Figure 6.8: NMR reveals an interaction footprint of the GR DBD - IL8 NF-κB re-
sponse element complex that is consistent with crystal structures. (a,b) 2D homonu-
clear [1H,1H]-NOESY NMR data for IL8 NF-κB response element alone (orange) or
bound to GR DBD (2.3:1 molar ratio, purple). (c) NMR chemical shift perturbation
analysis for data shown in (a). Panels (f-h) show insets of highly perturbed bases. (d)
2D [1H,15N]-HSQC NMR analysis of 15N-labeled GR DBD (orange), and the same
bound to IL8 NF-κB response element (0.44:1 molar ratio, dark orange; 2.3:1 molar
ratio, purple). (e) 2D [1H,15N]-HSQC NMR analysis of 15N GR DBD (orange), and
the same bound to (+)GRE consensus DNA response element. (f) Base G-21, which
makes two close contacts with the GR DBD, is highly perturbed upon formation of
the complex. The same is true of bases A-22 (panel g) and T-24 (panel h).
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6.3.4 Cryptic GR binding sites within NF-κB response ele-

ments are highly conserved

NF-κB is a homo- or heterodimer of Rel homology domain-containing proteins. NF-

κB binds to its response elements by specifically recognizing two binding footprints

surrounding a central sequence (Figure 6.9a). In a p50/p65 heterodimer, the central

base pairs of the NF-κB response elements are not specifically bound NF-κB itself

(Figure 6.9b).835 Despite this lack of sequence discrimination, an AATTY motif is

overrepresented in the NF-κB response element spacer region.836 No satisfactory

explanation for this overrepresentation has been explained by structural analyses of

NF-κB binding alone,836 and a recent SELEX study to determine the optimal NF-

κB binding motif revealed little sequence preference by the protein at this spacer

sequence.837 We propose that the AATTY motif is widely prevalent not due to any

structural requirement for NF-κB binding, but to ensure that these elements can be

bound and repressed by the glucocorticoid receptor. Indeed, this AATTY motif is

present in many NF-κB-responsive genes that are regulated by dexamethasone (Table

6.2).
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Figure 6.9: The GR DBD binds to a cryptic sequence in the spacer NF-κB response
elements. (a) Crystal structure of the p50/p65 NF-κB heterodimer bound to its
cognate response element in the IFNβ promoter.838 The AATTY sequence at this
response element is shown in red (panel b). At this element (and many of its other
response elements), NF-κB largely makes sequence-specific contacts with the regions
flanking the AATTY motif. Despite the lack of sequence-specific contacts by NF-κB
at this region, the AATTY motif is highly conserved; the conservation of the AATTY
motif within the IL8 NF-κB response element is shown in panel (c). (d) Additionally,
the GR DBD can bind to the IL8 NF-κB response element from divergent species with
nearly-identical affinities. (e) Finally, mutation of central, conserved bases within the
AATTY motif of the IL8 promoter affects the ability of dexamethasone to repress
transcription from this response element in HeLa cells. *, p < 0.001 of TNF-α vs. no
treatment; ∧, p < 0.001 of TNF-α vs. TNF-α + Dex; n.s., no significance between
TNF-α vs. TNF-α + Dex. Statistics are two-way ANOVA with Tukey’s post-hoc
test.
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Gene NF-κB response element sequence Regulation by glucocorticoids References
CARD15 GGGAATTTCC Up 839,840
CCL2 GGGAATTTCC Down 834,841
CCL5 AGAAATTTTTCC Down 842,843
CD40 GGGAATTTCC Down 844,845
CD40L GGAATTTTCC Up 846,847
CR2 GGGAATTCTCT Up 848,849
CXCL5 GGGAATTTCCC Down 850,851
ICAM1 GGAAATTCC Down 852
IER3 CGGAATTTCC Down 834,853
IFNB1 GGGAAATTCC Down 854,855
IL8 GTGGAATTTCC Down 856
NFKB2 GGGAATTCCC Down 834,857
NFKBIA GGAAATTCCCC Down 834,858
PLAU GGGAATTTCC Down 840,859
RELB GGGGAATTCC Down 834,860
TFPI2 GGGGAATTCC Down 858,861
TNC GGGAATTCCT Down 862,863

Table 6.2: Many glucocorticoid-regulated pro-inflammatory genes contain NF-κB re-
sponse elements containing cryptic GR binding sites. AATTY sequence is shown in
bold.
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If GR indeed recognizes this motif to repress the transcription of pro-inflammatory

genes, we would expect this motif to be highly conserved despite its lack of sequence-

specific recognition by NF-κB binding. Indeed, we find that the AATTY motif is

extremely well conserved - often more so than the bases that contact NF-κB itself

(Figure 6.9c). In a remarkable example, the AATTT motif at the IL8 NF-κB re-

sponse element is perfectly conserved from mammals to reptiles (Figure 6.9c). This

element also exhibits strong functional conservation, as human GR DBD retains the

ability to bind the IL8 NF-κB response element from multiple species (Figure 6.9d).

Finally, mutation of one or more of these conserved bases reduces or ablates the abil-

ity of dexamethasone to repress the human IL8 promoter (Figure 6.9e), supporting

both a sequence-specific recognition of the element by GR as well as a functional role

for these highly conserved spacer bases at the IL8 NF-κB response element.

6.3.5 A distinct set of coregulators is required for repression

of NF-κB by GR

A small-scale screen of approximately 25 siRNA targets for coregulators required

for suppression of the IL6 gene by the estrogen receptor-α (ERα) ligands, estradiol

(E2) or resveratrol, was recently reported.864 This work revealed a number of distinct

coregulator complexes required for repression. Here, we also screened for the effects of

the siRNAs on dexamethasone. These included the steroid receptor coactivators 1-3,

which provide one of the primary scaffolds for recruitment of other coregulators, such

as the acetyl transferases, CBP, p300, and PCAF. We also examined nuclear recep-

tor corepressors, HDACs, and components of the CoRest1/LSD1 and sirtiun (SRT)

repressor complexes. MCF-7 cells were transfected with the control or target siRNAs

for 24 hours, and then stimulated for 2 hr with TNF-α ± 10 nM dexamethasone.

To our surprise, dexamethasone showed the same functional requirements as E2 with

respect to the steroid receptor coactivators and acetyl transferases. While SRC2 has
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been previously reported to be required for dexamethasone’s suppressive effects, we

found both SRC2 and SRC3 were required (Figure 6.10a). However, SRC1 and SRC3

had distinct roles, as the siRNAs increased both the vehicle and TNF-α induced IL-6

expression, demonstrating a general role in suppressing this gene. As with estradiol,

CBP was required for the suppressive effects of dexamethasone, but P300 and PCAF

were not (Figure 6.10b). In fact, knockdown of p300 and PCAF completely blocked

TNF-α induced induction of IL6. In our previous work, we showed that estradiol

mediated recruitment of CBP to the IL6 promoter and displacement of p300, which

was associated with a block in acetylation of the p65 subunit of NF-κB at Lys310, an

acetylation event required for transcriptional activity. Here we demonstrate that dex-

amethasone utilizes the same caste of coregulators for repression of IL6, suggesting a

similar mechanism of action.



208 CHAPTER 6. DIRECT REPRESSION OF NF-κB

Figure 6.10: A distinct set of co-regulators is required for repression of TNF-α-driven
transcription of the IL6 gene. In all panels, red represents IL6 levels (measured
by RT-PCR) after 2 hours of TNF-α treatment, and black indicates IL6 levels after
TNF-α and dexamethasone co-treatment. siRNA used in each experiment is indicated
above each graph. (a) The co-activator proteins SRC2 and SRC3 are both required
for dexamethasone-mediated repression of IL6. (b) p300 and PCAF are required for
TNF-α-mediated induction of IL6. The co-repressor protein NCoR is also required for
dexamethasone-mediated repression, as is the histone-modifying enzyme HDAC1 (but
not HDAC2 or HDAC3; panel d). (e,f) Effects of knockdown of CoREST complex
and SIRT1 and SIRT2 and their associated proteins on dexamethasone-mediated
repression of IL6.
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Unlike suppression mediated by E2, dexamethasone also required the nuclear re-

ceptor corepressor, NCoR (Figure 6.10c), and the deacetylase HDAC1 (Figure 6.10d),

which forms a complex with NCoR. Despite effective knockdown of SMRT and its

homology to NCoR, SMRT was not required, nor was another corepressor, LCoR

(Figure 6.10c). While not involved in the ligand dependent effect, HDAC2 had a

similar role to SRC1 and SRC3 in maintaining global repression of the IL6 gene

(Figure 6.10d). We also examined elements of the CoRest1/LSD1 repressor complex,

which interacts with ERα and is required for estradiol’s suppressive effects on IL-6.

As we previously reported, CoREST1 maintained global repression of the IL-6 gene,

while the enzymatic components, LSD1, and EHMT1, were not involved. Lastly,

we examined effects of knockdown of SIRT1 and SIRT2 and the SIRT1 associated

proteins, NMNAT1 and deleted in breast cancer-1 (DBC1). SIRT1 and SIRT2 are

a family of deacetylases that require NAD+ as an obligate cofactor, and have both

been implicated in suppressing NF-κB signaling. Here again, the effects were different

between dexamethasone and E2, where both SIRT1 and to a greater extent SIRT2

were required for dexamethasone mediated suppression of IL-6, but not for inhibition

by E2. NMNAT1 produces NAD+ and interacts directly with SIRT1, enabling it pro-

duce local concentration gradients and ’feed’ NAD+ to SIRT1. DBC1 also interacts

with SIRT1, but acts to inhibit enzymatic activity. Here, knockdown of NMNAT1

and DBC1 showed moderate effects on dexamethasone suppression, in contrast to the

absolute requirement for DBC1 for E2 inhibition. Thus E2 and dexamethasone share

some common mechanisms of action, but also a number of different requirements for

suppression of IL6.
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6.4 Discussion

Here, we propose that direct binding of GR to NF-κB response elements can mediate

GC-mediated repression of pro-inflammatory genes and demonstrate that GR is ca-

pable of binding to NF-κB response elements in a sequence-specific manner. Such a

mechanism suggests that GR and NF-κB compete for the same binding site in order

to regulate genes such as IL6, IL8, RELB, PLAU, and CCL2. Indeed, we find that

TNF-α reduces GR occupancy of the IL6 and IL8 promoters, and this response can be

overcome by co-administration of dexamethasone (Figure 6.11a). However, both GR

and p65 occupancies at the IL6, IL8, and ICAM1 promoters seem to cycle immedi-

ately following dexamethasone and/or TNF-α treatment (Figure 6.11a-c), potentially

indicating a competition for the element, a fluctuating number of DNA binding sites

(perhaps mediated by changing chromatin state),677 an increase in non-coding RNA

levels,2 or other factors.
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Figure 6.11: Kinetic ChIP at the IL6, ICAM1, and IL8 promoters shows that GR and
NF-κB occupancy cycle upon treatment of their respective activators. ChIP-seq of
the IL6 (a), IL8 (b), and ICAM1 (c) promoters upon dexamethasone treatment (top)
and dexamethasone + TNF-α co-treatment (bottom). Of note, upon dexamethasone
treatment, GR and p65 occupancy seem inversely correlated at all three promoters.
In some cases, dexamethasone treatment reduces GR occupancy, perhaps ejecting
unliganded GR from the promoter (see also Figure 6.4e).
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Given that direct interactions between GR and NF-κB response elements would

represent a dramatic shift in current models of GR action, it is worthwhile to re-

examine previous studies in light of the hypothesis proposed here. Hundreds of mu-

tation studies have been performed on the GR,865 and their conclusions are quite

complex. As we propose, at least three studies have demonstrated that activation of

GR affects the DNA binding of NF-κB,866–868 although this was not observed in at

least three other reports.869–871 Many studies have shown that GR and the p65 subunit

of NF-κB interact,575,759,866,871,872 but the existence of mutants able to bind NF-κB

yet deficient in its repression demonstrate that a GR - NF-κB interaction may not be

not sufficient for glucocorticoid-mediated repression of NF-κB.871,872 In line with our

results, the DNA binding domain of GR is crucial for repression of NF-κB;833,866,873

swapping the GR DBD for that of the retinoic acid receptor abolishes NF-κB repres-

sion by GR.759 Interestingly, replacing the C-terminal ligand binding domain of GR

with β-galactosidase does not abolish NF-κB repression by the receptor,874 and later

reports demonstrate that coactivator and corepressor recruitment is not necessary

for GR-mediated NF-κB repression.875 This is consistent with our model of compe-

tition of DNA binding between GR and NF-κB. Finally, the AATTY motif which

we identify as critical for GR binding to NF-κB response elements is found at many

pro-inflammatory genes which are responsive to glucocorticoid treatment (Table 6.2).

Interestingly, ChIP-seq studies on the GR have identified the NF-κB motif (at

perhaps 5-10% of GR-bound sites) in the presence of GR activation only,677,831 de-

spite the fact that GR activation does not alter the subcellular localization of NF-

κB.866,867,869 The NF-κB binding motif further appears at approximately 25% of

GR-occupied sites after GR and NF-κB activation.834 This could be explained by

a tethering-like mechanism or alternatively by increased chromatin accessibility for

GR binding. A recent study suggests the second mechanism may be more likely, as

some GR binding sites without NF-κB or AP-1 co-occupancy are only accessible and
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bound upon LPS treatment of macrophages.831 The same study also concluded that

tethering is unlikely to be the major mechanism of GR induced gene repression based

on equal enrichment of the (+)GRE, a known sequence that binds GR directly, at

genes both repressed and activated by GR.831

While we propose that direct GR binding to NF-κB response elements is an

important mechanism of GC action, it is likely that multiple mechanisms govern GR-

mediated suppression of inflammation and possible that multiple mechanisms act on

any given gene. Some GR ligands affect multiple functions of the protein: for example,

selective glucocorticoid receptor modulators have been reported to differentially af-

fect repression of AP-1 and NF-κB.876 Newly-discovered DNA binding motifs mediate

some of the transcriptional repression by GR, as nGREs may represent a genome-wide

class of GR binding sites.574 However, ChIP-seq studies have not yet validated the

widespread occupancy of nGREs by GR,682 potentially due to their lower affinity for

GR compared to dimeric (+)GRE elements (see Chapter 3). Moreover, similar GR-

bound DNA sequences are enriched near genes both repressed and activated by GC

administration.831 While this finding indicates that DNA sequence and/or oligomer-

ization state682 may not be sufficient to predict GR action at a particular site, it also

suggests that the current tethering model of protein-protein interactions between GR

and NF-κB is insufficient to explain GC-mediated transcriptional responses. Instead,

we propose that direct, sequence-specific DNA binding by GR to NF-κB response

elements likely mediates anti-inflammatory transcriptional repression by GCs.
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6.6 Methods

6.6.1 Protein expression and purification

DBDs were expressed and purified as previously described in Chapters 2 and 3:

residues 417-506 of the human GR (GenBank ADP91252) and residues 593-671 of

the human MR (GenBank AAA59571.1) were expressed as an N-terminal 6X-His fu-

sion followed by a TEV protease cleavage site. E. coli BL21 (DE3) pLysS cells were

induced with 0.3 mM IPTG for 4 hours at 30 °C after reaching an OD600 of 0.6. Pro-

teins were purified via affinity chromatography (HisTrap) followed by gel filtration in

100 mM NaCl, 20 mM Tris-HCl pH 7.4, and 5% glycerol. Protein was concentrated to

4 mg/ml, flash frozen in liquid N2, and stored at -80 °C until use. 15N-GR DBD was

expressed in E. coli BL21(DE3) pLysS cells with 15NH4Cl as the sole nitrogen source,

and was purified as described above. The 6X-His tag was cleaved with TEV protease

overnight at 4 °C, passed through an NiNTA column, and the flow through containing

purified 15N-GR DBD was collected and verified to be >99% pure by SDS-PAGE.

6.6.2 Reporter gene assays

Reporter gene assays were performed as previously reported described (see Chapter

5): indicated amounts of receptor plasmid (in the pcDNA3.1 vector), 50 ng of a pGL3

plasmid (Firefly luciferase) containing the indicated promoter (see below) constitu-
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tively driven by the SV40 promoter and enhancer, and 10 ng of a constitutively active

Renilla luciferase under the control of the pRL-TK promoter were transfected into

HeLa cells with FuGene HD (Promega) according to the manufacturer’s protocol.

Twenty-four hours after transfection, cells were treated with indicated amounts of

dexamethasone, TNF-α, and/or vehicle. Twenty-four hours following treatment, fire-

fly and Renilla luciferase activities were read using a Biotek Synergy plate reader and

the Dual-Glo Luciferase Assay System (Promega), according to the manufacturer’s

protocol. For figures, firefly divided by Renilla activity is shown, normalized to the

control condition. GraphPad Prism was used to graph the data, and statistical tests

used are located in the figure legends.

The sequences cloned into the pGL3 reporter vectors are as follows: IL8, Chr4:

73,740,106-73,740,505; ICAM1, Chr19:10,270,782-10,271,081; CCL2, Chr17:34,252,540-

34,252,896; RELB, Chr19:45,001,228-45,001,545. All numbers correspond to the hu-

man GRCh38.p2 genome, accessed through Ensembl.648 The TSLP construct was

reported in Chapter 3.5.3.

6.6.3 In vitro binding assays

Ten nM of double-stranded, 6-FAM labeled DNA (Integrated DNA Technologies)

was incubated with indicated amounts of protein in 100 mM NaCl, 20 mM Tris-

HCl pH 7.4, and 5% glycerol. Formation of DBD - DNA complexes was monitored

via fluorescence polarization on a Biotek Synergy plate reader at an excitation and

emission wavelength of 485 and 528 nm, respectively. Data were graphed and analyzed

in Prism 6 (Graphpad Software). For binding to NF-κB response elements, a two-site

binding model was used.

Sequences of DNA constructs used for fluorescence polarization assays were:

PLAU : 5’-(FAM) CCCTGGGAATTTCCTGATA-3’ and 5’ - TATCAGGAAATTC-

CCAGGG - 3’; CCL2: 5’- GAGTGGGAATTTCCACTCA-3’ and 5’- TGAGTGGAAATTCCCACTC-
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3’; IL8 : 5’-(FAM) AATCGTGGAATTTCCTCTG-3’ and 5’- CAGAGGAAATTC-

CACGATT - 3’. In all cases, (FAM) indicates the position of 6-FAM (fluorescein).

6.6.4 Crystallization and structure analysis

Crystals of the GR DBD - RELB NF-κB response element complex were grown in

0.1 M HEPES pH 7.5, 7 µM spermine, and 15% PEG 8000. Crystals of the GR DBD

- PLAU NF-κB response element complex were grown in 0.05 M sodium cacodylate,

0.05 M spermine, and 16% PEG 400. Crystals of the GR DBD - CCL2 NF-κB

response element complex were grown in 0.1 M sodium malonate, 6% glycerol, and

5% PEG 3350. Crystals of the GR DBD - IL8 NF-κB response element were grown

in 0.1 M HEPES pH 7.5, 7.5% glycerol, and 22% PEG 20000. Crystals of the GR

DBD - ICAM1 NF-κB response element were grown in 0.1 M HEPES pH 7.7, 3%

ethylene glycol, and 10% PEG 8000. DNA bases for figures are labeled by their

position relative to the RELB-001, PLAU-001, CCL2-001, CXCL8-001, and ICAM-

002 transcripts, respectively.648 All crystals were grown at 20 °C via hanging drop

vapor diffusion and flash cooled in mother liquor with the addition of 10-20% glycerol.

All x-ray data were collected at 1.00 Å wavelength at the Southeast Regional

Collaborative Access Team (SER-CAT) 22-ID and 22-BM beamlines at the Advanced

Photon Source, Argonne National Laboratory. Supporting institutions may be found

at www.ser-cat.org/members.html. Use of the Advanced Photon Source was sup-

ported by the U. S. Department of Energy, Office of Science, Office of Basic Energy

Sciences, under Contract No. W-31-109-Eng-38. Structures were solved by molecular

replacement using PHASER and refined with phenix.refine in the PHENIX suite.691

Coot was used for visualization model rebuilding and PDBREDO was used for valida-

tion and model improvement.690,812 Figures were generated in MacPyMOL v1.7.0.3

(Schrödinger LLC).
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6.6.5 NMR analysis

NMR data were collected on a Bruker 700 MHz (1H frequency) NMR instrument

equipped with a QCI cryoprobe. For DNA NMR experiments, the 19 nt IL8 NF-κB

DNA response element duplex was reconstituted in 20 mM phosphate (pH 6.7), 100

mM NaCl, 1 mM TCEP, 10% D2O buffer to a final concentration of 437 µM, sub-

sequently annealed by denaturing at 95 °C for 3 minutes and equilibrated to room

temperature (20-23°C) overnight. Two-dimensional (2D) 1H-detected NOESY was

collected at 10 °C and 25 °C using 300-ms mixing time for IL8 NF-κB DNA before

and after adding 0.44:1 or 2.3:1 of 15N-GR DBD. For protein NMR experiments, 2D

[1H,15N]-HSQC spectra were collected at 25 °C for free 15N-GR DBD protein or pro-

tein complexed with 0.44:1 or 2.3:1 of IL8 NF-κB DNA duplex; or 1.5x (+)GRE

consensus DNA sequence. Chemical shift perturbations were calculated using previ-

ously published GR DBD NMR chemical shifts672 and calculated using the minimum

chemical shift perturbation procedure692 in the NMR analysis program NMRViewJ

(OneMoon Scientific, Inc.). The DNA sequence used in NMR experiments was iden-

tical in sequence to that used in binding assays, with the fluorescein label excluded:

5’ - AATCGTGGAATTTCCTCTG - 3’ and 5’- CAGAGGAAATTCCACGATT - 3’.

6.6.6 Sequence alignments

Sequences and sequence alignments were obtained from the Ensembl database.648 Hu-

man sequences are from the GRCh38 genome build. Geneious version 6.1.6 (Biomat-

ters Limited) was used for sequence visualization.
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7.1 Preceding work

Signaling from the hypothalamic-pituitary-adrenal axis is critical for the maintenance

of vertebrate homeostasis as well as mediating responses to stress and modulation of

the immune system. The glucocorticoid receptor (GR) is the cellular sensor of cortisol,

a small molecule that is the end product of hypothalamic-pituitary-adrenal axis sig-

naling. As such, GR is often targeted in pro-inflammatory conditions such as asthma,

transplant rejection, and psoriasis. The Nobel Prize in Physiology or Medicine was

awarded in 1950 to Edward Calvin Kendall, Tadeus Reichstein, and Philip Showalter

Hench for their discovery of endogenous glucocorticoids and their applicability to the

treatment of rheumatoid arthritis. The development of glucocorticoids for pharma-

ceutical use has continued to the present day, although the persistence of severe side

effects has remained a challenge in the development of glucocorticoids suitable for

prolonged, systemic use (discussed briefly in Chapter 6.2).

To develop glucocorticoids that demonstrate improved side effect profiles, much

work has been done to develop ’dissociated’ glucocorticoids that retain anti-inflammatory

actions while minimizing expression changes in glucocorticoid-controlled genes in pro-

cesses such as metabolism (for examples, see references 739,809,868,877–879). How-

ever, the development such compounds has been disappointing, perhaps due to an

incomplete or misguided understanding of actions and mechanisms of the GR.566 In

the years leading up to this dissertation, GR has been discovered to bind to an in-

creasing number of nucleic acid substrates: (+)GRE DNA sequences,334 nGRE DNA

sequences,574 tRNA,330 lincRNA,2 and mRNA.1,329 Additionally, I also propose the

GR binds to NF-κB DNA response elements in Chapter 6. Unfortunately, structural

and biochemical understanding of GR’s interactions with nucleic acids has badly

lagged the identification of such substrates. Thus, I believe the work presented in

this dissertation is extremely timely for the cellular and molecular endocrinology

field. Second, detailed understanding of the mechanisms by which GR binds to both
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RNA and DNA may set a precedent for the many proteins that bind both forms of

nucleic acid. In these concluding thoughts, I will discuss both of these points.

7.2 The role of nucleic acid substrates in GR func-

tion

The glucocorticoid receptor was originally cloned in 1985,880,881 and functional work

has since proceeded at a rapid pace given the role of GR-targeting compounds in

the treatment of numerous pro-inflammatory conditions. The crystal structure of

receptor’s DNA binding domain (DBD) in complex with (+)GRE DNA was reported

in 1991.334 Thirteen additional DBD - (+)GRE crystal structures were reported in

2009, just as I began this work.669 However, GR - (+)GRE interactions are only one

facet of GR function; interactions of GR with tRNA, mRNA, and lincRNA had at

that time been or were soon discovered,1,2, 329,330 and GR was hypothesized to bind

to the NF-κB and AP-1 proteins.575,759,866,871,872 Soon afterwards, in 2011, a new

repressive DNA response element, the nGRE, was shown to have a significant role in

GR-mediated gene repression.574 Together, these works have led to a complex model

for how GR acts upon various nucleic acid substrates to mediate the intracellular

effects of steroid hormones (Figure 7.1). However, no significant structural or bio-

chemical studies had been conducted on the interaction of GR with nGREs or any

RNA substrates. The primary goal of this dissertation was to examine the mecha-

nisms by which GR interacts with its less-well-studied nucleic acid substrates, with a

particular focus on its interaction with the lincRNA Gas5 as well as repressive DNA

response elements such as nGREs. Further, I aimed to relate these interactions and

their detailed mechanisms to GR function in a cellular context.
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Figure 7.1: Model of GR’s interactions with nucleic acids and their effects on cellular
function. GR interacts with both RNA and DNA - a feature of many proteins, as dis-
cussed in Chapter 1. Specifically, GR itself can both activate or repress transcription
based on its DNA binding stoichiometry and orientation and bound sequence (Chap-
ters 3 and 6). Direct, DNA-mediated transcriptional repression is an evolutionarily
conserved function of GR, as discussed in Chapter 5 and supported by the MR -
(+)GRE DNA crystal structure (Chapter 4). Additionally, GR interacts with multi-
ple RNA substrates, including tRNA,330 mRNA,1 and lincRNA.2 The lincRNA Gas5
inhibits GR’s ability for transcriptional activation through sequence-specific binding
and serving as a ‘decoy’ in competition with GR - DNA interactions (Chapter 2).
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In Chapter 2, I present the detailed results of the biochemical and structural

analysis of the GR - Gas5 interaction. Of particular interest, Gas5 is specific for

3-keto steroid receptors - binding GR and its related SRs - but not the estrogen

receptor (Figure 2.2). GR itself recognizes Gas5 in a sequence-specific manner (Figure

2.6). Mutation of the specifically-recognized bases in Gas5 ablates the ability of

Gas5 to both repress SR-mediated transcription (Figure 2.6) and induce apoptosis

(Figure 2.7). These finding suggests that GR’s recognition of other RNA substrates

is sequence specific, which is supported by a seemingly specific recognition of tRNAs

and mRNAs by GR.1,330 However, this also implies that recognition of RNA by GR

is dictated at the RNA sequence level, and transcriptome-wide experiments such

as CLIP-seq may be required to provide a comprehensive catalog of RNA motifs

that permit recognition by GR. Additional experiments could include treating cells

concomitantly with glucocorticoids and a transcription inhibitor such as actinomycin

D. RNA-seq or RT-PCR of such treated cells could provide a list of RNAs targeted

by GR in cells. It is likely that RNA binding is responsible for much of GR’s cellular

effects, and there is currently extraordinarily little understanding of the mechanisms

by which GR mediates mRNA turnover.

Fortunately, multiple genome-wide studies have been conducted to identify sites

at which GR interacts with DNA (or DNA-bound factors),565,682,831,834,882 and thus

GR’s interactions with DNA are more completely understood than those with RNA.

However, considerable controversy still exists about how GR interacts with DNA in

a cellular context and how these interactions subsequently lead to gene activation

or - particularly - gene repression. In Chapter 3, I report the crystallographic and

biochemical analysis of GR with the nGRE, a recently-described repressive response

element.574 Our results suggest a model in which monomeric GR is bound at repres-

sive response elements and dimeric GR is bound at response elements that promote

transcriptional activation. This model remains controversial; in its support, studies
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have shown that GR ligands that inhibit dimer formation are capable of gene re-

pression (but not activation).737,739 In vitro studies also show that full-length GR

has little affinity for dimerization when not bound to DNA.725,883 However, studies

using GFP-tagged GR suggest that little monomeric exists within cells treated with

glucocorticoids,682 yet this assertion was disputed recently by a report demonstrating

that monomeric ChIP-exo GR footprints are found in cells.882 I also demonstrate that

monomeric DNA binding is a feature of the earliest 3-keto SR (Chapter 5), suggesting

that monomeric response element binding may be an ancient feature of GR.

A further point of contention is how extensively GR interacts with DNA-bound

factors without binding to DNA itself, a model known as ’tethering’. ChIP-seq stud-

ies routinely find AP-1 and NF-κB motifs enriched at genomic GR binding sites. This

observation has long been proposed to be a result of tethering, although recent stud-

ies831 as well as my own work (Figure 6.4) have proposed that this explanation may

be incorrect. GR is certainly capable of repressing transcription by binding to DNA

itself (Chapter 3). In Chapter 6, I demonstrate that GR can bind to NF-κB response

elements, implying that direct DNA binding by the GR to these elements - rather

than tethering - is the cause of much glucocorticoid-mediated repression. However,

this finding will likely be controversial and require further studies for complete ver-

ification. For example, ChIP-seq studies with a DNA-binding deficient GR mutant

(such as that in Chapter 6.3.2) may be insightful. Even further, transgenic mice with

mutations that abrogate DNA binding or force monomerization682 would provide pow-

erful in vivo insights into the importance of GR’s DNA binding and oligomerization

status for transcriptional repression.

Despite the fact that the functional consequences of GR’s binding to both DNA

and RNA are not clear at this time, it is indisputable that the ability of GR to

bind both diverse sequences within genomic DNA as well as mRNA allows GR to

effect both fast, non-genomic effects at a post-transcriptional level as well as deeper,
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longer-lasting changes on gene expression at the transcriptional level. Additionally,

GR’s affinity for the lincRNA Gas5 allows specific cells to abrogate DNA-dependent

functions of GR. Such properties make GR an ideal end-effector for the hypothalamic-

pituitary axis.
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7.3 Generalizability of GR as a DNA/RNA bind-

ing protein

The ability of GR to bind both RNA and DNA in order to perform its cellular

functions raised the possibility that other proteins exhibit similar bifunctionality to

control gene expression. This possibility is addressed in Chapter 1. I performed a

thorough bioinformatics and literature search for proteins that bind both DNA and

RNA (see Table 1.1 and Figure 1.1). As discussed in Chapter 1.3, approximately

2% of the human proteome is capable of binding DNA and RNA. Strikingly, only

one previous review had been written on DNA/RNA binding proteins (DRBPs),884

which appeared in 2002 and identified fewer than ten DRBPs. At the time of this

dissertation a much larger literature on protein - nucleic acid interactions is available,

including high-throughput studies designed to detect novel protein - nucleic acid

interactions. However, the authors of the 2002 review were particularly prescient in

noting that their examples suggested “the possibility that RNA binding by DNA-

binding proteins is more common than currently appreciated.”884 Further, their work

“motivated [them] to identify artificial RNA sequences that competitively inhibit a

DNA-binding transcription factor not known to have a natural RNA partner.”884

With the recent discovery that mammalian cells produce thousands of lincRNAs, it

is likely that many natural RNA partners for DNA-binding proteins exist.

A seminal example of this phenomenon is the inhibition of GR by the lincRNA

Gas5.2 The studies presented in Chapter 2 are the most detailed biochemical ex-

amination of a protein - lincRNA interaction to date. Notably, all 3-keto SRs are

capable of binding to Gas5, mirroring their affinity for (+)GREs (Figure 2.2). The

exonic steroid receptor-binding region of Gas5 (the GREM) appeared much later than

the 3-keto SRs, indicating that lincRNAs are capable of evolving to acquire protein

targets (Figure 2.10). Such evolution need not be widespread; a pseudogene termed
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Lethe is a mouse non-coding RNA capable of binding to NF-κB and inhibiting its

transcriptional activity,9 but the Lethe gene is not found in other rodent species.648

Remarkably, Lethe expression is modulated by GR and pro-inflammatory cytokines,9

indicating that individual species may have separately evolved RNAs for varying pro-

tein targets; this prospect greatly increases the complexity of inter-species biological

differences.

However, from the relatively few DRBPs that have been studied, I can draw

conclusions about general mechanisms of DRBP action, of which three are proposed

in Chapter 1.4. Briefly, DNA and RNA binding may be competitive (Chapter 1.4.1),

where RNA binding prevents a protein from activating or repressing transcription.

A DRBP may bind to both the promoters of its target genes or its mRNA product,

allowing multifactorial control of gene expression (Chapter 1.4.2). Finally, a protein

may bind DNA and RNA simultaneously for a variety of purposes (Chapter 1.4.3).

GR fits squarely into these first two categories, and this dissertation has focused on

GR’s roles within the first category. This leaves much work to be done, particularly

in identifying the relative role (compared to DNA binding) of GR’s mRNA binding

ability in achieving the anti-inflammatory effects of glucocorticoids. Beyond GR,

each of the DRBPs identified here (see Table 1.1) and in the future will likely have

its own rules for subcellular localization, oligomerization, recognition of epigenetic

modifications, and sequence specificity (or lack thereof) in DNA/RNA binding.

This complexity will require interactions of protein with DNA/RNA to be the

subject of intense study for the foreseeable future. However, I believe that this disser-

tation provides valuable insight into GR as a model protein that binds both DNA and

RNA. As demonstrated throughout this work, GR is capable of binding diverse types

of nucleic acids, making it a terrific model for DRBP function. Furthermore, its cen-

tral role in controlling responses to stress, metabolism, and immunity make it a drug

target of great importance and subject of intense previous and ongoing study. I have
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demonstrated GR recognition of RNA is sequence specific. Moreover, I show that GR

recognizes multiple DNA response elements to mediate transcriptional repression in a

sequence-specific manner. This recognition is evolutionarily conserved and does not

necessarily extend to paralogous proteins. These insights challenge current models of

GR action such as tethering and provide a basis for the future study of GR-mediated

transrepression as well as the broader study of proteins that recognize both RNA and

DNA to modulate gene expression.
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