University of Miami

Scholarly Repository
Open Access Dissertations

Electronic Theses and Dissertations

2014-04-02

Physicochemical Insights Into the EGR1-DNA
Interaction
David C. Mikles
University of Miami, dmikles1@yahoo.com

Follow this and additional works at: http://scholarlyrepository.miami.edu/oa_dissertations
Recommended Citation
Mikles, David C., "Physicochemical Insights Into the EGR1-DNA Interaction" (2014). Open Access Dissertations. Paper 1161.

This Open access is brought to you for free and open access by the Electronic Theses and Dissertations at Scholarly Repository. It has been accepted for
inclusion in Open Access Dissertations by an authorized administrator of Scholarly Repository. For more information, please contact
repository.library@miami.edu.

UNIVERSITY OF MIAMI

PHYSICOCHEMICAL INSIGHTS INTO THE EGR1-DNA INTERACTION

By
David C. Mikles
A DISSERTATION
Submitted to the Faculty
of the University of Miami
in partial fulfillment of the requirements for
the degree of Doctor of Philosophy

Coral Gables, Florida
May 2014

©2014
David C. Mikles
All Rights Reserved

UNIVERSITY OF MIAMI

A dissertation submitted in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy

PHYSICOCHEMICAL INSIGHTS INTO THE EGR1-DNA INTERACTION

David C. Mikles

Approved:
________________
Thomas K. Harris, Ph.D.
Associate Professor of
Biochemistry & Molecular Biology

_________________
Yanbin Zhang, Ph.D.
Assistant Professor of
Biochemistry & Molecular Biology

________________
Amjad Farooq, Ph.D., D.I.C.
Associate Professor of
Biochemistry & Molecular Biology

_________________
M. Brian Blake, Ph.D.
Dean of the Graduate School

________________
Geoffrey W. Stone, Ph.D.
Assistant Professor of
Microbiology and Immunology

MIKLES, DAVID C.
Physicochemical Insights Into
The EGR1-DNA Interaction

(Ph.D., Biochemistry & Molecular Biology)
(May 2014)

Abstract of a dissertation at the University of Miami.
Dissertation supervised by Associate Professor Amjad Farooq.
No. of pages in text. (124)

Early growth response 1 (EGR1) transcription factor orchestrates a plethora of signaling
cascades in response to a wide variety of stimuli such as growth factors and hormones.
Herein, using a battery of biophysical tools, I explore the molecular basis of
binding of EGR1 to its cognate gene promoters. My data show that the binding of EGR1
to DNA is tightly regulated by solution pH. The binding affinity undergoes an
enhancement of more than an order of magnitude with increasing pH from 5 to 8,
implying that the deprotonation of an ionizable residue accounts for such behavior. This
ionizable residue is identified as H382 by virtue of the fact that its substitution to nonionizable residues abolishes pH-dependence of the binding of EGR1 to DNA. Notably,
H382 inserts into the major groove of DNA and stabilizes the EGR1-DNA interaction via
both hydrogen bonding and van der Waals contacts.
I also provide evidence that the binding of EGR1 transcription factor to DNA
displays virtually zero dependence on ionic strength under physiological salt
concentrations and that such feat is accomplished via favorable enthalpic contributions.
Importantly, I unearth the molecular origin of such favorable enthalpy and attribute it to
the ability of H382 residue to stabilize the EGR1-DNA interaction via both

intermolecular hydrogen bonding and van der Waals contacts against the backdrop of
salt. Consistent with this notion, the substitution of H382 residue with other amino acids
faithfully restores salt-dependent binding of EGR1 to DNA in a canonical fashion.
Finally, my biophysical analysis reveals that DNA sequence variations within the
target gene promoters tightly modulate the energetics of binding of EGR1 and that
nucleotide substitutions at certain positions are much more detrimental to EGR1-DNA
interaction than others. In particular, the reduction in binding affinity poorly correlates
with the loss of enthalpy and gain of entropy—a trend indicative of a complex interplay
between underlying thermodynamic factors due to the differential role of water solvent
upon nucleotide substitution.
In sum, my findings uncover an unexpected but a key protonation-deprotonation
step in the molecular recognition of EGR1 and suggest that it may act as a sensor of pH
within the intracellular environment. This study reports the first example of a eukaryotic
protein-DNA interaction capable of overriding the polyelectrolye effect. The work
presented herein also bears important implications on understanding the molecular
determinants of a key protein-DNA interaction at the cross-roads of human health and
disease.
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Chapter 1: Introduction
1.1

Role of EGR1 in cellular signaling

Living cells require an accurate response to both external and internal stimuli.
These often range from complex signaling cascades to simple diffusion through
the membranes. Signaling cascades require protein-protein interactions which
propagate timely responses from the plasma membrane through the cytoplasm
leading to transcription factors capable of specific protein-DNA interactions to
regulate genetic expression. Preliminary analysis of the human genome
estimates in total of 2,000 to 3,000 transcription factors with DNA-binding
domains that recognize specific target sequences. Classification of transcription
factors is commonly based on the structure of the DNA-binding domains. Among
humans, the most common structure of a DNA-binding domain is the C2H2-type
zinc finger (1). This thesis sets out to investigate the molecular basis of the
binding of EGR1 (early growth response protein 1) transcription factor, also
known as Zif268, to DNA within the promoters of EGR1-responsive genes.
Importantly, the DNA-binding domain of EGR1 is constructed on a classical
C2H2-type zinc finger.
EGR1 is down-regulated in glioblastoma, lymphoma, and cancers of lung
and breast, suggesting the role of EGR1 as a tumor suppressor. This is
supported by the promoters of the genes PTEN, p53, and TGFβ1 containing
EGR1’s consensus sequence (2-4). EGR1 has been shown to be a direct and
functional regulator of the PTEN tumor suppressor gene in multiple human cell
types. Similarly, EGR1 also induces the expression of both the p53 and TGFβ1
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proteins in a variety of tissues and cell types. It is notable that the binding of
EGR1 to the promoter region of p53 was also reported in human melanoma
A375-C6 cells during thapsigargin-induced apoptosis (5). Further, EGR1-null
mouse system reveals EGR1 regulating p53 expression leading to cell cycle
arrest. Interestingly, primary fibroblasts from EGR1-null embryos maintain
immortal growth phenotypes with no replication-dependent growth arrest present
in wild-type mice. Rescued expression of EGR1 in EGR1-null cells results in
increased levels of p53. These studies indicate that EGR1 plays a functional role
in p53-dependent growth control in mice. Additionally, EGR1-induced expression
of TGFβ1 acts as a growth suppressor by virtue of its autocrine activity.
Moreover, several other genes containing the EGR1 consensus sequence have
also been reported to act as tumor suppressors in human cell and tissues (2).
EGR1-null mice are susceptible to skin tumors. When exposed to the
mutagen DMBA, followed by the tumor promoter tetraphorbol acetic acid, EGR1null mice developed tumors within 6 weeks while wild-type mice developed
tumors after 11 weeks of induction. In addition, EGR1-null mice have reduced
expression levels of PTEN in most tissues. Further targets of EGR1 include
fibronectin, which is known to increase secretion after expression of EGR1,
leading to the activation of FAK. Activated FAK stimulates the anti-apoptotic
pathway via Akt. Akt in turn prevents cytochrome c release from mitochondria,
inactivating forkhead transcription factors known primarily for being pro-apoptotic
(2). Further, Akt is involved in activation of Bcl2 apoptotic factors. This supports
activation of Akt as a cell survival mechanism. Importantly, PTEN opposes Akt
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and decreasing levels of PTEN favor survival of cells. EGR1 inducing PTEN
expression in addition to fibronectin connects it to function as an important
balance in survival vs apoptosis in the context of the Akt activity.
Deletions of EGR1 have been associated with tumorigenic phenotypes
indicating that EGR1 expression acts as a tumor suppressor. However EGR1
can act as an oncogene as evidenced by its up-regulation in prostate tumors,
indicating that EGR1 is tissue-dependent and depending on its context can also
act as an oncogene (6). mRNA levels and protein expression of EGR1 were
detected in rat prostate cells. Interestingly, among cells with a Gleason score of
8-10 EGR1 expression was increased. Noticeably, NAB2 (NGFI-A binding
protein 2) which is known to repress EGR1 levels had lowered expression in
prostate cancer cells. In addition, TRAMP, the mouse model of prostate cancer
was crossed with EGR1-null mice. The progeny of the cross lacked EGR1, and
the expression of the SV40 T-antigen leading to spontaneous prostate tumor
development showed delayed progression to invasive carcinoma when
compared to those with EGR1 present. Further evidence to support EGR1 as an
oncogene, EGR1 antisense oligonucleotides reversed transformation in both
mice and human prostate cancer cells (2).
EGR1 expression is induced by multiple extracellular stimuli including
hormones, neurotransmitters and growth factors through multiple signaling
cascades. A classical cascade by which growth factor receptor stimulation results
in the expression and subsequent activation of EGR1 is outlined in Figure 1-1.
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Figure 1-1: A classical signaling pathway involved in the expression and subsequent activation of
EGR1 through growth factor receptor stimulation.

Briefly, binding of growth factors to receptor tyrosine kinases (RTKs) induces
dimerization and subsequent trans autophosphorylation of tyrosine residues on
the cytoplasmic tails of RTKs (7-10). The phosphotyrosines on the receptor tails
in turn recruit adaptor proteins such as Shc via its SH2 or PTB domain. Once
Shc is localized to the receptor tail, the CH1 domain can be phosphorylated by
cytoplasmic kinases such as Src. The phosphorylated CH1 domain of Shc in turn
recruits Grb2 via its SH2 domain (11-13). Grb2 in turn recruits Sos1 guanine
nucleotide exchange factor, via interaction of its N-terminal SH3 domain (14-18).
The Sos1 guanine nucleotide exchange factor catalyzes the GDP-GTP exchange
within the small membrane bound GTPase Ras, this in turn activates the MAP
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kinase signaling cascade. Activated Ras induces a conformational change in Raf
starting the MAP kinase signaling cascade, resulting in the MAP kinase ERK
activation (19, 20). Once activated, ERK translocates into the nucleus where it
promotes binding of Elk1 to DNA and forms a ternary complex with SRF
activating transcription of EGR1 (21).
1.2

Modular organization of EGR1

EGR1 transcription factor, also known as Zif268, bolsters the classical TA-DB
modular architecture, where the TA is the N-terminal transactivation domain and
DB is the C-terminal DNA-binding domain (Figure 1-2). The DB domain, roughly
100 residues in length, is characterized by three tandem copies of C2H2-type
zinc fingers. Intuitively, the DB domain of transcription factors possesses the
capacity for DNA-binding to DNA. The TA domain functions in an autonomous
manner and is thought to aid in activation of transcriptional proteins at the site of
DNA transcription.
The most accurate crystal structural data for a C2H2 zinc finger is of
EGR1 in complex with its consensus DNA sequence known as Zif268 response
element (ZRE). The C2H2-type zinc finger is commonly found in eukaryotes
serving a role of binding to DNA, RNA and proteins. However, the protein-DNA
interaction has been the most extensively studied. It should be noted that
creating synthetic zinc fingers that can recognize novel DNA sequences has
been one of the goals of protein engineers over the past couple of decades.
However, despite its simple structure, this goal has met with new challenges.
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Importantly, casein kinase II (CKII) is known to phosphorylate consensus
sequences SXD/E, SXXD/E, or SXXXD/E (22). EGR1 contains multiple such
sites within its sequence and CKII is known to bind and phosphorylate the DB
domain. Notably, phosphorylation of EGR1 by CKII negatively effects proteinDNA interactions in a stoichiometric manner (23). Acetylation of EGR1 by p300
leads to a negative feedback loop decreasing expression of p300. Collectively,
the EGR1 transcription factor governs a wide range of cellular functions, and
through modifications broadens the ability of the DB domain to target genes (24).

Figure 1-2: Modular domain organization of EGR1 transcription factor. EGR1 contains a nuclear
localization signal (NLS) flanked between the N-terminal transactivation (TA) domain and the Cterminal DNA-binding (DB) domain. Note that EGR1 is also subject to post-translational
modifications at specific sites indicated by red ellipsoids (phosphorylation) and blue triangle
(acetylation)

1.3

The EGR1-DNA interaction

EGR1 is involved in multiple cellular processes including proliferation, cell
differentiation and apoptosis (25-27). Regardless of the complexity of
physiological actions of EGR1, it primarily exerts its effects by virtue of its ability
to bind to the promoters of target genes containing the GCGTGGGCG
consensus motif (ZRE), in a sequence dependent manner. The EGR1-DNA
interaction is driven by the binding of DB domain as a monomer to the major
groove within the ZRE duplex (28). This mode of DNA-binding is somewhat
unusual in that transcription factors usually recognize their promoter elements
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either as homodimers or heterodimers. However, the DB domain of EGR1 is
comprised of three tandem copies of C2H2-type zinc fingers, designated herein
ZF-I, ZF-II and ZF-III, which come together in space to assemble into an arcshaped architecture that fits tightly into the major groove of DNA (Figure 3a).
Importantly, each zinc finger within the DB domain contains an α-helix and an
antiparallel double-stranded (β1-β2) β-sheet that together sandwich a Zn2+
divalent ion. Zn2+ is coordinated in a tetrahedral arrangement by two histidine
and two cysteine residues (29, 30). Remarkably, the EGR1-DNA interaction is
driven by the binding of each zinc finger to one of the three subsites, each
subsite being comprised of a trinucleotide sequence, within the 9-bp
GCGTGGGCG consensus motif (Figure 1-3b). The three zinc fingers within the
DB domain thus act as a cooperative unit and bind to their cognate DNA in a
manner akin to the cooperativity observed between monomeric units of dimeric
transcription factors. In particular, at each of the three subsites within the ZRE
duplex occupied by one of the three zinc fingers, the protein-DNA contacts are
largely afforded by the α-helix, which fits into the major groove of DNA, and β2strand, which contacts the DNA phosphate backbone (Figure 1-3a). Notably, β1strand appears to provide a scaffolding role and makes no discernable contacts
with DNA.
Classically the charged groups intrinsic to protein-DNA interactions exist
by being shielded with ions of the opposite charge known as “counterions”
minimizing electrostatic repulsion. Upon binding formation of intermolecular salt
bridges and release of counterions into water is a phenomenon known as the
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polyelectrolyte effect (31-37). The polyelectrolyte effect is generally believed to
be the driving force in protein-DNA interactions. However, studies have shown in
bacterial DNA-binding proteins like TATA-box binding protein to DNA polymerase
I sharing another school of thought (38, 39). Increasing salt simply modifies as
opposed to disrupting the binding of bacterial proteins to DNA. Given bacterial
living conditions are known to be extreme the adaptation is perhaps not
surprising. However, these findings suggest that the polyelectrolyte effect may
not be universal in governing protein-DNA interactions and some protein-DNA
interactions could flourish under high salt concentrations encourages further
experimentation.
Transcription factors bind to DNA in a sequence-specific manner
regulating cascades and leading the governance of cellular homeostasis.
Traditionally the consensus motif is positioned in the promoters of target genes
and binds transcription factors. However, complexity is added due to sequence
variations. As such, DNA sequence variations within promoters fine tune the
binding affinity and orientation of transcription factors upon binding to DNA.
Given that cooperation of transcription factors is vital in transcription machinery
function and their consensus motifs are what gather transcription factors together
the role of DNA sequence variations in protein-DNA interactions cannot be
overemphasized.
Of particular note is the observation that the binding of DB domain of
EGR1 appears to be strongly governed by numerous van der Waals contacts in
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Figure 1-3: Protein and DNA analysis. (a) Structural model of the DB domain (residues 336-420)
of human EGR1 in complex with ZRE duplex containing the GCGTGGGCG consensus
sequence. Note that the DB domain is comprised of three tandem C2H2-type zinc fingers,
designated herein ZF-I (green), ZF-II (blue) and ZF-III (magenta). Each zinc finger is comprised of
an α-helix and a doublestranded (β1-β2) antiparallel β-sheet that together sandwich a Zn2+
divalent ion indicated by a sphere colored cyan. In each zinc finger, the Zn2+ ion is coordinated
by two histidine residues and two cysteine residues in a tetrahedral arrangement. The DNA
backbone is shown in yellow and the bases are colored gray for clarity. Note also that each zinc
finger recognizes a triplet of bases within the 9-bp GCGTGGGCG consensus sequence. The
sidechain moieties of amino acid residues E354 (ZF-I), H382 (ZF-II) and E410 (ZF-III) within the
DB domain that contact DNA are shown in red. (b) ZRE duplex containing the GCGTGGGCG
tripartite consensus motif. The consensus nucleotides within this motif are capitalized whilst the
flanking nucleotides are shown in small letters. The three sub-sites within the consensus motif are
marked for clarity and accommodate ZF-I (right site), ZF-II (middle site) and ZF-III (left site) within
the DB domain. The numbering of various nucleotides with respect to the central nucleotide of the
middle site (which is arbitrarily assigned zero) are indicated.

addition to an extensive network of intermolecular hydrogen bonding and ion
pairing (28). Ironically, close scrutiny of the 3D structure of the DB domain of
EGR1 in complex with the ZRE duplex reveals that a histidine residue (H382),
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located within the first turn of α-helix (αII) within ZF-II but not involved in
coordinating the zinc ligand, protrudes deep into the major groove at the proteinDNA interface (Figure 1-3a). It is noteworthy that the imidazole ring of H382 is
coplanar with G0 and stacks against the pyrimidine ring of T-1 within the ZRE
duplex. Importantly, the H382-G0 interaction appears to be stabilized via a twoprong mechanism. Firstly, the coplanar alignment of the imidazole ring of H382
and the purine ring of G0, the central guanine of the middle trinucleotide subsite
that accommodates ZF-II within the DB domain, facilitates the formation of a
hydrogen bond between the Hε2 atom of H382 and N7 atom of G0. Secondly,
stacking of the imidazole ring of H382 against the pyrimidine ring of T-1 promotes
van der Waals contacts between the protein and DNA. It should also be noted
that H382 located within ZFII is replaced by a glutamate residue in ZF-I (E354)
and ZF-III (E410) at structurally-equivalent positions. Such lack of conservation
of H382 in ZF-I and ZF-III implicates a unique role of ZF-II in dictating the binding
of EGR1 to DNA.
1.4

Role of zinc finger proteins in gene regulation

EGR1 contains three C2H2-type zinc fingers. Like EGR1, there are various zincligating motifs including C2H2, C4 and C3H motifs.

Such motifs share a

consensus sequence and fold in the presence of Zn2+ divalent cations (40).
Importantly, Zinc fingers represent a major motif involved in eukaryotic
protein-DNA interactions. In particular, they play a central role in eukaryotic gene
regulation and zinc fingers are believed to comprise about 1% of the human
proteome (41-43). Notably, the C2H2 type zinc finger binding to DNA has been

11
studied extensively. Such interactions can occur with two to four tandem zinc
fingers. In cases with two or fewer, additional structures are required (44, 45).
Zinc fingers are capable of acting as master regulators of various sets of genes
(46), or they can function cooperatively with other proteins (47).
1.5

Innovation of these studies

EGR1 transcription factor plays crucial roles in a variety of biological processes.
Despite extensive insights into its role in a diverse array of cellular activities and
the availability of its crystal structure bound to DNA, the thermodynamic forces
driving the EGR1-DNA interaction remains largely elusive. This study thus sets
out to shed light on the molecular forces involved in driving this key protein-DNA
interaction. With an array of biophysical techniques at my disposal, this thesis
sets to further our understanding of the biophysical basis of EGR1-DNA
interaction. The new knowledge should have profound implications on the
physiological action of EGR1 and may also pave the way for development of
novel therapies harboring greater efficacy coupled with low toxicity for the
treatment of human disease.

Chapter 2: Materials and Methods
2.1

Molecular cloning

The DB domain of human EGR1 (residues 331–430) was cloned into pET30
bacterial expression vectors using Novagen ligation-independent cloning
technology. The vector encodes an N-terminal polyhistidine (His)-tag. The His-tag
was used to aid in protein purification using Ni-NTA affinity chromatography.
2.2

Protein expression and purification

All EGR1 DB domain constructs were transformed and subsequently expressed
in BL21* (DE3) bacterial strain (Invitrogen). To maximize protein expression,
BL21* cells uses the DE3 lysogen to express the recombinant protein and have a
truncated RNase E. Cells were cultured in Terrific Broth (TB) media grown at
20ºC to an optical density of greater than unity at 600nm prior to induction with
0.5 mM isopropyl ß-D-1-thiogalactopyranoside (IPTG). The bacterial cells were
further grown overnight at 20ºC to express the protein and were subsequently
harvested and resuspended in Lysis Buffer (50 mM Tris, 500mM NaCl, 2M Urea,
2mM ß-mercaptoethanol (ß-ME), 1% Triton X-100 at pH 8.0). Cells were then
disrupted using a Biospec Bead-Beater® and subjected to high speed
centrifugation to remove cell debris. Cell lysate thus obtained was then applied to
a Ni-NTA affinity chromatography column. Non-specific binding bacterial proteins
were removed by washing the column extensively with Wash Buffer (50 mM Tris,
500 mM NaCl, 2M Urea, 20 mM Imidizole, and 2mM ß-ME at pH 8.0). Elution
Buffer (50 mM Tris, 500 mM NaCl, 2M Urea, 200 mM Imidizole, 2mM ß-ME at pH
8.0) was used finally elute the protein from the column. The elutant was dialyzed
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against an appropriate physiological buffer. Dialyzed protein was further purified
using a HiLoad 26/60 Superdex 200 preparatory grade size exclusion
chromatography (SEC) column coupled to a GE Akta FPLC system. Purity of
protein was further verified by SDS-PAGE analysis (Figure 2-1). Protein
concentrations

were

determined

by

fluorescence-based

Quant-It

assay

(Invitrogen) and spectrophotometrically using extinction coefficients of 12,865 M1

cm-1 for EGR1 DB domain. The extinction coefficients were calculated using the

online software ProtParam at Expasy Server (48).
2.3

SDS-PAGE analysis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a
commonly used technique to separate proteins according to size (49). Being an
anionic detergent SDS acts as a protein denaturant. When the protein is subject
to 100°C temperature in presence of SDS, it evenly coats the polypeptide
backbone with a negative charge proportional to the mass of the protein. An
electric field is applied across the gel during PAGE run, SDS-coated proteins are
pulled with the same force per unit mass towards the gel apparatus cathode. The
proteins separate based on difference in molecular mass of each species since
the observed electrophoretic mobility is a linear function of the logarithm of
molecular weight. A standardized set of protein markers of known molecular
weight then helps to determine the size of separated species.
To check the apparent homogeneity of recombinant protein obtained after
Ni-NTA and SEC purification, SDS-PAGE analysis (Figure 2-1) were carried out
by loading sample onto a 12% (w/v) SDS-PAGE gel run at 150V for 60min using
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a VWR AccuPower power supply and a Bio-Rad Protein Chamber. Protein bands
were visualized by staining with 0.1% (w/v) coomassie-blue solution containing
40% (v/v) methanol and 10% (v/v) acetic acid, and then destaining with a
destain-solution containing 10% (v/v) acetic acid and 10% (v/v) methanol.
Images of the gels were captured using a UVP MultiDoc-It Gel Imaging system.

Figure 2-1: SDS-PAGE analysis of Ni-NTA purification of recombinant protein. Recombinant
human EGR1 DB domain was expressed in E. Coli strain BL21* at 20ºC to an optical density of
0.5 at 600nm and induced overnight with 0.5 mM IPTG. Cells were then harvested and disrupted
using a Biospec Bead-Beater. After disruption, cell debris was separated from the soluble lysate
fraction using high speed centrifugation. A portion of the cellular inclusion body was solubilized in
10% SDS and loaded onto a 12% SDS-PAGE gel (lane 2). The lysate (lane 3) was subjected to a
Ni-NTA chromatography column. Proteins that flowed through and were not retained by the Ni
column were sampled (lane 4). The column was then washed with 20 mM imidazole to remove
non-specific binding of bacterial proteins (lane 5). The recombinant proteins were eluted with
200mM imidazole (lane 6). Protein markers (Promega) were added for reference (lane 1).
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2.4

DNA synthesis

15-mer DNA oligos containing the ZRE consensus site (GCGTGGGCG) or a
single nucleotide variant thereof (complete sequences can be found in Chapter
5) were commercially obtained from Sigma Genosys. The complete nucleotide
sequence of the sense and antisense oligos constituting the ZRE duplex is
shown below:
5’-ataGCGTGGGCGttt-3’
3’-tatCGCACCCGCaaa-5’
A- and T-rich ends were included (as shown above) in all ZRE motifs to prevent
end fraying. Additional procedure details can be found in Chapters 3.3.2, 4.3.2
and 5.3.2.
2.5

Oligonucletide annealing

The DNA oligonucleotides of ZRE and single nucleotide variants thereof were
reconstituted

in

water.

Oligo

concentrations

were

determined

spectrophotometrically on the basis of extinction coefficients derived from their
nucleotide sequences using the online software OligoAnalyzer 3.1. In order to
obtain double-stranded DNA (dsDNA) duplex, equimolar concentrations of sense
and antisense oligonucleotides were mixed at heated to 95°C for 10 min followed
by slow cooling to room temperature to obtain dsDNA annealed oligos (ZRE
duplex).
2.6

ITC measurements

Isothermal titration calorimetry (ITC) is a paramount technique to study the
protein-ligand thermodynamics. ITC helps to understand the comprehensive
thermodynamic forces that govern the protein-ligand interactions (50, 51). ITC is
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a quantitative technique that directly measures heat change associated with a
chemical reaction, such as a bimolecular binding event. Measurement of heat of
reaction allows precise determination of enthalpy (∆H), binding constants (Kd)
and stoichiometry (n) and then can calculate entropy (∆S) and Gibbs free energy
(∆G). Thus, ITC provides a complete thermodynamic profile of molecular
interaction. Protein is titrated with a ligand by a series of injections, each injection
yields a heat signal which will approach zero as binding sites on the protein
become saturated. The binding isotherm thus obtained is integrated and fitted to
a given model. Different thermodynamic parameters associated with the reaction
are thus obtained. Moreover, ITC is a useful technique to understand if the
reaction between two components is under enthalpic or entropic control.
Exothermic

reactions

are

usually

controlled

by

enthalpic

component

characterized by favorable contacts formed between protein and ligand due to
electrostatic interactions and hydrophobic forces. In contrast, endothermic or
weakly exothermic reactions are mainly controlled by entropy, where a large
positive entropy change of the system due to ordering, disordering or
conformational change in the macromolecule upon ligand binding act as the
driving force for the reaction.
ITC experiments were performed on TA Nano-ITC Instrument (New
Castle, DE, USA) and data were acquired and processed using automated
features in NanoAnalyse software. All measurements were carried at least three
times. Briefly, protein and DNA samples were prepared in different buffers
containing 50mM Sodium phosphate and 5mM -mercaptoethanol and de-
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gassed using the ThermoVac accessory for 5min. The experiments were initiated
by injecting 25 x 10l injections from the syringe into the calorimetric cell, at a
fixed temperature. The change in thermal power as a function of each injection
was automatically recorded using NanoAnalyse software and the raw data were
further processed to yield binding isotherms of heat uptake per injection as a
function of concentration. The heats of mixing and dilution were subtracted from
the heat of binding per injection. A more detailed and specific procedure can be
found in Chapters 3.3.3, 4.3.3 and 5.3.3.
2.7

CD analysis

Circular dichroism (CD) helps to study the secondary and tertiary structural
features of different macromolecules. CD analysis was carried on the
recombinant proteins in various conditions to analyze their Opticospectroscopic
properties. CD is a useful technique for determining the changes associated with
the structure of a macromolecule in presence of different ligands or a change in
the environment of macromolecule.
CD measurements were conducted on a JascoJ-815 spectrometer
thermostatically controlled at specified temperature. Data were acquired using
the inbuilt Jasco software. Samples were prepared in 50mM Sodium phosphate.
For far-UV measurements, experiments were conducted on 5µM of recombinant
protein and data were collected using a quartz cuvette with a 2-mm path length in
the 190-260 nm wavelength range. Data were normalized against reference
spectra to remove the contribution of buffers. For temperature scans of wildtype
and mutant DB domains of EGR1 to generate melting curves, the spectral
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intensity at a wavelength of 222nm was monitored in the temperature range 20100°C at a scan rate of 1°C/min. All data were recorded with a slit bandwidth of 2
nm at a scan rate of 10 nm/min. Each data set represents an average of four
scans acquired at 0.1 nm intervals. All data were processed and analyzed using
the Microcal ORIGIN software.

More detailed procedures can be found in

Chapter 3.3.4.
2.8

Macromolecular modeling
Molecular modeling (MM) was used to build three dimensional structural

models of the DB domain of EGR1 in complex with dsDNA oligos containing the
consensus ZRE motif or a variant motif thereof in different conformations using
the MODELLER software based on homology modeling (52, 53). Briefly,
molecular dynamics and simulated annealing protocols are employed by
MODELLER software to constitute the modeled structure by adjusting the spatial
restraints obtained from amino acid sequence alignment with a corresponding
template in Cartesian space. The three dimensional model thus obtained is
expected to have similar folds as the template structure excluding specific amino
acids which have modified side chains due to the introduction of defined
hydrogen bonding, rearrangements of the domain or the modeling of the loops
not contributed by the original template structure.
In the current study, the crystal structure determined by Pavletich and
Pabo (28) containing EGR1 in complex with dsOligo containing ZRE motif was
used as a template. For each structural model, a total of 100 atomic models were
calculated and the structures with the lowest energy, as judged by the
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MODELLER Objective Function, were selected for further analysis. RIBBONS
was used to render the atomic models (54) and the electrostatic surface
potentials maps were generated using MOLMOL (52). Specific modifications
made for each model can be found in Chapters 3.3.5, 4.3.4 and 5.3.4.
2.9

Molecular dynamics

Molecular dynamics (MD) is a computer simulation technique to study the time
dependent physical movements of molecular system. MD simulations can
provide detailed information about the fluctuations and the conformational
changes associated with a macromolecule. MD is based on Newton’s equation of
motion, F=ma, where “F” is the force exerted on the particle, “m” is the mass of
the particle and “a” is its acceleration. The acceleration of each atom in a system
can be determined if the force acting on each atom is known. The trajectories of
molecules and atoms that describe their positions, acceleration and velocities
can then be determined by integrating the equations of motion. Using this
method the state of the system can be predicted by knowing the positions and
the velocities of each atom.
MD simulations were performed with GROMACS (55, 56) software
utilizing the integrated AMBER99SB-ILDN force field (57, 58) . Briefly, the
modeled structure of the DB domain of EGR1 was subjected to GROMACS and
pre-protonated either at only N2 atom (unprotonated form) or protonated at both
N2 and N1 atoms (protonated form) within the imidazole ring of H382. Next,
each structure was centered within a cubic box, hydrated using the extended
simple point charge (SPC/E) water model (59, 60), and the ionic strength of
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solution was set to 100mM with NaCl. The hydrated structures were energyminimized with the steepest descent algorithm prior to equilibration under the
NPT ensemble conditions, wherein the number of atoms (N), pressure (P) and
temperature (T) within the system were respectively kept constant at ~50000, 1
bar and 300 K. The Particle-Mesh Ewald (PME) method was employed to
compute long-range electrostatic interactions with a 10Å cut-off (61) and the
Linear Constraint Solver (LINCS) algorithm to restrain bond lengths (62). All MD
simulations were performed under periodic boundary conditions (PBC) using the
leap-frog integrator with a time step of 2fs. For the final MD production runs, data
were collected every 100ps over a time scale of 100ns. All simulations were run
on a Linux workstation using parallel processors at the High Performance
Computing facility within the Center for Computational Science of the University
of Miami. Specific modifications made for each model can be found in Chapters
3.3.6.
2.10

SASA calculations

The magnitude of changes in polar and apolar solvent-accessible surface area
(SASA) in the DB domain of EGR1 upon binding to dsDNA oligos containing the
ZRE consensus sites and single nucleotide variants thereof were calculated from
thermodynamic data obtained using ITC and compared with those obtained from
structural data based on the 3D structural models. The details of this procedure
can be found in the experimental procedures section of Chapters 5.3.5.

Chapter 3: pH Modulates the Binding of EGR1 Transcription Factor to DNA
3.1

Summary

EGR1 transcription factor orchestrates a plethora of signaling cascades involved
in cellular homeostasis and its down-regulation has been implicated in the
development of prostate cancer. Herein, using a battery of biophysical tools, we
show that the binding of EGR1 to DNA is tightly regulated by solution pH.
Importantly, the binding affinity undergoes an enhancement of more than an
order of magnitude with increasing pH from 5 to 8, implying that the
deprotonation of an ionizable residue accounts for such behavior. This ionizable
residue is identified as H382 by virtue of the fact that its substitution to nonionizable residues abolishes pH-dependence of the binding of EGR1 to DNA.
Notably, H382 inserts into the major groove of DNA and stabilizes the EGR1DNA interaction via both hydrogen bonding and van der Waals contacts.
Remarkably, H382 is predominantly conserved across other members of EGR
family, implying that histidine protonation-deprotonation may serve as a
molecular switch for modulating protein-DNA interactions central to this family of
transcription factors. Collectively, our findings uncover an unexpected but a key
step in the molecular recognition of EGR family of transcription factors and
suggest that they may act as sensors of pH within the intracellular environment.
3.2

Overview

EGR1 transcription factor, also known as Zif268, bolsters the classical TA-DB
modular architecture, where the TA is the N-terminal transactivation domain and
DB is the C-terminal DNA-binding domain. Such a modular design exquisitely
befits the role of EGR1 in coupling extracellular stimuli such as hormones,
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neurotransmitters and growth factors to changes in gene expression responsible
for a myriad of cellular activities ranging from cell growth and proliferation to
apoptosis and oncogenic transformation (3, 25-27). Importantly, cellular
expression of EGR1 is down-regulated in glioblastoma, lymphoma, and cancers
of the lung and breast (63-66), implying that EGR1 plays a tumor suppressive
role in various cancers. This view is further supported by the observation that
tumor suppressors such as PTEN, p53 and TGF are direct targets of EGR1 (2,
67, 68). Paradoxically, expression of EGR1 is up-regulated in prostate tumors (6,
69-72), implying that the role of EGR1 is tissue-dependent and that it likely
serves as a double-edged sword depending on the biological context.
Regardless of the complexity of physiological actions of EGR1, it primarily
exerts its effects by virtue of its ability to bind to the promoters of target genes
containing the GCGTGGGCG consensus motif, referred to hereinafter as Zif268
response element (ZRE), in a sequence-dependent manner. The EGR1-DNA
interaction is driven by the binding of DB domain as a monomer to the major
groove within the ZRE duplex (28). This mode of DNA-binding is somewhat
unusual in that transcription factors usually recognize their promoter elements
either as homodimers or heterodimers. However, the DB domain of EGR1 is
comprised of three tandem copies of C2H2-type zinc fingers, designated herein
ZFI, ZFII and ZFIII, which come together in space to assemble into an arcshaped architecture that snugly fits into the major groove of DNA (Figure 3-1a).
Importantly, each zinc finger within the DB domain contains an -helix and an
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Figure 3-1: Protein and DNA analysis. (a) Structural model of the DB domain (residues 336-420)
of human EGR1 in complex with ZRE duplex containing the GCGTGGGCG consensus
sequence. Note that the DB domain is comprised of three tandem C2H2-type zinc fingers,
designated herein ZFI (green), ZFII (blue) and ZFIII (magenta). Each zinc finger is comprised of
an -helix and a double-stranded (1-2) antiparallel -sheet that together sandwich a Zn2+
divalent ion indicated by a sphere (cyan). In each zinc finger, the Zn2+ ion is coordinated by two
histidine residues and two cysteine residues in a tetrahedral arrangement. The DNA backbone is
shown in yellow and the bases are colored gray for clarity. Note also that each zinc finger
recognizes a triplet of bases within the 9-bp GCGTGGGCG consensus sequence. The sidechain
moieties of amino acid residues E354 (ZFI), H382 (ZFII) and E410 (ZFIII) within the DB domain
that contact DNA are shown in red. (b) ZRE duplex containing the GCGTGGGCG tripartite
consensus motif. The consensus nucleotides within this motif are capitalized whilst the flanking
nucleotides are shown in small letters. The three sub-sites within the consensus motif are marked
for clarity and accommodate ZFI (right site), ZFII (middle site) and ZFIII (left site) within the DB
domain. The numbering of various nucleotides with respect to the central nucleotide of the middle
site (which is arbitrarily assigned zero) are indicated.

antiparallel double-stranded (1-2) -sheet that together sandwich a Zn2+
divalent ion, the latter being coordinated in a tetrahedral arrangement by two
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histidine residues and two cysteine residues. Remarkably, the EGR1-DNA
interaction is driven by the binding of each zinc finger to one of the three
subsites, each subsite being comprised of a trinucleotide sequence, within the 9bp GCGTGGGCG consensus motif (Figure 3-1b).
The three zinc fingers within the DB domain thus act as a cooperative unit
and bind to their cognate DNA in a manner akin to the cooperativity observed
between monomeric units of dimeric transcription factors. In particular, at each of
the three subsites within the ZRE duplex occupied by one of the three zinc
fingers, the protein-DNA contacts are largely afforded by the -helix, which fits
into the major groove of DNA, and 2-strand, which contacts the DNA phosphate
backbone (Figure 3-1a). Notably, 1-strand appears to provide a scaffolding role
and makes no discernable contacts with DNA.
Of Particular note is the observation that the binding of DB domain of
EGR1 appears to be strongly governed by numerous van der Waals contacts in
addition to an extensive network of intermolecular hydrogen bonding and ion
pairing (28). Ironically, detailed examination of the atomic structure of the DB
domain of EGR1 in complex with the ZRE duplex shows that an histidine residue
(H382), located within the first turn of -helix (II) of ZFII but not involved in
coordinating the zinc ligand, protrudes deep into the major groove at the proteinDNA interface (Figure 3-1a). It should be noted that the imidazole ring of H382 is
coplanar with G0 and stacks against the pyrimidine ring of T-1 within the ZRE
duplex. Importantly, the H382-G0 interaction appears to be stabilized via a twoprong mechanism: firstly, the coplanar alignment of the imidazole ring of H382
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and the purine ring of G0, the central guanine of the middle trinucleotide subsite
that accommodates ZFII within the DB domain, facilitates the formation of an
hydrogen bond between the H2 atom of H382 and N7 atom of G0; and
secondly, stacking of the imidazole ring of H382 against the pyrimidine ring of T1 promotes van der Waals contacts between the protein and DNA. Given that
pKa values of histidine residues located within the binding and catalytic centers
of proteins are frequently perturbed (73, 74), we wondered whether protonationdeprotonation of H382 may be involved in modulating EGR1-DNA interaction in
response to changes in solution pH. Importantly, H382 located within ZFII is
replaced by a glutamate residue in ZFI (E354) and ZFIII (E410) at the
structurally-equivalent positions. Such lack of conservation of H382 in ZFI and
ZFIII implicates a unique role of ZFII in dictating the binding of EGR1 to DNA.
In an attempt to test our hypothesis that the protonation-deprotonation of
H382 may be involved in modulating EGR1-DNA interactions, we analyzed the
pH-dependence of the binding of DB domain of EGR1 to a 15-mer dsDNA oligo
containing the ZRE motif using various biophysical tools. Our study shows that
the binding of EGR1 to DNA is tightly regulated by solution pH by virtue of the
ability of H382 to undergo protonation-deprotonation equilibrium. Remarkably,
H382 is predominantly conserved across other members of EGR family, implying
that histidine protonation-deprotonation may serve as a molecular switch for
modulating protein-DNA interactions central to this family of transcription factors.
Collectively, our findings uncover an unexpected but a key step in the molecular
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recognition of EGR family of transcription factors and suggest that they may act
as sensors of pH within the intracellular environment.
3.3

Experimental procedures

3.3.1 Protein preparation
The wildtype DB (DB_WT) domain (residues 331-430) of human EGR1
(UniProt# P18146) was cloned into pET30 bacterial expression vector with an Nterminal His-tag using Novagen LIC technology (Novagen, Madison, WI, USA).
The single-mutants of the DB domain of EGR1 containing H382A (DB_H382A),
H382K (DB_H382K), H382R (DB_H382R) and H382E (DB_H382E) substitutions
as

well

as

the

double-mutant

containing the E354H/E410H (DB_HH)

substitutions were generated through de novo DNA synthesis courtesy of
GenScript Corporation (GenScript, Piscataway, NJ, USA) and subsequently
cloned into pET30 bacterial expression as described for the DB_WT domain.
Additionally, a tryptophan residue was added at both the N- and C-termini of the
wildtype and mutant constructs to aid in protein characterization upon purification
due to the fact that the DB domain of EGR1 does not contain a native tryptophan.
All recombinant proteins were subsequently expressed in Escherichia coli
BL21*(DE3) bacterial strain (Invitrogen, Carlsbad, CA, USA) and purified on a NiNTA affinity column as described previously for other systems from our
laboratory (75-77). Briefly, bacterial cells were grown at 20C in Terrific Broth
supplemented with 50M ZnCl2 to an optical density of greater than unity at
600nm prior to induction with 0.5mM isopropyl β-D-1-thiogalactopyranoside
(IPTG). The bacterial culture was further grown overnight at 20C and the cells
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were subsequently harvested and disrupted using a BeadBeater (Biospec,
Bartlesville, OK, USA). After separation of cell debris using high-speed
centrifugation, the cell lysate was loaded onto a Ni-NTA column and washed
extensively with 20mM imidazole to remove non-specific binding of bacterial
proteins to the column. The recombinant proteins were subsequently eluted with
200mM imidazole and dialyzed against an appropriate buffer to remove excess
imidazole. The proteins were further passed through a Hiload Superdex 200 sizeexclusion chromatography (SEC) column coupled in-line with GE Akta FPLC
system (GE Healthcare, Milwaukee, WI, USA). This final step led to purification
of recombinant proteins to apparent homogeneity as judged by SDS-PAGE
analysis. Final yields were typically between 5-10mg protein of apparent
homogeneity per liter of bacterial culture. Protein concentration was determined
by the fluorescence-based Quant-It assay (Invitrogen, Carlsbad, CA, USA) and
spectrophotometrically using an extinction coefficient of 12,865 M-1cm-1
calculated using the online software ProtParam at ExPasy Server. Results from
both methods were in a good agreement.
3.3.2 DNA synthesis
15-mer DNA oligos containing the ZRE consensus site (GCGTGGGCG) were
commercially obtained from Sigma Genosys (The Woodlands, TX, USA). The
complete nucleotide sequence of the sense and antisense oligos constituting the
ZRE duplex is presented in Figure 1b. Oligo concentrations were determined
spectrophotometrically on the basis of their extinction co-efficients derived from
their nucleotide sequences using the online software OligoAnalyzer 3.1
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(Integrated DNA Technologies). Equimolar amounts of sense and antisense
oligos were mixed together and heated at 95C for 10min and then allowed to
cool to room temperature to obtain double-stranded DNA (dsDNA) annealed
oligos (ZRE duplex).
3.3.3 ITC measurements
Isothermal titration calorimetry (ITC) experiments were performed on a TA
Nano-ITC instrument (New Castle, DE, USA). Briefly, wildtype and mutant DB
domains of EGR1 and the ZRE dsDNA oligos were either dialyzed in 50mM
Sodium acetate (for measurements conducted below pH 6) or 50mM Sodium
phosphate (for measurements conducted at or above pH 6) containing 100mM
NaCl and 5mM -mercaptoethanol at a specified pH. All experiments were
initiated by injecting 25 x 10l aliquots of 100M of ZRE duplex from the syringe
into the calorimetric cell containing 0.95ml of 10-20M of DB domain solution at
25C. The change in thermal power as a function of each injection was
automatically recorded using the integrated NanoAnalyze software. The raw data
were further integrated to yield binding isotherms of heat release per injection as
a function of molar ratio of ZRE duplex to DB domain. The heats of mixing and
dilution were subtracted from the heat of binding per injection by carrying out a
control experiment in which the same buffer in the calorimetric cell was titrated
against the ZRE duplex in an identical manner. Control experiments with
scrambled dsDNA oligos generated similar thermal power to that obtained for the
buffer alone, implying that there was no non-specific binding of DB domain to
non-cognate DNA sequences. To determine the binding constant (Kd) and the
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binding enthalpy (H), the binding isotherms were iteratively fit to the following
built-in function by non-linear least squares regression analysis using the
integrated NanoAnalyze software:
q(i) = (nVPHd/2) {[1+(L/nP)+(Kd/nP)] – [[1+(L/nP)+(Kd/nP)]2 – (4L/nP)]1/2} [1]
where q(i) is the heat release (kcal/mol) for the ith injection, n is the binding
stoichiometry, V is the effective volume of protein solution in the calorimetric cell
(0.95ml), P is the concentration of each DB domain in the calorimetric cell (M)
and L is the concentration of ZRE duplex added (M). It should be noted that Eq
[1] is derived using the law of mass action assuming one-site binding model (78).
The free energy change (G) upon DNA binding was calculated from the
relationship:
G = RTlnKd

[2]

where R is the universal molar gas constant (1.99 cal/mol/K) and T is the
absolute temperature (298 K). The entropic contribution (TSobs) to the free
energy of binding was calculated from the relationship:
TS = H - G

[3]

3.3.4 Circular dichroism
Circular dichroism (CD) measurements were conducted on a Jasco J-815
spectropolarimeter (Jasco, Easton, MD, USA) thermostatically controlled at 25°C.
Briefly, the wildtype and mutant DB domains of EGR1 were prepared in 50mM
Sodium phosphate at a specified pH ranging from 5 to 8. Experiments were
conducted on 10M of protein and data were collected using a quartz cuvette
with a 2-mm pathlength in the 190-260nm wavelength range. All data were
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recorded with a slit bandwidth of 2nm at a scan rate of 10nm/min and normalized
against reference spectra to remove the background contribution of buffer. Each
spectral data set represents an average of four scans acquired at 0.1nm
intervals. Data were converted to mean ellipticity, [], as a function of wavelength
() of electromagnetic radiation using the equation:
[] = [(105)/cl] deg.cm2.dmol-1

[4]

where  is the observed ellipticity in mdeg, c is the protein concentration in M
and l is the cuvette pathlength in cm. For temperature scans of wildtype and
mutant DB domains of EGR1 to generate melting curves, the spectral intensity at
a wavelength of 222nm was monitored in the temperature range 20-100°C at a
scan rate of 1°C/min. It is noteworthy that the introduction of various single- and
double-mutations did not lead to any substantial changes in the structure or
stability of the DB domain.
3.3.5 Molecular modeling
Molecular modeling (MM) was employed to build a structural model of the DB
domain of EGR1 in complex with the 15-mer ZRE duplex. Briefly, the structural
model was built in two stages: first, the double-helical B-DNA conformation of the
ZRE duplex was obtained on the basis of de novo modeling using 3D-DART (79).
Next, the crystal structure of DB domain of EGR1 in complex with a dsDNA oligo
containing the ZRE consensus motif (PDB# 1ZAA), but with varying flanking
sequences, and the de novo model of ZRE duplex were used as templates in a
multi-template alignment fashion to calculate the overall structural model of the
protein-DNA complex using the MODELLER software based on homology
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modeling (53). A total of 100 structural models were calculated and the structure
with the lowest energy, as judged by the MODELLER Objective Function, was
selected for further analysis. The structural model was rendered using RIBBONS
(80) and the electrostatic surface potentials maps were generated using
MOLMOL (52).
3.3.6 Molecular dynamics
Molecular dynamics (MD) simulations on the structural models of the DB domain
of EGR1 in unprotonated and protonated forms with respect to H382 in complex
with the ZRE duplex were performed with the GROMACS software (55, 56) using
the integrated AMBER99SB-ILDN force field (57, 58). Briefly, the modeled
structure of the DB domain of EGR1 was subjected to GROMACS and preprotonated either at only N2 atom (unprotonated form) or protonated at both N2
and N1 atoms (protonated form) within the imidazole ring of H382. Next, each
structure was centered within a cubic box, hydrated using the extended simple
point charge (SPC/E) water model (59, 60), and the ionic strength of solution was
set to 100mM with NaCl. The hydrated structures were energy-minimized with
the steepest descent algorithm prior to equilibration under the NPT ensemble
conditions, wherein the number of atoms (N), pressure (P) and temperature (T)
within the system were respectively kept constant at ~50000, 1 bar and 300 K.
The Particle-Mesh Ewald (PME) method was employed to compute long-range
electrostatic interactions with a 10Å cut-off (61) and the Linear Constraint Solver
(LINCS) algorithm to restrain bond lengths (62). All MD simulations were
performed under periodic boundary conditions (PBC) using the leap-frog
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integrator with a time step of 2fs. For the final MD production runs, data were
collected every 100ps over a time scale of 100ns. All simulations were run on a
Linux workstation using parallel processors at the High Performance Computing
facility within the Center for Computational Science of the University of Miami.
3.4

Results and discussion

3.4.1 Protonation-deprotonation of H382 modulates the binding of EGR1 to
DNA
In an attempt to test our hypothesis that H382 within EGR1 may be subject to
protonation-deprotonation equilibrium, we measured the effect of varying solution
pH ranging from 5 to 8 on the binding of ZRE duplex to wildtype DB (DB_WT)
domain of EGR1 using ITC (Figure 3-2 and Table 3-1). Our data show that the
binding of DB_WT domain to DNA is strongly pH-dependent. Thus, while the DBWT domain binds to DNA with an affinity of close to 2M at pH 5, the binding
increases by more than an order of magnitude to around 150nM at pH 8 (Table
3-1). This finding strongly implies that the protonation of an ionizable residue with
a pKa close to neutral pH most likely accounts for such enhancement in the
binding of DB domain of EGR1 to DNA. To test our hypothesis that H382 serves
as the site for such protonation-deprotonation, we next introduced and measured
the effect of the binding of DB domain of EGR1 containing the H382A
substitution (DB_H382A) to DNA. We anticipate that the H382A substitution
should be expected to remove the contribution of the ionizable imidazole moiety
of H382 and thereby eliminate the pH-dependence of the binding of DB domain
to DNA.Consistent with this rationale, our comparative analysis reveals that while
the binding of DB_WT domain to DNA monotonically increases as a function of
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Figure 3-2: Representative ITC isotherms at 25C for the binding of ZRE duplex to the DB_WT
domain of EGR1 at pH 5 (a), pH 6 (b), pH 7 (c) and pH 8 (d). The upper panels show raw ITC
data expressed as change in thermal power with respect to time over the period of titration. In the
lower panels, change in molar heat is expressed as a function of molar ratio of ZRE duplex to DB
domain. The solid lines in the lower panels show the fit of data to a one-site model, as embodied
in Eq [1], using Microcal Origin software.

pH, the binding of DB_H382A domain displays no dependence on solution pH
(Figure 3-3).
To provide further support for our hypothesis, we also introduced and
measured the effect of the binding of DB domain of EGR1 containing the H382K
(DB_H382K) and H382R (DB_H382R) substitutions to DNA. Notably, these
substitutions were introduced to mimic the effect of a protonated histidine
containing a net positive charge at H382. As expected, the binding of neither
DB_H382K nor DB_H382R domain to DNA exhibited pH-dependence (Figure 33). However, both DB_H382K and DB_H382R domains bound to DNA with
affinities similar to those observed for the binding of DB_WT domain at pH 5 in
lieu of its enhanced binding at pH 8 (Tables 3-1 and 3-2). We believe that this is
most likely due to the fact that while H382K and H382R may carry a net positive
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Table 3-1
Thermodynamic parameters for the binding of ZRE duplex to wildtype DB domain (DB_WT) of
EGR1 at various pH
Kd / nM
H / kcal.mol-1 TS / kcal.mol-1 G / kcal.mol-1
pH 5.0 1962 ± 485 -33.43 ± 0.73
-25.63 ± 0.58
-7.80 ± 0.15
pH 5.5 2045 ± 363
-31.01 ± 0.68
-23.23 ± 0.57
-7.77 ± 0.11
pH 6.0 806 ± 77
-25.26 ± 0.30
-16.94 ± 0.25
-8.32 ± 0.06
pH 6.5 311 ± 30
-22.49 ± 0.65
-13.60 ± 0.70
-8.89 ± 0.06
pH 7.0 236 ± 27
-18.71 ± 0.46
-9.67 ± 0.39
-9.05 ± 0.07
pH 7.5 186 ± 16
-14.34 ± 0.31
-5.15 ± 0.25
-9.19 ± 0.05
pH 8.0 149 ± 15
-4.53 ± 0.34
+4.80 ± 0.28
-9.32 ± 0.06
The binding stoichiometries to the fits agreed to within 10%. Errors were calculated from at least
three independent measurements. All errors are given to one standard deviation.

charge in a manner akin to protonated H382, their non-aromatic sidechain
moieties do not structurally resemble the imidazole ring of H382 and therefore
unlikely to faithfully substitute its role in its ability to engage in close
intermolecular contacts with the DNA. Given that the H382 residue located within
the ZFII of DB domain of EGR1 is replaced by a glutamate residue at the
structurally-equivalent positions within ZFI (E354) and ZFIII (E410) (Figure 3-1a),
we also wondered how H382E substitution might influence the binding of DB
domain to DNA. Toward this goal, we introduced and measured the effect of the
binding of DB domain of EGR1 containing the H382E substitution (DB_H382E) to
DNA. Consistent with our hypothesis that H382 is responsible for the pHdependent binding of DB domain to DNA, our data reveal that the binding of
DB_H382E domain to DNA is independent of solution pH (Figure 3-3). Prompted
by this promising observation, we next wondered how E354H and E410H
substitutions may affect the binding of DB domain of EGR1 to DNA. To
accomplish this goal, we introduced and measured the effect of the binding of DB
domain of EGR1 containing the E354H/E410H double-substitution (DB_HH) to
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Figure 3-3: Dependence of [1/Kd] on pH for the binding of ZRE duplex to DB_WT (black),
DB_H382A (red), DB-H382K (green), DB_H382R (blue), DB_H382E (magenta), DB_HH (brown)
domains of EGR1 at 25C. The error bars were calculated from at least three independent
measurements to one standard deviation.

DNA. Remarkably, the binding of DB_HH domain to DNA displays pHdependence in a manner that is even stronger than that observed for the
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Table 3-2
Thermodynamic parameters for the binding of ZRE duplex to wildtype (DB_WT) and various
mutant constructs of the DB domain of EGR1 at pH 7.0
Kd / nM
H / kcal.mol-1 TS / kcal.mol-1 G / kcal.mol-1
DB_WT
236 ± 27
-18.71 ± 0.46
-9.67 ± 0.39
-9.05 ± 0.07
DB_H382A
812 ± 137
-14.34 ± 0.69
-6.02 ± 0.58
-8.32 ± 0.10
DB_H382K 1759 ± 160
-5.20 ± 0.37
+2.66 ± 0.31
-7.86 ± 0.05
DB_H382R 1901 ± 235
-6.98 ± 0.22
+0.84 ± 0.14
-7.81 ± 0.07
DB_H382E 1492 ± 237
-2.34 ± 0.14
+5.62 ± 0.23
-7.96 ± 0.10
DB_HH
192 ± 18
-5.43 ± 0.20
+3.75 ± 0.26
-9.17 ± 0.06
The binding stoichiometries to the fits agreed to within 10%. Errors were calculated from three
independent measurements. All errors are given to one standard deviation.

DB_WT domain (Figure 3-3). Thus, while the binding of DB_WT domain to DNA
undergoes an eight-fold increase in affinity as solution pH is raised from a value
of 5 to 7, the DB_HH domain experiences close to 30-fold enhancement over the
same pH range (Table 3-1 and 3-3). Taken together, these observations
unequivocally demonstrate that the protonation-deprotonation of H382 accounts
for the binding of EGR1 to DNA in a pH-dependent manner.
It is also noteworthy that the enthalpic change associated with the binding
of the DB_WT domain of EGR1 to ZRE duplex was observed to be independent
of ionization enthalpy of reaction buffers such as phosphate and Tris. This
implies that the protonation-deprotonation of H382 in EGR1 is solely dependent
upon solution pH and that it is not coupled to DNA-binding. Given that the
protonation of H382 hampers the binding of EGR1 to DNA, the lack of such
proton-coupled equilibrium to DNA-binding would indeed be thermodynamically
unfavorable and thus highly undesirable. In short, our data strongly suggest that
the solution pH is likely to play a key regulatory role in fine tuning the binding of
EGR1 to DNA under physiological conditions within the living cell.
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Table 3-3
Thermodynamic parameters for the binding of ZRE duplex to the double-mutant DB domain
containing the E354H/E410H substitutions (DB_HH) of EGR1 at various pH
Kd / nM
H / kcal.mol-1 TS / kcal.mol-1 G / kcal.mol-1
pH 5.0 5456 ± 1079
-21.39 ± 0.61
-14.20 ± 0.50
-7.19 ± 0.12
pH 5.5
3860 ± 645
-20.39 ± 0.40
-12.99 ± 0.29
-7.40 ± 0.10
pH 6.0 3736 ± 1076
-14.87 ± 0.57
-7.45 ± 0.74
-7.42 ± 0.17
pH 6.5
2177 ± 696
-9.37 ± 0.33
-1.63 ± 0.14
-7.75 ± 0.19
pH 7.0
192 ± 18
-5.57 ± 0.20
+3.75 ± 0.14
-9.17 ± 0.06
The binding stoichiometries to the fits agreed to within 10%. Errors were calculated from at least
three independent measurements. All errors are given to one standard deviation.

3.4.2 Binding of EGR1 to DNA is enthalpy-entropy compensated
In addition to the demonstration that the solution pH modulates the binding of
EGR1 to DNA, our data also shed light into the underlying thermodynamics
governing this key protein-DNA interaction (Figure 3-4 and Table 3-1).
Interestingly, while enthalpy drives the EGR1-DNA interaction accompanied by
opposing entropic forces under physiological pH range, the enthalpic
contributions appear to monotonically decrease with increasing pH ranging from
5 to 8 (Figure 3-4a). Noting that enthalpic contributions most likely result from
favorable intermolecular hydrogen bonding, ion pairing and van der Waals
forces, the most straightforward interpretation of this finding is that increasing pH
disrupts or mitigates the effect of such intermolecular forces on protein-DNA
interactions. On the other hand, the entropic contributions to the free energy
become more favorable with increasing pH (Figure 3-4b). Such loss of opposing
entropic change most probably results from the change in the interaction of water
molecules with protein and DNA with increasing solution pH. It is noteworthy that
the release of hydrogen bonded and trapped water within the crevices and
cavities in protein and DNA is a major contributor to the favorable entropic
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Figure 3-4: Dependence of thermodynamics on pH for the binding of ZRE duplex to DB_WT
domain of EGR1 at 25C. (b) H-pH plot. (b) TS-pH plot. (c) TS-H plot. The error bars were
calculated from at least three independent measurements to one standard deviation.

change upon association. Accordingly, the changes in solution pH would directly
affect the equilibrium between bulk water and trapped water and thereby the
entropic contributions to the overall free energy. Notably, the loss of enthalpic
contributions is more or less compensated by an equal but opposite favorable
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increase in entropic contributions such that there is little or no net gain in the
overall free energy (Figures 3-4a and 3-4b). This reciprocal relationship between
enthalpy and entropy lies in the enthalpy-entropy compensation phenomenon
(81-85). Indeed, as shown in Figure 4c, the binding of EGR1 to DNA as a
function of pH is in agreement with this enthalpy-entropy compensation
phenomenon.
3.4.3 Neutral pH has little or negligible effect on the structure of the DB
domain of EGR1
Given that the binding of EGR1 to DNA is tightly regulated by pH, we next
analyzed the extent to which pH may also affect the secondary structure and
stability of DB_WT domain using far-UV CD (Figure 3-5). Our analysis reveals
that the far-UV CD spectral features of DB_WT domain are characterized by a
positive band centered around 195nm and a negative band centered around
208nm with a shoulder at 225nm (Figure 3-5a). These observations are
consistent with the -fold of the DB domain of EGR1. Importantly, while
increasing solution pH from 5 to 6 appears to enhance the spectral intensity of
DB_WT domain in the 200-240nm region, there is little or negligible effect on the
spectral intensity as the pH is further raised from 6 to 8. This implies that while
pH below 6 significantly compromises the structural integrity of the DB_WT
domain, its secondary structure undergoes little or no change in the pH range
from 6 to 8. Next, to test how changes in secondary structure affect the stability
of the DB domain, we probed the dependence of mean ellipticity observed at a
wavelength of 222nm, [222], as a function of pH over the temperature range 20100C using far-UV CD (Figure 3-5b). In striking contrast to our secondary
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Figure 3-5: Far-UV CD analysis of DB_WT domain of EGR1 at pH 5 (black), pH 6 (red), pH 7
(green) and pH 8 (blue). (a) Representative far-UV spectra as a function of pH over the
wavelength () range 190-260nm at 25C. (b) Representative melting curves as a function of pH
over the temperature (T) range 20-100C expressed in terms of the mean ellipticity observed at a
wavelength of 222nm, [222]. Note that the vertical dashed line indicates the melting transition (Tm)
of the curves.

structural analysis above, our thermal scans suggest that the DB_WT domain
displays a melting temperature (Tm) of around 55C under all pH conditions from
5 to 8. This finding argues that while acidic pH may destabilize the secondary
structure of the DB_WT domain, such loss of structure does not necessarily
translate into lower thermal stability. Collectively, our far-UV CD analysis shows
that while solution pH in the range from 6 to 8 significantly enhances the binding
affinity of DB domain of EGR1 toward its cognate DNA by virtue of the ability of
H382 to undergo protonation-deprotonation, it has little or negligible effect on its
secondary structure and thermal stability. However, it should be borne in mind
that far-UV CD is a bulk technique that probes the overall global average
structure in lieu of providing information into specific regions or residues which
may be under structural fluctuation in a transient manner. Accordingly, our far-UV
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CD analysis presented above may have overlooked the effect of solution pH on
the structure of DB domain at atomic level.
3.4.4 Protonation of H382 compromises thermodynamic contacts at
protein-DNA interface
In order to rationalize the effect of protonation of H382 on electrostatics at the
protein-DNA interface, we generated electrostatic surface potential maps of the
DB domain of EGR1 containing H382 in the unprotonated and protonated state in
complex with the ZRE duplex (Figure 3-6). Our data lend interesting insights into
how such protonation transforms electrostatic polarization of protein surface at
H382 so as to render it thermodynamically less favorable for coming into contact
with DNA. In the unprotonated state, H382 occupies what appears to be a largely
apolar surface destined to engage in close van der Waals contacts with DNA by
virtue of the ability of the imidazole ring of H382 to stack against the pyrimidine
ring of T-1 (Figure 3-6a). Such stacking also results in the coplanar alignment of
the imidazole ring of H382 and the purine ring of G0 and thereby facilitates the
formation of an hydrogen bond between the H2 atom of H382 and N7 atom of
G0. Importantly, upon protonation of N1 atom of H382, the local surface
becomes positively charged (Figure 3-6b). Such a scenario would compromise
the ability of H382 to engage in intermolecular hydrogen bonding and van der
Waals contacts with DNA and thereby eliminate an important thermodynamic
component contributing to the free energy driving EGR1-DNA interaction.
Accordingly, the unfavorable interactions of the protonated state compared to
unprotonated state of H382 would weaken protein-DNA contacts in agreement
with our demonstration that increasing pH enhances EGR1-DNA interactions. In
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Figure 3-6: Electrostatic surface potential maps of the structural models of the DB_WT domain of
EGR1 containing H382 in unprotonated (a) and protonated (b) forms in complex with the ZRE
duplex. Note that in the unprotonated form, H382 is protonated only at N2 atom within the
imidazole ring, while it is protonated at both N2 and N1 atoms in the protonated form. The blue
and red colors respectively denote the density of positive and negative charges, while the apolar
and polar surfaces are indicated by white/gray color on the molecular surfaces. In the expanded
views, the location of H382 is clearly marked on the molecular surfaces with the parenthesis
indicating the overall charge on this residue under unprotonated (0) and protonated (+) forms.
The ZRE duplex is displayed as a “stick” model and colored green for clarity.

short, the aforementioned electrostatic surface potential maps of the DB domain
of EGR1 argue strongly that the protonation of H382 would result in the loss of
favorable thermodynamic factors that would facilitate the two molecular surfaces
to come in close proximity to attain a tight molecular fit.
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3.4.5 Protonation of H382 mitigates structural stability and alters proteinDNA dynamics
Our analysis presented above suggests strongly that the protonation of H382
serves as a molecular switch in modulating the EGR1-DNA interactions. To
probe the effect of such protonation on protein stability and dynamics at atomic
level, we next conducted MD simulations on the DB domain of EGR1 containing
H382 in the unprotonated and protonated state in complex with the ZRE duplex
(Figure 3-7). As shown in Figure 3-7a, the MD trajectories reveal that while the
unprotonated state reaches structural equilibrium after about 20ns with an overall
root mean square deviation (RMSD) of ~1.5Å, its structural stability is somewhat
compromised upon protonation with an RMSD greater than 2.0Å. This
observation suggests that the protonation of H382 most likely destabilizes
protein-DNA contacts in agreement with our analysis presented above. While the
overall

global

changes

in

protein

dynamics

between

protonated

and

unprotonated forms of DB domain may not appear to be very drastic, a close
inspection of how protonation affects the dynamics of II helix (harboring the
H382 residue) within the ZFII of DB domain is telling. Thus, while the average
RMSD per residue for II helix is close to 0.2Å within the unprotonated form of
DB domain, it appears to hover around 1.5Å within the protonated form (Figure 37b). This salient observation suggests strongly that while II helix is highly
ordered in the unprotonated form of DB domain, protonation of H382 results in
substantial disorder. In agreement with our thermodynamic data presented
above, we believe that such order—disorder transition of II helix upon
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Figure 3-7: Effect of protonation on the dynamics of DB domain of EGR1 as determined from MD
analysis on the structural models of the DB_WT domain of EGR1 containing H382 in
unprotonated and protonated forms in complex with the ZRE duplex. Note that in the
unprotonated form, H382 is protonated only at N2 atom within the imidazole ring, while it is
protonated at both N2 and N1 atoms in the protonated form. (a) RMSD of backbone atoms (N,
C and C) within each simulated structure relative to the initial modeled structure of DB domain
as a function of simulation time in unprotonated (top panel) and protonated (bottom panel) forms.
(b) RMSD per residue within each simulated structure relative to the initial modeled structure for
the II helix (residues 380-390) located within the ZFII of DB domain as a function of simulation
time in unprotonated (top panel) and protonated (bottom panel) forms. (c) RMSF of backbone
atoms (N, C and C) averaged over the entire course of corresponding MD trajectory of DB
domain as a function of residue number in unprotonated (top panel) and protonated (bottom
panel) forms. Note that the vertical gray boxes denote the boundaries of residues encompassing
ZFI, ZFII and ZFIII within the DB domain. The position of 1-2 loop within each zinc finger is also
indicated. (d) RMSF per residue averaged over the entire course of corresponding MD trajectory
for the II helix (residues 380-390) located within the ZFII of DB domain as a function of residue
number in unprotonated (top panel) and protonated (bottom panel) forms.

protonation of H382 severely compromises the protein-DNA contacts resulting in
the loss of high-affinity binding.
An alternative means to assess mobility and stability of macromolecular
complexes is through an assessment of the root mean square fluctuation (RMSF)
of specific atoms over the course of MD simulation. In Figure 3-7c, we provide
such analysis for the backbone atoms of each residue within the DB domain. The
RMSF analysis reveals that while a majority of residues within the DB domain
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appear to be well-ordered in both the unprotonated and the protonated state,
there are subtle differences within the loop regions. Thus, for example, residues
within the 1-2 loop of ZFI display similar mobilities between the protonated and
unprotonated state. In sharp contrast, the mobility of residues within the 1-2
loop of ZFII is markedly greater in the unprotonated state compared to those in
the corresponding loop in the protonated state, while the opposite trend is
observed for the residues within the 1-2 loop of ZFIII. Additionally, residues
located within the C-terminal of III helix of ZFIII appear to display much greater
mobility than the corresponding residues in ZFI and ZFII. This implies that that
protonation of H382 located within ZFII not only affects protein dynamics locally
but also globally that stretch across all three zinc fingers. Accordingly, this finding
argues that the three zinc fingers most likely bind to DNA in a cooperative
manner and that such allosteric communication is most likely transmitted through
protein dynamics in lieu of structure changes. Of particular note is the
observation that the residues 380-390 spanning the II helix display substantially
higher fluctuations in the protonated form relative to the unprotonated form of DB
domain (Figure 3-7d). This further corroborates the notion that the protonation of
H382 results in order-disorder transition of II helix.
3.4.6 Protonation of H382 affects structural integrity of II helix
In an attempt to further shed light into how protonation of H382 affects the
dynamics of II helix located within ZFII of DB domain, we next analyzed how
MD simulations affect its secondary structural features (Figure 3-8). Notably,
protonation of H382 results in a dramatic loss of the propensity of residues 380-
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390 spanning II helix to adopt -helical conformation, particularly those located
within the N- and C-terminal regions (Figure 3-8a). Equally importantly, the loss
of such helicity within II helix exquisitely correlates with changes in the
backbone torsion angles  and  (Figure 3-8b). Thus, while residues spanning
II helix within the unprotonated form respectively adopt  and  torsion angles
around -65 and -40 (characteristic of an ideal  helix on the Ramachandran
plot), the  and  angles in the protonated form respectively take up values of
around -75 and -25. This observation suggests that upon protonation of H382,
the II helix not only becomes more dynamic but may also resemble some
features of 310 helix that typically occupies the bottom left quadrant of the
Ramachandran plot with  and  values of around -50 and -25. This notion
gains further credibility in light of our analysis showing that while intramolecular
hydrogen bonding network within the II helix is dominated between residues i
and (i+4)—characteristic of an ideal  helix—in the unprotonated form of DB
domain, protonation of H382 not only perturbs this network but also favors the
formation of hydrogen bonds between residues i and (i+3) that feature heavily in
a 310 helix (Figure 3-8c).
Our thermodynamic data presented above suggest that the protonation of
N1 atom of H382 likely results in the disruption of an hydrogen bond between
H2 atom of H382 and N7 atom of G0. To test this hypothesis using our MD
simulations, we also plotted the distance between H2 atom and the N7 atom as
a function of simulation time (Figure 3-8d). Our analysis reveals that while this
distance remains constant within the unprotonated state of the DB domain at
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Figure 3-8: Effect of protonation on the structural stability of II helix (residues 380-390) located
within the ZFII of DB domain of EGR1 as determined from MD analysis on the structural models
of the DB_WT domain of EGR1 containing H382 in unprotonated and protonated forms in
complex with the ZRE duplex. Note that in the unprotonated form, H382 is protonated only at N2
atom within the imidazole ring, while it is protonated at both N2 and N1 atoms in the protonated
form. (a) Helicity as a function of residue number within the II helix of ZFII in unprotonated (top
panel) and protonated (bottom panel) forms of DB domain. Note that helicity is defined as the
percentage of time each residue samples the -helical conformation over the course of the
simulation. (b) Dependence of backbone torsion angles  (red) and  (blue) within the II helix of
ZFII in unprotonated (top panel) and protonated (bottom panel) forms of DB domain. (c) Variation
of number of intramolecular backbone hydrogen bonds (H-bonds) between residue i and (i+3)
characteristic of an 310-helical conformation (red) as well as between residue i and (i+4)
characteristic of an -helical conformation (blue) observed within the II helix of ZFII in
unprotonated (top panel) and protonated (bottom panel) forms of DB domain. (d) Distance
between H2 atom (the hydrogen atom directly attached to N2) within the imidazole ring of H382
and N7 atom within the guanine base of G0 as a function of time in unprotonated (top panel) and
protonated (bottom panel) forms of DB domain. Note that G0, according to the nomenclature
shown in Figure 1b, is the central guanine of the middle trinucleotide subsite that accommodates
ZFII within the DB domain.

around 2Å throughout the 100-ns simulation cycle, it shows a fluctuation of
greater than 4Å after about 10ns in the protonated state. This finding thus
supports the notion that the hydrogen bond between H2 atom of H382 and N7
atom of G0 is less stable in the protonated state of the DB domain of EGR1. In
sum, our MD simulations strongly argue that the protonation of H382 results in
marked changes associated with protein dynamics and, in particular, results in
the order-disorder transition of II helix. It is important to note here that while our
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far-UV CD analysis presented above suggests that the solution pH has little or
negligible effect on the secondary structure and thermal stability of DB domain,
our MD simulations have provided key insights into how protonation of H382
alters protein structure and stability at atomic level.
3.4.7 pH-dependent binding to DNA appears to be a hallmark of all
members of the EGR1 and the related KLF family
In an attempt to analyze the extent to which modulation of DNA-binding through
protonation of H382 in EGR1 may also be shared by other members, we
generated amino acid sequence alignment of the DB domains of all known
members of the human EGR family and the related KLF family (Figure 3-9). It
should be noted that the DB domains of all members of the EGR and KLF
families are characterized by the presence of three tandem copies of C2H2-type
zinc fingers, designated herein ZFI, ZFII and ZFIII, which are all expected to
come together in space to assemble into an arc-shaped architecture so as to
snugly fit into the major groove of DNA in a manner akin to the binding of EGR1
(Figure 3-1a). Importantly, our analysis reveals that the DB domains of all four
members of EGR family (EGR1-EGR4) are remarkably well-conserved and
display close to 80% sequence identity. However, the EGR family shares only
around 35% sequence identity with the DB domains of KLF family members
(KLF1-KLF17). Accordingly, these differences at amino acid sequence level must
define the precise mechanism and differential specificity of recognition of DNA
promoter elements by the EGR/KLF family members.
Notably, while H382 within ZFII of EGR1 is fully conserved in all other
EGR members, it is replaced by a glutamate at the structurally-equivalent
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Figure 3-9: Amino acid sequence alignment of DB domains of all known members of the human
EGR family (EGR1-EGR4) and the related human KLF family (KLF1-KLF17). Absolutely
conserved residues are shown in red, non-conserved residues at structurally-equivalent positions
occupied by E354, H382 and E410 in EGR1 are colored blue, while all other residues are
depicted in black. Each member is denoted by its acronym in the left column with the
corresponding UniProt code provided in the right column for access to complete proteomic details
on each member. The numerals denote the amino acid boundaries of DB domains for each
member. The cysteine and histidine residues within each of the three C2H2-type zinc fingers of
DB domains, denoted ZFI, ZFII and ZFIII, that coordinate the Zn2+ divalent ion in a tetrahedral
arrangement are marked by asterisks. The vertical arrows indicate the position of
E354/H382/E410 in EGR1 and their structural-equivalents in other DB domains.

position within ZFII of all members of KLF family. Strikingly, while the glutamate
residues located at the structurally-equivalent position to H382 within ZFI (E354)
and ZFIII (E410) of EGR1 are fully conserved within other members of EGR
family, they are replaced by an histidine residue within all KLF members. Simply
put, while the H382 within ZFII is not conserved in the KLF family members, the
latter have evolved to acquire a structurally-equivalent histidine within ZFI and
ZFII. Accordingly, this salient observation implies that these conserved histidine
residues are likely to be subject to protonation-deprotonation in response to
changes in solution pH. On the basis of this argument, we anticipate that the
binding of all members of EGR and KLF families to DNA must be tightly
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regulated by solution pH. Importantly, our analysis also predicts that unlike the
members of EGR family, the KLF members contain not one but two potential
sites of protonation. Accordingly, the solution pH may play an even more intricate
role in modulating the binding of the members of KLF family to DNA. This notion
is supported by our thermodynamic data indicating that the binding of the DB_HH
domain of EGR1 to DNA shows much stronger dependence on solution pH than
the DB_WT domain (Tables 3-1 and 3-3).
3.5

Concluding remarks

The role of EGR1 in regulating a myriad of cellular activities ranging from cell
growth and proliferation to apoptosis and oncogenic transformation is welldocumented (3, 25-27). Our demonstration here that solution pH is likely to
modulate the binding of EGR1 to DNA, and therefore by extension its
transcriptional activity, adds another dimension to the functional complexity of
this key player in cellular signaling. Tellingly, changes in intracellular pH regulate
a plethora of cellular processes such as metabolic homeostasis and apoptosis
(86). Moreover, it is well-documented that ionizable residues within proteins
sense such changes and activate a variety of proton pumps and ion transporters
that in turn mediate extracellular transport of protons and anions to regulate
intracellular pH (87-89). Accordingly, it is tempting to speculate that changes in
intracellular pH may also tightly regulate the transcriptional activity of EGR1
through modulating the ionization state of H382 located at the protein-DNA
interface. Importantly, protonation-deprotonation of H382 would have important
consequences on the contributions of intermolecular hydrogen bonding and van
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der Waals forces to the free energy available to drive this key protein-DNA
interaction. It is noteworthy that the protonation-deprotonation of H382 may not
necessarily require large changes but rather may be mediated by small changes
in intracellular pH. In particular, under pathological states such as metabolic
acidosis or alkalosis, the transcriptional activity of EGR1 is likely to be
substantially altered. This would likely have serious consequences on cellular
signaling cascades that rely on EGR1 for coupling extracellular information in the
form of hormones, neurotransmitters and growth factors to changes in gene
expression of specific target proteins.
In short, our study demonstrates that the solution pH tightly modulates the
binding of EGR1 transcription factor to DNA by virtue of the ability of H382 to
serve as a protonation-deprotonation site. Given that H382 is conserved in the
structurally-equivalent positions within the C2H2-type zinc fingers of other
members of EGR family as well as the related KLF family, our findings have
important implications on the physiological function of these proteins. Our study
invokes the notion that this group of transcription factors may also act as sensors
of intracellular pH and thus bears important consequences for a paradigm shift of
their molecular action.

Chapter 4: Enthalpic Factors Override the Polyelectrolyte Effect in the
Binding of EGR1 Transcription Factor to DNA
4.1

Summary

Protein-DNA interactions are highly dependent upon salt such that the binding
affinity precipitously decreases with increasing salt concentration in a
phenomenon termed the polyelectrolyte effect. In this study, we provide evidence
that the binding of EGR1 transcription factor to DNA displays virtually zero
dependence on ionic strength under physiological salt concentrations and that
such feat is accomplished via favorable enthalpic contributions. Importantly, we
unearth the molecular origin of such favorable enthalpy and attribute it to the
ability of H382 residue to stabilize the EGR1-DNA interaction via both
intermolecular hydrogen bonding and van der Waals contacts against the
backdrop of salt. Consistent with this notion, the substitution of H382 residue with
other amino acids faithfully restores salt-dependent binding of EGR1 to DNA in a
canonical fashion. Remarkably, H382 is highly conserved across other members
of EGR family, implying that changes in bulk salt concentration are unlikely to
play a significant role in modulating protein-DNA interactions central to this family
of transcription factors. Taken together, our study reports the first example of a
eukaryotic protein-DNA interaction capable of overriding the polyelectrolye effect.
4.2

Overview

The charged groups in protein and DNA do not exist in isolation in water but are
rather shielded with oppositely charged ions termed “counterions” so as to
minimize electrostatic repulsions within their respective polarized regions. Upon
association, the oppositely charged groups in protein and DNA engage in the
52
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formation of intermolecular salt bridges accompanied by the release of
counterions into bulk water in a phenomenon that has come to be known as the
polyelectrolyte effect (31-37). Given that the release of otherwise “immobilized”
counterions into bulk water is concomitant with an increase in the degrees of
freedom of the system, the polyelectrolyte effect generates a highly favorable
entropic contribution to the free energy of binding of proteins to DNA. Because of
their predominantly ionic nature, protein-DNA interactions are highly dependent
upon salt such that the binding affinity precipitously decreases with increasing
salt concentration (31-37). This is a hallmark of the polyelectrolyte effect in that
increasing the concentration of bulk salt mitigates the liberation of counterions
into bulk water.
While the polyelectrolyte effect is generally believed to be the major player
involved in driving protein-DNA interactions, recent studies on bacterial DNAbinding proteins such as TBP and PolI challenge the generality of this school of
thought (38, 39). On the contrary, increasing salt concentration augments rather
than disrupts the binding of these bacterial proteins to DNA. Given the extreme
environmental conditions that the bacteria have evolved to adopt, the reversal of
such salt effect on protein-DNA interactions is perhaps not surprising.
Nonetheless, the suggestion that the polyelectrolyte effect may not be a universal
phenomenon in driving protein-DNA interactions and that certain protein-DNA
interactions could actually thrive under high salt concentrations provokes further
experimentation. Toward this goal, we set out here to uncover the nature of
thermodynamic forces driving the binding of human EGR1 transcription factor,
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also known as Zif268, to its cognate DNA (90-92). Briefly, EGR1 is constructed
on the classical TA-DB modular design, where the TA is the N-terminal
transactivation domain and DB is the C-terminal DNA-binding domain (90, 9294). Upon activation in response to extracellular stimuli—such as hormones,
neurotransmitters and growth factors—EGR1 binds via its DB domain to the
promoters of target genes containing the GCGTGGGCG consensus motif,
referred to hereinafter as Zif268 response element (ZRE), in a sequencedependent manner (28, 95, 96). The resulting EGR1-DNA interaction facilitates
the TA domain to recruit a diverse array of transcriptional co-regulators to
cognate DNA promoters and, in doing so, plays a key role in modulating the
transcriptional machinery. Importantly, EGR1 couples extracellular stimuli to
changes in gene expression responsible for a myriad of cellular activities ranging
from cell growth and proliferation to apoptosis and oncogenic transformation (2,
3, 6, 25-27, 64-68, 97, 98).
In this study, we provide evidence that the binding of EGR1 transcription
factor to DNA displays virtually zero dependence on ionic strength under
physiological salt concentrations and that such feat is accomplished via favorable
enthalpic contributions. Importantly, we unearth the molecular origin of such
favorable enthalpy and attribute it to the ability of H382 residue to stabilize the
EGR1-DNA interaction via both intermolecular hydrogen bonding and van der
Waals contacts against the backdrop of salt. Consistent with this notion, the
substitution of H382 residue with other amino acids faithfully restores saltdependent binding of EGR1 to DNA in a canonical fashion. Remarkably, H382 is

55
highly conserved across other members of EGR family, implying that changes in
bulk salt concentration are unlikely to play a significant role in modulating proteinDNA interactions central to this family of transcription factors.
4.3

Experimental procedures

4.3.1 Protein preparation
The wildtype DB (DB_WT) domain (residues 331-430) of human EGR1 was
cloned into pET30 bacterial expression vector with an N-terminal His-tag using
Novagen LIC technology as described previously (99). The single-mutants of the
DB domain of EGR1 containing H382A (DB_H382A), H382K (DB_H382K),
H382R (DB_H382R) and H382E (DB_H382E) substitutions as well as the
double-mutant containing the E354H/E410H (DB_HH) substitutions were
generated through de novo DNA synthesis (GenScript Corporation) and
subsequently cloned into pET30 bacterial expression as described for the
DB_WT domain. All recombinant proteins were subsequently expressed in
Escherichia coli BL21*(DE3) bacterial strain (Invitrogen) and purified on a Ni-NTA
affinity column followed by size-exclusion chromatography (SEC) as described
previously (99). It should be noted here that the BL21*(DE3) strain is optimized
for high-yield expression of recombinant proteins in bacteria. Final yields were
typically between 5-10mg protein of apparent homogeneity per liter of bacterial
culture. Protein concentration was spectrophotometrically determined on the
basis of extinction coefficients calculated using the online software ProtParam at
ExPasy Server.
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4.3.2 DNA synthesis
15-mer DNA oligos containing the ZRE consensus site (GCGTGGGCG) were
commercially obtained from Sigma Genosys. The complete nucleotide sequence
of the sense and antisense oligos constituting the ZRE duplex is shown below:
5’-ataGCGTGGGCGttt-3’
3’-tatCGCACCCGCaaa-5’
Oligo concentrations were determined spectrophotometrically on the basis of
their extinction co-efficients derived from their nucleotide sequences using the
online software OligoAnalyzer 3.1. Equimolar amounts of sense and antisense
oligos were mixed together and heated at 95C for 10min and then allowed to
cool to room temperature to obtain double-stranded DNA (dsDNA) annealed
oligos (ZRE duplex).
4.3.3 ITC measurements
Isothermal titration calorimetry (ITC) experiments were performed on a TA NanoITC instrument. Briefly, wildtype and mutant DB domains of EGR1 and the ZRE
duplex were dialyzed in 50mM Sodium phosphate and 5mM -mercaptoethanol
containing varying concentrations of Sodium chloride (NaCl), Potassium chloride
(KCl) or Sodium acetate (NaAc) at pH 7.0. All experiments were initiated by
injecting 25 x 10l aliquots of 100-200M of ZRE duplex from the syringe into the
calorimetric cell containing 0.95ml of 10-20M of DB domain solution at 25C.
The change in thermal power as a function of each injection was automatically
recorded using the integrated NanoAnalyze software. The raw data were further
integrated to yield binding isotherms of heat release per injection as a function of
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molar ratio of ZRE duplex to DB domains. The heats of mixing and dilution were
subtracted from the heat of binding per injection by carrying out a control
experiment in which the same buffer in the calorimetric cell was titrated against
the ZRE duplex in an identical manner. To determine the equilibrium constant
(Kd) and the enthalpy change (H) associated with the binding of DB domains to
DNA, the binding isotherms were iteratively fit to a built-in one-site model by nonlinear least squares regression analysis using the integrated NanoAnalyze
software as described previously (78, 99). The free energy change (G) upon
binding was calculated from the relationship:
G = RTlnKd

[1]

where R is the universal molar gas constant (1.99 cal/mol/K) and T is the
absolute temperature (298 K). The entropic contribution (TS) to the free energy
of binding was calculated from the relationship:
TS = H - G

[2]

where H and G are as defined above.
4.3.4 Molecular modeling
Molecular modeling (MM) was employed to build a structural model of the DB
domain of EGR1 in complex with the 15-mer ZRE duplex using the
corresponding crystal structure determined by Pavletich and Pabo (28) in the
MODELLER software (53) as described earlier (99). A total of 100 structural
models were calculated and the structure with the lowest energy, as judged by
the MODELLER Objective Function, was selected for further analysis. The
structural model was rendered using RIBBONS (80).
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4.4

Results and discussion

4.4.1 Binding of EGR1 to DNA largely tolerates the effect of salt
To investigate the effect of salt on EGR1-DNA interaction, we analyzed the
binding of DB domain of EGR1 to a 15-mer ZRE duplex containing the
GCGTGGGCG consensus motif as a function of various kosmotropic salts using
ITC (Figure 4-1 and Tables 4-1, 4-2, 4-3). Our data reveal that the binding
constant (Kd) is independent of NaCl concentration up to around 300mM and
then drops off exponentially beyond this point (Figure 4-2 and Table 4-1).

Figure 4-1: Representative ITC isotherms for the binding of ZRE duplex to the DB_WT domain of
EGR1 at NaCl concentrations of 0mM (a), 200mM (b) and 500mM (c). The upper panels show
raw ITC data expressed as change in thermal power with respect to time over the period of
titration. In the lower panels, change in molar heat is expressed as a function of molar ratio of
ZRE duplex to DB domain. The red solid lines in the lower panels show the fit of data to a onesite binding model using the integrated NanoAnalyze software as described previously (78, 99).

Remarkably, this behavior is also exquisitely reproduced in the presence of KCl
(Figure 4-2 and Table 4-2), in which the sodium cation is replaced with potassium
while keeping the chloride anion constant between these two salts. On the other
hand, when the chloride anion is substituted with acetate while keeping the
sodium cation constant, the lack of dependence of binding on salt is observed to

59
Table 4-1
Thermodynamic parameters for the binding of wildtype DB domain (DB_WT) of EGR1 to DNA at
pH 7 and 25C under various NaCl concentrations
[NaCl] / mM
0
100
200
300
400
500

Kd / nM
271 ± 35
314 ± 39
266 ± 66
421 ± 49
2441 ± 325
10119 ± 1228

H / kcal.mol-1
-26.70 ± 0.61
-19.01 ± 0.17
-16.32 ± 0.16
-14.27 ± 0.15
-14.20 ± 0.72
-12.99 ± 0.37

TS / kcal.mol-1
-17.72 ± 0.69
-10.13 ± 0.24
-7.33 ± 0.31
-5.57 ± 0.22
-6.54 ± 0.64
-6.17 ± 0.44

G / kcal.mol-1
-8.97 ± 0.08
-8.88 ± 0.07
-8.99 ± 0.15
-8.71 ± 0.07
-7.67 ± 0.08
-6.82 ± 0.07

The binding stoichiometries to the fits agreed to within 10%. Errors were calculated from at least
three independent measurements. All errors are given to one standard deviation.

be even more dramatic (Figure 4-2 and Table 4-3). Thus, while the binding of DB
domain to DNA appears to be independent of NaCl and KCl salts up to about
300mM followed by an exponential decrease resulting in the reduction of binding
by nearly 40-fold over the concentration range of 0-500mM, it displays a linear
dependence on NaAc across the entire concentration range with an overall
decrease in affinity of less than 10-fold. This salient observation strongly implies
that the binding of DB domain of EGR1 to DNA not only displays much higher
tolerance to NaAc compared to chloride salts but also partially restores its saltdependence in a manner akin to classical protein-DNA interactions. How could
that be so?
According to the Hofmeister series (100-102), acetate harbors a relatively
higher degree of kosmotropic character than chloride. In the context of protein
structure and stability, this implies that acetate bears higher potential than
chloride to drive intermolecular interactions by virtue of its ability to cause water
molecules to interact with apolar surfaces on proteins more favorably so as to
become more “ordered”. Upon binding to DNA, the release of such “ordered”

60
Table 4-2
Thermodynamic parameters for the binding of wildtype DB domain (DB_WT) of EGR1 to DNA at
pH 7 and 25C under various KCl concentrations
[KCl] / mM

Kd / nM

H / kcal.mol-1

TS / kcal.mol-1

G / kcal.mol-1

0
100
200
300
400
500

271 ± 35
345 ± 47
324 ± 50
758 ± 265
2070 ± 251
10534 ± 784

-26.70 ± 0.61
-17.31 ± 0.75
-11.33 ± 0.25
-6.78 ± 0.26
-5.95 ± 0.55
-4.45 ± 0.23

-17.72 ± 0.69
-8.48 ± 0.67
-2.47 ± 0.15
+1.60 ± 0.47
+1.81 ± 0.48
+2.35 ± 0.18

-8.97 ± 0.08
-8.83 ± 0.08
-8.87 ± 0.09
-8.37 ± 0.21
-7.76 ± 0.07
-6.80 ± 0.04

The binding stoichiometries to the fits agreed to within 10%. Errors were calculated from at least
three independent measurements. All errors are given to one standard deviation.

Table 4-3
Thermodynamic parameters for the binding of wildtype DB domain (DB_WT) of EGR1 to DNA at
pH 7 and 25C under various NaAc concentrations
[NaAc] / mM

Kd / nM

H / kcal.mol-1

TS / kcal.mol-1

G / kcal.mol-1

0
100
200
300
400
500

271 ± 35
755 ± 68
1026 ± 132
1330 ± 218
1772 ± 308
2174 ± 357

-26.70 ± 0.61
-14.94 ± 0.69
-12.99 ± 0.53
-9.09 ± 0.21
-6.58 ± 0.31
-3.51 ± 0.19

-17.72 ± 0.69
-6.58 ± 0.75
-4.81 ± 0.61
-1.06 ± 0.11
+1.28 ± 0.41
+4.22 ± 0.09

-8.97 ± 0.08
-8.36 ± 0.06
-8.18 ± 0.08
-8.03 ± 0.10
-7.86 ± 0.10
-7.74 ± 0.10

The binding stoichiometries to the fits agreed to within 10%. Errors were calculated from at least
three independent measurements. All errors are given to one standard deviation.

water molecules from apolar surfaces would be highly entropically favorable such
that it could suppress the effect of increasing salt concentration in the bulk water.
The greater the kosmotropic nature of a salt the greater suppressing power it is
likely to exert. Accordingly, the ability of EGR1-DNA interaction to display higher
tolerance to NaAc could be ascribed to its higher kosmotropic character relative
to NaCl and KCl. In short, our data presented above strongly argue that the
binding of EGR1 to DNA is independent of physiological concentrations of salt.
This finding is thus in a marked contrast to the more ubiquitous polyelectrolyte
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Figure 4-2: Dependence of equilibrium dissociation constant (Kd) on concentrations of NaCl (top
panel), KCl (middle panel) and NaAc (bottom panel) for the binding of ZRE duplex to the DB_WT
domain of EGR1. Note that the red solid lines represent exponential fits to data points in the top
and middle panels, whilst the one in the bottom panel denotes linear regression fit. The error bars
were calculated from at least three independent measurements to one standard deviation.

effect that is in general believed to drive protein-DNA interactions (31-37). In this
classical model, the affinity of protein-DNA interactions rapidly drops with
increasing salt concentration. Notably, such reduction in binding affinity is
attributed to the decrease in favorable entropy of counterion release from DNA
as the bulk concentration of salt is increased (37, 103, 104). In the case of
EGR1- DNA interaction, such loss of entropy due to counterion release under
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physiological concentrations of salt would be compensated either by an equal
gain of favorable entropy due to the release of ordered water from apolar
surfaces into bulk phase and/or a compensatory gain of favorable enthalpy due
to the formation of non-ionic interactions such as hydrogen bonding and van der
Waals contacts.
4.4.2 Favorable enthalpic factors account for the salt tolerance of the
binding of EGR1 to DNA
To understand how an interplay between underlying thermodynamic forces
confers upon EGR1-DNA interaction the ability to override the polyelectrolyte
effect, we next analyzed the dependence of enthalpic (H) and entropic (TS)
contributions to the free energy (G) of binding as a function of salt concentration
(Figure 4-3). Our analysis shows that increasing salt concentration strongly
correlates with an increase in the entropic contribution to the free energy of
binding of EGR1 to DNA (Figures 4-3a, 4-3b,4-3c). In sharp contrast, this
favorable entropic contribution is exquisitely mirrored by an equal but an
unfavorable decrease in enthalpic contribution as a function of concentration of
all three salts. Thus, the overall effect of such H-TS compensation results in
little or no change in G up to about 300mM of chloride salts. Remarkably, after
this point, the unfavorable enthalpic contributions begin to considerably outweigh
the favorable entropic contributions such that this breakdown in H-TS
compensation after about 300mM is directly reflected in the loss of free energy of
EGR1-DNA interaction. A similar but perhaps a somewhat more subtle trend is
also observed in the case of increasing concentration of NaAc.

63

Figure 4-3: Effect of increasing concentrations of NaCl (a), KCl (b) and NaAc (c) on the change
in the contributions of enthalpic (H) () and entropic (TS) () forces to the free energy
(G) () with respect to the corresponding contributions in the absence of salt accompanying
the binding of ZRE duplex to DB_WT domain of EGR1. Note that an increasing value of H is
indicative of a decrease in the favorable enthalpic contribution, an increasing value of TS is
indicative of an increase in the favorable entropic contribution, and an increasing value of G is
indicative of a decrease in the overall free energy of binding. The solid lines are merely used to
connect data points for clarity. The error bars were calculated from at least three independent
measurements to one standard deviation.

In sum, the decrease in the binding affinity of EGR1 to DNA under high
concentrations of salt is overall due to the loss of favorable enthalpic
contributions as opposed to entropic. In retrospect, this strongly implies that the
thermodynamic basis of the ability of EGR1-DNA interaction to resist the effect of
physiological concentrations of salt must reside in underlying enthalpic factors
such as hydrogen bonding and van der Waals contacts in lieu of entropic forces.
4.4.3 Physical basis of the salt independence of EGR1-DNA interaction lies
in the formation of intermolecular hydrogen bonding and van der Waals
contacts
In order to elucidate the physical basis of the favorable enthalpy driving the
binding of EGR1 to DNA, we next generated a structural model of the DB domain
in complex with the ZRE duplex on the basis of known crystal structure
determined by Pavletich and Pabo (28). As shown in Figure 4-4, the EGR1-DNA
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interaction is driven by the binding of DB domain as a monomer to the major
groove within the ZRE duplex. Notably, the DB domain of EGR1 is comprised of
three tandem copies of C2H2-type zinc fingers (41, 42, 105), designated herein
ZFI, ZFII and ZFIII, which come together in space to assemble into an arc-like
architecture that snugly fits into the major groove of DNA. Each zinc finger within
the DB domain is comprised of an -helix and an antiparallel double-stranded sheet (1-2) that together sandwich a Zn2+ divalent ion, the latter being
coordinated in a tetrahedral arrangement by two histidine residues and two
cysteine residues. It is telling that the EGR1-DNA interaction is driven by the
binding of each zinc finger to one of the three subsites, each subsite being
comprised of a trinucleotide sequence, within the 9-bp GCGTGGGCG consensus
motif (Figures4- 4a and 4-4b). In particular, at each of the three subsites within
the ZRE duplex occupied by one of the three zinc fingers, the protein-DNA
contacts are largely afforded by the -helix, which fits into the major groove of
DNA, and 2-strand, which contacts the DNA phosphate backbone. On the other
hand, the 1-strand appears to serve as a scaffold and does not directly engage
in intermolecular contacts with DNA.
Importantly, the binding of DB domain of EGR1 appears to be strongly
governed by numerous van der Waals contacts in addition to an extensive
network of intermolecular hydrogen bonding and ion pairing (28). In particular,
detailed examination of the atomic structure of the DB domain of EGR1 in
complex with the ZRE duplex shows that an histidine residue (H382), located
within the first turn of -helix (II) of ZFII but not involved in coordinating the zinc
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Figure 4-4: Structural analysis of EGR1-DNA interactions. (a) ZRE duplex containing the
GCGTGGGCG tripartite consensus motif. The consensus nucleotides within this motif are
capitalized whilst the flanking nucleotides are shown in small letters. The three sub-sites within
the consensus motif are marked for clarity and accommodate ZFI (right site), ZFII (middle site)
and ZFIII (left site) within the DB domain. The numbering of various nucleotides with respect to
the central nucleotide of the middle site (which is arbitrarily assigned zero) are indicated. (b)
Structural model of the DB domain of EGR1 in complex with ZRE duplex containing the
GCGTGGGCG consensus sequence. Note that the DB domain is comprised of three tandem
C2H2-type zinc fingers, designated herein ZFI (green), ZFII (blue) and ZFIII (magenta). Each zinc
finger is comprised of an -helix and a double-stranded antiparallel -sheet (1-2) that together
sandwich a Zn2+ divalent ion indicated by a sphere (yellow). The DNA backbone is shown in cyan
and the bases are omitted for clarity, except for G0 and T-1 (shown in gray) within the sense
strand that engage in intermolecular contacts with the imidazole ring of H382 (colored red)
located within the -helix (II) of ZFII. The expanded window offers a close-up view of these key
intermolecular contacts and the putative hydrogen bond between the H2 atom of H382 and N7
atom of G0 is indicated by a dashed line. The sidechain moieties of amino acid residues E354
(ZFI) and E410 (ZFIII), the structural-equivalents of H382 (ZFII) within the flanking zinc fingers of
the DB domain, are also shown and colored red for comparison.

ligand, protrudes deep into the major groove at the protein-DNA interface (Figure
4-4b). Most significantly, the imidazole ring of H382 is coplanar with G0, the
central guanine of the middle trinucleotide subsite that accommodates ZFII within
the DB domain, and stacks against the pyrimidine ring of T-1 within the ZRE
duplex. In this manner, H382 plays a key role in stabilizing the EGR1-DNA
interaction via a two-prong mechanism. Firstly, the coplanar alignment of the
imidazole ring of H382 with the purine ring of G0 facilitates the formation of an
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hydrogen bond between the H2 atom of H382 and N7 atom of G0. Secondly,
stacking of the imidazole ring of H382 against the pyrimidine ring of T-1 promotes
van der Waals contacts between the protein and DNA. In light of these
observations, the ability of NaAc to partially restore salt-dependent binding of
EGR1 to DNA under physiological concentrations could be explained in two ways
(Figure 4-2): (i) the carbonyl moiety of acetate may compete with the imidazole
ring of H382 for hydrogen bonding with G0; and (ii) the methyl group of acetate
may compete with the imidazole ring of H382 for van der Waals contacts with T1. Accordingly, the polar and apolar characters of acetate anion are likely to
disrupt the hydrogen bonding and stacking interactions of H382 with DNA.
Notably, H382 located within ZFII is replaced by a glutamate residue in
ZFI (E354) and ZFIII (E410) at the structurally-equivalent positions. Thus, the
lack of conservation of H382 in ZFI and ZFIII implicates a unique role of ZFII in
dictating the binding of EGR1 to DNA. In our earlier work (99), we indeed
demonstrated that the binding of EGR1 to DNA is tightly modulated by solution
pH by virtue of the ability of the imidazole ring of H382 to undergo protonationdeprotonation-coupled equilibrium. Could the ability of H382 to engage in key
intermolecular hydrogen bonding and van der Waals contacts with DNA also
account for the favorable enthalpy that could ultimately confer upon EGR1-DNA
interaction the ability to tolerate physiological concentrations of salt?
4.4.4 Salt tolerance of EGR1-DNA interaction is solely attributable to H382
To test our hypothesis that the ability of EGR1 to bind to DNA in a saltindependent manner is attributable to H382 by virtue of its ability to engage in
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key intermolecular hydrogen bonding and van der Waals contacts, we introduced
and measured the effect of the binding of DB domain containing the H382A
substitution (DB_H382A) to DNA. We reasoned that the H382A substitution
should be expected to remove the contribution of the imidazole ring to the free
energy of binding and thereby eliminate the salt tolerance of the binding of EGR1
to DNA. Consistent with our rationale, our analysis reveals that while increasing
NaCl concentration has little or negligible effect on the binding of wildtype DB
(DB_WT) domain to DNA, the binding of DB_H382A domain displays a sharp
linear dependence such that the affinity drops by more than an order of
magnitude over the concentration window of 0-300mM in a manner akin to
classical protein-DNA interactions under the control of polyelectrolyte effect
(Figure 4-5). To further corroborate our hypothesis, we also introduced and
measured the effect of the binding of DB domain of EGR1 containing the H382K
(DB_H382K) and H382R (DB_H382R) substitutions to DNA. In light of our
previous study showing that the protonation-deprotonation of H382 tightly
modulates the binding of EGR1 to DNA (99), these basic substitutions were
introduced to mimic the effect of a protonated histidine containing a net positive
charge at H382. As expected, the binding of both DB_H382K and DB_H382R
domains to DNA exhibited strong NaCl-dependence in a manner similar to the
DB_H382A construct over the concentration range of 0-300mM (Figure 4-5).
Given that the H382 residue located within the ZFII of DB domain of EGR1
is replaced by a glutamate residue at the structurally-equivalent positions within
ZFI (E354) and ZFIII (E410) (Figure 4-4), we also wondered how H382E
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Figure 4-5: Dependence of Kd on increasing NaCl concentration for the binding of ZRE duplex to
DB_WT, DB_H382A, DB_H382K, DB_H382R, DB_H382E and DB_HH domains of EGR1. Note
that the red solid line represents an exponential fit to data points in the top panel, whilst it denotes
linear regression fits in other panels. The error bars were calculated from at least three
independent measurements to one standard deviation.

substitution might influence the binding of DB domain to DNA. Toward this goal,
we introduced and measured the effect of the binding of DB domain of EGR1
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containing the H382E substitution (DB_H382E) to DNA. Consistent with our
hypothesis that H382 compensates the effect of salt on the binding of DB domain
to DNA, our data reveal that the binding of DB_H382E domain to DNA is highly
dependent upon NaCl within the concentration window of 0-100mM though
measurements at higher salt concentrations were not possible (Figure 4-5). We
note that while analysis of the binding of various mutant DB domains to DNA was
only feasible up to NaCl concentrations of about 300mM due to low enthalpic
change associated with binding under high salt concentrations, our data
nonetheless are strongly suggestive that H382 solely accounts for the
compensatory effect of salt on EGR1-DNA interaction. Indeed, if this hypothesis
is valid, we would expect the E354H and E410H substitutions to augment the
compensatory effect of salt on the binding of DB domain of EGR1 to DNA. To
accomplish this goal, we introduced and measured the effect of the binding of DB
domain of EGR1 containing the E354H/E410H double-substitution (DB_HH) to
DNA. Interestingly, while salt has little or no effect on the binding of DB_WT
domain to DNA only up to about 300mM of NaCl, the DB_HH domain binds to
DNA flawlessly with little or no change in affinity even at concentrations of
500mM (Figure 4-5).
It is also noteworthy that the introduction of various point mutations in
place of H382 within the DB domain is concomitant with the loss of binding
affinity by several folds (Table 4-4), implying that these mutations perturb protein
structure to a varying degree. However, addition of salt further reduces this
affinity in a manner akin to that observed for classical protein-DNA interactions
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Table4-4
Thermodynamic parameters for the binding of wildtype (DB_WT) and various mutant DB domains
of EGR1 to DNA at pH 7 and 25C
Variants

Kd / nM

H / kcal.mol-1

TS / kcal.mol-1

G / kcal.mol-1

DB_WT
DB_H382A
DB_H382K
DB_H382R
DB_H382E
DB_HH

314 ± 39
1614 ± 190
2257 ± 133
2041 ± 253
2298 ± 270
530 ± 69

-19.01 ± 0.17
-9.42 ± 0.47
-4.59 ± 0.14
-6.52 ± 0.47
-1.60 ± 0.20
-7.26 ± 0.55

-10.13 ± 0.24
-1.51 ± 0.40
3.12 ± 0.17
1.25 ± 0.40
5.97 ± 0.27
1.31 ± 0.62

-8.88 ± 0.07
-7.91 ± 0.07
-7.71 ± 0.04
-7.77 ± 0.07
-7.70 ± 0.07
-8.57 ± 0.08

All measurements were conducted in 50mM Sodium phosphate and 5mM -mercaptoethanol
containing 100mM NaCl. The binding stoichiometries to the fits agreed to within 10%. Errors
were calculated from at least three independent measurements. All errors are given to one
standard deviation.

(Figure4- 5). The detrimental effect of aforementioned mutations on binding thus
further implicates a critical role of H382 in mediating EGR1-DNA interactions.
Surprisingly,

while

the

E354H

and

E410H

substitutions

augment

the

compensatory effect of salt on the binding of DB domain to DNA (Figure 4-5),
they are met with a slight loss of binding affinity (Table 4-4). This strongly argues
that H382 plays a unique and non-equivalent role within the ZFII of DB domain
with respect to its structural-equivalents E354 and E410 located within ZFI and
ZFIII, respectively. Taken together, our analysis of the effect of various mutations
on the binding of DB domain bears important consequences on the rationale
design of zinc fingers for therapeutic intervention.
4.4.5 Loss of enthalpy is largely responsible for the loss of salt tolerance
of the binding of EGR1 to DNA
Our data presented above strongly suggest that the molecular origin of the ability
of EGR1 to tolerate physiological concentrations of salt upon binding to DNA
solely resides in the ability of H382 to engage in key intermolecular hydrogen
bonding and van der Waals contacts. Consistent with this argument, the linear
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decrease in the affinity of binding of DB_H382A mutant domain to DNA on NaCl
concentration in the 0-300mM range appears to largely result from the loss of
enthalpic factors relative to DB_WT domain (Figure 4-6). Thus, while increasing
NaCl concentration results in the loss of enthalpic contribution for both DB_WT
and DB_H382A domains, such loss is greater for the latter (Figure 4-6a). On the
other hand, the entropic gain with increasing NaCl concentration is only
marginally larger for the binding of DB_H382A domain relative to DB_WT (Figure
4-6b). Thus, the loss in the free energy of binding of DB_H382A domain to DNA
with increasing NaCl concentration can be largely attributed to the loss of
favorable enthalpic contributions (Figure 4-6c), while DB_WT domain appears to
tolerate the effect of NaCl over the same concentration window. Importantly, the
decrease in the binding affinity of DB_H382K, DB_H382R and DB_H382E
mutant domains to DNA is also attributable to the greater loss of enthalpic
contributions to the free energy relative to DB_WT. Conversely, the binding of
DB_HH domain to DNA with little or no change in affinity even at concentrations
of 500mM NaCl is concomitant with significantly much less loss of favorable
enthalpy relative to DB_WT domain. Taken together, these observations are
clearly indicative of the fact that the removal of imidazole moiety of H382 most
likely leads to disruption of intermolecular hydrogen bonding and van der Waals
contacts between EGR1 and DNA and that such disruption culminates in the
greater loss of enthalpy.
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Figure 4-6: Comparison of enthalpic (H) (a) and entropic (TS) (b) contributions to the free
energy (G) (c) with respect to the corresponding contributions in the absence of salt
accompanying the binding of ZRE duplex to DB_WT () and DB_H382 () domains of EGR1 as
a function of increasing NaCl concentration. Note that an increasing value of H is indicative of
a decrease in the favorable enthalpic contribution, an increasing value of TS is indicative of an
increase in the favorable entropic contribution, and an increasing value of G is indicative of a
decrease in the overall free energy of binding. The solid lines are merely used to connect data
points for clarity. The error bars were calculated from at least three independent measurements
to one standard deviation.

4.5

Concluding remarks

The conventional wisdom in macromolecular biophysics has it that the
polyelectrolyte effect is the major player involved in driving protein-DNA
interactions (31-37). It would indeed be preposterous to suggest otherwise. Of
thousands of biophysical studies conducted on protein-DNA interactions over the
past couple of decades or so, only two cases have been hitherto documented
where increasing salt concentration did not correlate with the disruption of this
key intermolecular association (38, 39). Our study thus reported here not only
adds to the growing notion that the polyelectrolyte effect is not a universal
phenomenon in driving protein-DNA interactions but should also open up further
dialogue and scientific investigation into the molecular basis of protein-DNA
recognition. What is so remarkable about EGR1-DNA interaction is that the DB
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domain bears the hallmarks of a classical DNA-binding protein in that it is
electrostatically polarized such that the face of the molecule that snuggles into
major groove of DNA is overall positively charged while the opposite face
predominantly harbors a neutral surface (28, 99). Yet, against this backdrop of a
potentially overwhelming electrostatic force, the EGR1-DNA interaction appears
to resist the effect of physiological concentrations of salt. Most significantly, we
have demonstrated here that the molecular origin of such salt tolerance lies in
the release of favorable enthalpy due solely to the ability of H382—located within
a sea of basic residues—to engage in key intermolecular hydrogen bonding and
van der Waals contacts.
We previously reported that while the H382 residue within ZFII of EGR1 is
fully conserved in all other EGR members (EGR2-EGR4), it is replaced by a
glutamate at the structurally-equivalent position within ZFII of all members (KLF1KLF17) of the closely-related KLF family (99). On the other hand, while the
glutamate residues located at the structurally-equivalent position to H382 within
ZFI (E354) and ZFIII (E410) of EGR1 are fully conserved within other members
of EGR family, they are replaced by an histidine residue within all KLF members.
Given the importance of H382 in driving the binding of EGR1 to DNA in a saltindependent manner, it is tempting to speculate that the binding of all other
members of EGR and KLF families to DNA must also occur via a similar
mechanism and that these related protein-DNA interactions must also bear the
potential to suppress the effect of salt under physiological concentrations. It is
also conceivable that the KLF members may have evolved to resist the effect of
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salt on their ability to bind to DNA even more strongly than the members of EGR
family. This notion is supported by the observation that the binding of the DB_HH
domain of EGR1 to DNA shows much higher tolerance to salt concentrations
than the DB_WT domain. Interestingly, our study bears important implications on
the physiological context of EGR-DNA and KLF-DNA interactions within the
nucleus of the living cell, where slight changes in bulk salt should be expected to
have profound consequences on the ability of transcription factors to operate. In
fact, bulk salt is likely to serve as an allosteric switch to regulate protein-DNA
interactions within the cell nucleus. Accordingly, the apparent ability of EGR and
KLF members to by-pass this regulatory mechanism likely suggests a key role of
these transcription factors in divergent cellular processes.
In conclusion, our study offers rare insights into the ability of a
transcription factor to tolerate physiological concentrations of salt in binding to its
cognate DNA. Given that such phenomenon has only been previously
demonstrated for bacterial DNA-binding proteins (38, 39), our study is even more
remarkable in that it represents the first example of a eukaryotic protein-DNA
interaction capable of overriding the polyelectrolye effect.

Chapter 5: Role of Promoter DNA Sequence Variations on the Binding of
EGR1 Transcription Factor
5.1

Summary

In response to a wide variety of stimuli such as growth factors and hormones,
EGR1 transcription factor is rapidly induced and immediately exerts downstream
effects central to the maintenance of cellular homeostasis. Herein, our
biophysical analysis reveals that DNA sequence variations within the target gene
promoters tightly modulate the energetics of binding of EGR1 and that nucleotide
substitutions at certain positions are much more detrimental to EGR1-DNA
interaction than others. Importantly, the reduction in binding affinity poorly
correlates with the loss of enthalpy and gain of entropy—a trend indicative of a
complex interplay between underlying thermodynamic factors due to the
differential role of water solvent upon nucleotide substitution. We also provide a
rationale for the physical basis of the effect of nucleotide substitutions on the
EGR1-DNA interaction at atomic level. Taken together, our study bears important
implications on understanding the molecular determinants of a key protein-DNA
interaction at the cross-roads of human health and disease.
5.2

Overview

Binding of transcription factors to DNA in a sequence-specific manner constitutes
a key event in regulating signaling networks and henceforth the maintenance of
cellular homeostasis. While the classical picture generally portrays the binding of
transcription factors to the so-called consensus motifs located within the
promoters of target genes, the reality is far from such a simplistic model due to
DNA sequence variations. Such changes within the promoter DNA not only add a
75
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layer of genetic complexity and diversity but also directly influence its flexibility
and its ability to undergo physical phenomena such as bending, stretching,
deformation and distortion coupled with its ability to exist in various structural
conformations

(such

as

the

B-DNA,

A-DNA

and

Z-DNA)

(106-108).

Consequently, DNA sequence variations within the promoters play a key role in
fine tuning the binding affinity and orientation of transcription factors at the site of
DNA. In particular, the biological activity of a transcription factor at a given
promoter and the extent to which it can cross-talk with other cellular factors is
highly dependent upon the nature of DNA sequence variations. Given that the
outcome of transcriptional machinery is ultimately determined by the level of such
cooperation between various transcription factors and co-activators or corepressors, the role of DNA sequence variations in gauging protein-DNA
interactions cannot be overemphasized. Thus, understanding the specificity of
protein-DNA interactions must inherently involve integration of the effect of DNA
sequence variations on the binding of a transcription factor to a promoter.
Toward this goal, we set out here to analyze how DNA sequence variations affect
the binding of human EGR1 transcription factor, also known as Zif268, to its
cognate DNA promoters.
Briefly, EGR1 is comprised of the classical TA-DB modular architecture,
where TA is the N-terminal transactivation domain and DB is the C-terminal
DNA-binding domain. In response to extracellular stimuli such as hormones,
neurotransmitters and growth factors, EGR1 is rapidly induced and exerts its
effects at genomic level by virtue of the ability of its DB domain to bind to the

77
promoters of target genes containing the GCGTGGGCG consensus motif,
referred to hereinafter as Zif268 response element (ZRE) (Figure 5-1), in a
sequence-dependent manner. The EGR1-DNA interaction is driven by the
binding of DB domain, comprised of three tandem copies of C2H2-type zinc
fingers (designated herein ZFI, ZFII and ZFIII), as a monomer to the major
groove within the ZRE duplex (28). Notably, the three zinc fingers act in a
cooperative manner to not only impart an arc-like conformation on the DB
domain but also enable it to attain a close molecular fit with DNA. The resulting
protein-DNA interaction allows the TA domain to recruit various co-activators and
cellular factors leading to immediate gene expression responsible for a myriad of
cellular activities ranging from cell growth and proliferation to apoptosis and
oncogenic transformation (3, 25-27). Among some of the major targets of EGR1
are genes encoding for tumor suppressors such as PTEN, p53 and p73, growth
factors such as TGF, TNF and IGFII, and apoptotic regulators Bax and Bcl2
(2, 67, 68, 98, 109-119). In particular, many of such EGR1-responsive genes
harbor not only an impressive array of DNA sequence variations within their ZRE
motif but such single nucleotide polymorphisms may also be clinically-relevant
(120-126). A better understanding of the effect of promoter DNA sequence
variations on the binding of EGR1 is thus warranted.
In this study, we have conducted a detailed biophysical analysis of the
binding of DB domain of EGR1 to all possible single nucleotide variants (SNVs)
encompassing the ZRE motif. Our data show that such SNVs tightly modulate
the energetics of binding of EGR1 and that nucleotide substitutions at certain
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Figure 5-1: Nucleotide sequence of dsDNA oligos containing the GCGTGGGCG consensus
sequence and its single nucleotide variants thereof. (a) In the ZRE motif, the consensus
nucleotides are capitalized whilst the flanking nucleotides are shown in small letters, and the
three sub-sites that accommodate the zinc fingers of the DB domain of EGR1, namely ZFI (right
site), ZFII (middle site) and ZFIII (left site), are marked for clarity. Note that the numbering of
various nucleotides with respect to the central nucleotide of the middle site (which is arbitrarily
assigned zero) are indicated. (b) G-1 variant motif containing the TG substitution at the -1
position (colored red and underlined). (c) T+1 variant motif containing the GT substitution at the
+1 position (colored red and underlined).

positions are much more detrimental to EGR1-DNA interaction than others. The
implications of these findings on EGR1-DNA interaction are discussed in
molecular terms.
5.3

Experimental procedures

5.3.1 Protein preparation
The DB domain (residues 331-430) of human EGR1 was cloned into pET30
bacterial expression vector with an N-terminal His-tag followed by an
enterokinase cleavage site using Novagen LIC technology as described
previously (99). The recombinant protein was subsequently expressed in
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Escherichia coli BL21*(DE3) bacterial strain and purified on a Ni-NTA affinity
column followed by size-exclusion chromatography (SEC) using standard
procedures (99). Final yield was typically between 5-10mg protein of apparent
homogeneity

per

liter

of

bacterial

culture.

Protein

concentration

was

spectrophotometrically determined on the basis of an extinction coefficient
calculated using the online software ProtParam at ExPasy Server (127). As
reported in our earlier study (99), far-UV CD analysis confirmed that the DB
domain possesses an -fold characteristic of a native fully-folded conformation.
It should be noted that the treatment of recombinant DB domain with
enterokinase substantially reduced the yield of protein due to partial digestion.
While control experiments were carried out on the cleaved construct to check
that the His-tag did not alter the properties of the DB domain, the signal-to-noise
ratio obtained for these measurements was relatively poor due to the low yield of
cleaved protein. Accordingly, all experiments reported herein were conducted on
the recombinant DB domain containing an N-terminal His-tag.
5.3.2 DNA synthesis
15-mer DNA oligos containing the ZRE consensus site (GCGTGGGCG) and all
possible single nucleotide variants thereof were commercially obtained from
Sigma Genosys. The design of such oligos and the nomenclature employed in
this study is illustrated in Figure 5-1. Oligo concentrations were determined
spectrophotometrically on the basis of their extinction co-efficients derived from
their nucleotide sequence using the online software OligoAnalyzer 3.1 based on
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the nearest-neighbor model (128). Double-stranded DNA (dsDNA) oligos were
generated as described earlier (99).
5.3.3 ITC measurements
Isothermal titration calorimetry (ITC) experiments were performed on a TA NanoITC instrument. Briefly, the DB domain of EGR1 and the dsDNA oligos were
dialyzed in 50mM Sodium phosphate, 100mM NaCl and 5mM -mercaptoethanol
at pH 7.0. All experiments were initiated by injecting 25 x 10l aliquots of 100200M of each dsDNA oligo from the syringe into the calorimetric cell containing
0.95ml of 10-20M of DB domain solution at 25C. The thermal power as a
function of each injection was automatically recorded using the integrated
NanoAnalyze software. The raw data were further integrated to yield binding
isotherms of heat release per injection as a function of molar ratio of each dsDNA
oligo to DB domain. The heats of mixing and dilution were subtracted from the
heat of binding per injection by carrying out a control experiment in which the
same buffer in the calorimetric cell was titrated against each dsDNA oligo in an
identical manner. To determine the stoichiometry (n), equilibrium dissociation
constant (Kd) and the enthalpy change (H) associated with the binding of DB
domain to each dsDNA oligo, the binding isotherms were iteratively fit to a built-in
one-site model by non-linear least squares regression analysis using the
integrated NanoAnalyze software as described previously (78, 99). The free
energy change (G) upon binding was calculated from the relationship:
G = RTlnKd

[1]
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where R is the universal molar gas constant (1.99 cal/mol/K) and T is the
absolute temperature (298 K). The entropic contribution (TS) to the free energy
of binding was calculated from the relationship:
TS = H - G

[2]

where H and G are as defined above. Heat capacity change (Cp) and
enthalpy change at 60C (H60) associated with the binding of DB domain to ZRE
motif and all its variants thereof was determined from the slope of corresponding
H-T plot, where T is the temperature.
5.3.4 Molecular modeling
Structural model of the DB domain of EGR1 in complex with 15-mer dsDNA oligo
containing the ZRE consensus motif was built using the MODELLER software
(53). Briefly, the crystal structure of DB domain of EGR1 in complex with a
dsDNA oligo containing the ZRE consensus motif (PDBID 1ZAA), but with
varying flanking sequences, was used as template. A total of 100 structural
models were calculated and the structure with the lowest energy, as judged by
the MODELLER Objective Function, was selected for further analysis. The
structural model was rendered using RIBBONS (80).
5.3.5 SASA calculations
Changes in solvent-accessible surface area (SASA) upon the binding of DB
domain of EGR1 to ZRE motif and all its variants thereof were calculated from
the corresponding experimentally-determined values of Cp and H60. To
determine changes in polar SASA (SASApolar) and apolar SASA (SASAapolar)
upon binding, it was assumed that Cp and H60 are additive and linearly depend
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on the change in SASApolar and SASAapolar as embodied in the following
empirically-derived expressions (129-134):
Cp = a[SASApolar] + b[SASAapolar]
H60 = c[SASApolar] + d[SASAapolar]

[3]
[4]

where a, b, c and d are empirically-determined coefficients with values of –0.26
cal/mol/K/Å2, +0.45 cal/mol/K/Å2, +31.34 cal/mol/Å2 and –8.44 cal/mol/Å2,
respectively. The coefficients a and b are independent of temperature, while c
and d refer to a temperature of 60C, which equates to the median melting
temperature of the proteins from which these constants are derived (129-131).
With Cp and H60 experimentally determined using ITC and the knowledge of
coefficients a-d from empirical models (129-134), Eqs [3] and [4] were
simultaneously solved to obtain the values of SASApolar and SASAapolar.
Notably, SASApolar and SASAapolar upon binding were also determined from the
structural model of the DB domain of EGR1 in complex with the 15-mer ZRE
duplex using the following equations:
SASApolar = SASAbp – (SASAfp + SASAdp)
SASAapolar = SASAba – (SASAfa + SASAda)

[5]
[6]

where SASAbp and SASAba are the polar and apolar SASA of DB domain bound
to DNA, SASAfp and SASAfa are the polar and apolar SASA of DB domain alone,
and SASAdp and SASAda are the polar and apolar SASA of ZRE duplex alone. All
SASA calculations on the structural model of DB domain bound to DNA were
performed using GETAREA with a probe radius of 1.4Å (135). In all cases, the
total change in SASA (SASAtotal) is defined by the following equation:
SASAtotal = SASApolar + SASAapolar

[7]
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5.4

Results and discussion

5.4.1 EGR1 binds to ZRE motif and its variants thereof with a broad
spectrum of affinities
To understand how nucleotide substitutions affect EGR1-DNA interaction, we
analyzed the binding of DB domain of EGR1 to ZRE consensus motif and its
single nucleotide variants thereof using ITC (Figure 5-2 and Table 5-1). Our
analysis reveals that DNA sequence variations within the ZRE motif tightly
modulate the energetics of binding of EGR1 and that a handful of single
nucleotide substitutions reduce binding affinity by more than an order of
magnitude. This observation is consistent with previous studies showing that the
promoter DNA sequence variations can dramatically affect EGR1-DNA
interaction (96, 136-138). Importantly, such reduction in binding affinity poorly
correlates with the loss of enthalpy and gain of entropy—a trend indicative of a
complex interplay between underlying thermodynamic factors as reflected in
Figure 5-3. Thus, for example, the reduction in the binding affinity of T-2 and T+4
variants predominantly results from the loss of favorable enthalpy while overall
entropic contribution becomes favorable relative to the binding of ZRE motif in
both cases. This is intuitive in the sense that these nucleotide substitutions
presumably result in the loss of specific protein-DNA contacts (loss of enthalpy)
but, in doing so, allow the protein-DNA complex to exercise greater motional
freedom (gain of entropy). On the other hand, enthalpic contribution to the
reduced binding of G-1 and T+1 variants is greater than that observed for the
binding of ZRE motif but this is largely offset by a much greater entropic

84

Figure 5-2: Representative ITC isotherms for the binding of DB domain of EGR1 to ZRE
consensus motif (a), G-1 variant motif (b), and T+1 variant motif (c). The upper panels show raw
ITC data expressed as thermal power with respect to time over the period of titration. In the lower
panels, molar heat is expressed as a function of molar ratio of each dsDNA oligo to DB domain.
The solid lines in the lower panels represent the fit of data to a one-site model, using the
integrated NanoAnalyze software as described previously (78, 99).

contribution. That this is so strongly invokes the role of water solvent in
modulating protein-DNA thermodynamics upon the introduction of these
nucleotide substitutions. Thus, for example, it is conceivable that the loss of
enthalpy due to the loss of protein-DNA contacts upon the introduction of G-1
and T+1 substitutions is more than offset by favorable enthalpic gain resulting
from the formation of compensatory protein-water and DNA-water contacts.
However, the immobilization of such bulk waters will also likely lead to the loss of
additional solvent entropy. Such a scenario could thus account for the
thermodynamic profiles observed for the binding of G-1 and T+1 variants to DB
domain relative to ZRE motif.
Of particular note is the observation that while the A+2 variant binds to the
DB domain with an affinity that is close to 20-fold weaker compared to ZRE motif,
their underlying thermodynamic signatures are almost indistinguishable (Table 5-
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Table 5-1
Thermodynamic parameters for the binding of DB domain of EGR1 to dsDNA oligos containing
the consensus GCGTGGGCG motif (ZRE) and all possible single nucleotide variants thereof
Motif
ZRE
A-4
C-4
T-4
A-3
G-3
T-3
A-2
C-2
T-2
A-1
C-1
G-1
A0
C0
T0
A+1
C+1
T+1
A+2
C+2
T+2
A+3
G+3
T+3
A+4
C+4
T+4

Sequence
GCGTGGGCG
ACGTGGGCG
CCGTGGGCG
TCGTGGGCG
GAGTGGGCG
GGGT GGGCG
GTGTGGGCG
GCATGGGCG
GCCTGGGCG
GCTTGGGCG
GCGAGGGCG
GCGCGGGCG
GCGGGGGCG
GCGTAGGCG
GCGTCGGCG
GCGTTGGCG
GCGTGAGCG
GCGTGCGCG
GCGTGTGCG
GCGTGGACG
GCGTGGCCG
GCGTGGTCG
GCGTGGGAG
GCGTGGGGG
GCGTGGGTG
GCGTGGGCA
GCGTGGGCC
GCGTGGGCT

Kd / M
0.31 ± 0.04
0.47 ± 0.08
0.97 ± 0.14
1.27 ± 0.28
0.48 ± 0.08
0.43 ± 0.08
0.65 ± 0.10
2.39 ± 0.70
6.36 ± 0.94
3.96 ± 0.65
1.59 ± 0.22
1.41 ± 0.19
1.10 ± 0.21
0.63 ± 0.23
1.91 ± 0.55
0.94 ± 0.14
3.38 ± 0.41
7.26 ± 1.42
7.46 ± 1.41
5.82 ± 1.27
5.01 ± 0.78
1.66 ± 0.44
0.85 ± 0.09
1.02 ± 0.19
1.54 ± 0.36
1.07 ± 0.32
1.27 ± 0.32
1.38 ± 0.35

H / kcal.mol-1
-18.67 ± 0.50
-19.67 ± 0.90
-14.85 ± 0.66
-16.78 ± 0.28
-21.95 ± 0.77
-18.20 ± 0.44
-15.97 ± 0.84
-15.30 ± 0.79
-9.59 ± 0.35
-4.60 ± 0.18
-20.04 ± 0.44
-17.87 ± 0.53
-28.07 ± 0.49
-15.42 ± 0.30
-12.07 ± 0.40
-12.58 ± 0.23
-18.35 ± 0.83
-10.88 ± 0.41
-22.34 ± 1.10
-18.07 ± 0.56
-16.67 ± 0.42
-14.65 ± 0.84
-16.40 ± 0.69
-17.27 ± 0.85
-14.90 ± 0.69
-10.69 ± 0.63
-11.95 ± 0.55
-6.51 ± 0.17

TS / kcal.mol-1
-9.78 ± 0.43
-11.02 ± 0.79
-6.64 ± 0.58
-8.72 ± 0.42
-13.27 ± 0.65
-9.49 ± 0.32
-7.52 ± 0.75
-7.61 ± 0.61
-2.49 ± 0.44
+2.78 ± 0.09
-12.12 ± 0.36
-9.88 ± 0.45
-19.93 ± 0.38
-6.93 ± 0.08
-4.25 ± 0.23
-4.35 ± 0.15
-10.87 ± 0.90
-3.86 ± 0.29
-15.34 ± 0.99
-10.91 ± 0.43
-9.42 ± 0.33
-6.75 ± 0.68
-8.11 ± 0.63
-9.08 ± 0.96
-6.95 ± 0.55
-2.52 ± 0.45
-3.89 ± 0.40
+1.50 ± 0.01

G / kcal.mol-1
-8.89 ± 0.07
-8.65 ± 0.11
-8.21 ± 0.09
-8.06 ± 0.13
-8.68 ± 0.11
-8.71 ± 0.11
-8.45 ± 0.09
-7.69 ± 0.18
-7.10 ± 0.09
-7.38 ± 0.10
-7.92 ± 0.08
-7.99 ± 0.08
-8.14 ± 0.11
-8.49 ± 0.22
-7.82 ± 0.17
-8.23 ± 0.09
-7.48 ± 0.07
-7.02 ± 0.12
-7.01 ± 0.11
-7.16 ± 0.13
-7.24 ± 0.09
-7.90 ± 0.16
-8.29 ± 0.06
-8.19 ± 0.11
-7.95 ± 0.14
-8.17 ± 0.18
-8.06 ± 0.15
-8.01 ± 0.15

Gene Promoter
IGF2 growth factor
BCL2 apoptosis regulator
CASP8 Caspase
MECP2 CpG binding protein
ALOX5 lipoxygenase
NR3C1 nuclear receptor
TNF cytokine
TFF1 secretory protein
PRCC mitotic protein
EGFR receptor tyrosine kinase
MMP14 matrix metalloproteinase
p53 tumor suppressor

LIF cytokine
ID3 DNA-binding inhibitor
CAPS calcium-binding protein
TJP1 tight junction protein
PTEN protein phosphatase
BAD apoptotic regulator
APEX1 endonuclease
VEGF growth factor
RBL1 retinoblastoma protein
ID11 cytokine
BAX apoptotic regulator

Note that the DNA sequence for the GCGTGGGCG motif and its single nucleotide variants
corresponds to the sense strand only and nucleotides flanking these motifs have been omitted
(see Figure 5-1 for details). The substituted nucleotide relative to the consensus GCGTGGGCG
motif is colored red and underlined. One example (where known) of an EGR1-responsive gene
promoter that contains at least one of the substitutions within the corresponding variant of ZRE
motif, identified using GeneCards online server located @ http://www.genecards.org, is provided
for physiological relevance. Binding stoichiometries of DB domain to dsDNA oligos were generally
within ±10% of unity. Errors were calculated from at least three independent measurements and
are given to one standard deviation.

1 and Figure 5-3). Contrasting this observation are the thermodynamic behaviors
of T-2 and A+1 variants. Thus, while both of these variants bind to the DB
domain with comparable affinities, they do so with remarkably distinct
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Figure 5-3: Analysis of the binding of DB domain of EGR1 to variant motifs relative to the ZRE
consensus motif in terms of relative binding affinity (Kr), relative enthalpic contribution (H),
relative entropic contribution (TS) and relative free energy (G) shown respectively in (a), (b),
(c) and (d). Kr is defined as Kr=Kv/Kc, where Kv and Kc are respectively the equilibrium
dissociation constants of the variant and consensus motifs to the DB domain (Table 1). The
thermodynamic terms are defined as H=Hv-Hc, TS=TSv-TSc and G=Gv-Gc, where
the subscripts v and c respectively denote the corresponding values observed for the binding of
variant and consensus motifs to the DB domain (Table 1). Note that a positive value of H is
indicative of favorable enthalpic contribution being smaller than that observed for ZRE motif, while
a negative value represents a larger favorable enthalpic contribution. Conversely, a positive value
of TS is indicative of unfavorable entropic contribution being smaller than that observed for
ZRE motif, while a negative value represents a larger unfavorable entropic contribution.
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thermodynamic signatures—whereas the binding of T-2 variant is accompanied
by both favorable enthalpic and entropic changes, binding of A+1 variant is
concomitant with a substantial entropic penalty. In particular, the binding mode of
A+1 variant appears to be the more general mechanism as it is also shared by
the ZRE consensus motif and a vast majority of other variants. In contrast, T-2
along with T+4 represent the only variant motifs for which both enthalpic and
entropic changes are favorable. It should be noted that the favorable enthalpic
changes observed here are consistent with the formation of an extensive network
of intermolecular hydrogen bonding, ion pairing and van der Waals contacts at
the protein-DNA interface (28). On the other hand, the unfavorable entropic
changes most likely result from the loss of conformational degrees of freedom
that both the protein and DNA experience upon complexation. Given that the DB
domain must adopt an arc-like conformation in complex with DNA (28), the
entropic penalty observed here may also in part be attributed to such physical
distortion of protein necessary for it to wrap around the DNA so as to attain a
close molecular fit.
In sum, our data presented above strongly implicate that DNA sequence
variations within the ZRE motif modulate the energetics of binding of DB domain
of EGR1 to DNA. Accordingly, DNA sequence variations within the target gene
promoters likely play a key role in gauging the transcriptional output of EGR1 in
response to a variety of stimuli such as growth factors and hormones. Such DNA
sequence variations may have thus evolved to provide a differential response to
the expression of EGR1-responsive genes. Importantly, while nearly all of the
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DNA sequence variations systemically analyzed above are also found within the
promoters of a diverse array of EGR1-responsive genes (Table 5-1), none of
these has hitherto been linked to any physiological condition or pathological
disorder (120-126).
5.4.2 Physical basis of how DNA sequence variations may alter EGR1-DNA
interaction
In an attempt to understand the physical basis of how nucleotide substitutions
mitigate EGR1-DNA interaction, we next modeled and analyzed the structure of
DB domain in complex with the ZRE consensus motif. As shown in Figure 5-4,
the DB domain of EGR1 is comprised of three tandem copies of C2H2-type zinc
fingers, designated herein ZFI, ZFII and ZFIII, which come together in space to
assemble into an arc-like conformation that snugly fits into the major groove of
DNA. Importantly, the EGR1-DNA interaction is driven by the binding of each
zinc finger to one of the three subsites, each subsite being comprised of a
trinucleotide sequence, within the 9-bp GCGTGGGCG consensus motif (Figure
5-1a). Moreover, the EGR1-DNA interaction is stabilized by numerous van der
Waals contacts in addition to an extensive network of intermolecular hydrogen
bonding and ion pairing. In particular, amino acid residues such as R357, D381,
H382 and T385 located within the DB domain play a prominent role in
orchestrating such a network of intermolecular contacts (Figure 5-4). For
example, the stacking of imidazole ring of H382 against the pyrimidine ring of T-1
(sense strand) promotes van der Waals contacts between the protein and DNA.
This interaction is further buttressed by the van der Waals cooperation between
C2-methyl group of T385 and C7-methyl moiety of T-1. On the other hand, O2-

89

Figure 5-4: Structural model of the DB domain of EGR1 in complex with ZRE duplex. Note that
the DB domain is comprised of three tandem C2H2-type zinc fingers, designated herein ZFI
(olive), ZFII (cyan) and ZFIII (yellow). Each zinc finger is comprised of an -helix and a doublestranded antiparallel -sheet that together sandwich a Zn2+ divalent ion (omitted for clarity). The
DNA backbone is shown in gray and the bases are omitted for clarity, except those located at the
-1 and +1 positions within the sense strand (colored red and the label underlined) and their
counterparts within the antisense strand (colored red). The expanded window shows a close-up
view of the sidechain moieties of amino acid residues (colored blue) located within the DB domain
that engage in van der Waals contact with DNA bases at the -1 and +1 positions (colored red).
Note that the dotted lines indicate van der Waals contact between C2-methyl group of T385 and
C7-methyl moiety of T-1 (sense strand), hydrogen bonding between O2-hydroxyl oxygen of
D381 and N4-ring nitrogen of C-1 (antisense strand), and hydrogen bonding between N1guanidine nitrogen of R357 and N7-ring nitrogen of G+1 (sense strand).

hydroxyl oxygen of D381 and N4-ring nitrogen of C-1 (antisense strand) engage
in intermolecular hydrogen bonding. This scenario is also replicated between
N1-guanidine nitrogen of R357 and N7-ring nitrogen of G+1 (sense strand).
How are these key protein-DNA contacts affected upon the introduction of DNA
sequence variations, such as those introduced in the G-1 and T+1 variants,
within the ZRE motif? It should be recalled that the G-1 and T+1 variants reduce
the binding affinity of DB domain to DNA moderately (3-fold) and substantially
(25-fold), respectively.
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Our structural model suggests that the introduction of a rather bulkier
guanine base at the -1 position (G-1) would disrupt van der Waals stacking
established between H382 and T-1 within the ZRE motif (Figure 5-4).
Additionally, being devoid of a C2-methyl group, G-1 would be unable to
participate in van der Waals contact with T385. The loss of such key
intermolecular contacts would thus be expected to result in the loss of favorable
enthalpic contribution to free energy and thereby compromise the EGR1-DNA
interaction as observed here. Equally importantly, the G-1 substitution would be
expected to confer higher rigidity upon DNA by virtue of the ability of G-C base
pair to engage in three hydrogen bonds in lieu of two afforded by the T-A base
pair in the ZRE motif at the -1 position. Consequently, the loss of DNA flexibility
should be expected to not only compromise its ability to attain a closer molecular
fit with the protein but also compensate for the loss of enthalpically-favorable
protein-DNA contacts through entropic gain. Yet, the thermodynamics associated
with the binding of G-1 variant to DB domain paint a totally opposing picture
against such a priori considerations (Table 5-1). Thus, the binding of G-1 variant
to DB domain is concomitant with favorable enthalpic gain and unfavorable
entropic loss of close to -10 kcal/mol relative to ZRE motif. How can one account
for such discrepancy between theory and experiment? As noted above, the
binding of ZRE motif and G-1 variant to DB domain likely results in differential
solvation of the corresponding protein-DNA complexes. Thus, the water solvent
plays a differential role in mediating the binding of ZRE motif and G-1 variant
and, in doing so, modulates their binding thermodynamics in a manner that
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cannot be easily rationalized in terms of the effect of sequence variation on
protein-DNA contacts. As discussed later, this is further supported by the
observation that the heat capacity change (Cp) associated with the binding of G1 variant to DB domain is nearly -60 cal/mol/K greater than that observed for the
ZRE motif (Table 5-2).
On the other hand, the effect of replacement of a rather bulkier guanine
(G+1) within the ZRE motif with a much smaller and more hydrophobic thymine
at the +1 position (T+1) would be expected to be even more dramatic. Indeed,
our structural analysis suggests that unlike the ability of G+1 (sense strand) and
C-1 (antisense strand) within the ZRE motif to respectively participate in key
intermolecular hydrogen bonding contacts with R357 and D381, T+1 within the
sense strand and its A-1 counterpart within the antisense strand would fail to do
so (Figure 5-4). In particular, the hydrophobic C2-methyl group of T+1 would be
highly destabilizing for subsequent protein-DNA contacts due to its close
proximity to the charged guanidine moiety of R357. The rather small size of T+1
compared to a much bulkier G+1 may also result in the formation of cavities and
subsequent entrapment of water molecules at the protein-DNA interface.
Additionally, the exchange of a G-C base pair with T-A at the +1 position would
result in the loss of an intramolecular hydrogen bonding contact and this could
also jeopardize the optimal conformation of DNA required to bind to the protein.
Given that the binding of T+1 variant to DB domain results in the reduction of
affinity by about 25-fold relative to ZRE motif (Table 5-1), one would expect the
accompanying thermodynamics of binding of T+1 variant to be substantially
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Table 5-2
Effect of solvation on the binding of DB domain of EGR1 to dsDNA oligos containing the
consensus GCGTGGGCG motif (ZRE) and all possible single nucleotide variants thereof
Motif

Sequence

ZRE
A-4
C-4
T-4
A-3
G-3
T-3
A-2
C-2
T-2
A-1
C-1
G-1
A0
C0
T0
A+1
C+1
T+1
A+2
C+2
T+2
A+3
G+3
T+3
A+4
C+4
T+4

GCGTGGGCG
ACGTGGGCG
CCGTGGGCG
TCGTGGGCG
GAGTGGGCG
GGGT GGGCG
GTGTGGGCG
GCATGGGCG
GCCTGGGCG
GCTTGGGCG
GCGAGGGCG
GCGCGGGCG
GCGGGGGCG
GCGTAGGCG
GCGTCGGCG
GCGTTGGCG
GCGTGAGCG
GCGTGCGCG
GCGTGTGCG
GCGTGGACG
GCGTGGCCG
GCGTGGTCG
GCGTGGGAG
GCGTGGGGG
GCGTGGGTG
GCGTGGGCA
GCGTGGGCC
GCGTGGGCT

-H60 / kcal.mol-1 -Cp / cal.mol-1.K-1 -SASApolar / Å2 -SASAapolar / Å2 -SASAtotal / Å2
30.71 ± 0.92
35.29 ± 0.95
29.03 ± 2.21
29.15 ± 2.22
36.29 ± 0.96
33.18 ± 0.44
33.32 ± 0.58
26.66 ± 0.33
21.31 ± 1.01
15.80 ± 0.82
32.49 ± 0.27
35.32 ± 0.90
41.69 ± 1.15
33.22 ± 0.41
24.33 ± 1.29
30.55 ± 1.05
31.03 ± 1.81
26.17 ± 1.78
34.45 ± 1.49
29.59 ± 0.47
29.76 ± 0.67
26.67 ± 1.39
33.63 ± 1.31
26.70 ± 0.99
29.62 ± 0.46
24.94 ± 0.99
22.87 ± 0.66
17.53 ± 1.30

341 ± 24
442 ± 23
399 ± 57
350 ± 65
388 ± 14
424 ± 12
504 ± 5
332 ± 9
321 ± 25
308 ± 17
355 ± 7
499 ± 17
400 ± 29
510 ± 10
357 ± 33
499 ± 28
350 ± 44
420 ± 52
351 ± 43
315 ± 12
366 ± 24
340 ± 33
480 ± 23
269 ± 37
414 ± 15
402 ± 34
332 ± 9
312 ± 35

1403 ± 52
1647 ± 51
1380 ± 123
1350 ± 130
1646 ± 47
1555 ± 26
1616 ± 25
1243 ± 19
1034 ± 56
816 ± 43
1487 ± 15
1689 ± 46
1860 ± 64
1617 ± 23
1173 ± 71
1509 ± 59
1421 ± 99
1287 ± 104
1551 ± 86
1342 ± 26
1384 ± 42
1249 ± 75
1611 ± 65
1200 ± 63
1413 ± 29
1228 ± 62
1100 ± 30
870 ± 94

1570 ± 81
1934 ± 80
1684 ± 197
1558 ± 220
1814 ± 59
1842 ± 41
2053 ± 26
1455 ± 32
1312 ± 87
1156 ± 63
1648 ± 25
2085 ± 64
1964 ± 102
2068 ± 35
1471 ± 114
1982 ± 95
1600 ± 153
1677 ± 177
1676 ± 144
1477 ± 42
1613 ± 78
1479 ± 114
1998 ± 87
1291 ± 118
1735 ± 50
1603 ± 111
1373 ± 37
1197 ± 132

2972 ± 132
3581 ± 131
3064 ± 321
2907 ± 349
3460 ± 105
3397 ± 66
3668 ± 51
2697 ± 50
2345 ± 143
1971 ± 105
3135 ± 40
3773 ± 110
3824 ± 166
3685 ± 57
2643 ± 185
3491 ± 155
3021 ± 252
2964 ± 281
3227 ± 231
2818 ± 68
2997 ± 120
2728 ± 189
3609 ± 153
2491 ± 182
3148 ± 78
2830 ± 173
2473 ± 67
2067 ± 226

Note that the DNA sequence for the GCGTGGGCG motif and its single nucleotide variants
corresponds to the sense strand only and nucleotides flanking these motifs have been omitted
(see Figure 1 for details). The substituted nucleotide relative to the consensus GCGTGGGCG
motif is colored red and underlined. Errors were calculated from at least three independent
measurements and are given to one standard deviation.

distinct from those of ZRE motif. Indeed, the binding of T+1 variant to DB domain
is enthalpically more favorable accompanied by greater entropic penalty
compared to ZRE motif in a manner akin to that observed for the G-1 variant,
albeit with a much smaller effect on the thermodynamic parameters (Tables 5-1
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and 5-2). This further epitomizes the differential role that the water solvent plays
in fine-tuning the thermodynamics of macromolecular interactions.
Taken together, our structural analysis discussed above suggests that the
loss of key van der Waals and hydrogen bonding contacts would likely mitigate
the binding of DB domain of EGR1 to G-1 and T+1 variants in agreement with
our thermodynamic data (Table 5-1). More importantly, these variants exert their
effect by virtue of their ability to differentially modulate the solvation of proteinDNA complex relative to ZRE motif. While an exhaustive analysis is beyond the
scope of this work, the arguments presented above clearly suggest that the
reduction of binding affinity due to other nucleotide substitutions likely results
from the loss of specific protein-DNA contacts. However, such loss of
intermolecular interactions does not necessarily correlate with the loss of
enthalpy and gain of entropy but rather the effect of nucleotide substitutions on
the underlying thermodynamics can be best accounted for through the differential
contribution of water solvent. It is also important to note that the nucleotide
substitutions have little or negligible effect on the B-conformation of ZRE motif as
probed by far-UV CD analysis (data not shown) and thus conformational changes
within DNA due to sequence variations are unlikely to dramatically account for
the reduction in binding affinity observed here.
5.4.3 Binding of EGR1 to ZRE motif and its variants thereof is enthalpyentropy compensated
Enthalpy-entropy compensation is a thermodynamic bottleneck in that it usually
eliminates the effect of enthalpic or entropic advantages on macromolecular
interactions. In this ubiquitous thermodynamic phenomenon (81, 82, 85, 139,
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140), the gain of favorable enthalpy, for example due to the introduction of a new
hydrogen bond donor or acceptor, is largely compensated by unfavorable
entropic factors and vice versa such that there is little or no change in the overall
free energy of binding. While this may appear to be a negative aspect of
engineering high-affinity therapeutic inhibitors, on the contrary, it offers biological
systems with natural resilience against structural and/or functional distortions due
to environmental stresses. Although the molecular origin of enthalpy-entropy
compensation is poorly understood, a number of underlying physical factors have
been suggested (83). These include: (i) solvent reorganization; (ii) conformational
restriction of atoms within a given system; (iii) limited temperature range over
which experiments are feasible thereby limiting the free energy window; (iv) finite
heat capacity of system under study; and (v) multiplicity and cooperativity of
intermolecular interactions that directly contribute to the overall free energy as
well as those that merely govern binding specificity but with little or no
contribution to the free energy. Simply put, enthalpy-entropy compensation arises
due to the fact that the introduction of a new bonding interaction (gain of
enthalpy) is intrinsically accompanied by an increase in the order of the system
(loss of entropy) so as to maintain thermodynamic homeostasis.
In order to test the extent to which the binding of ZRE motif and its
variants thereof to the DB domain of EGR1 is also subject to enthalpy-entropy
compensation, we generated the enthalpy-entropy plot (Figure 5-5a). It is notable
that the binding of ZRE motif and variants to the DB domain is seemingly
enthalpy-entropy compensated in agreement with the observation that
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Figure 5-5: Interdependence of enthalpic (H) and entropic (TS) contributions to the free
energy (G) for the binding of DB domain of EGR1 to dsDNA oligos containing the consensus
ZRE and variant motifs. (a) H-TS plot. (b) H-G plot. (c) TS-G plot. In (a), the red solid line
represents linear fit to the data. The coordinates of ZRE motif, the G-1 variant and the T+1 variant
are indicated on each plot. Error bars were calculated from at least three independent
measurements to one standard deviation.

these underlying thermodynamic factors play an intricate role in dictating the
affinity of EGR1-DNA interaction upon the introduction of DNA sequence
variations (Table 5-1 and Figure 5-3). Consistent with these observations, we
also note that the enthalpic (H) and entropic (TS) contributions for the binding
of ZRE motif and variants to the DB domain show poor correlation with the
overall free energy (G) (Figures 5-5b and 5-5c). For example, an increase in
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favorable H or a decrease in unfavorable TS does not necessarily lead to an
increase in G and vice versa. Given that the binding of proteins to major
grooves within the DNA is under enthalpic control (141-147), the negative
contribution of entropic penalty to the free energy thus appears to be an equally
important regulator of such protein-DNA interactions. Collectively, these findings
bear important consequences on the rational design of synthetic oligos and/or
small molecule inhibitors designed to compete with gene promoters for the
binding of EGR1. Thus, for example, efforts to optimize such inhibitors on the
basis of their binding affinity and clinical efficacy may prove to be more rewarding
and cost-effective than attempts directed at optimizing their underlying enthalpic
and entropic contributions.
5.4.4 Differential binding of EGR1 to DNA is highly dependent upon the
position of nucleotide substitution
Next, we analyzed how the position at which a nucleotide is substituted within the
ZRE motif dictates the binding of DB domain of EGR1 in thermodynamic terms
(Figure 5-6). It is important to note here that the EGR1-DNA interaction is driven
by the binding of each of its three zinc fingers (ZFI-ZFIII) to one of the three
subsites, each subsite being comprised of a trinucleotide sequence, within the 9bp GCGTGGGCG consensus motif (Figures 5-1 and 5-4). Remarkably, our
analysis suggests that certain positions within this motif appear to be more
susceptible to the effect of DNA sequence variations, while others are much
more tolerant. Thus, for example, the greatest loss in the free energy (G) of
binding consistently correlates with the introduction of DNA sequence variations
at the -2, +1 and +2 positions (within the sense strand) and it is more or less
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Figure 5-6: Dependence of enthalpic (H) and entropic (TS) contributions to the free energy
(G) on the position of nucleotide substitution within the ZRE motif. The changes in various
thermodynamic parameters upon the introduction of A (red), T (green), G (blue) and C (purple) at
various positions within the consensus motif are color-coded and connected by solid lines for
clarity. Error bars were calculated from at least three independent measurements to one standard
deviation.

mirrored by corresponding changes in underlying enthalpic (H) and entropic
(TS) factors.
On the other hand, the effect of DNA sequence variations at the -4, -3, -1,
0, +3 and +4 positions (within the sense strand) is relatively less detrimental to
EGR1-DNA interaction. Notably, the -2, +1 and +2 positions are all occupied by a
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guanine within each of the three subsites that accommodates one of the three
zinc fingers of DB domain. However, they do not represent structurally-equivalent
positions within each respective subsite. Thus, while -2 and +1 positions
correspond to the 3’-terminal nucleotide within subsites that would accommodate
ZFI and ZFII, the +2 position is the 5’-terminal nucleotide within the subsite
accommodating ZFIII. This implies that the effect of various DNA sequence
variations within the ZRE motif on each of the three zinc fingers within the DB
domain is non-symmetrical. Most importantly, these findings are consistent with
the crystal structure of the DB domain of EGR1 in complex with ZRE motif (28),
wherein guanine bases at the -2, +1 and +2 positions engage in closer
intermolecular contacts with the protein in comparison with those at other
positions. Taken together, our analysis suggests that the guanine nucleotides at
the -2, +1 and +2 positions within the ZRE consensus motif are most critical for
the binding of EGR1 and that DNA sequence variations at these positions are
likely to be most detrimental.
5.4.5 Effect of solvation on the differential binding of EGR1 to ZRE motif
and its variants thereof
In an effort to investigate how nucleotide substitutions affect the change in heat
capacity (Cp)—a key thermodynamic parameter that probes the effect of
solvation upon protein-DNA complexation—we measured the dependence of
enthalpic change (H) associated with the binding of DB domain of EGR1 to ZRE
motif and its variants thereof on temperature (T). Importantly, the temperaturedependence of H is related to Cp by Kirchhoff’s relationship Cp=d(H)/dT.
Accordingly, Cp accompanying the binding of DB domain to ZRE motif and its
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variants thereof was determined from the corresponding slopes of H-T plots
(Table 5-2). It is telling that a negative value of Cp in the hundreds of cal/mol/K
was observed across the board, implying that the binding of DB domain to ZRE
motif and its variants thereof predominantly results in the burial of apolar groups
over polar surfaces. However, Cp associated with the binding of ZRE motif
ranks somewhere in the middle of the spectrum of Cp values observed for other
variants, implying that the extent of the burial of apolar surface area poorly
correlates with binding affinity. Notably, negative changes in Cp are essentially
a consequence of desolvation of protein and DNA surfaces upon binding as well
as due to entrapment of waters within cavities at interacting surfaces (148-150).
The fact that Cp widely varies for different variants is evidence that changes
within the promoter DNA sequence result in differential changes in the extent to
which water is excluded from interacting surfaces within both the protein and
DNA upon complexation.
In order to quantify and compare the relative extent of such desolvation of
macromolecular surfaces upon the binding of DB domain to ZRE motif and its
variants thereof, we next calculated the corresponding changes in solventaccessible surface area (SASA) using empirically-derived Eqs [3] and [4]. It is
noteworthy that these equations are based on protein stability measurements
and therefore only strictly applied to the analysis of protein-protein interactions
(129-134). Thus, the applicability of Eqs [3] and [4] to this study is questionable.
In particular, while such analysis on protein-DNA interactions has not been
hitherto conducted, studies on protein-carbohydrate interactions generate a very
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different set of parameterization compared to those observed for protein-protein
interactions (151). Nonetheless, we have previously applied the semi-empirical
analysis based on Eqs [3] and [4] to protein-DNA interactions with some success
(152, 153). Notwithstanding the above-mentioned limitations, the binding of DB
domain to ZRE motif and its variants thereof is accompanied by the burial of
polar (-SASApolar) and apolar (-SASAapolar) SASA of between approximately
800-1900Å2 and 1200-2100Å2, respectively (Table 5-2). However, -SASAapolar is
between 20-30% greater than -SASApolar in the case of ZRE motif and all of its
variants thereof in agreement with the notion that the amount of apolar surface
buried is always greater than polar groups. Assuming that the protein
experiences little or no structural change upon binding to DNA, -SASApolar and SASAapolar values calculated from our structural model of DB domain bound to
DNA are in the neighborhood of 1500Å2 and 1000Å2, respectively. The fact that
the protein is experimentally observed to bury a greater amount of apolar surface
over polar groups while the opposite trend is observed in silico strongly suggests
that the binding of DNA triggers a substantial conformational change within the
DB domain.
Given that the DB domain retains a fully-folded structure in the absence of
DNA (99), the most likely scenario to account for such conformational change
lies in the ability of three zinc fingers (ZFI, ZFII and ZFIII) to undergo quaternary
structural change upon binding to DNA. Supporting this argument is the fact that
the zinc fingers impart upon the DB domain an arc-like conformation optimally
suited to attain a close molecular fit with DNA (Figure 5-4). Importantly, the

101
solvent-exposed surface of the unliganded DB domain is bolstered by
electrostatic polarization, with the inner face of the arc harboring an overall
positive charge, while the outer rim is largely neutral. Thus, while the positivelycharged inner face would be required for the ability of DB domain to establish a
stable interaction with the negatively charged DNA, the rather highly constrained
arc-like architecture will likely undergo some sort of structural rearrangement in
the absence of DNA so as to minimize electrostatic repulsions between the three
tandem zinc fingers. Accordingly, the DB domain must experience a
conformational switching upon binding to DNA in agreement with our SASA
calculations based on thermodynamic measurements.
Given that cooperativity in proteins is usually associated with structural
rearrangement, we believe that the conformational change observed here may
also account for the ability of tandem zinc fingers to drive the binding of DB
domain to DNA in a cooperative manner. More importantly, cooperativity in
proteins underlies their ability to transfer information from one site to another. In
this regard, sequence variations introduced within the ZRE motif would be
expected to alter the cooperative binding of variant motifs to DB domain. Indeed,
our data presented above show that the extent of burial of apolar and polar
surfaces is highly sensitive to the DNA sequence variation (Table 5-2). This
implies that the changes observed in the burial of surface area upon the
introduction of DNA sequence variations would variably result in the extent to
which the DB domain undergoes conformational change upon binding, thereby
directly influencing the binding cooperativity.
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5.5

Concluding remarks

The ability of EGR1 transcription factor to mediate a wide array of cellular
activities ranging from cell growth and proliferation to apoptosis and oncogenic
transformation is well-documented (3, 25-27). Notably, cellular expression of
EGR1 is down-regulated in glioblastoma, lymphoma, and cancers of the lung and
breast (63-66), implying that EGR1 plays a tumor suppressive role in various
cancers. This notion is further corroborated by the observation that tumor
suppressors such as PTEN and p53 are direct targets of EGR1 (2, 67, 68). On
the other hand, expression of EGR1 is up-regulated in prostate tumors (6, 6972), implying that the role of EGR1 is tissue-dependent and that its ability to
serve both as tumor suppressor and oncoprotein depending on the biological
context is an intricate virtue of its functional duality. Importantly, EGR1responsive genes harbor a rather high degree of DNA sequence variations within
their promoters though the physiological and pathological consequences of such
single nucleotide polymorphisms are not fully understood (120-126). Thus,
understanding EGR1-DNA interaction in molecular terms remains an important
challenge toward the design of novel therapeutic approaches.
Toward this goal, our work reported here provides the maiden study to
quantitatively address the effect of nucleotide substitutions on EGR1-DNA
interaction in detailed thermodynamic terms. In particular, we have demonstrated
here that the introduction of single nucleotide variations within the ZRE motif can
have dramatic effect on EGR1-DNA interaction and that certain positions are
much more susceptible to such genetic changes than others. Our findings
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underscore the fact that sequence variations within the ZRE motif alter proteinDNA interaction primarily via compromising van der Waals and hydrogen
bonding contacts. More importantly, nucleotide substitutions seemingly result in
differential solvation of protein-DNA complex and, in particular, the water solvent
appears to play a key role in modulating protein-DNA thermodynamics.
In short, our study provides a framework for understanding how DNA
sequence variations within the target gene promoters may affect the binding of
an important transcription factor central to human health and disease.

Chapter 6: Conclusion
Transcription factors conduct a wide array of cellular functions. In particular, the
transcription factor EGR1 is well known to regulate cellular activities including
proliferation and cell growth as well as apoptosis and oncogenic transformation
(3, 25-27). The crystal structure of the DB domain of EGR1 in complex with the
ZRE consensus motif has been known for over two decades and still,
thermodynamic data about the protein-DNA interaction is limited (28). The
underlying thermodynamic forces of bimolecular interactions are integral to
understanding their molecular mechanisms. In this thesis, using an array of
biophysical methods, I elucidate further information about the mechanism driving
the binding of EGR1 transcription factor to DNA.
Primary studies were designed to determine the basic thermodynamic
phenomena intrinsic to the DB domain of EGR1 binding to its DNA response
element termed ZRE. ITC analysis showed that the EGR1-DNA interaction is
highly dependent of solution pH with the binding affinity increasing by an order of
magnitude with an increase of pH from 5 to 8. Using site-directed mutagenesis
the ionizable residue H382 was identified and its replacement with a nonionizable
residue abolished pH dependence. Intracellular pH changes have been shown to
regulate

multiple

cellular

processes

including

apoptosis

and

metabolic

homeostasis (86). The discovery that modulation of EGR1 binding to DNA by
solution pH not only broadens its functional complexity but with H382 conserved
in structurally equivalent positions in other EGR family members and related KLF
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family members, these findings provide significant implications for furthering
understanding of this group of transcription factors.
Looking at the crystal structure of the DB domain of EGR1 in complex
with the ZRE duplex it appears the binding is governed by multiple van der Waals
contacts in addition to ion pairing and hydrogen bonding (28). Upon close
examination of the binding residues, the imidazole ring of H382 appears coplanar
with the purine ring of G0 and stacks with the pyrimidine ring of T-1 of the ZRE
duplex promoting both hydrogen bonding and van der Waals interactions
consecutively. My studies established that solution pH tightly regulates the
binding of EGR1 to DNA by virtue of the protonation-deprotonation of H382. To
discover the effect of protonation-deprotonation of H382 at an atomic level I
conducted MD simulations. The results indicated destabilization of the structure
when H382 is in a protonated state. In agreement with my thermodynamic data,
such an order to disorder transition upon protonation would compromise the
EGR1-DNA interaction resulting in the loss of affinity. Together, this thesis
describes

how

a

combination

approach

of

site-directed

mutagenesis,

thermodynamic analysis and molecular dynamics add to structural data and
further define the residues vital to protein-DNA interactions.
Furthermore,

by

convention

of

macromolecular

biophysics,

the

polyelectrolyte effect is a driving force behind protein-DNA interactions (31-37).
Only two studies within the realm of biophysical literature conducted on proteinDNA interactions over the last two decades document increasing salt
concentration did not correlate with the disruption of this key intermolecular
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association (38, 39). The EGR1-DNA interaction maintains the classical DNAbinding protein characteristics as evidence by electrostatically polarized
interactions. However, even with a predominant presence of electrostatic forces,
the EGR1-DNA interaction appeared to resist physiological concentrations of
salt. In this thesis, I provide evidence that the EGR1-DNA interaction is
independent of ionic strength at physiological salt concentrations due to residue
H382 forming intermolecular hydrogen bonds and van der Waals contacts. To
test the effect of H382, site directed mutagenesis was conducted to generate
various mutations at H382. All mutations resulted in linear salt dependence such
that EGR1-DNA affinity reduces by an order of magnitude across physiological
concentrations of salt. Interestingly, the H382 reside is conserved within the EGR
family, in the (Krueppel-like factor) KLF family glutamate is its replacement in the
structurally equivalent position of ZFII (99). Comparing ZFI and ZFIII the
structurally equivalent position to H382 in ZFII, the histidine is replaced with
glutamate residues in the EGR family whereas histidine is conserved in the KLF
family. Further site directed mutagenesis to generate the DB_HH domain
requiring E354H and E410H substitution, resulted in little to no change in affinity
up to 500mM salt concentrations. These findings represent the first example of a
eukaryotic protein-DNA interaction showing resistance to the polyelectrolyte
effect.
Even though the binding of the DB domain of EGR1 to DNA is
demonstrated to be resistant to salt concentrations, the data presented is
ambiguous regarding the physiological role of salt affecting the EGR1-DNA
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interaction. Intracellular salt traditionally alters the transcriptional activity of
transcription factors because of counter ion release into bulk water resulting in a
favorable entropic force (31-37). Thermodynamic analysis revealed unfavorable
enthalpic contributions overwhelming the entropic contributions at high salt
concentrations resulting in the loss of free energy of EGR1 binding DNA. This
result indicates that the basis of the interaction resides in enthalpic forces such
as hydrogen bonding and van der Waals contacts. Looking at the crystal
structure, to elucidate the physical basis of the enthalpic driving force, H382 is
found to stabilize the EGR1-DNA interaction via a two-prong mechanism. Firstly,
the formation of a hydrogen bond between the Hε2 atom of H382 and the N7
atom of G0 in the ZRE duplex (28). Secondly, van der Waals interactions from
stacking of the imidazole ring of H382 with the pyrimidine ring of T-1. In spite of
these observations, I did not determine an exact physiological role for the effect
of intracellular salt concentrations on the EGR1-DNA interaction. However, my
study does justify further investigation of the effects of various mutations on the
binding of DB domains for future therapies.
Lastly, it is well established that transcription factors bind to DNA at
sequences known as consensus motifs upstream of target genes. It is of note
that EGR1 is considered to perform tumor suppressive roles, resulting from the
down-regulation of EGR1 in glioblastoma, lymphoma, and cancers of the lung
and breast (63-66). In addition EGR1 expression is up-regulated in prostate
tumors (6, 69-72), indicating tissue dependence and functional duality as both a
tumor suppressor and oncoprotein. EGR1 target genes accommodate multiple
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sequence variations in their promoter regions, yet the physiological and
pathological consequences of single nucleotide polymorphisms are not fully
understood (121-125). This thesis provides a systematic analysis of how the
effects caused from genetic variations within the ZRE consensus sequence affect
the EGR1-DNA interaction and thus transcriptional output. Results demonstrate
that single nucleotide substitutions in the ZRE motif have varying effects on the
EGR1-DNA interaction and indicate that some positions are more important to
the maintenance of binding than others. Specifically, the guanine nucleotides at
positions -2, +1 and +2 in the ZRE consensus motif seem most essential for the
binding of EGR1, as evidenced by reduced affinities as result of single nucleotide
variations at these positions. These findings are consistent with the crystal
structure where the guanine bases engage in intermolecular contacts with the
protein. Interestingly, a negative heat capacity is observed across each DNA
variant binding EGR1. This is considered a consequence of desolvation of
protein and DNA surfaces upon binding in addition to entrapment of water
located at interacting surfaces (148-150). Quantitative analysis revealed that the
binding of DNA triggers a conformational change within the DB domain. The arclike conformation of the EGR1 DB domain supports this result as the inner face
of the arc is positively charged and in the absence of DNA likely undergoes
structural rearrangement. Cooperativity is usually associated with structural
rearrangement and in proteins, regulates the ability to transfer information from
one site to another. Nucleotide substitutions result in variable solvation of proteinDNA complex indicating that the sequence variations directly influence the
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binding cooperativity. Taken together, my findings provide a framework for
understanding how DNA sequence variations in EGR1 target promoter regions
may affect binding of DNA and consequently the roles it plays downstream.
In conclusion, the data presented reveals new insights into the biophysical
mechanisms orchestrating the EGR1-DNA interaction. Through structural
analysis, and extensive biophysical techniques, I demonstrated that solution pH
tightly modulates the binding of EGR1 to DNA via H382 serving as a protonationdeprotonation site. A sequence alignment of the DB domains of the EGR family
and related KLF families revealed structural equivalents of H382, indicating a
conserved pH-dependent phenomena as a hallmark of the related families. This
study warrant further biophysical investigation of these families to determine if
the

protonation-deprotonation

is

conserved.

Thermodynamic

techniques

indicated that EGR1 tolerates physiological concentrations of salt via H382 in
ZFII, which engages in hydrogen bonding and van der Waals contacts. In support
of this, histidine replacement in structurally equivalent locations in ZFI and ZFIII
similar to those found in the KLF families resulted in an exaggerated tolerance to
salt concentrations. Finally, a systematic analysis of the consensus motif ZRE
with single nucleotide variations reveled insights pertaining to the binding of
EGR1 to these motifs. My findings indicated that key nucleotide positions are
more detrimental than others, and the data collected could serve to aid in future
predictions of target genes by EGR1. Collectively, the purpose of this thesis is to
further our understanding of the molecular mechanism behind transcription
factors, and more specifically the EGR1-ZRE interaction. Additionally, the results
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from these studies may one day serve a role in novel therapies for targeting
transcription factors.
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