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Functions of transcription factors require formation of specific com-
plexes at particular sites in cis-regulatory elements of genes. However, chro-
mosomal DNA contains numerous sites that are similar to the target sequences
recognized by transcription factors. These sequences potentially serve as nat-
ural decoys that sequester transcription factors. The impact that these decoys
have on transcription factor target search is largely unknown, and various
factors such as methylation, other DNA binding proteins, and side chain dy-
namics of individual protein residues may play a role in transcription factor

target search during binding and scanning.

First, we quantitatively demonstrate the impact of quasi-specific DNA

on the kinetics of the inducible transcription factor Egr-1 using stopped flow

vil



assays on a fluorescence spectrometer. We show that the impact of quasi-
specific sites depends strongly on their affinity to Egr-1 and on their concen-
tration, and that the presence of these sites are highly probable within genomic
DNA. We show that naturally abundant quasi-specific sites(natural decoys) on
DNA can considerably impede the target search processes of sequence-specific

DNA-binding proteins.

Second, using a stopped-flow fluorescence method, we examined the
kinetic impact of DNA methylation of decoys on the search process of the
Egr-1 zinc-finger protein. We analyzed its association with an unmethylated
target site on fluorescence-labeled DNA in the presence of competitor DNA
duplexes, including Egr-1 decoys. The results suggest that methylated decoys
attract methyl binding proteins, effectively blocking them and thereby allow-
ing Egr-1 to avoid sequestration in non-functional locations. This effect may
occur in vivo for DNA methylation outside CpG islands (CGIs) and facilitate
localization of some transcription factors within regulatory CGls, where DNA

methylation is rare.

Lastly, we address the conformational dynamics of Egr-1’s arginine side
chains’ guanidino N.-H, moieties when Egr-1 is bound to completely nonspe-
cific and quasi-specific DNA. We compare Egr-1 in complex with both non-
specific and quasi-specific DNA. The resulting data gives a more detailed look
at the molecular interactions and dynamics during the scanning process. We
demonstrate that there is a significant decrease in mobility of some of the Arg

side chains when Egr-1 is non-specifically bound. However, there is a crucial
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residue which is mobile that may contribute to a conformational switch of
the protein from when it is scanning (scanning mode) to when it is bound

(recognition mode).

As a whole, these studies suggest that there are significant underly-
ing influences affecting a protein’s interaction with DNA. It is possible that
DNA is used as a regulatory mechanism of protein interactions through its
quasi-specific sequences, methylation, and interaction with other DNA bind-

ing proteins.
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Chapter 1

Introduction

1.1 Gene regulation by transcription factors

Gene activation in eukaryotic organisms is a multifaceted process in-
volving numerous types of DNA binding proteins which regulate and transcribe
genes to control metabolic activity and development.®? Eukaryotic organisms
have a high concentration of DNA in the cell nucleus, which is organized and
compacted in nucleosomal arrays. The nucleosomes, made of a complex of
proteins called histones, are designed to compact and cover inactive portions
of the genome.>* A gene consists of several elements, the core element for
general transcription factor binding, the regulatory element for silencing and
enhancing transcription factors, and the initiation start site for RNAPII bind-
ing and transcription initiation. While general transcription factors are crucial
for RNAPII binding and transcription initiation, what often determines the ac-
tivation or silencing of gene is the binding of transcription factors to sequences
within the regulatory element.>® These transcription factors recognize a spe-
cific sequence of DNA, which is typically between 6 - 10 base pairs, with more
base pairs often indicating a protein with a strong binding affinity because of a
high number of electrostatic interactions.”® Once bound to its target sequence,

transcription factors recruits a protein complex called mediator. Mediator



strongly activating
assembly neutral assembly of

regulatory proteins

w8 T g
mnioiting

protein w - )

spacer

DNA \

v PROBABILITY OF
weakly \\gg — . INITIATING
actlvat!ng TRANSCRIPTION
protein
assembly ]
TATA

Molecular Biology of the Cell 5t Edition (2008)

Figure 1.1: Regulatory elements contain a number of specific sites for various
transcription factors. The probability of initiating transcription is determined
the binding of the appropriate transcription factor to its target site

works with the RNAPII complex to appropriately regulate the gene.” While
this seems simple, the regulatory element of a gene contains a number of DNA
binding sequences which are specific to a particular transcription factor, either
for activating, silencing, or enhancing the gene (Figure 1.1). Each transcrip-
tion factor must appropriately recognize its specific sequence to regulate gene
activation. Considering that the DNA landscape is hardly structural diverse,
being similar in shape and charge distribution throughout, the possibility of
a transcription factor recognizing such a short sequence in a large portion of
DNA seems to be an impossible task (Figure 1.2). However, numerous in
vitro studies have shown that DNA binding proteins can find their specific
sequences with great efficiency, although the complexity of the genome in vivo

is neglected in these studies.!®*? In fact, the Encyclopedia of DNA Elements



5" -TACCGATTGGTACCCGATTGCGTGGGCGGAACCTTCAGGAACCTTCAG-3"
3" -ATGGCTAACCATGGGCTAACGCACCCGCCTTGGAAGTCCTTGGAAGTC-5"

> > > > >

Figure 1.2: DNAs overall uniform structure and electrostatic charge decreases
a transcription factors overall probability of reaching its target site. For ex-
ample, this means that a 9 base pair target (indicated by the arrows) is overall
similar to the next 9 base pair site. However, a protein can recognize and bind
to a specific set of 9 base pairs (Egr-1s target site indicated by the red arrow)
while ignoring the nonspecific DNA.

(ENCODE) project provides extensive information about transcription factor
association on genomic DNA.* ChIP-on-chip and ChIP-seq methods have al-
lowed for genome-wide studies on the binding sites of eukaryotic transcription
factors in vivo.'® Such genome-wide studies showed that transcription factors
bind to not only functional sites in the cis-regulatory elements of the genes
but also many other apparently non-functional sites,'> ¢ though definitions of
functional and non-functional are somewhat arbitrary and controversial.!”>!8
Because of the high concentration of non-functional or off target sites, it is
reasonable to think that these sites significantly affect a transcription factors
ability to locate its target site. Even when considering that much of the genome

is compacted in nucleosomal arrays, still at least 10% of the genome is free of

nucleosomes, leaving a high concentration of DNA available for transcription



factor binding.* The question how these transcription factors can still locate
their target even in the presence of high concentration of non-functional or off

target sites remains to be answered.

1.2 Classical mechanisms for efficient scanning of DNA

Both eukaryotic and prokaryotic organisms require rapid gene activa-
tion in response to environmental stimuli. This allows the organism to quickly
change and adapt to its external environment. While it was known that DNA
binding proteins were involved in this rapid adaptation of the organisms by
recognizing specific target sequences found in the genome,'®2° the mechanisms

behind this process was unclear.

Before 1970, it was uncertain how proteins located their target in the
genome. However, in 1971, Riggs found that there was a discrepancy between
this diffusion rate limit and the second-order binding rate that he calculated
from his studies on the lac repressor.!® In 1981, OG Berg and von Hippel intro-
duced the theory on protein-DNA search, which recognized that transcription
factor target search by 3-dimensional diffusion alone was not sufficient for
protein kinetics. They realized that the DNA concentration in the nucleus
is too high for a protein to find its target in a 3-dimensional search alone,

and hypothesized that there were several mechanisms by which a protein can

!Paragraph adapted with permission from Kemme, Catherine A., et al. ”Regulation of
transcription factors via natural decoys in genomic DNA.” Transcription 7.4 (2016): 115-
120.



/i {// \ \

Sliding 'y
® -~ e 5
‘ B ) ® ¢

Target Sliding_»
O P
Dissociation
Hopping & reassociation .’ 4 g

N\ o Qoo ,
iy o Mg
/ Vs ‘ / =

{ { )
- ® @ a L

Figure 1.3: Four classical mechanism of target search on DNA by transcription
factors. Hopping is also known as micro dissociation and , and sliding are also
known as one-dimensional diffusion.

search for its target.'™'? It was this research that first suggested four different

mechanisms for specific sequence recognition by DNA binding proteins (Figure

1.3).

1.2.1 Macroscopic dissociation/reassociation.

This process occurs when the protein completely dissociates from the
DNA. Then through 3-dimensional Brownian motion, the protein can interact
with a completely uncorrelated location on the DNA. This process is limited
by the diffusion constant, which is shown to be less than the measured kinetic

11,21

rates of some DNA binding proteins. Therefore, simple 3-dimensional



diffusion cannot completely explain the efficiency of protein target search.

1.2.2 Microscopic dissociation/reassociation.

This occurs when a protein samples a series of correlated DNA base
pairs within the same region. The protein will associate nonspecifically to
a DNA sequence, and then dissociate but remain in the adjoining location.
Therefore, the protein is still under the influence of the DNAs electrostatic
field, causing the protein to reassociate at a location very near its original
binding site.'"*2 This allows the protein to be technically still bound to DNA,

but enables the protein to test adjacent sites on the DNA sequence. There are

D22-24 25,26

a number of M and theoretical studies addressing ”hopping,” but

experimental data has yet to prove this mechanism.

1.2.3 One-dimensional diffusion.

This occurs when a protein binds non-specifically to DNA, but relocates
to another adjoining place on the DNA strand without completely dissociat-
ing from the DNA sequence. The protein breaks some of its hydrogen bonds,
while the remainder of the protein non-specifically binds to the DNA sequence.
In this fashion, it can perform 1-dimensional Brownian diffusion for a certain
length of n base pairs along the DNA sequence, which on average is 35 bp

and independent of molecular size.!'?

This sliding length, as it is called, is
different from hopping in that the protein remains associated to DNA even

during translocation. The sliding process ends once the protein completely



dissociates from DNA, or binds specifically to its target site. While sliding
prevents a protein from unnecessarily searching in 3 dimensional space, strong
interactions slow the sliding process such that this mechanism becomes ineffi-
cient.?” Therefore, this process is most likely used in combination with other

mechanisms. Much research has calculated 1D coefficients of a number of pro-

28-30 31-35

teins, and visualized the sliding process in single molecule techniques.
However, these techniques are not detailed enough to distinguish atomic in-

teractions.

1.2.4 Intersegment transfer.

Considering the high concentration of DNA in the nucleus, it is possible
that completely uncorrelated DNA strands are adjacent to one another. A
protein can use this to its advantage by transitioning between two uncorrelated
DNA strands. A protein can bind simultaneously to both strands of DNA, but
because binding to both is unfavorable the protein would either remain on the
current strand or move to the uncorrelated strand. This process would allow
the protein to explore uncorrelated locations far from where it began its search,

and improve the efficiency of target location.

While these classical mechanisms give a good description of how a pro-
tein searches for its target DNA, it only demonstrates a protein interacting
with its target in the presence of nonspecific DNA. Most studies’ main focus
demonstrates the efficiency and rapidness of the target search process and few

address factors that would decelerate target search.?®3639 (Classical models



demonstrate a linear relationship between the concentration of protein and
the acceleration of search speed, that is to say that as the protein concentra-
tion increases, there is a complimentary increase in the target search speed.
However, other studies have demonstrated that proteins also bind to off tar-
get sequences, and that these off target sequences (natural decoys) affect the
concentration of the transcription factor.?®4! A genes’ response to a change
in concentration of the transcription factor becomes non-linear and more like
a binary on/off switch. Lee and Maheshri demonstrated this non-linear re-
sponse in budding yeasts by quantitively analyzing the effect of decoys in
tandem repeats on target gene expression.’® In this work, we show kinetic
data on the impact of natural decoys(NDs) on the target search kinetics for
Egr-1. While NDs would appear to decelerate target search, gene regulation
by a transcription factor would be greatly enhanced when its NDs are blocked
by other proteins, which weakens functional sequestration. Because most NDs
are slightly different from recognition sequences, a subset of NDS for a partic-
ular transcription factor may overlap with NDs for other transcription factors.
Such overlaps would allow for indirect crosstalk between these transcription
factors via NDs. For example, sequestration of C/EBP« in the centromeres
is reduced when another transcription factor, Pit-1, is co-expressed, causing
an increase in binding of C/EBPa to its functionally important sites to ac-
tivate its target genes.*>® Both the effect of natural decoys and interplay
with proteins can be regarded as novel mechanisms whereby transcription fac-

tors are regulated in the genome. In this work we discuss both of these novel



mechanisms in chapters 2 and 3.2

1.3 Model system for research

To study these mechanisms it is important to have an efficient model
system to use for experimentation. For our purposes, a model system must
behave well in biochemical experimentation, and be easily prepared for ex-
perimentation. It also should demonstrate rapid biological function, in other
words, efficient and quick gene activation. Egr-1 is a protein with such charac-
teristics and has been well studied and used for numerous biochemical studies
from nuclear magnetic resonance, isothermal calorimetry, to stopped flow flu-
orescence spectrometry.?:44% The protein was also the basis for zinc finger
technology a DNA recognition based gene editing tool designed to manipulate
an organism’s genome.'®® Therefore, for our current studies, Egr-1 is an ideal

protein of study.

Early growth response protein 1 (Egr-1) is an inducible transcription
factor, which is involved in early development processes and functions as a
stress response protein in a number of body systems.’® In the cardiovascular
system it is recruited in response to cardiovascular distress where it assists in
repair and inflammatory pathways.5*5 In the nervous system, Egr-1 activates

genes in response to external stimuli for creating memory pathways and main-

2Paragraph adapted with permission from Kemme, Catherine A., et al. "Regulation of
transcription factors via natural decoys in genomic DNA.” Transcription 7.4 (2016): 115-
120.



taining synaptic plasticity in the brain.?®57 Egr-1 has also been reported to be
involved in a number of tumor activating pathways and regulates 100 genes
overall within the human genome.?® Many of its functions are time-based re-
sponses so Egrl must quickly locate a specific 9 base pair (GCGTGGCGC)
target sequence. Egr-1 has a short half-life (0.5-1 hr), and is expressed in

20,54 While low con-

relatively low concentrations (50-100 nM) when induced.
centrations and a short half-life ensure that the protein does not over activate
stress response genes, it is imperative that Egr-1 is efficient in locating in its
DNA target. This suggestion seems impossible considering the high density of
DNA (100 mg/ml)'*5 in the nucleus, as well as a myriad of other proteins and
small molecules that could affect protein binding. However, previous research
in our lab indicates that Egr-1 is quite efficient at locating its target even when
presented with high concentrations of nonspecific DNA 2145 Egr-1 has several
domains; however, only one of these domains is known to bind to DNA.?® The
zinc finger DNA binding domain of Egr-1 has three zinc finger motifs which
are connected by a flexible linker region. Each zinc finger recognizes three
of the nine base pairs in the recognition sequence, and flexible linker regions
allow for incomplete binding during the protein’s search mode for its target
site.¥0 In our previous research we showed that Egr-1 can maintain a balance
between its affinity to DNA and the rate at which is locates its target site by
altering its conformation between two different modes when bound to DNA.

These two modes, termed recognition and search modes (Figure 1.4), differ in

that the protein is bound with greater affinity in the recognition mode. We

10
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Figure 1.4: There are two possible conformations of zinc finger protein domains
when scanning DNA. The search mode in the first and last panels where part
of the protein is dissociated from DNA, and the recognition mode in the middle
panel, where are zinc finger domains are bound to DNA.(Picture adapted from
Zandarashvili, Levani, et al. ”Balancing between affinity and speed in target
DNA search by zinc-finger proteins via modulation of dynamic conformational
ensemble.” Proceedings of the National Academy of Sciences 112.37 (2015):
E5142-E5149.)

explored this phenomenon of conformational switch by studying the kinetics
of Egr-1 after mutating residues in the DNA binding domain which affected
electrostatic interactions within in a particular zinc finger domain. This data
revealed how changes in electrostatic interactions affected the kinetics and
thermodynamics of Egr-1, causing it to switch confirmations when scanning
nonspecific DNA or binding to its specific target. When the protein was mu-
tated so that it remained in search mode, its affinity to DNA decreased and
the efficiency of target search was improved through faster kinetics. However,
when the protein was mutated so that it remained in recognition mode, the

opposite effect was seen.?”

Included in the residues which are significant for specific sequence recog-
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nition are basic residues arginine and lysine. Basic side chains are extremely
important for recognizing nucleic acids, as they are responsible for electro-
static interactions with the DNA phosphate backbone and for hydrogen bind-
ing with nucleic acids. Furthermore, research indicates that basic side chains
drive many protein-DNA associations by releasing condensed counterions from
DNA.?%%1 To understand more how these basic sidechains interact with DNA
upon sequence recognition, Esadze et al. looked at conformational dynam-
ics and mobility of Egr-1s’ arginine and lysine residues that interact with
DNA using NMR spectroscopy.®® When the conformational dynamics of the
residues were compared between free and bound states of Egr-1, they found
that there are significant differences between the mobility of the side chains.
They also found notable differences between the dynamics of arginine and ly-
sine side chains when the sidechains are bound to DNA. While many of the
arginine sidechains showed much less mobility when bound to DNA, the ly-
sine sidechains and two of the arginine sidechains showed little change in their
mobility.%? Overall, this data indicated that DNA recognition requires both
mobile and rigid interactions of sidechains with nucleic acids and the DNA
phosphate backbone. These studies give some atomic level information on
Egr-1 scanning making it probably the best characterized scanning system so

far.

In this current project, we focus on just the DNA binding domain which
is responsible for binding to the 9 basepair sequence (GCGTGGCGC) (Figure

1.5). The binding domain is easily purified making it a suitable model system

12



for studying transcription factor kinetics with NMR and fluorescent spectrom-
eter assays. This project explores Egr-1’s activity on a molecular and atomic
level, using nuclear magnetic resonance spectroscopy, biochemical assays, and
fluorescence spectroscopy. These techniques allowed us to observe Egr-1 ac-

tivity on a detailed scale. Our previously developed kinetic assays?!4°

using
fluorescence spectroscopy, along with a theoretical method to quantify the dif-
ferent molecular mechanisms involved in DNA scanning, including sliding and

intersegment transfer are also used for a major portion of this project. Using

this methodology and improving it will help us reach our overall objective.

1.4 Overall objective

While the aforementioned mechanisms of transcription factor target
search have been experimentally tested by several research scientists, how pro-
teins scan DNA and locate their target sites is not well understood at an
atomic level, despite the long history of the field.!' '3 Many studies have shown
how different DNA binding proteins can successfully and efficiently navigate a
high concentration of nonspecific DNA, but few have addressed how obstacles
would enhance or deter protein scanning on DNA. However, it is plausible
that target location by proteins under cellular conditions involve a multitude
of distinct effects, including protein-protein interactions, kinetic traps at DNA
sites analogous to the target (quasi-specific DNA), DNA modifications, and
competition of proteins binding to the same target site. In the nucleus, the

presence of quasi-specific DNA sites and other DNA binding proteins may

13



cause conflicting impacts on the protein’s activity. The overall objective of
this study seeks to understand how Egr-1 is able to scan DNA efficiently in
the presence of obstacles such as quasi-specific sites, and potential molecular
blockers. Knowledge of how this scanning process occurs in the nucleus would
contribute to the development of artificial proteins to be used in gene edit-
ing technologies for genetic diseases for which Egr-1 has been a template.?! 3
Previous work in our lab has demonstrated that Egr-1 activity is heavily de-
pendent on the protein’s dynamics and affinity to DNA. Studies have shown
both theoretically and experimentally how different DNA binding proteins can
efficiently navigate a high concentration of nonspecific DNA,%1263765 hyt few
have addressed how obstacles would alter protein scanning on DNA. However,
more attention has been drawn to the scanning process of these proteins, since
research suggests that scanning is a crucial part of the proteins ability to bind

6365 Our focus in this project is to address issues

to its target site properly.
beyond DNA sequence recognition and sequence specific binding, and to ex-
plore additional in vivo factors that would affect efficient protein binding to

DNA.

1.5 Questions to be addressed

While many researchers have affirmed Bergs theory of binding mecha-
nisms to DNA, 12 most of this research has been done under very simplified
conditions in wvitro, or has looked at the scanning process as a whole in single

cell studies.?®3538 The impact of cellular conditions such as quasi-specific sites
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on DNA, DNA methylation, and potential molecular blockers such as MeCP2
on DNA has not been explored. Our project seeks to quantify this impact.
We know a protein interacts with its binding sequence with high affinity, but
what types of interaction are occurring when the protein binds to nonspecific
DNA or DNA with similar affinity to the target? How are a protein’s kinetics
affected when exposed to a variation in DNA sequence? DNA is constantly
being modified (i.e. methylation) to regulate the expression of genes. How
does methylation affect the binding and scanning of proteins on DNA? The
nucleus not only contains a high concentration of DNA, but also a high num-
ber of proteins for maintenance, regulation, and gene activation. How would
these proteins influence transcription factor binding? These are just a few
of the questions that remain unanswered. Exploration of these factors have
allowed us to reveal another layer of complexity in understanding the process
of DNA scanning as it would occur in vivo. Our project addresses this gap
of knowledge through atomic and molecular assays by asking the following

questions.

1.5.1 1. How is transcription factor target search affected by the
presence of natural decoy DNA? Is there any trapping effect
that prevents the protein from binding to its target?

Transcription factors may exhibit significantly strong affinities for quasi-
specific sequences (natural decoys NDs) that are similar but not identical to
target sequences. In fact, such non-cognate sites are known to play several

roles in development.®® Simple probabilistic estimation implies that NDs are
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highly abundant in the nuclei. If a transcription factor recognizes an n-bp
sequence of DNA, the transcription factor may also exhibit strong affinity
for sequences with a m-bp match (m < n) to an n-bp recognition sequence.
Given a pool of random sequences, the probability of finding an m-bp match
in a window of n bps is given by 2(1/4)™(3/4)"~™ ,,C,, where ,,C,, represents
the combinatorial, and a factor of 2 accounts for the complementary sequence
match. Although somewhat simplistic, this calculation estimates that the to-
tal number of NDs (m = 7) is ~107 in 3 x 10° base pairs of the human genome
for a transcription factor that recognizes 9-bp targets (n = 9). While 90% of
the genome is inaccessible due to histones in chromatin, the estimated number
of accessible NDs is still 10° sites on genomic DNA.S7 In fact, biophysical
studies on the inducible transcription factor Egr-1 (for which n = 9) suggested
that genomic DNA contain ~10°-107 NDs, considerably impeding the Egr-1
target search on DNA. 214 Compared to these numbers, functionally impor-
tant target sites are far fewer (Figure 1.6). A typical transcription factor only
target ~102-10% genes. Therefore, the total number of functional target sites
for each transcription factor is approximately 102-10* sites in the genome, as
cis-regulatory elements of each target gene typically involve only several bind-
ing sites of the same transcription factor. Thus, NDs overwhelmingly exceed
target sites in number. Because of their abundance, NDs should substantially
influence transcription factors in vivo. If a nucleus is a sphere with a diam-
eter of 6 puM.,% a quantity of 10° NDs corresponds to a concentration of

10~* M in the nucleus. Even if only 1-10% of NDs are accessible, their con-
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Recognition sequence

GCGTGGGCG

(n=9)

High-affinity quasi-specific sequences
(m=17,8)

GCGTGAGCG GAGTTGGCG GCGAGGCCG
GCGAGGCCG GCGTGGGCT GGGTGGGTG

ATGTGGGCG GCGCGGGAG GCGTGCGCG
etc.

For Egr-1
# of target genes: ~102

# of functional sites: ~102-103 sites
(i.e. targets)

# of natural decoys: ~10° sites

Figure 1.6: Examples of natural decoys (NDs) for a transcription factor. The
recognition sequence and high-affinity quasi-specific sequences for Egr-1.
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centration is as high as 10 to 10 M, which is far greater than the typical
dissociation constants (1071~ 10" M) for specific or quasi-specific DNA com-
plexes of transcription factors. Consequently, binding to NDs would effectively
sequester transcription factors and preclude them from binding to functional
target sites. A well-characterized example is the ND for the transcription fac-
tor CCAAT /enhancer-binding protein a(C/EBPe«). Because many NDs for
this protein exist in tandem repeats (typically, thousands of copies) of 171-
bp a-satellite DNA in the centromere regions of mammalian chromosomes,
the C/EBPa molecules are effectively sequestered in the centromeres. This
sequestration reduces the transcriptional capability of C/EBP«a.1%4 An al-
tered specificity mutation of C/EBPc«, which reduces binding to a-satellite
DNA but permits binding to the functional target sites, causes an elevation
in binding of C/EBPa to a promoter and an increase in transcriptional out-
put from the promoter.?> This phenomenon suggests that NDs play a role
in gene regulation via the functional sequestration of the transcription fac-
tor. Sequestration in NDs may also have a positive impact on transcription
factors. Burger et al. conducted a theoretical study on the potential role of
NDs as protectant for transcription factors.%® If their DNA-bound states are
less susceptible to proteolysis, NDs may prolong the mean lifetimes of tran-
scription factors, partially offsetting the negative consequences of functional

sequestration in non-functional regions.?

3Section adapted with permission with permission from Kemme, Catherine A., et al.
”Regulation of transcription factors via natural decoys in genomic DNA.” Transcription 7.4
(2016): 115-120.
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Figure 1.5: The DNA binding domain

of Egr-1 bound to its target site. Each

zinc finger binds to 3 base pairs, shown petitor DNAs, including nonspecific

the yellow, green, and red bars below
the recognition sequence.

DNA in the presence of various com-

and quasi-specific sites. The presence
of quasi-specific sites on competitor
DNA significantly decelerates the target association of Egr-1. The impact of
quasi-specific sites depends strongly on their affinity, their concentration, and
the degree of their binding to the protein. To demonstrate the presence of
natural quasi-specific sites, we repeat our experiments with calf thymus DNA
as a competitor. To quantitatively describe the kinetic impact of quasi-specific
sites, we derive an analytical form of the apparent kinetic rate constant for

the target association and use it to fit the experimental data.?

4Paragraph adapted with permission from Kemme, Catherine A., et
al. "Influence of quasi-specific sites on kinetics of target DNA search
by a sequence-specific DNA-binding protein.”  Biochemistry 54.44  (2015):
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1.5.2 2. How can TFs reach functionally important sites despite
the enormous presence of NDs?

DNA methylation may also control the sequestration of transcription
factors in NDs. The methylation of CpG dinucleotides in DNA attracts
methyl-CpG-binding proteins, such MBD1, MBD2, and MeCP2.%° These pro-
teins may block NDs for some transcription factors (eg., ATF2, Egr-1, Elfl,
E2F4, HIFla, Nrfl, Spl, and USF1)™ that recognize sequences containing
CpG dinucleotides. For example, the 9-bp recognition sequence of Egr-1 con-
tains two CpG dinucleotides (see Figure 1.5), but their methylation does not
affect the intrinsic affinity of Egr-1 for its target DNA.* Many functionally
important target sites of these transcription factors are located in CpG islands
(CGIs). Because the total length of all CGIs is less than 1% of the genome
size,% the vast majority of NDs should be located outside CGIs. Interest-
ingly, CpG methylation is rare (< 10%) in CGls, whereas the overall level
of CpG methylation in genomic DNA is ~85%.7"" Therefore, the target site
in CGIs are likely unmethylated, whereas CpG dinucleotides within or near
NDs are methylated. This distribution may enable methyl-CpG-binding pro-
teins to selectively block NDs, assisting transcriptional activators in binding

to functionally important sites within CGIs.” (Figure 1.7)

In chapter 3, we examine the kinetic impact of DNA methylation of

6684.http://pubs.acs.org/doi/abs/10.1021%2Facs.biochem.5b00967

5Paragraph adapted with permission from Kemme, Catherine A., et al. ?Regulation of
transcription factors via natural decoys in genomic DNA.” Transcription 7.4 (2016): 115-
120.
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Figure 1.7: Top panel) Transcription factors, without the presence of other
proteins, could be sequestered by off target sequences, and consequently never
reach their target site within CGIs. Bottom panel) With the presence of other
proteins, transcription factors can activate their functional target because the
natural decoys are bound.
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decoys on the search process of Egr-1. We analyze its association with an
unmethylated target site on fluorescence-labeled DNA in the presence of com-
petitor DNA duplexes, including Egr-1 decoys. We show that for Egr-1, DNA
methylation alone does not affect target search kinetics. In the presence of
MeCP2’s methyl-CpG binding domain (MBD), however, DNA methylation
of decoys substantially (~10-30 fold) accelerated the target search process
of Egr-1. This acceleration does not occur when the target is methylated.
These results suggest that decoy methylation binds MBD proteins, which block
methylated decoy and allow Egr-1 to avoid sequestration in non-functional lo-
cations. This effect may occur in vivo for DNA methylation outside of CpG

islands (CGls) and could facilitate localization of transcription factors within

CGIs. ¢

1.5.3 3. How do transcription factors scan DNA? How do interfa-
cial side chains scan DNA bases?

Transcription factors locate their DNA target site through the process
of scanning, which consists of nonspecific interactions with DNA. Nonspecific
interactions are thought to be significant in protein scanning because they act
as a "guide” for protein translocation through one-dimensional sliding or in-
tersegment transfer.” Many of transcription factors contain basic amino acids

(arginine and lysine) which are used to recognize nucleic acids when binding to

6Paragraph adapted from Kemme, Catherine A., et al. ”Potential role of DNA methy-
lation as a facilitator of target search processes for transcription factors through interplay
with methyl-CpG-binding proteins.” Nucleic Acids Research (2017). under the Creative
Commons License (http://creativecommons.org/license/by-nc/4.0/)
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DNA. The side chains are extremely important for hydrogen bonding to DNA
base pairs or for electrostatic interactions between side chains and the DNA
backbone.”™ ™ Their importance has also been discussed in thermodynamic
studies, as they play a role in condensed counterion release when a transcrip-
tion factor binds to DNA.95! Previous studies by (Esadze et al.) have shown
the dynamic difference of Egr-1’s basic sidechains when it is free or bound
to its target, and indicate that there are significant changes in mobility of
both arginine and lysine sidechains. While basic sidechains which contacted
the phosphate group on the DNA backbone remained significantly mobile, the
basic sidechains which hydrogen bond to DNA bases become strongly immo-
bilized.®? In 2006, Iwahara et al showed that arginine sidechains involved in
HoxD9 binding to DNA are indeed more mobile when bound nonspecifically

to DNA sequences than when bound to its specific sequence.”

In Chapter 4, we use various NMR assays to calculate the S? order
parameters which quantitatively describes the dynamics/mobility of a given
molecule. We discuss the dynamics of Egr-1’s arginine sidechains when Egr-1 is
bound to completely nonspecific DNA compared to when it is bound to quasi-
specific or specific DNA. We found that Egr-1 in complex with quasi-specific
DNA causes a decrease in mobility for many of the arginine sidechains, while

side chains are much more dynamic when Egr-1 is in complex with non-specific

DNA.
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1.6 Significance

Our current work provides a new perspective on target DNA search
mechanisms for transcription factors. Over the past four decades, mecha-
nisms allowing transcription factors to rapidly locate their specific targets in
the genome have been the subject of considerable interest in biophysics and
biochemistry.1%636> While recent studies using nuclear magnetic resonance
(NMR) and single-molecule techniques revealed great details on how proteins
scan DNA efficiently,?®3538 studies that focus on factors that impede the
search process have been rare. Numerous nonfunctional high-affinity sites in
the genome could serve as decoys that trap transcription factors and affect
their functions. Our study shows that the target search process for tran-
scription factors can be greatly accelerated when other proteins block such
decoys. This mechanism does not require any direct protein-protein interac-
tions, although the current paradigm for synergy between transcription factors
typically assumes their direct interactions.”®”" In addition, our work shows
that MeCP2 MBD facilitates the association of the Egr-1 zinc-finger protein
with unmethylated target by blocking methylated decoys. In principle, other
proteins could also provide the same acceleration mechanism, as long as they
selectively block decoys but not targets. For example, highly expressed tran-
scription factors with similar but different sequence specificity may enhance
the function of other transcription factors by selectively blocking their decoys.
Natural decoys and their DNA methylation may play key roles in regulation

of transcription factors. By studying these characteristics, we will develop a
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better understanding of transcription factor interactions in vivo.”

Studying the mechanisms behind transcription factor target search also
allows researchers to apply this knowledge to possible gene regulatory ther-
apeutics through the engineering of artificial proteins for DNA binding. For
example, Egr-1, an inducible transcription factor, has been used as a template
for zinc finger technology, a transcription factor-based therapeutic designed
for genome editing. This therapeutic applies the knowledge of DNA sequence
recognition to remove or add portions of the genome.” 3 It has been applied
to an HIV therapeutic in clinical trials, as well as a gene editing tool for an-

™ By improving our understanding of

imal models in scientific experiments.
the mechanisms behind protein DNA recognition, engineered proteins can be

perfected to fit the physiological criteria for protein DNA binding.

"Paragraph adapted from Kemme, Catherine A., et al. ”Potential role of DNA methyla-
tion as a facilitator of target search processes for transcription factors through interplay with
methyl-CpG-binding proteins.” Nucleic Acids Research (2017) under the Creative Commons
Attribution License. (http://creativecommons.org/license/by-nc/4.0/
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Chapter 2

Effects of natural decoy DNA on the target
search kinetics of Egrl !

Many transcription factors and DNA-repair/modifying enzymes per-
form their function by recognizing particular sequences or structural signatures
as targets in DNA. In eukaryotes, this must be accomplished in the presence
of billions of base pairs of genomic DNA containing numerous nonspecific
sites that are structurally similar to the targets. While scanning DNA, these
proteins should encounter numbers of sites on DNA, which positively and neg-
atively impact the kinetics of the proteins target search. Nonspecific sites near
targets can accelerate the target association process by creating an antenna
that directs the proteins to its target through one-dimensional diffusion along
DNA (”sliding”).10:39:6365.79 Tp contrast, nonspecific sites far outside the an-
tenna on the same DNA or sites on different DNA molecules can effectively
trap proteins because sliding or hopping from such sites does not directly lead

to target association.!!64

Since the discovery of amazing rapid association of Escherichia coli lac

IChapter adapted with permission from Kemme, Catherine A., et al
"Influence of quasi-specific sites on kinetics of target DNA search by a
sequence-specific  DNA-binding protein.”  Biochemistry 54.44  (2015): 6684.
http://pubs.acs.org/doi/abs/10.1021%2Facs.biochem.5b00967
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repressor with operator DNA in 1970,'® many studies have focused on the
mechanisms that accelerate target DNA search by proteins. Translocation
processes such as sliding, hopping, and intersegment transfer were proposed as
the mechanisms for efficient target location, initially based on indirect evidence
from various biochemical experiments.!%1? Mainly in the 21st Century, these
translocation processes were directly confirmed by biophysical methods such
as nuclear magnetic resonance (NMR) and single-molecule techniques.?® 3638
Meanwhile, studies that focus on factors that decelerate the search process
remain rare.® Trapping of proteins at nonfunctional sites on DNA could
be prevalent in the nucleus because of extremely high DNA density(~100
mg/mL).> Even though 80% of the DNA is covered by histones,* the concen-
tration of accessible DNA (i.e., linkers) in the nuclei is estimated to be as high
as ~0.5 mM. Furthermore, genomic DNA includes many sites that are similar
to the target sequence. Such sites, which we term quasi-specific sites, should
exhibit relatively high affinities and therefore potentially trap the proteins
more effectively and hinder their search for targets®®8!(Figure 2.1). To date,
however, the influence of quasi-specific sites on functions of sequence-specific

DNA-binding proteins remains to be investigated by experimental means.

We address this problem for the inducible transcription factor Egr-1,
(also known as Zif268), which recognizes the 9 bp sequences, GCG(T/G)GGGCG,
via three zinc finger domains.®>%3% In the nervous system, Egr-1 functions as
a regulator of synaptic plasticity to promote memory formation.’®5" In the

cardiovascular system, Egr-1 mediates the formation of scar tissue and inti-
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72 Nclmspecific | Quasi-specific

.

(Specific)

Figure 2.1: Hypothetical model showing the trapping effect caused by the
presence of quasi-specific sites. Decreased dissociation from the high affinity
quasi-specific site would reduce the available concentration of Egr-1, prevent-
ing it from binding to the actual target site.

mal thickening in response to damage cause by cardiovascular injury.’*> To
activate these responses, Egr-1 must locate its target sequence and initiate
the gene response within a short time, because of its limited lifetime in the
nucleus (half-life of ~0.5-1 hr.)®® In this study, using fluorescence methods, we
demonstrate the influence of various quasi-specific DNA on the efficiency in
the target search by Egr-1, and show that there is a decrease in target search
efficiency due to the presence of quasi-specific DNA (Figure 2.1). This chapter
presents a kinetic model for analyzing the effect of quasi-specific sites during
the target DNA search process and provides insight into how much this effect

impedes Egr-1’s search process in the nucleus.

28



2.1 Materials and Methods
2.1.1 Egr-1 preparation and purification

The protein construct used in this study was the Egr-1 DNA binding
domain (DBD), which consists of three zinc fingers (human Egr-1 residues 335-
423). For the sake of simplicity, we will refer to this construct as Egr-1 here-
after. A chemically synthesized gene from DNA oligonucleotides which encodes
the zinc-finger domains of Egr-1 (residues 335 - 432) was amplified by PCR
and inserted in a pET-49b vector (Novagen). After transfecting BL21(DE3)
Escherichia coli cells with the plasmids, we grew a 4-liter culture at 37°C in
minimal media to express Egr-1 zinc finger domain fused with glutathione-S-
transferase. To isotopically label the protein, 13C glucose and 15N ammonium
chloride were used in the minimal media. Once the O.D.600 of the culture
reached 1.0 -1.2, we induced protein expression with 0.4 mM isopropyl-3-D-1-
thiogalactopyranoside, and added 50 uM ZnCl,. Upon induction, the culture
temperature was reduced to 24°C and cultivated for ~18 hours. The cells
were then collected and centrifuged at 4000 x g and resuspended in a buffer
containing, 50 mM Tris-HCI (pH 7.5), 500 mM NaCl, and 5% glycerol, and 1%
Triton X-100 and 2 tablets of EDTA-free protease inhibitor cocktail (Roche).
The cells were disrupted through sonication and then centrifuged for 20 min
at 30000 x g and 4°C. The supernatant was loaded onto a GSTPrep FF column
(GE Healthcare) and washed with 50 mM Tris-HCI (pH 7.5), 400 mM NaCl,
and 1% Triton X-100. We then eluted the GST-Egr-1 zinc finger domain fusion
protein with 50 mM Tris-HCI, 400 mM NaCl, 10 mM glutathione, pH 7.5. The
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fusion protein was cleaved with 100 units of HRV-3C protease (GE Health-
care) overnight at 4°C and confirmed by SDS-PAGE. We then concentrated
the protein to 10 mL with an Amicon Ultra-15 device (Millipore) and purified
with Sephacryl S100 26/60 column (size-exclusion chromatography from GE
Healthcare) using a buffer of 50 mM Tris-HCIl(pH7.5), 1 M NaCl, 2mM -
mercaptoethanol (BME), and 0.2 mM ZnCl,. Fractions containing Egr-1 were
confirmed using SDS-PAGE, then collected and buffer exchanged to 50 mM
Tris-HCI (pH 7.0), 200 mM NaCl, 2 mM S-mercaptoethanol, 5% glycerol, and
100 mM ZnCly. The protein was purified using a Mono-S 5/5 cation exchange
column (GE Healthcare) equilibrated with the same buffer and eluted with a
gradient from 200- 1 M NaCl.

2.1.2 DNA preparation.

All fluorescence experiments used a 143-bp probe DNA duplex contain-
ing an Egr-1 target sequence, GCGTGGGCG, near a 5-end to which a fluo-
rescein amidite (FAM) is attached (Figure 2.2A.) The same 143 bp probe DNA
was used in previous studies. A 5° FAM labeled 33-mer single-stranded DNA
primer was purchased from Integrated DNA Technology (IDT), along with a
reverse primer, and a pUC-19 plasmid as a template. This DNA duplex was
generated by polymerase chain reaction (PCR) with the FAM-labeled 33-mer
primer, an unlabeled reverse primer, and the pUC19 plasmid (New England
BioLabs) using Vent DNA polymerase (New England Biolabs). After the re-

action, we purified it with a Resource-( anion exchange column eluting the
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DNAL,, 5-CTATTTAGGCGGTATTCCGAACCTTCAG-3
‘W 3'-CATAAATCCGCCATAAGGCTTGGAAGTC-5' 02
5-bp match
5'-GTATGTAGGCGGTATTCCGAACCTTCAG-3' 0 500 520 540 560 580 0
DNALgs  3.CATACATCCGCCATAAGGCTTGGAAGTC-5' Wavelength (nm)
6-bp match Probe DNA only 10! 102 10° 10 10°
5'-GTATGTGGGCGETATTCCGAACCTTCAG-3' — +Egr-1and 4 uM DNAL.
DNA LT 3 ATACACCCGCCATAAGGCTTGGARGTC-5' +Egr-1and 4 uM DNA '-\Iv [Competitor] (nM)
7-bp match + Egr-1 and no competitor

Figure 2.2: Measurement of relative affinities of quasi-specific DNA duplexes
for the Egr-1 zinc finger protein. (A) FAM-labeled 143 bp DNA duplex as
the probe DNA. The Egr-1 target site is colored red. The same probe DNA
was used in our previous studies. (B) Nonspecific competitor DNA. This 28
bp duplex termed DNA L does not contain any sites similar to Egr-1. This
nonspecific DNA was also used in our previous studies. (C) Quasi-specific
DNA duplexes Ly, Lg, and Ly, which contain a sequence similar to the Egr-1
target. (D) FAM fluorescence emission spectra meausured for 2.5 nM probe
DNA. (E) Data from the competition assays. FAM fluorescence was measured
for the solutions fo 2.5 nM probe DNA, 30 nM protein, and competitor DNA
at varied concentrations in 10 mM Tris-HCI (pH 7.5), 0.2 muM ZnCly, and
150 mM KCI. Fractions of the free probe DNA were measured from FAM
fluorescence as a function of the concentration of the quasi-specific 28 bp DNA.
Solid lines show the best fit curves obtained via nonlinear least-squares fitting
with eq.2.3.
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DNA with a gradient of 0 to 1.5 M NaCl, with a buffer of 50 mM Tris-HCl
(pH 7.5) and 1 mM ethylenediaminetetraacetic acid. The fractions from the
purified reaction mixture were collected and concentrated down, then purified
via polyacrylamide gel electrophoresis (PAGE) using 4-20% gradient polyacry-
lamide/TBE gels (Invitrogen). The PCR product was then cut out from the
gel, crushed, and shaken at room temperature in 10 mM Tris-HCI (pH 7.5)
and 40 mM KCI for 24-36 hours. Once the PCR product sufficiently diffused
into solution, it was purified with the PCR purification kit (Qiagen). Four
types of unlabeled 28 bp competitor DNA duplexes were used in these exper-
iments. One competitor, termed DNA L, is a completely nonspecific duplex
(Figure 2.2B), was purchased as single stranded DNA from IDT and purified
via Mono-( anion exchange chromatography. The complementary strands
were quantified, annealed, and repurified on the Mono-Q after annealing. The
other three 28 bp competitor duplexes are derivatives of DNA L and contain
a quasi-specific site with a 5, 6, or 7 bp match with the 9 bp target sequence
GCGTGGGCG (Figure 2.2C). Each chemically synthesized DNA strand was
purchased from Integrated DNA Technologies and purified in the same manner
as DNA L. Calf thymus DNA was purchased from Invitrogen and sonicated
for fragmentation into an average size of ~500 bp, which was confirmed by

0.9% agarose gel electrophoresis in TBE buffer (Invitrogen).
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2.1.3 Competition Assays for the specific versus quasi-specific and
nonspecific DNA duplexes.

Relative affinities of quasi-specific DNA duplexes for the Egr-1 zinc fin-
ger protein were measured by fluorescence-based competition assays with an
ISS PC1 spectrofluorometer. Using an excitation wavelength of 460 nm and
an emission wavelength of 521 nm, The FAM fluorescence was measured for
2 mL solutions of the 143 bp FAM-labeled DNA (2.5 nM), protein (30 nM),
and competitor DNA (0-64 M) in a buffer of 10 mM Tris-HCI (pH 7.5), 0.2
uM ZnCl,, and 150 mM KCI. FAM fluorescence was also measured in the ab-
sence of both protein and competitor DNA, which corresponds to the maximal
fluorescence intensity caused by the absence of quenching by macro-molecular
interactions. The FAM fluorescence in the presence of 30 nM protein but in
the absence of competitor DNA corresponds to the minimal intensity because
of complete association of the target with the protein under these conditions.
The FAM fluorescence was measured as a function of concentrations of com-
petitor DNA and was normalized to the intensity of the free probe with no
competitor DNA. A control experiment with no protein but with competitor
DNA was also performed under identical conditions. The normalized intensi-
ties from the control experiment were subtracted from the intensity data at
individual concentrations of competitor DNA, so that any direct influence of
competitor DNA on FAM fluorescence would be removed. The fraction of the
free probe DNA (pgee) was calculated from these intensities, assuming that

each obtained intensity is the population-weighted average of the intensities
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for the free and protein-bound states of the probe DNA.

When the total concentrations of the probe DNAs ( Dy ), protein (Po),
and competitor DNA (Cl) satisfy the relationship Dy, << Pioy << Ciot, the

fraction of the probe DNA in the free states (pgec) is given by

1+ C1‘501:/[(d(comp)
I+ Ctot/Kd(comp) + Ptot/Kd(probe)

Ptree = (21)

where Kg(comp) and Kq(probe) are the dissociation constants for the com-
petitor and probe DNA duplexes, respectively. The observed fluorescence in-

tensity (/,ns) should be a function of pgee

Iobs = pfreeIfree + (1 - pfree) [bound (22)

where [ and Iouma are intrinsic fluorescence intensities for free and protein-
bound probe DNA duplexes, respectively. If Ciot >> Kqcomp), €9 2.2 becomes

a simple expression:

I _ pfreejfree + P)totjbound
obs I'Ciot + Prot

(2.3)

The parameter I' represents a relative affinity defined as Kggprobe) /Kd(comp).
This equation was used to determine the relative affinity I' of the quasi-specific
DNA duplexes via nonlinear least-squares fitting to the experimental 1,5 data
as a function of Cyy;. Note that reaching the asymptote at high concentrations
of the competitor in this titration experiment is not a requisite for determina-
tion of I', because the asymptote corresponds to Igee, the fluorescence intensity
of the free state of the probe DNAs, which was directly measured. The fitting

calculations were performed with MATLAB software.
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2.1.4 Stopped-flow fluorescence kinetic assays.

The target search kinetics of Egr-1 was measured at 20°C using an
ISS PC-1 spectrofluorometer equipped with an Applied Photophysics RX.2000
stopped-flow device. In these experiments, the following two solutions were
rapidly mixed in a 1:1 volume (~0.5ml) ratio by the stopped-flow device: (1)
a solution of the Egr-1 zinc finger protein and (2) a DNA solution of FAM-
labeled probe DNA and competitor DNA. Both solutions were in a buffer of
10 mM Tris-HCI (pH 7.5), 0.2 uM ZnCly, and 150 mM KCI. Immediately after
the flow for mixing had been stopped, the time course data of the fluorescence
intensity were collected for 4-35 s with a time interval of 20-50 ms. The FAM
fluorophore was excited at 460 nm, and the emission light that passed through
a long pass filter with a cutoff at 515 nm (Edmund Optics) was recorded. For
the competitor, we use the synthetic 28 bp duplexes show in Figure 2.2 and
the sonicated calf thymus DNA. When the mixtures of synthetic 28 bp du-
plexes were used as competitor DNA, the total concentrations of nonspecific
and quasi-specific 28 bp duplexes was kept constant at 2 M, though the con-
centrations of quasi-specific duplexes were varied between 0.05 and 0.25 M.
When the sonicated calf thymus DNA was used as the competitor, the exper-
iment was performed at two different ”base pair” concentrations, 56 and 112
M (corresponding to 37 and 74 ug/ml, respectively). Each measurement was
repeated 8-20 times via multiple injections. In all kinetic measurements, the
concentration of the probe DNA (Dy) was 2.5 nM, whereas the concentrations

of the protein (Py) and competitor (Cyo) were varied. To create a pseudo
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first-order condition that simplifies the kinetic analysis, all binding reactions
were conducted under conditions of Dy, << Py << Ciot. The apparent
pseudo-first-order rate constant (k,pp) for target association was determined
from the time course of fluorescence intensity, I(t), via nonlinear lest-squares

fitting with

I(t) = oo+ (IO - Ioo)&Tp(—l{?appt) (24)

where I and I, represent the intensities at time zero and infinite time,
respectively. Rate constant k,p, was measured as a function of protein, and
the protein concentration dependence data were analyzed with the kinetic
model that is described below. MATLAB software was used for nonlinear

least-squares fitting.

2.2 Results
2.2.1 Relative affinities of quasi-specific DNA duplexes.

For quantitative characterizations of the quasi-specific sites, we first
assessed their relative affinities with respect to the target site. Our previous
studies on nonspecific interactions between the Egr-1 zinc finger protein and
DNA utilized a completely nonspecific 28 bp duplex, which we term DNA L
(Figure 2.2B). This DNA does not contain any sequences similar to the Egr-1
target. For the investigations of quasi-specific sites, we made three variants of
DNA L, which were named Ly, Lg, and Ly (Figure 2.2C). Each contains a

quasi-specific sequence involving a 5 bp (Ly/), 6 bp (Lg), or 7 bp (L) match
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with the 9 bp target sequence CGCTGGGCG, and the subscripts in the names
of these variants stand for weak, strong, and tight, respectively, representing

their relative affinity for Egr-1.

Using fluorescence-based competitions assays,*® we investigated affini-
ties of these quasi-specific DNA duplexes. In these experiments, the Egr-1
zinc finger protein (30 nM) and the FAM-labeled 143 bp probe DNA (2.5 nM)
were mixed with competitor DNA, and the FAM fluorescence at equilibrium
was measured as a function of the competitor concentration. A fluorescent
FAM moiety is attached covalently to the 5-end proximal to the target site
on the probe DNA. The FAM fluorescence is partially quenched upon Egr-1’s
association with the target site (Figure 2.2D). In the absence of competitor
DNA, the target site on the probe DNA is virtually 100% bound to the pro-
tein because of its high affinity for the target (K; <0.1 nM) under the current
conditions.?l'#5 Addition of high affinity quasi-specific DNA increased the un-
bound targets due to transfer of protein from the target to the competitor,
thereby reducing the fluorescence quenching affect (Figure 2.2D). From the
fluorescence intensity data along with the intensities for the free and protein-
bound states, we obtained the fractions of the free state of the target site on
the probe DNA at individual concentrations of competitor DNA (Figure 2.2E).
Competitor DNA duplexes at high concentrations out competed the target site
on the probe DNA| increasing the fraction of its free state. Using these data,
we determined the relative affinities of these quasi-specific DNA duplexes with

respect to the affinity of the target on the probe DNA via non-linear least-
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squares fitting with eq 2.3. The first two concentration points were excluded
from the fitting calculations because these concentrations do not satisfy the
inequality P;,; << C}o, which is required for eq 2.3. The best fit curves are
shown in Figure 2.2E. Value of ' = gdwsspecific /fespecific o HNA duplexes
Ly, Ls, Ly were determined to be 5.6 0.8, 2544, (3.9 4 1.7) x 103, respec-
tively. These results qualitatively indicate that a sequence more similar to the
target sequence exhibits a stronger affinity, which is quite reasonable. This set
of quasi-specific DNA duplexes allowed us to examine the relationship between

the affinity and kinetics impact of quasi-specific sites, as described below.

2.2.2 Impact of quasi-specific sites on the kinetics of target search.

By stopped flow-fluorescence assays similar to those described in our
previous studies, we investigated the influence of the quasi-specific DNA on
the target search kinetics of Egr-1.214% The basic scheme for the kinetic exper-
iment is depicted in Figure2.3A. In these assays, a protein solution is mixed
with a DNA solution containing the probe DNA (final concentration, 2.5 nM),
nonspecific competitor DNA L, and quasi-specific competitor DNA Ly, Lg,
or Ly. The final total concentration of the competitor DNA duplexes (i.e.,
nonspecific + quasi-specific) was kept constant at 2000 nM, whereas the con-
centration of the quasi-specific competitor was varied. Immediately after the
flow of mixing was stopped, the reaction time course for the association of the
protein to the target site was recorded by measuring the change in the FAM

fluorescence intensity over time. Some of the time course data are shown in
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Fig 2.3B. The percent change in fluorescence intensity was typically 3-7%, de-
pending on the fraction of the protein bound state of the target site on DNA
at equilibrium. The change was relatively small when the target site on the
probe DNA (2.5 nM) was out-competed by the high-affinity quasi-specific site
of a substantially higher concentration (e.g., see the data with 50 nM DNA
Ly in Figure 2.3B). Time courses for the fluorescence intensity were found to
be mono-exponential. The pseudo-first-order rate constants (kapp) were de-
termined from the time course data at various concentrations of protein and

quasi-specific DNA.

While the total competitor concentration was kept at 2 uM, the pseudo
first-order rate constants (kapp) were measured at various concentrations of the
protein in the presence of 80, 150, and 250 nM quasi-specific DNA Ly, (Figure
2.3C, or Lg (Figure 2.3D). For the quasi-specific DNA Ly, only a single con-
centration of 50 nM was tested (Figure 2.3E) because the kinetic measurement
at a higher concentration of this duplex was difficult due to the small magni-
tude of the fluorescence change. In all cases tested, we found that the presence
of the quasi-specific DNA made the target search kinetics considerably slower.
For each quasi-specific DNA, we measured the rate constants kapp using var-
ious concentrations of Egr-1, starting at low concentrations (10-25 nM) and
increasing until we reached the upper limit of our instrument’s measurable
range (~ 20 s7'). We found that as we increased the protein concentration,
the rate of association increased, as well. In the case with only nonspecific

DNA L being present as a competitor, the dependence of kapp on protein con-
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centration was linear (black in Figure 2.3C-E), as expected for any second
order process. The data for the cases in the presence of DNA Ly, were also
almost linear (Figure 2.3C). However, we found that the protein concentra-
tion dependence of kapp in the presence of DNA Lg or Ly was clearly biphasic
rather than linear (Figure 2.3D, E). At concentrations below the concentra-
tion of quasi-specific DNA| the rate of Egr-1 increased linearly with a shallow
slope. However, when the concentration of the Egr-1 zinc finger protein ex-
ceeded that of the quasi-specific DNA, the slope increased dramatically and
proceeded again in a linear fashion. This tendency was more pronounced for

high-affinity quasi-specific DNA.

2.2.3 Kinetic model for the target search in the presence of quasi-
specific sites.

To quantitatively understand the kinetic influence of the quasi-specific
site, we modified our previous analytical expression for the target search ki-
netics in the presence of nonspecific competitor DNA. Previously, for a system
involving protein, probe DNA | and competitor DNA, we showed that when
Doy << Pior << Clo the apparent second-order rate constant (k,) for target
association is related to the intrinsic association rate constant (ko) for each

nonspecific site as follows:*!

ko = pnSkonn (2.5)
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Parameter p represents a scaling factor (0 < p < 1) due to the trap-
ping of protein at nonspecific sites and corresponds to the fraction of protein
molecules that are not trapped by any nonspecific sites during the target search
process. Parameter S represents the so-called antenna effect;*!:5484 nonspe-
cific sites near the target on the same DNA serve as an antenna that attracts
the protein and makes the target association S-fold faster. Parameter n rep-
resents the enhancement factor (n > 1) due to intersegment transfer. On the
basis of the discrete stochastic kinetic model of Veksler and Kolomeisky,®® we
previously gave explicit forms of parameters n and S as functions of various
kinetic rate constants, equilibrium constants, and configurational factors.?!

When Dot << Pioy << Cior parameter p is given by

1 1

S . S 2.6
=7 7 1+ New/Kun (26)

Where Z corresponds to a partition function for protein at the pseu-
doequilibrium during the target search processs, Ny is the total concentration
of nonspecific sites (on competitor and probe DNA, excluding those in the an-

tenna region), and K, is the dissociation constant for each nonspecific site.

For the systems involving quasi-specific sites on competitor DNA, we
make the following two assumptions: (1) Parameters S and v are virtually
unaffected by the presence of quasi-specific sites on competitor DNA, and
(2) interactions of protein with quasi-specific sites and with nonspecific sites

reach steady states well before the interaction with the target site reaches
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equilibrium. The first assumption should be valid in the current case because
the quasi-specific sites are located only on the competitor DNA, not on the
probe DNA. The second assumption is justified when the concentrations of
the quasi-specific and nonspecific sites are far greater than the concentration
of the target site. The pseudoequilibrium for the nonspecific DNA was rig-
orously validated using exact numerous simulations for the system with only
nonspecific competitor DNA in previous work.#> Under the assumptions of
the pseudoequilibrium during the target search process, the trapping effect is

represented by the following parameter p,q:

1
14 Niot/Kan + [Q]/ Kaq

Pnq (2.7)

where Z,q represents a partition function in the form of the binding
polynomial for protein at the pseudoequilibrium in the presence of quasi-
specific sites; [Q] is the concentration of the quasi-specific sites in the free

state; and Kg 4 is the dissociation constant for each quasi-specific site.

Eq. 2.7 together with eq. 2.5 can qualitatively explain the biphasic de-
pendence of the apparent pseudo-first order rate constants (k,pp) on the total
protein concentration (P,.) as seen in Figure 2.3C-E. A slope of protein con-
centration dependence corresponds to an apparent second-order rate constant
k.. When the protein concentration is low, a high affinity (i.e., Kqq << Kq4n)
of the quasi-specific site and a large fraction of its free state can make the

[Q]/Kaq term predominant in partition function Z,q, rendering p,, << p.
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This corresponds to the first phase of the biphasic dependence, where the
slope is far gentler than one in the absence of the quasi-specific sites. When
the protein concentration is significantly higher than the total concentration
of the quasi-specific site, most quasi-specific sites are bound to the protein
and [Q] can become virtually zero, making pnq << p. This corresponds to the
second phase of the biphasic dependence, where the slope should be virtually

the same as that in the system involving no quasi-specific site.

In the case presented here, the concentration of quasi-specific sites in
the free state in the pseudoequilibrium during the target search process is
given by

1 1
Q] = §(Qtot + Piot + KaqZ) + B (2.8)

where Z = 1+ Nt/ Kan(i-e., the same as Z in eq.2.6). This expression
is derived by solving the equations Kq, = Niot[P]/[NP], Kaq = [Q][P]/[QP)],
Piot = [P] + [NP] + [QP], and Qior = [Q] + [QP], where [P], [NP], and [QP]
represent the concentrations of free protein, nonspecific sites bound to pro-
tein, and the quasi-specific site bound to protein, respectively. The apparent

pseudo-first-order rate constant (kapp) is given by
Kapp = (Pna/p)kao Prot (2.9)

where k.o corresponds to the second order rate constant when no quasi-

specific site is involved in competitor DNA.

For our experimental data in panels C-E of Figure 2.3, we conducted

fitting calculations with eqs 2.6-2.9 via optimization of two parameters, k.
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and Kg4. These calculations require the experimental value of the dissoci-
ation constant (K,,) for the affinity of each nonspecific site. In a previous
study,?! we determined Kg, to be 16 uM for Egr-1 under the identical buffer
conditions with 150 mM KCl. The best fit curves are shown together with
the experimental data in the graphs in Figure 2.3C-E. The fitting gave good
agreement with the experimental data. From these fittings to the kinetic data,
K4, values of DNA duplexes Ly, Lg, Ly were calculated to be 0.07 £ 0.05,
1.0£0.3, and 44 £ 7 nM, respectively. With experimental uncertainties taken
into consideration, ratios of these values from the kinetic data are consistent
with the relative affinity data from the competition assays. These results sug-
gest that our kinetic model can explain the kinetic influence of quasi-specific

sites both qualitatively and quantitatively.

2.2.4 Quasi-specific sites in genomic DNA.

To examine the influence of natural quasi-specific sites in genomic DNA
on the target search kinetics of Egr-1, we conducted the stopped flow fluores-
cence assays using calf thymus DNA as a competitor. In this experiment,
sonicated calf thymus DNA (average length ~ 500bp) was used instead of syn-
thetic duplexes such as DNA L, L, Ls, Lw. Using base pair concentrations
of 56 and 112 puM for the sonicated calf thymus DNA (equivalent to 2 and 4
uM, respectively, for 28 bp DNA) as a competitor, we measured the target
search kinetics of Egr-1 at 150 mM KCI. Figure 2.4 shows the dependence of

measured k,p, constants on protein concentration. The dependence in these
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experiments with calf thymus DNA appeared to be nonlinear, as seen in the
case with synthetic quasi-specific DNA. In fact, fitting with proportional func-
tions assuming a simple second order kinetics gave poor agreement with the
experimental data as shown in Figure 2.4 (dotted lines). These results strongly

suggest the significant influence of quasi-specific sites in calf thymus DNA.

To gain insight into the quantity and affinity of quasi-specific sites in
calf thymus DNA, we used our kinetic model to conduct global fitting for the
56 and 112 pM base pair data. In this calculation, we defined a probablity f
for quasi-specific sites, with which Qi = qutot in eqs 82.8 and 92.9, and op-
timized four parameters: fq, Kq4 and two k.o parameters individually defined
for the two data sets. Application of the current kinetic model to the genomic
DNA containing various different quasi-specific sites is obviously simplistic,
because this model assumes as uniform Ky 4 for all quasi-specific sites. There-
fore, the affinity (K4 ,) and concentration (Qiot) from these calculations should
be regarded merely as apparent parameters. The global fitting calculations
with eqs 6-9 showed excellent agreement with both experimental data sets
(solid lines, Figure 2.4) and yielded a coefficient of determination higher than
that of the linear model (R? values of 0.985 vs 0.849). This calculation gave
value for the apparent affinity (K4 ) and probability of quasi-specific sites (f)
of 3.7+ 0.8 nM and 0.0028 4 0.0003, respectively. These results suggest that
high-affinity quasi-specific sites number as many as ~ 10°® — 107 in 3 billion

base pairs of calf thymus genomic DNA.
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2.3 Discussion

2.3.1 Trapping at nonfunctional sites

Recently, methods such as ChIP-on-chip®® and ChIP-seq!* have allowed
for genome wide studies of binding sites of transcription factors in vivo. Such
genome wide studies showed that transcription factors bind to many DNA
sites that are apparently nonfunctional in the nuclei.!®8" As these methods
detect only high occupancy of transcription factors at sites with the strongest
affinities,®® there must be a far greater number of quasi-specific sites with
weaker affinities that are similar to the recognition sequences. This should be
particularly true for eukaryotes because their genome is large and eukaryotic
transcription factors recognize relatively short sequences (typically < 10 bp).”8
Because of the large abundance, quasi-specific sites could substantially influ-
ence transcription factors in vivo in both thermodynamic and kinetic terms,

as theoretically considered by Chakrabarti et al.®

Our current results from these kinetics experiments with calf thymus

DNA suggest that target DNA search by Egr-1 can be considerably impeded

due to ~ 10% — 107 quasi-specific sites, which substantially increase the mean

search time of Egr-1. For a pool of random k sequences, the probability of

finding m bp match in a window of n bp covered by a transcription factor is
given by

Pom =2(1/4)"(3/4)" " nCh, (2.10)

where ,,C,,, represents combinations and the factor of 2 accounts for the

sequence match for the complementary strand. Using this, the total number
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of quasi-specific sites (m > 6) for Egr-1 (n=9) is estimated to be on the
order of 107 sites in human genomic DNA comprised of 3 x 10° bp. Thus our

experimental results are roughly consistent with this probabilistic estimate.

2.3.2 Switch like response via natural decoys

When NDs sequester a transcription factor, the regulation of its target
genes requires a higher concentration of the transcription factor. More impor-
tantly, the genes response to a change in the concentration of the transcription
factor becomes non-linear and more like a binary on/off switch. Until the bind-
ing to the decoys is saturated, target association is not significant because the
transcription factors are trapped at the NDs before reaching the targets (Fig-
ure 2.5). The concentration at which the saturation occurs corresponds to
the threshold for the "on” state of the switch. At this point, the inhibitory
effects of NDs are eliminated. When the level of a transcription factor exceeds
this threshold, the target association of the transcription factor is drastically

enhanced.

If the threshold exist between normal (100%) and 50% concentrations of
a transcription factor, the heterozygous (+/—) and homozygous (—/—) knock-
outs of this transcription factor should result in almost equal changes in expres-
sion levels of this target genes. In fact, for example, a study Dmp1+/* Dmp1+/-,
Dmp1~/- mice showed such results for the transcription factor Dmp1 (Dmtf1).
The on-off switch-like response via NDs may also be relevant to a sharp spatial

boundary of expression in response to the gradient of the transcription factor
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Bicoid, a morphogen in Drosophila development. In the switch model, as long
as a transition between the "on” and ”off” phases is involved, even a relatively
moderate up or down regulation of a transcription factor may result in drastic
changes in expression levels of this target genes. This might be relevant to
some diseases, where protein levels are often affected by internal or genetic

mutations.?

2.3.3 Potential of role of other proteins in the regulation of tran-
scription factors.

The adverse effect of the quasi-specific sites on target association given
two important implications. First, a relatively high expression level of a tran-
scription factor is required for efficient regulation of their target genes, unless
other proteins occupy the nonfunctional quasi-specific sites. Second, functions
of the transcription factors would be considerably enhanced if other proteins
(e.g., histones and other nuclear proteins) bind to the quasi-specific sites and
make them inacessible for the transcription factors. The quasi-specific sites
could also be blocked by other proteins of the same transcription factor family
due to similar sequence specificity in DNA binding. DNA methylation could
block quasi-specific sites by altering their affinities or by attracting methyl-
CpG-binding proteins to quasi-specific sites containing methylated CpG din-

ucleotides. The latter should be particularly relevant to Egr-1. The 9 bp

2Section adapted with permission from Kemme, Catherine A., et al. ”Regulation of
transcription factors via natural decoys in genomic DNA.” Transcription 7.4 (2016): 115-
120.
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Egr-1 target sequences contain two CpG dinucleotides, yet their methylation
does not weaken association of Egr-1 with target DNA in vitro. Interestingly,
a genome wide ChIP-on-chip study of Egr-1 binding sites showed that func-
tional target sites for Egr-1 are colocalized with CpG islands. Note that DNA
methylation is rare (typically <10%) in CpG islands, although the overall CpG
methylation level is as high as 80% in mammalian genomic DNA. Because of
this distribution, it is likely that methyl-CpG-binding proteins do not block
functional target sites for Egr-1 in the CpG islands but blcok the majority of
quasi-specific sites. Western blot and DNA association data for nuclear ex-
tracts (e.g., refs) suggest that when induced, the level of nuclear Egr-1 in vivo
is roughly on the order of 1079 to 10=7 M, corresponding up to ~10* copies per
nucleus. Considering that this number is smaller than the estimated number
of quasi-specific sites in genomic DNA, blocking or releasing of quasi-specific
sites may work as an effective mechanism for the regulation of Egr-1 and other
transcription factors. Further studies are required to examine this interesting

possibility.
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Figure 2.3: Impact of quasi-specific DNA on the target search kinetics of the
Egr-1 zinc finger protein. (A) Schematic of the stopped flow fluorescence assay
for investigating the impact of quasi-specific DNA. In this assay, the change
in FAM fluorescence was monitored upon mixing the solution of the Egr-1
zinc finger protein with the solution containing the 143 bp FAM labeled DNA,
nonspecific 28 bp DNA, and quasi-specific 28 bp DNA. The concentration
of the probe DNA was 2.5 nM. The total concentration of 28 bp duplexes
(nonspecific + quasi-specific) was 2000 nM, and the concentration of the quasi-
specific DNA was varied. (B) Examples of the fluorescence time course data
and monoexponential fittings. (C-E)Protein concentration dependence of the
apparent pseudo-first-order rate constant (k,p,) for target association in the
presence of quasi-specific DNA Ly, (C), Lg (D), and Ly (E). Circles show
the k,p,, constants obtained from monoexponential fitting to the fluorescence
time course data. The solid lines represent the best-fit curves obtained via
non-linear least-squares fitting with eq.2.6, eq.2.7, eq.2.8, and eq.2.9. In these
calculations, only two parameters, K44 and k,o, were optimized. The buffer
conditions for these experiments were 10 mM Tris-HCI (pH 7.5), 0.2 uM ZnCl,,
and 150 mM KCI. Note that protein concentration dependence of the target
search kinetics becomes biphasic (rather than linear) in the presence of high
affinity quasi-specific sites. 50
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Figure 2.4: Evidence of the kinetic influence of natural quasi-specific sites on
the target search process by Egr-1. The graph shows the protein concentration
dependence of k,p, constants measured with the stopped flow assay using calf
thymus DNA as a competitor. To reduce the viscosity, calf thymus DNA was
fragmented into an average length of ~500 bp by sonication. The dotted lines
represent fitting with proportional functions. The solid lines are the best-
fit curves obtained via nonlinear least-squares fitting with eqs 2.6-2.9. The
fitting calculation was performed for the two data sets simultaneously. In this
calculation, four fitting parameters were optimized: two k.o parameters at
two different overall DNA concentrations, the apparent affinity (Kq, ), and
the probability (f,)of quasi-specific sites. The global fitting calculations gave
an apparent probability of the quasi-specific sites among the genomic DNA
of 0.28 £ 0.03%, and K4, = 3.7£ 0.8 nM. These data suggest that there are
~106-10" quasi-specific sites with high affinity for Egr-1 in the genomic DNA.
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Figure 2.5: The influence of NDs on the target association kinetics of a tran-
scription factor (TF). NDs preclude TFs from their targets. When all NDs
are occupied by proteins, target association is drastically increased because
the inhibitory effects of the NDs are eliminated. This phenomenon creates as
on-off switch-like response.
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Chapter 3

Influence of methylation in the presence of
MeCP2 on the target search kinetics of Egr-1!

In chapter 2, we demonstrated a quantitative description of the impact
of quasi-specific sites on target search kinetics for Egr-1. Depending on the
affinities and numbers of quasi-specific sites, they can substantially impede
the search process due to trapping of the protein. Because of this effect, the
protein concentration dependence of the apparent pseudo-first-order kinetic
rate constant for target association in the presence of quasi-specific sites is
biphasic (rather than linear) despite the second-order-nature of the target
association process. When all quasi-specific sites are saturated with proteins,
the target association becomes much faster because the strong trapping effect
becomes absent . Given this observation, it is reasonable to consider that a
large number of decoys makes it difficult for Egr-1 to adequately occupy each
functional target because sequestration of Egr-1 molecules may occur in off

target locations.

Despite these circumstances, how can Egr-1 reach functionally impor-

!Chapter adapted from Kemme, Catherine A., et al. ”Potential role of DNA methylation
as a facilitator of target search processes for transcription factors through interplay with
methyl-CpG-binding proteins.” Nucleic Acids Research (2017) under the Creative Commons
License (http://creativecommons.org/licenses/by-nc/4.0)
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tant targets? This is probably relevant to Egr-1’s co-localization with CpG
islands (CGls) in wivo, which has been shown in some cell types in several
genome-wide ChIP-on-chip and ChIP-seq studies.!>8%9 CGIs are regions of
DNA with a high density of CpG dinucleotides (CpGs) present within 200-
3000 bp. The human genome contains ~25,000 CGIs, most of which are sites
of transcription initiation.”! In fact, the majority (~ 70%) of human gene pro-
moters are associated with CGls, although CGIs represent only 0.8% of the
human genome.® Perhaps surprisingly, CGIs are typically unmethylated for
active genes, although CpGs are the substrates of major DNA methyltrans-
ferases and ~85% of CpGs in the human genome are methylated.”™ Because
the Egr-1 consensus sequence, GCGTGGGCG, contains two CpGs, it is rea-
sonable to consider that functionally important Egr-1 sites within CGls are

unmethylated, whereas Egr-1 decoys outside CGIs are methylated.

Given this information, one may think that DNA methylation may di-
minish affinity of decoys, allowing Egr-1 to locate unmethylated targets within
CGIs. CpG methylation moderately changes structural properties of DNA and
thereby affects some transcription factors.”> However, our recent biochemical
study showed that the affinity of Egr-1 for its recognition sequence is unaf-
fected by CpG methylation.*® The crystal structures of Egr-1 complexes with
unmethylated and methylated targets.*%8%8%9 Thus, DNA methylation alone

cannot drive Egr-1 to unmethylated recognition sequences within CGls.

Based on these considerations, we formulated a hypothetical model to

explain how Egr-1 locates unmethylated targets within CGIs. This model is
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schematically depicted in Figure 3.1 and would work in the following manner.
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Figure 3.1: A) DNA methylation as a potential mechanism that facilitates
the association of transcriptional activators with functional targets in CpG is-
lands (CGIs) through competitive interplay with methyl-CpG-binding domain
(MBD) proteins. The genome contains numerous non-functional high-affinity
sites that are identical or similar to the target sequences of transcription acti-
vators. When these sites are accessible, they can serve as natural decoys that
sequester transcriptional activators in non-functional locations. B) In verte-
brate genomes, CpGs in CGI promoters of active genes are unmethylated,
whereas ~85% of CpGs outside CGIs are methylated. For activators that
recognize sequence containing CpG (e.g. GCGTGGGCG for Egr-1: see also
Figure 6) it is likely that their functional targets in CGIs are unmethylated,
whereas decoys outside CGIs are methylated. DNA methylation outside CGls
may enhance the association of transcriptional activators with unmethylated
targets in CGls, because highly expressed MBD proteins block sequestration
of the transcription activators in methylated decoys.

Because CGIs represent only 0.8% of the genome, the vast majority of natural
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decoys for Egr-1 should be located outside CGIs and therefore methylated at
CpGs. Due to this methylation, methyl-CpG-binding domain (MBD) proteins
occupy these high-affinity non-functional sites, allowing Egr-1 to avoid being
trapped there. In this manner, MBD proteins would indirectly guide Egr-1 to
unmethylated targets within CGIs. Supporting this model, genome-wide anal-
ysis of bisulfite sequencing and ChIP-seq data show that DNA regions +300 bp
from Egr-1 ChIP-seq peak centers are unmethylated.” Our model differs from
previous model for competition between MBD proteins and other transcription
factors.”:%* Our competitive model focuses on decoys outside CGIs, whereas
the previous models focus on competition for functional sites within CGIs. Due
to the large number of decoys in the genome, our model requires a high ex-
pression level of MBD proteins. The methyl-CpG-binding protein 2 (MeCP2)
satisfies this requirement in some cell types: for instance, neuronal cells are
estimated to contain as many as 10° MeCP2 molecules per nucleus.”> In cell
types where MeCP2 expression is lower, other MBD proteins, such Mbd1l and
Mbd2, are often more abundant, according to the protein abundance database
PaxDb (http://pax-db.org). Thus, it seems that the overall expression level of
MBD proteins is considerably high in many cell types, satisfying the condition

required for our model.

In this chapter, we present our biochemical study as the first step to
assess this model. We used a simplified system involving the DNA-binding
domains of Egr-1 and MeCP2 together with synthetic DNA duplexes. The

Egr-1 DNA-binding domain comprised three zinc fingers is well suited for bio-
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chemical and biophysical on the target search process.?!41:4%,47,48,50,96 Taking

advantage of this system, we have performed kinetic studies on the Egr-1 zinc-
finger protein in the presence and absence of the MeCP2 MBD, when it is
challenged with methylated CpG and unmethylated CpG sites within Egr-1
decoys. Our data demonstrate that DNA methylation of decoys accelerates
Egr-1 target association through competitive interplay with the MeCP2 MBD,

supporting our hypothetical model.

3.1 Materials and Methods

3.1.1 Preparation of Egr-1 zinc finger proteins

The DNA-binding domain of the human Egr-1 protein (residues 335-
423) comprised three zinc fingers was expressed in Escherichia coli and purified
using affinity, size exclusion and cation exchange columns, as described in chap-
ter 2. This construct was used in nuclear magnetic resonance (NMR),?>4850,96,97
X-ray,* and fluorescence studies.?"41:459% For simplicity’s sake, this construct
is referred to as Egr-1 hereafter. Egr-1 was quantified using the Pierce bicin-

choninic acid (BCA) protein assay kit (Thermo Fisher).

3.1.2 Preparations of MeCP2 MBD

A synthetic gene encoding the MBD of the human MeCP2 (residues
77-167) was sub-cloned into the Xmal/Xhol sites of the pET-49b vector (No-
vagen). FEscherichia coli strain BL21(DE3) transformed with this plasmid

was cultured at 37°C in 4 L of M9 media containing kanamycin (30 pg/ml).
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At ODgog =~ 0.8, protein expression was induced by 0.6 mM isopropyl S-D-
thiogalactopyranoside, and the culture was continued at 37°C for an additional
2 hours. The E. coli cells were harvested and disrupted by sonication in a buffer
containing 50 mM Tris-HCI (pH 7.5), 1 mM ethylenediaminetetraacetic acid
(EDTA), 500 mM NaCl, 2 mM dithiothreitol, 5% glycerol, 1% Triton X-100
(Sigma-Aldrich) and a Roche protease inhibitor cocktail (one tablet per 50
ml). After centrifugation at 30,000 x g and 4°C for 20 min, the supernatant
of the lysate was loaded on a glutathione S-transferase (GST)-Prep FF 16/10
column (GE Healthcare) equilibrated with 50 mM Tris-HC1 (pH 7.5), 400
mM NaCl, and 10 mM glutathione. The fusion protein was cleaved with 100
unites of HRV-3C protease (GenWayBiotech). After confirming the cleavage
by polyacrylamide gel electrophoresis, the reaction mixture was concentrated
to ~10 ml with an Amicon Ultra-15 device, and loaded onto a Sephacryl
S100 size exclusion column (GE-Healthcare) equilibrated with 50 mM Tris-
HCI (pH 7.5), 1 M NaCL, 2 mM EDTA for separation. Fractions containing
the MeCP2 MBD proteins were pooled, and the buffer was exchanged to 50
mM Tris-HCI (pH 7.0), 200 mM NaCl and 5% glycerol and then eluted with
a gradient of 200-500 mM NaCl. The MeCP2 MBD was quantified by UV
absorbance at 280 nm based upon an extinction coefficient of 11,460 M~ tcm™*

(http://web.expasy.org/protparam/).
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3.1.3 Preparation of DNA

Chemically synthesized DNA strands were purchased from Integrated
DNA Technologies, Inc. Each strand was purified with a Mono-(QQ anion-
exchange column installed on an AKTA Purifier system (GE Healthcare).
The sequences of the DNA duplexes used in the current study are shown
in Figure 3.2A. The sequence of the decoy DNA duplexes (Lg and mLg) was
chosen based in chapter 2. This 28-bp sequence contains a quasi-specific site
matching 6 bp out of the 9 bp of the Egr-1 recognition sequence and exhibits
~400-fold higher affinity than completely non-specific 28-bp DNA L.4! The
duplexes Lg and mLg are identical in sequence, but differ in that the CpG
sequence in the quasi-specific site is methylated in mLg. All 5-methylcytosine
for CpG methylation were introduced when DNA was chemically synthesized.
A fluorescein amidite (FAM) labeled 143-bp DNA duplex containing an Egr-1
target sequence was generated by polymerase chain reaction and purified as
described previously.*> This FAM-labeled 143-bp probe DNA was used in our
previous stopped-flow kinetic studies.?t:414%:50  All other DNA duplexes were
prepared through annealing of complementary strands and removal of excess

single-stranded DNA as described previously.*®

3.1.4 Stopped-flow fluorescence experiments

The target search kinetics of Egr-1 were measured at 20°C using as
Applied Photophysics SX20-LED stopped flow spectrofluorometer. In these

experiments, the following two solutions were rapidly mixed in 1:1 volume
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(~0.5 ml) ratio by the stopped flow device: a solution of the Egr-1 zinc fin-
ger protein, and a DNA solution of FAM-labeled probe DNA (143-bp) and
competitor DNA, with the addition of the MeCP2 MDB in some experiments.
Both solutions were in a buffer containing 10 mM Tris-HCI (pH 7.5), 0.2 uM
ZnCly, and 150 mM KCIl. Immediately after the flow for mixing had been
stopped, the time course data of fluorescence intensity were collected for a pe-
riod of 4-50s with time intervals ranging from 0.02 to 0.05 s. A light-emitting
diode with maximum intensity at 470 nm was used for excitation of the FAM
fluorophore. The emission light that passed through a long-pass filter with a
cutoff at 515 nm was recorded. This configuration with no monochromator
involved increases sensitivity in fluorescence detection. However, compared to
observations with monochromators, it also increases sensitivity in fluorescence
detection. However, compared to observation with monochromators, it also
increases non-fluorescent background and reduces the percentage change in
the FAM fluorescence intensity upon the target association. The total concen-
tration of the competitor 28 bp duplexes was kept constant at 2 uM, though
the concentration of the quasi-specific duplexes as Egr-1 decoys was either 0
to 150 nM. The concentration of the probe DNA was 2.5 nM, whereas the con-
centrations of the protein (P,) and competitor (Cioy) were varied. To create a
pseudo-first-order condition to simplify the kinetic analysis,* all binding reac-
tions were conducted under conditions of Dy, >> Pt >> Cio. The apparent
pseudo-first-order kinetic rate constant for target association was determined

from the time course of fluorescence intensity. I(t), by non-linear least-squares
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I(t) = (Lo — Iso)exp(—Fkappt) + I, where Iy and I, represent the intensities
at time zero and infinite time, respectively. Rate constants k,p, were mea-
sured at various concentrations for Egr-1. For each kinetic rate constant, the
measurement was replicated 8-10 times. MATLAB software (MathWorks) was

used for non-linear least-squares fitting.

3.1.5 Competition assays for methylated and non-methylated DNA
duplexes

Affinities of the methylated and unmethylated 28-bp DNA duplexes
(the sequence shown in Figure 3.2A) to Egr-1 and the MeCP2 MBD were
measured using fluorescence based competitive binding assays with an ISS PC1
spectrofluorometer. To measure the affinities of Egr-1, the 143-bp FAM labeled
DNA probe was used with one of the 28-bp DNA duplexes as competitor DNA.
For measuring the affinities of the MeCP2 MBD, a FAM-labeled 19-bp DNA
duplex, FAM-CTGGAACGGAATTCTTCTA in which the underlined CpG is
methylated, was used as a probe. Fam fluorescence anistotropy was measured
as a function of the concentration of the competitor DNA. Excitation and
emission wavelengths were 490 and 521 nm, respectively. The concentrations
of the fluorescent probe and the protein were 2.5 and 50 nM in the assays
for the Egr-1 zinc-finger protein and 10 and 100 nM in those for the MeCP2
MBD, respectively. FAM fluorescence anisotropy was also measured in the
absence of protein. Each anisotropy measurement was conduced for a 2 mL
solution in a buffer containing 10 mM Tris-HCI (pH 7.5), 0.2 uM ZnCl, and

150 mM KCI. For each competitor DNA, the dissociation constants k; were
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Figure 3.2: Stopped-flow kinetic assays for investigating how DNA methylation
of decoys affects the target search kinetics for Egr-1 in the presence and absence
of the MeCP2 MBD. (A) Macromolecular components mixed in the stopped-
flow experiment. The FAM-labeled probe DNA (143 bp), non-specific DNA
L (28 bp) and quasi-specific decoy DNA Lg were used in chapter 2. The
decoy DNA mLg is identical to DNA Lg in sequence, but is methylated at the
quasi-specific site. (B) The time-course data of FAM fluorescence intensity
recorded for the binding reactions using 2.5 nM probe DNA, 100 nM Egr-1,
1850 nM non-specific DNA L, 150 nM unmethylated (DNA Lg) or methylated
(DNA mLg) decoy and 1,000 nM MeCP2 MBD. (C and D) Apparent pseudo-
first-order kinetic rate constants for the target association of Egr-1 in the
presence of competitor DNAs. The Egr-1 quasi-specific sites in the decoys
were methylated in panel C and unmethylated in panel D. The concentration
of the probe DNA was 2.5 nM. The buffer was 10 mM Tris-HCI (pH 7.5), 150
mM KCI and 0.2 p ZnCl, for all experiments. The presence of the MeCP2
MBD substantially accelerated the target search kinetics of Egr-1 only when
the decoys were methylated.
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determined from the anisotropy data by non-linear least squares fitting using

MATLAB software as described.'%

3.2 Results

In chapter 2, using a stopped-flow fluorescence method, we demon-
strated that the presence of quasi-specific sequences, which are similar to the
target sequence, impedes target DNA association of the Egr-1 zinc-finger pro-
tein. In this chapter, using a similar system together with the MeCP2 MBD,
and methylated DNA, we examine the above-mentioned hypothetical model
on the association of Egr-1 with its unmethylated targets in the presence of
decoys (Figure 3.1). The components we used in these stopped-flow experi-
ments are shown in Fig 3.2A. To measure the Egr-1-target association kinetics,
we collected time course data for FAM fluorescence intensity upon mixing a
solution of the Egr-1 zinc-finger protein with a solution of FAM-labeled probe
DNA, non-specific DNA, decoy DNA and in some experiments, the MeCP2
MBD. Typical examples of the time-course fluorescence data are shown in Fig
3.2B. As observed in chapter 2, the association of the Egr-1 zinc-finger pro-
tein with the target on the probes caused a decrease in fluorescence intensity.
As shown in Fig 3.3 the MeCP2 MBD does not interact with Egr-1 directly.
However, indirect interplay between these proteins through competition for
methylated decoys enhances the apparent activity of Egr-1 for unmethylated

targets as described below.
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Figure 3.3: NMR data suggesting that the Egr-1 does not interact with the
MeCP2 MBD. (A) Overlaid 2D 'H- >N HSQC spectra recorded for the 0.2 mM
>N-labeled Egr-1(black) and for a mixture of 0.2 mM "N labeled Egr-1 and
0.2 mM unlabeled MeCP2 MBD (red). (B) 1D 'H spectra (methyl regions)
recorded for 0.2 mM '“N-labeled Egr-1 DBD (top), for a mixture of 0.2 mM
1"N-labeled Egr-1 and 0.2 mM unlabeled MeCP2 MBD (middle), and for 0.2
mM MeCP2 MBD (bottom). These spectra were recorded at 25°C and a 'H
frequency of 750 MHz. The buffer was 10 mM Tris-HCI (pH 7.5), 150 mM KCI,
0.2uM ZnCly, and 5% D50O. The data in panel B clearly indicate the presence
of Egr-1 and MeCP2 MBD proteins in the mixture. If these two proteins
interacted, the 'H-'?N spectrum of this mixture should differ from that of the
free Egr-1. However, the 'H-'>N HSQC spectrum of the °N-labeled Egr-1
in this mixture did not exhibit any perturbations due to the presence of the
MeCP2 MBD. These results suggest that these two proteins do not interact.
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3.2.1 Unmethylated and methylated quasi-specific impede target
search of Egr-1

We first examined whether methylation of the quasi-specific decoy DNA
affects the target search by the Egr-1 zinc-finger protein in the absence of any
other proteins. Fig 3.2C and D shows the results of kinetic measurements us-
ing methylated and unmethylated quasi-specific DNA duplexes, respectively.
The data points shown in blue are the results from the experiments with 2.5
nM probe DNA, 1850 nM non-specific 28-bp DNA, 150 nM 28-bp decoy DNA
containing a quasi-specific sequence and various concentrations of the Egr-1
zinc finger protein. Note that the concentration of the decoy was set to be
60-fold greater than that of the target. To clarify the impact of the decoys,
these figures also show the results from the experiments with 2000 nM non-
specific 28-bp DNA and no decoy(shown in black). For both methylated and
unmethylated quasi-specific sites, the presence of decoy DNA was found to
substantially impede the target association of the Egr-1 zinc-finger protein.
this effect occurred to a similar degree regardless of the decoy DNA’s methy-

lation state.

These results suggest that DNA methylation itself does not diminish the
ability of a quasi-specific site to trap the Egr-1 zinc-finger protein. We verified
this by measuring the relative affinities of the unmethylated and methylated
quasi-specific DNA duplexes using competitive binding assays (Figure 3.4A)
In this assay, anisotropy of FAM fluorescence from the 143-bp probe DNA was

measured to determine the equilibrium population of the protein-bound tar-
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Figure 3.4: Equilibrium competitive binding assays to investigate the impact
of CpG methylation on the affinity of the decoy DNA for the Egr-1 zinc-
finger protein (A) and the MeCP2 MBD (B). In panel A, FAM fluorescence
anisotropy was measured for solutions containing 2.5 nM FAM-labeled 143-
bp DNA containing the Egr-1 target (see Figure 3.2A), 50 nM Egr-1 zinc-
finger protein and various concentrations of DNA Lg or mLg. In panel B,
fluorescence anisotropy for a FAM-labeled 19-bp DNA containing a methyl-
CpG was measured for solutions containing 10 nM probe, 100 nM MeCP2
MBD and various concentrations of DNA Lg or mLg. The vertical axes show
the difference between fluorescence anisotropy values for each sample and free

probe DNA solutions.
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get at various concentrations of the competitor DNA. Fluorescence anisotropy
is related to the fluorophore’s effective rotational correlation time, which can

101 The FAM fluorescence anisotropy was

change upon molecular association.
measured to be 0.077 for the free probe and 0.161 for the protein-bound probe.
The anisotropy measurements were conducted at various concentrations of
the 28-bp competitor DNA duplexes with (mLg) and without (Lg) the CpG
methylation of the quasi-specific sites (magenta and blue data points, respec-
tively, in Figure 3.4 A). The anisotropy data showed that at relatively low
concentrations of the competitor, the target on the fluorescence probe was
predominantly in the protein-bound state. However, an increase in competi-
tor concentration caused a decrease in the population of the protein-bound
target due to transfer of the protein to the competitor. The concentration
dependence data were very similar for methylated and unmethylated competi-

tors, indicating that CpG methylation does not diminish the Egr-1’s affinity

for quasi-specific sites.

3.2.2 MeCP2 accelerates target search of Egr-1 when quasi-specific
DNA is methylated

To test our hypothetical model (Figure 3.1), we examined whether the
MeCP2 MBD would influence the association of the Egr-1 with unmethylated
target when decoys were methylated. For this purpose, we conducted the same
stopped-flow kinetic assays in the presence of the MeCP2 MBD in solution with
the 143-bp DNA probe and methylated or unmethylated competitor DNA.

Data points shown in red in Figure 3.2C and D show apparent pseudo-first-
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Figure 3.5: Acceleration of target association of the Egr-1 by the MeCP2 MBD
and decoy methylation. (A) Dependence on the concentration of the MeCP2
MBD when the Egr-1 decoys were methylated. (B) Impact of the decoy DNA
methylation when 1 yM MeCP2 MBD was present. Fold increases in the
apparent pseudo-first-order rate constant k,p, for the target association are
plotted in each panel.

order rate constants measured for Egr-1 target association in the presence of

1 uM MeCP2 MBD.

When the MeCP2 MBD was present and the decoy was methylated
in the system, the Egr-1 exhibited substantially faster association with the
unmethylated target on the probe DNA (Figure 3.2C). At 1 uM MeCP2 MBD,
there was a 12-fold increase in the rate constant for target association for Egr-
1, compared to that in the absence of the MeCP2 MBD. As shown in Figure
3.5A we found that this acceleration was dependent on the concentration of

the MeCP2 MBD but became saturated at concentration far higher than the
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decoy concentration. These results strongly suggest that the MeCP2 MBD
accelerates the association of the Egr-1 with unmethylated target by blocking

the methylated decoys as predicted by our hypothetical model (Figure 3.1).

In contrast, the acceleration of Egr-1’s target association by the MeCP2
MBD was not observed when the decoy DNA was unmethylated (Figure 3.2D).
In fact, the presence of MeCP2 MBD slightly slowed down the target associ-
ation of Egr-1 in the experiments with the unmethylated decoy. The slower
target search of Egr-1 in this situation may be due to additional binding of
the MeCP2 MBD to the probe DNA. To illustrate the impact of decoy DNA
methylation on Egr-1, Figure 3.5B shows fold increases in target association
rate constants upon the decoy methylation. In the presence of 1 uM MeCP2
MBD, the decoy methylation resulted in 14- to 28- fold acceleration of the

target association of Egr-1.

Although unmethylated and methylated decoys could almost equally
impede the target search of Egr-1, the MeCP2 MBD markedly accelerated
Egr-1 target association only when the decoys were methylated. This is likely
due to specific binding of the MeCP2 MBD to methyl-CpGs at Egr-1 quasi-
specific sites. We verified this by conducting equilibrium competitive binding
assays and comparing the relative affinities of the MeCP2 MBD for these 28-bp
quasi-specific DNA duplexes (Figure 3.4B). The affinity of the MeCP2 MBD
for the methylated DNA (the dissociation constant K; = 2.3 nM) was 54-
fold higher than that for the unmethylated DNA (K; = 124 nM), which is

consistent with a previous study.!°?

69



3.2.3 No acceleration by the MeCP2 MBD when the target is also
methylated

If blocking methylated decoys by the MeCP2 MBD directly causes ac-
celeration of Egr-1 target association as shown in Figure 3.2, it is expected
that such acceleration will not occur when the target sequence on the probe
DNA is also methylated. This is because the MeCP2 DBD should block the
methylated target sequence on the probe DNA as well. We examined whether
this is indeed the case by conducting the same experiment using another probe
DNA (33 bp) in which the target sequence is methylated (Figure 3.6) Although

Methylated probe DNA (33 bp)

Egr-1 target

FAM-AGCGTGGH!
3-TCGCACCH

Methylated

3’
-5’

Target & decoys methylated

25
DNAL only
(2 M)
20
kapp 15

DNAL +mLg

(1.85+0.15 M)
DNAL + mLg & MeCP2 ]

(1.85+0.15 1M ) (1 uM)

0 50 100 150
[Egr-Tliotal (NM)

Figure 3.6: The MeCP2 MBD does not accelerate target association of the
Egr-1 zinc-finger protein when the target is also methylated. The graph shows
the apparent kinetic rate constants measured for the target association for the
Egr-1 zinc-finger protein using the same conditions as those in Figure 3.2C
except that the Egr-1 target in the 33-bp probe DNA was methylated.
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CpG methylation of the same 143-bp DNA would be preferable, we used this
DNA because site specific incorporation of methyl-CpG was difficult to achieve
with the FAM-labeled 143-bp probe DNA. Using the methylated 33-bp probe
DNA together with the methylated decoy DNA mLg, we measured kinetic
rate constants for target association of the Egr-1 zinc-finger protein in the
presence and absence of the MeCP2 MBD. As expected, the MeCP2 MBD
did not accelerate Egr-1 target association in this case (compare red and blue
data points in Figure 3.6) but rather slowed it. In contrast, when the same 33-
bp probe was unmethylated, the MeCP2 MBD significantly accelerated Egr-1
target association (Figure 3.7) , as seen for the 143-bp probe DNA contain-
ing an unmethylated target. These results suggest that when Egr-1 targets
are methylated, the MeCP2 MBD binds to them and thereby blocks Egr-1’s

association with the methylated targets.

3.3 Discussion

In vertebrates, DNA methylation is an important epigenetic mechanism
that is associated with various biological processes such as development, ge-
nomic imprinting, and X-chromosome inactivation.'®® Abnormalities in DNA
methylation status are associated with cancer and many other diseases.” 194
While the regulatory mechanisms of DNA methylation and demethylation re-
main under active investigation,”® % it has been well established that DNA
69,103,106

methylation within CGIs is directly associated with gene silencing

Based on our biochemical data, we argue that DNA methylation outside CGIs
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Unmethylated probe DNA (33 bp)
Egr-1 target

FAM-AGCGTGGECGTACCGGTAACTATCGTCTTGAGT-3'
3'-TCGCACCCGCATGGCCATTGATAGCAGAACTCA-5'
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30+

DNA L only
(2 pM)

207 DNAL +mlLg & MeCP2

(1.85+0.15 uM ) (1 pM)

10}

DNAL + mLg
(1.85+0.15 UM )

o o —0— ]

0 50 100
[Egr-1]iotar (M)

Figure 3.7: Kinetic data of Egr-1 target association measured using the FAM-
labeled 33 bp probe DNA containing an unmethylated target. The graph
shows the apparent kinetic rate constants measured for the target association
of the Egr-1 zinc-finger protein using the same conditions as those in Figure
5 except that the Egr-1 target in this 33-bp probe DNA was unmethylated.
In this case, the MeCP2 MBD substantially accelerated the target association
of the Egr-1 zinc-finger protein in the presence of the methylated decoy DNA
mLs.

may directly enhance activities of transcriptional activators at CGIs through

competitive interplay with MBD proteins.
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3.3.1 DNA methylation as potential facilitator of transcription factor-
CGI interactions

Our current biochemical data show that DNA methylation of decoys
can greatly facilitate association of the Egr-1 zinc finger protein with its un-
methylated target through competitive interplay with the MeCP2 MBD. In
this manner, MBD proteins may indirectly guide Egr-1 to unmethylated tar-
gets within CGIs by blocking methylated decoys outside CGIs. We speculate
that this model may be applicable for some other transcriptional activators
that bind to CGI promoters. In fact, there are many transcriptional activa-
tors that recognize CpG-containing sequences (some examples are shown in
Figure 3.8)™ The binding of these transcriptional activators to their unmethy-
lated targets in CGI promoters may be facilitated by highly expressed MBD
proteins that block numerous methylated decoys outside CGlIs, as shown in

Figure 3.1.

3.3.2 Potential mechanism for transactivation by MeCP2

Our hypothetical model (Figure 3.1) provides insight into the transcrip-
tional activation by MeCP2. With an MBD and a transcriptional repression
domain, this protein was originally regarded as a methyl CpG-dependent tran-

197 However, despite the lack of any known transcriptional

scription repressor.
activation domains, MeCP2 activates more than 2,000 genes in neurons un-
der the control of CGI promoters where CpG methylation is rare.!'®® In fact,

MeCP2 activates ~6 times more genes than it represses. Chahrour et al. pro-
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Figure 3.8: Some examples of human transcriptional activators that recognize
CpG-containing sequences. Height of each letter represents likelihood of base
type at each position within the recognition sequence. Adapted from the
MotifMap database (http://motifmap.ics.uci.edu)

posed that protein-protein interactions with the transcription factor CREB1
could be responsible for transactivation by MeCP2.1%® 'While this may explain
the activation of some genes, it remains unclear why MeCP2 can activate so
many genes. Our model (Figure 3.1) may provide an explanation. Because
CpGs are highly methylated outside CGIs, highly expressed MeCP2 can ef-
fectively block non-functional high affinity sites for transcriptional activators
that recognize CpG-containing sequences. This will indirectly guide transcrip-

tional activators to unmethylated targets within CpGs and thereby activate

74



downstream genes. Our model does not require any direct protein-protein
interactions with particular transcriptional activators and could explain why
MeCP2 activates so many genes. This model is directly applicable to CREB1
as well because the CREB1 recognition sequence, TGACGTCA, contains a
CpG. Our model is also consistent with the observation that the promoters of

genes activated by MeCP2 are not methylated.!%

3.3.3 Relevance to ’DNA methylation paradox’

Our model could also explain the so called 'DNA methylation para-

) 106,109
dox’,

which concerns DNA methylation yielding opposite effects depend-
ing on genomic contexts. In vertebrates, although DNA methylation within
CGI promoters is typically associated with gene silencing, DNA methylation
in the gene bodies is positively correlated with gene expression level.!06:109
In our model (Figure 3.1), a high level of DNA methylation outside CGlIs
should increase CGI-binding of transcriptional activators that recognize CpG-
containing sequences. Because the MBD proteins block methylated decoys
oustide CGls, the transcriptional activators can occupy their functional sites
within CGI promoters more easily, thereby increasing gene expression level.
On the other hand, CpG methylation within CGIs should cause binding of
MBD proteins to CGI promoters and reduce the expression of downstream
genes. This repression could occur through excluding transcriptional activa-

tors from CGI promoters and recruiting co-repressor proteins via the tran-

scriptional repressor domain of MBD proteins.
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However, it should be noted that our model is not applicable for tran-
scriptional activators such as Klf4 and CEBPB, which preferentially bind to
CpG-methylated DNA in vitro.”® Genome-wide ChIP-seq and bisulfite se-
quencing studies for Klf4 and CEBPB show that ~20-40% of the genomic
regions bound by these proteins are methylated in vivo.''% ! Protein-protein
interactions with other protein might increase occupancies of Klf4 and CEBPB
in these regions. It remains to be addressed why these proteins can occupy
the CpG-methylated regions despite high abundance of MBD proteins in the

cells.

3.3.4 New perspective on target DN A search

Our current work provides a new perspective on the target DNA search
mechanisms for transcription factors. Over the past four decades, the mech-
anisms allowing transcription factors to rapidly locate their specific targets
in the genome have been the subject of considerable interest in biophysics
and biochemistry.'%%3%5 While recent studies using NMR and single-molecule

techniques revealed great details on how proteins scan DNA efficiently,?836-38

studies that focus on factors that impede the search process have been rare.?”
Numerous non-functional high-affinity sites in the genome could serve as de-
coys that trap transcription factors and affect their functions.4042 68 112-114
Our study shows that the target search process for transcription factors can

be greatly accelerated when other proteins block such decoys. This mechanism

does not require any direct protein-protein interactions, although the current
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paradigm for synergy between transcription factors typically assumes their di-
rect interactions.”®” In our current case, the MeCP2 MBD facilitates the
association of the Egr-1 zinc-finger protein with the unmethylated target by
blocking methylated decoys. In principle, other proteins could also provide the
same acceleration mechanism, as long as they selectively block decoys but not
targets. For example, highly expressed transcription factors with similar but
different sequence specificity may enhance the function of other transcription
factors by selectively blocking their decoys. Natural decoys and their DNA

methylation may play key roles in regulation of transcription factors.
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Chapter 4

Investigating conformational dynamics of
Egr-1 arginine side chains during DNA
scanning and sequestration by quasi-specific
sites.

DNA in the nucleus exhibits structural similarity and exists in the
nucleus in high concentrations.® It is likely that this would affect protein
scanning in some way. Previous work has shown how nonspecific DNA plays
an important role in protein scanning;?® we also demonstrated that quasi-
specific DNA decelerates this process, effectively trapping protein on off-target
sequences, as shown in chapter 2. This trapping would be most likely stronger
in vivo due to the high density of DNA in the nucleus. Yet, in spite of the
trapping effect from off-target locations, proteins still efficiently locate and
bind to their target site!? 28:36:39,63,64,79,115 \While this may be due to a change
in the protein’s conformational dynamics during the scanning process,*®° the
specific interactions during a transcription factor’s (TF) scanning process are

largely unknown.

Transcription factors recognize DNA sequences using atomic interac-
tions within individual amino acids to bind to DNA nucleotides. TF's exhibit

a number of different interactions including Van der Waals, water-mediated
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interactions, and hydrogen bonding when binding to DNA 4473747475 1y
drogen bonding is often used to stabilize TFs on DNA, with many hydrogen
bonds forming between guanine and either polar or charged residues of the
protein.”™ 6 The side chains of charged residues, such as lysine and argi-
nine, make up a large portion of the electrostatic interactions between the
protein and DNA. Not only do these residues interact with nucleotide bases,
they also interact with the DNA phosphate backbones by forming ion pairs

A.7377 This release of counteri-

and releasing condensed counterions from DN
ons has been shown to be important for protein-DNA association.?® ®1 When
a protein scans DNA, it must continuously change its interactions with the
DNA bases to translocate on the DNA strand. The number and strength
of interactions between the protein and DNA are thought to be relevant to

18,50,62 For-1 has a total of 15 arginine residues

a protein’s sliding efficiency.
(Figure 4.1A) 5 of which recognize a guanine base in the 9 bp target sequence
of Egr-1 (GCGTGGGCG). Two residues R24 and R80 solely interact with
guanines (G8 and G2 respectively), while residue R18, R46, and R74 interact
with both guanine (G10, G7, and G4 respectively) and aspartic acid (D20,
D48, and D76 respectively) (Figure 4.1B and C).2144:45,50. 17 Tnteracting with
just the guanine bases forms hydrogen bonds with only the N,-H,, while the
guanine/aspartic acid combination binds both the N,-H,, moieties and the
N.-H, moieties for an additional 2 hydrogen bonds.**%%9 These interactions

of the arginine residues make up over half of Egr-1’s binding sequence, and

therefore loss of these interactions cause a significant increase in entropy and
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dynamics of the arginine sidechains, and subsequently a decrease in affinity for
DNA. Since these interactions during protein scanning would be entropically
unfavorable, higher affinity sequences display a trapping effect on a protein
during target search, as shown in chapter 2. In addition, it has been shown
that a conformational switch can allow for improving efficiency during sliding,
although it is unclear what kinds of bonds form during the sliding process.®?
Much research has focused on the conformational dynamics of the NH back-
bone and the CHj side chain groups of amino acids residues,'*®12° but there
is little knowledge on the atomic detail of the side chain dynamics and their
role in overall protein DNA interactions and scanning. Previous research on
the Egr-1 zinc finger domains has shown that there are significant differences
in side chain dynamics of arginine and lysine when Egr-1 is bound to its target
compared to when it is free. While many of the arginine side chains become
highly immobile upon hydrogen binding with DNA bases, lysine side chains
remain highly mobile even when bound.%? This data shows that interactions
for DNA binding are not necessarily all rigid interfaces, but contain a com-
bination of both dynamic and rigid interfaces. In this chapter, we address
the conformational dynamics of Egr-1’s arginine side chain’s guanidino N.-
H, moieties when Egr-1 is bound to completely nonspecific and quasi-specific
DNA (discussed in chapter 2). Using nuclear magnetic spectrometry (NMR),
we compare Egr-1 in complex with both nonspecific and quasi-specific DNA.
The resulting data gives a more detailed look at the molecular interactions

and dynamics during the scanning process. It also allows us to compare the
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Figure 4.1: A)A total of 15 arginine residues are found within Egr-1 structure.
B) Five of the arginine side chains recognize 5 of the 9 base pairs within
the specific sequence for Egr-1. Two of these arginines form two hydrogen
bonds with guanine bases, C) while the other three form both hydrogen bonds
with guanine bases and neighboring aspartic acid residues. This additional
bonding further immobilizes the arginine residue and provides more stability
to the complex.(Figure adapted from Esadze, Alexandre, et al. ”Changes in
conformational dynamics of basic side chains upon proteinDNA association.”
Nucleic acids research 44.14 (2016): 6961-6970.)

dynamic properties and interactions of the bound protein in its recognition

mode®? versus the bound protein in its scanning mode.
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4.1 Materials and Methods

4.1.1 Protein Preparation

The zinc finger DNA binding domain of Egr-1 was prepared and purified
as previously described in chapter 2. N and/or '3C labeled protein was grown

in minimal media using °N labeled ammonium and 3C labeled glucose.

4.1.2 DNA preparation

Two different DNA constructs were used for NMR experiments. Both
were 28 bp DNA, one completely nonspecific DNA (DNA L) and another
quasi-specific DNA (DNA Lg) with a 6 bp match to Egr-1’s target site. The

DNA was prepared as previously described in chapter 2.

4.1.3 NMR sample preparation

NMR samples of Egr-1 and Egr-1/DNA complexes were made of 270 uL
solutions with 0.4 mM Egr-1 and 0.8 mM DNA L, in a buffer containing 20 mM
KCl, 20 mM succinate pH 5.8, and 0.1 mM ZnCl,. With these conditions most
of the protein should be bound to DNA. Free samples of Egr-1 (0.4 mM) were
prepared using the same buffer. Samples were sealed in either Norell co-axial
tubes or Shigemi co-axial tubes. Norell co-axial tubes contain an inner tube
which allows for a separate compartment for DoO which is used as an NMR
lock. By separating the D,O and the sample, it reduces line broadening and
isotope shifts of 1N resonances caused by exchanging deuterium and hydrogen

protons. The Shigemi co-axial tubes also have an inner sleeve, but the sample
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A. Titration of free Egr-1 B. Titration of Egr-1/nonspecific complex
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Figure 4.2: A)Salt titration of free Egr-1. Spectrums were recorded at 7
different salt concentrations. The color of the peaks corresponds to a spectrum
at a different salt concentration as follows: black - 20 mM, red - 100 mM, green
- 200 mM, blue - 300 mM, yellow - 450 mM, magenta - 600 mM, cyan - 750
mM. B)Salt titration of Egr-1 in complex with nonspecific DNA (DNA L).
Color coding for each titration is the same as for the free Egr-1 sample.

is placed in the inner sleeve instead of the outer sleeve. The outer sleeve is

used for the D,O NMR lock.™?!

4.1.4 NMR experiments

All NMR experiments were performed on Bruker Avance III NMR spec-
trometers on a 'H frequency of 600, 750, or 800 MHz. While all spectrom-
eters were equipped with a cryogenic probe, due to probe failure many of

the experiments performed on the 600 MHz were excepted. NMR data were
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processed with the program NMR-Pipe!??

and visualized and analyzed with
NMR-View.!'?* For the Egr-1/DNA Lg complex, 'H, C, and N resonances
were assigned to the protein’s residues using 3D HN(CO)CA, HNCA, HCACO,
HNCO, HNCACB, CBCA(CO)NH spectra.'?* Arginine side chains ®Ne-'He
resonances were assigned using 3D ®N-edited NOESY spectra.'?> For the Egr-
1/DNA L complex, the backbone resonance assignments were assigned based
on data collected and published previously.®> The previously published assign-
ment was done in the same manner as the Egr-1/DNA Lg complex assignment.
To assign arginine side N, and 'H, resonances for the Egr-1/DNAL complex,
an Arg N.-H, selective 'H-'5N heteronuclear in-phase single-quantum coher-
ence (HISQC) of free Egr-1 at 25°C and of the Egr-1/DNA L complex at 35°C
were performed at 7 different salt concentrations (20, 100, 200, 300, 450, 600,
750 mM KCI1)(Figure 4.2) and a 1D-'H spectra and arginine HISQC spectrum
were run at each. At 750 mM KCI, the spectrum of protein in complex with
DNA L matched the spectrum of free protein and the peaks could be back
traced to 20 mM KCI and then assigned. To correct the baseline position of
the 'H frequency (6.676 ppm), sodium 2,2-dimethyl 2-silapentane-5-sulfonate
(DSS) was used to calculate the shift of the spectrum from the baseline. This
correction was then subtracted from the 'H frequency and the data was pro-
cessed with NMR-View using the corrected parameter. All other experiments

were performed at 35°C.
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4.1.5 Fitting calculation for determination of K, of Egr-1 to non-
specific DNA at difference salt concentrations

To calculate the dissociation constant for Egr-1 at different salt con-
centrations, the NMR salt titration data was fitted based on the counterion
condensation theory developed by Manning et. al, which describes the at-
traction of counterions to polyelectrolytes such as DNA.1267129 Counterions
condense a polyelectrolyte surface to reduce axial charge density. According
to Manning, this charge density should be less than 0.14 net charge per A.
A polyelectrolyte’s initial charge density will change the condensation popu-
lation. To determine if the counterion condensation occurs for a particular

polyelectrolyte, Manning used the following equation:

lB 62

== 4.1
¢ b 4reaDkpTh (4.1)

where [p represents the solvent’s Bjerrum length characteristic, b is the
charge spacing on a polyelectrolyte’s axis, e is the electronic charge magnitude,
€p is vacuum permittivity, D is the dielectric constant, kg is the Bolztmann
constant, and T is the temperature. If the value ¢ is greater than one, the
probability of counterions condensing on the polyelectrolyte surface is high. In

2,130 which indicates

our case, the £ value for B-form DNA is calculated to be 4.
that there will be condensation of counterions around the DNA. Therefore, in
order for a protein to interact with DNA, the counterions must be released to

form intermolecular ion pairs. Releasing counterions is entropically favorable,

therefore an analytical expression can be used to describe the entropic effect
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of counterion release: 3!

logKy = alog[M™] + b (4.2)
Where
b= lOng’lM (43)
and
a=zp (4.4)

in which K1, represents the dissociation constant of 1M of [M ] (monovalent
cation concentration, in our case KCl), z represents the number of DNA /ligand
interactions intermolecular ion pairs and ¢ is the number of counterions bound
per DNA phosphate in terms of thermodynamics. In our salt titration exper-
iment, we used the equation to fit the salt titration curves for each arginine
residue, which are obtained from the N chemical shift change from the peaks
in each spectrum at the different salt concentrations (Figure 4.4A). The titra-
tion curves are fitted with eq. 4.2, and both the a and b values are calculated
from the fitting. The a and b values can be plotted with the increasing KCI
concentration to obtain the corresponding K for each salt concentration (Fig-

ure 4.4B).

4.1.6 Rotational diffusion parameter experiments

To determine rotational correlation time for the backbone of both com-

plexes, two experiments for the backbone N R; and R; relaxation rates were
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done at 35°C at a 'H frequency of 800 MHz. To determine S? order param-

eters of the arginine residues for the Egr-1/DNA L complex and Egr-1/DNA

Lg complex, data for >N R; and heteronuclear NOE data were recorded at a

'H frequency of 600 and 750 MHz and '°N R, was recorded at 750 MHz. The

pulse sequences for NH groups of the Arg N.-H, moieties were INEPT schemes

which included N rSNOB 180° pulses,'3? while the °N carrier position was

set to 81 ppm to allow for visualization of the Arginine side chain residues.
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Figure 4.3: A)Arg Ne - He selective 'H- N heteronuclear in-phase single
quantum coherence (HISQC) of Egr-1 in complex with quasi-specific DNA
B)Arg Ne - He selective 'H- N HISQC for Egr-1 in commplex with nonspecific

DNA.
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4.1.7 "N relaxation data analysis

After recording R;, Ry and NOE data from 600 MHz and 750 MHz,
a C program with a GNU scientific library'?? was used to determine the ro-
tational diffusion parameters of the axial symmetric diffusion model (D and
D, and 2 polar angles for the main principal axis) from the backbone relax-
ation data. The rotational correlation time 7, . ;s and the rotational diffusional
anisotropy r are calculated by (2D +4D, )" and D/D, respectively.'*® The
zinc finger domains tumble independently when Egr-1 is free as shown in other
studies;*® 50 however, only the first zinc finger (ZF) domain tumbles indepen-
dently when the protein is bound to nonspecific DNA. For the Egr-1 DNA L
complex, 7, .rs was calculated separately for ZF domain 1 and ZF domains 2
and 3. From the relaxation data obtained at 'H frequencies of 600 and 750
MHz, MATLAB software was used to calculate the order parameters for Arg
N He groups. Two constants N chemical shift anisotropy (o — o) and
N.-H. distance for arginine side chains were set at -114 ppm and 1.04 A. This
was based on previous work by Trbovic et al.!3® We used four different spec-
tral density functions for each Arg N.-H, group and selected the best fit based
on Akaike’s information criterion.'®® The first two spectral density functions
were model-free functions developed by Lipari and Szabo,'®” and the second

two were extended model-free functions from Clore et al.'38
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4.2 Results

In this chapter, we observe the dynamics of Arg side chains when the
protein is bound to nonspecific DNA L or quasi-specific DNA Lg and compare
them to previous data of the dynamics of Arg side chains when Egr-1 is free
or bound to its target site. The arginine residues are labeled according to a

numbering scheme previously given by Pabo et al %83

4.2.1 NMR spectra of Egr-1 in complex with nonspecific and quasi-
specific DNA

For Egr-1 in complex with quasi-specific DNA (DNA Lg), the NMR
spectra of the side chain cationic groups were well dispersed and all 15 argi-
nine residues were able to be assigned. The distribution of the peaks is very
wide in comparison to the NMR spectra for free Egr-1 probably due to hydro-
gen bond or ion pair formation with DNA. In addition, the spectra for Egr-1
in complex with non-specific DNA was not as dispersed as the complex with
quasi-specific DNA and only 12 of the 15 residues were able to be assigned
from the spectra shown in Figure4.3. In order to assign these residues we
performed a salt titration for both the free protein Egr-1 and the Egr-1/DNA
L complex. Each titration started at 20 mM KCI and was increased over 7
salt concentration points (20, 100, 200, 300, 450, 600, 750) to 750 mM KCI.
At a salt concentration of 750 mM KCI, both the spectra for free Egr-1 and
Egr-1/DNA L complex are comparable, likely due to the loss of DNA interac-

tion caused high salt concentrations. As shown in Figure 4.4C, comparing the
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change in chemical shifts of the '°N groups at high salt concentrations, there
is no significant difference between the change in chemical shifts between free
and bound protein. By calculating the difference in chemical shift (Ad, (Fig-
ure 4.4A)), we can obtain the relationship of the proteins affinity to DNA at
different salt concentration. In Figure 4.4B, we show that there is a linear
relationship between the dissociation constant and the salt concentration. As
the salt concentration increases, there is a proportional decrease in the pro-
teins affinity for DNA. By then back tracing the spectrum to the original salt
concentration, the peaks for the Egr-1/DNA L complex were assigned. How-
ever, a 13th residue appears in the relaxation data and was able to be assigned
and analyzed from the spectra for relaxation data. Since all of the signals for
the Egr-1/DNA Lg and Egr-1/DNA L complex were well isolated or mostly
isolated, we can study the change in dynamics from Egr-1’s free state to its

bound state on quasi-specific or non-specific DNA.

4.2.2 Basic side chain "N relaxation data for Egr-1/DNA com-
plexes

We conducted relaxation experiments for °N relaxation of Arg N.-'H,
at 'H frequencies of 750 and 600 MHz. The arginine relaxation data can be seen
in Table 4.1 and 4.2 for both complexes of Egr-1 with non-specific and quasi-
specific DNA. The relaxation parameters for both the free protein and the
specific complex of Egr-1 have been reported in a previous work.®> The current
data and the previous data were collected under the same conditions, making it

possible to compare these data to each other. While there are clearly significant
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Table 4.1: Relaxation data for Arg side-chain N.-H, groups of Egr-1 in complex
with quasi-specific DNA Lg

ArgN-H, BN_R (s7)600 BN_R, (s1) 750 ®N_R,(s1)750 {H-} 5N_NOE  {H-} 5N_ NOE
MHz MHz MHz 600 MHz 750 MHz
R3 0.709:0.021  0.559+0.007  7.734+0.106 -0.479+0.065  -0.237+0.033
R14 0.816+0.012  0.674+0.005  7.243+0.067 -0.447+0.044  -0.259+0.022
R15 0.808+0.014  0.638+0.004  6.928+0.059  -0.102+0.033  -0.045%0.019
R18 0.650+0.064  0.483+0.016 18.904+0.590  0.651+0.162  0.518+ 0.080
R24 0.874:+0.106  0.507+0.021 19.939+0.811  0.945:0.298  0.742+0.104
R27 0.717+0.060  0.502+0.013 17.998+0.415  0.446+0.161  0.193+0.047
R38 0.443:+0.008  0.358+0.004  3.089+0.046 -1.282:0.041  -0.948+0.033
R42 0.793:+0.018  0.650+0.006 10.208+0.087 -0.030+£0.054  0.031+0.027
R46 0.608+0.101  0.569+0.022 22.209+0.838  0.459+0.268  0.855+ 0.092
R55 0.633+0.050  0.506+0.012 16.180+0.285  0.174+0.177  0.459+0.054
R70 0.703+0.026  0.650+0.012  8.327+0.121  -0.371+0.081  -0.287 +0.042
R74 0.726+0.100  0.548+0.024 21.517+0.675 -0.305:£0.253  0.814+0.108
R78 0.910+0.064  0.687+0.022 12.484+0.289  0.349+0.140  0.386+ 0.086
RS0 1.000+0.034  0.759:0.008  7.785 +0.099  0.022+0.071  0.111+0.033
R87 0.415+0.014  0.356+0.021  1.652+0.120  -1.921£0.129  -1.411+0.122

Table 4.2: Relaxation data for Arg side chain N.-H, groups of Egr-1 in complex
with quasi-specific DNA L

ArgN-H, 15N_R (s1)600 IN_R,(s)750 IN_R,(s?)750 {H-}5N_ NOE600 {tH-} 5N, NOE
MHz MHz MHz MHz 750 MHz
R3 0.784+ 0.025  0.572% 0.006  4.433% 0.061 -0.813% 0.023  -0.588+ 0.025
R14 0.929+ 0.043  0.673: 0.012  9.005% 0.119 -0.172% 0.034  -0.048+ 0.032
R15 0.922+ 0.017  0.658+ 0.004  6.042% 0.049 -0.169+ 0.016 -0.1491 0.019
R24 1.300+ 0.130  0.775% 0.038 22.495+ 1.210  0.100+ 0.076  0.213% 0.075
R27 0.750+ 0.018  0.550% 0.005  5.174% 0.054 -0.353% 0.024  -0.437% 0.019
R38 0.649+ 0.015  0.384: 0.004  3.751% 0.053 -1.427+ 0.030 -0.822% 0.019
R42 0.904+ 0.028  0.669: 0.007  9.009% 0.078 -0.327+ 0.025 -0.180+ 0.025
R55 0.709+ 0.089  0.548+ 0.020 16.269% 0.421  0.207+ 0.058  0.1841 0.047
R70 0.855+ 0.045  0.626+ 0.010  9.480% 0.143 -0.207+ 0.030  -0.035% 0.027
R74 0.895+ 0.030  0.639+ 0.007  7.038+ 0.106 -0.299+ 0.026 -0.198+ 0.030
R78 1.007+ 0.130  0.694+ 0.027 11.622+ 0.311  0.037+ 0.067  0.185% 0.048
R80 1.170+ 0.148  0.691+ 0.033 15591+ 0.409 -0.237+ 0.062 -0.220+ 0.064
R87 0.661+ 0.012  0.467+ 0.003  2.695+ 0.030 -1.289+ 0.020  -0.848+ 0.015
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differences in N relaxation data between free protein and protein in complex
based on rotational correlation times and changes in internal motions, the
differences between the two complexes (nonspecific and quasi-specific DNA)

are more subtle with only a few key residues showing changes from each other.

4.2.3 Calculation of order parameters for the arginine side chain
groups from the relaxation data of protein in complex with
DNA

Table 4.3: S? order parameters for the free protein, protein in complex with
nonspecific DNA, protein in complex with quasi-specific DNA, and protein
in complex with specific DNA. The residues are segregated according to the
domain with they are associated. The exceptions are R27 and R55, which are
located in linker regions between zinc finger 1 and 2 and zinc finger 2 and 3
respectively.

S2 (Complex S2 (Complex S2 (Complex
Side chains S2 (Free protein) Nonspecific) Quasispecific) Specific)
Zinc Finger Domain 1
3 0.215+0.021 0.185+ 0.005 0.294 + 0.007 0.393 + 0.009
14 0.370+0.018 0.386+ 0.015 0.263 + 0.005 0.292+ 0.004
15 0.462+0.027 0.233+0.032 0.247 + 0.047 0.351+ 0.004
18 0.295+0.010 NA 0.723+0.030 0.968 + 0.02
24 0.245+0.018 0.765+ 0.049 0.860+ 0.035 0.968 + 0.033
27 0.220+ 0.010 0.212+0.025 0.694 + 0.042 0.883+0.016
Zinc Finger Domain 2
38 0.228+0.010 0,148+ 0.002 0.115+ 0,002 0.108+ 0,002
42 0,386+ 0,023 0,388+ 0.003 0.407 + 0,062 0.666+ 0,010
46 0.454+ 0,022 NA 0.807+0.071 0.962+ 0,023
55 0.241+0.013 0.693+ 0.076 0.719+0.018 0.899+ 0.021
Zinc Finger Domain 3
70 0.339+0.027 0.415+ 0.009 0.318+ 0.049 0.302 + 0.006
74 0.306+0.012 0.291+ 0.008 0.859+ 0.038 0.908 + 0.039
78 0.399+0.195 0.515+ 0.028 0.478 + 0.036 0.630+ 0.025
80 0.238+0.034 0.690+ 0.021 0.273+ 0.008 0.897+0.015
87 0.132+0.024 0.097+ 0.002 0.050+ 0.005 0.085+ 0.003

The relaxation data was used to calculate the S? order parameters for

Arg N.-H, for both complexes. Because the rotational correlation time is
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required to calculate these order parameters, >N backbone relaxation rates
R; and Ry were measured at a 'H frequency of 800 MHz and were used to
determine the rotational diffusion parameters with a 1.6 Acrystal structure
of the complex (PDBID:1AAY). For the nonspecific complex, the rotational
diffusion parameter for zinc finger domain 1 was calculated separately from
zinc finger domains 2 and 3. This was done in light of a previous study which
showed independent tumbling for ZF 1 on nonspecific DNA, but not for ZF 2
and 3.%%°0 The rotational diffusion parameters for the quasi-specific complex
zinc finger domains were calculated together. The diffusion parameters for the
complexes are in Table 4.4. Both the rotational diffusion data and the side
chain N relaxation data were used to calculate the order parameters of the
Arg N.-H,, which are listed in Table 4.3 along with data previously calculated
for the free and specifically bound protein.%? The S? order parameter defines
the mobility of the arginine sidechains, with a value of 0 being most mobile, and
a value of 1 being completely immobilized.?® Here we describe the differences of
arginine side chain mobility between the proteins bound to two different types
of DNA, non-specific and quasi-specific DNA. We then compare it to both the
free protein and the protein bound to its specific complex. The relaxation data
for both complexes, although similar, have significant differences at residues
Arg 27, which is important for the protein’s conformational switch,>® and
residue Arg 80, important for a hydrogen bonding of the second guanine within

the specific target sequence for Egr-1.
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Table 4.4: Rotational correlational times for the Egr-1/nonspecific complex
and the Egr-1/quasi-specific complex.

Trefs (15)
Nonspecific complex at 35°
ZF1 13.12 £ 0.23
ZF2-7F3 14.37 £ 0.10
Quasi-specific complex at 35°
ZF1-7ZF2-7F3 15.19 £+ 0.06

4.2.4 Comparison of free protein with quasi-specifically bound pro-

tein

There are 15 known Arg interactions when Egr-1 complexes with its
specific target sequence.? When measuring the change in mobility of cationic
groups of Egr-1 bound to its target, the majority of arginine side chains showed
significant perturbations of the S? order parameters. This indicates a notable
decrease in mobility of the side chains because of their interactions with DNA.
However, when comparing the N.-H, order parameters of free Egr-1 and the
Egr-1 quasi-specific complex (Figure 4.5A), we found significant differences
in only 6 of the 15 residues. Four of the residues with decreased mobility
(R18, R24, R46, R74) were those with direct interactions with DNA bases.
Arginine 24 interacts with just a guanine DNA base in the specific complex,
while residues R18, R46, and R74 form not only hydrogen bonds with guanine
bases, but also two hydrogen bonds with neighboring aspartate side chains
(D20, D48, and D76). The two other residues, R27 and R55, are located in
the linker regions between ZF 1 and 2 and ZF 2 and 3 respectively. They also

show a large decrease in mobility. This loss in mobility for R27 is likely due
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to interaction with Q32 and the DNA phosphate backbone, while R55 inter-
acts with E60. When comparing the quasi-specific complex with the specific
complex of Egr-1(see Figure 4.5B.), most of the residues showed a comparable
decrease in mobility, with the exception of residue 80. This is expected since
the quasi-specific site is missing an important guanine at position 8 of the
specific sequence. Loss of guanine 8 reduces affinity of the protein to the spe-
cific complex as demonstrated in chapter 2. Without this interaction, Egr-1’s

affinity to the specific site is significantly decreased.

4.2.5 Conformational changes of Egr-1 bound to nonspecific DNA

The NMR data for Egr-1 in complex with nonspecific DNA indicated
decreased mobility for 3 residues: R24, R55, and R80 (Figure 4.6A and B).
Two residues, R18 and R46, could not be observed, possibly due to extremely
slow chemical exchange between free and bound conformations. Interestingly,
one residue, R15, showed a significant increase in mobility in the complex,
compared to its free state, but it is unclear why this would occur. It is possible
that conformational changes upon binding cause this mobility enhancement as
has been suggested for a few other proteins.!??:139:140 Because immobilizing
other side chains causes an entropic loss, it is possible that the increased
mobility of this noninteracting residue compensates for the entropy loss. Both
residues R24 and R80 showed decreased mobility, probably due to interactions
with guanine bases on the nonspecific DNA. Residue 55 in the linker region

between ZF 2 and 3 showed decreased mobility, which most likely serves to
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maintain a conformational change and stabilize the binding of ZF 2 and 3.
Interestingly, R27 showed no decrease in mobility, suggesting that ZF 1 is
relatively mobile because of the flexible linker region. This is different from the
quasi-specific complex, where decreased mobility was observed for both linker
residues R27 and R55 (Figure 4.7 on page 103). While there is significant loss
of mobility from Egr-1’s free state while bound to nonspecific DNA, there is
still more mobility when compared to its specifically bound state (Figure 4.6C
on page 4.6). It is especially significant in residues R27 and R74, which are
highly mobile in comparison to the complex. In fact, the mobility of these

residues is the same as the free state of the protein (Figure 4.6A on page 4.6).

4.3 Discussion

4.3.1 Conformational modes of Egr-1 during target search

Previous work on Egr-1 indicates that it has two conformational modes,
a scanning mode with ZF 1 free from DNA while ZF 2 and 3 are bound,
and recognition mode where all zinc finger domains are bound to DNA. Once
completely bound to DNA, all but 2 arginine residues become rigid.**>° R27,
although in a linker region, also loses its mobility and interacts with Q32
and the DNA phosphate backbone when the protein is in recognition mode.
When the protein interacts with nonspecific DNA, R27 in the linker regions
between ZF 1 and 2 was still highly mobile, just as in the free state. This
suggests that in scanning mode, R27’s mobility allows ZF 1 to be free from

DNA. In fact, previous experiments tested mutant Egr-1 zinc finger domains
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by using site-directed mutagenesis to replace crucial residues, including R27,
to affect conformational changes of the zinc finger domains. Zandarashvili et
al found that the flexibility of the linker regions affected the kinetic rate Egr-
1’s search for its target. Forcing the protein into recognition mode caused a
decrease in the apparent kinetic rate, while keeping the protein in scanning

50 This observation

mode significantly increased the apparent kinetic rate.
is supported in our current work, where we found the difference in mobility
between protein bound to nonspecific and quasi-specific DNA mainly lay in the
mobility of the residues found in the linker regions of the zinc fingers. Residues
27 and 55, between domains 1 and 2, and domains 2 and 3 respectively lend
rigidity to the protein domains once specifically bound to DNA. In the quasi-
specific sequence, both residues 27 and 55 showed decreased mobility indicating
that inter-domain motion is reduced in this state. However, in the nonspecific
complex, only residue 55 showed decreased mobility, while residue 27 remained
highly mobile. This suggests that due to the mobility of this residue, the first
domain of the zinc finger remains dynamic. This would allow for domain 1
to be more mobile than the other two domains, contributing to the scanning
conformation of the protein. This is also supported by rotational correlation
time data, which shows a lower correlation time rate for the first domain of the
zinc finger in complex with DNA than for the other two domains (see Table
4.4). This is not the case for protein bound to quasi-specific DNA, which
shows a larger correlational time for all domains. Overall, the data indicates

two different conformational modes of the protein during the target search.
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4.3.2 Third domain reduced interactions with quasi-specific DNA

When the protein is bound to the quasi-specific sequence, most of the
arginine side chains showed decreased mobility with the exception of residue
R80. When bound to the specific DNA sequence, R80 form two hydrogen
bonds to guanine 8, which has been replaced in the quasi-specific sequence
with an adenine. Without the the guanine at position 8, R80’s mobility is
almost identical to free protein, indicating that no interaction is occurring to
keep it stable. Recent work has shown that the binding of ZF 3 to DNA lends
a significant amount of stability to the complex,'*! therefore complete loss of
binding for R80 would cause a significant in decrease in stability and affinity
for DNA. This was qualitatively demonstrated in chapter 2 where we showed
Egr-1’s reduced affinity to DNA Lg compared to its specific site. While for the
specific site loss of R80 interaction would be detrimental to proper binding,
it is beneficial for off-target search, since it would reduce the trapping affect

causing by binding to off-target locations.

4.4 Concluding Remarks

This chapter demonstrates the differences in arginine side chains’ mo-
bility when Egr-1 is bound to quasi-specific and nonspecific sequences. We
show that there is a significant decrease in mobility for both types of DNA,
but the decrease is not as strong as that for Egr-1 binding to specific DNA.
The differences in mobility between quasi-specific and non-specific DNA are

subtle, with only 3 residues significantly different in mobility. Of importance

98



is the linker residue R27, whose mobility in the nonspecific complex, support
the idea of two conformational modes, scanning and recognition. This work
provides atomic level data describing the nature of of Egr-1’s arginine side
chain dynamics during the scanning process. Further experiments are needed
to explore the properties of other residues such as lysine, which also interact

at the protein-DNA interface.
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Figure 4.4: A)The difference in >N chemical shift from the Arginine residues
from free Egr-1 versus Egr-1 bound to nonspecific DNA. As salt concentra-
tion increases, the chemical shift difference decreases until they reach approx-
imately zero. Since the chemical shifts for both the complex and free are
equivalent at 750 mM KCI, the spectra can be compared and the complex
can be assigned from the currently known assignments from the free Egr-1
spectrum. B)Values a and b from equation 4.2 were plotted as a function of
salt concentration to determine the Ky over increasing salt concentrations. C)
An overlay of an HISQC spectrum for free Egr-1 (black spectrum) and Egr-
1/DNA L complex (red spectrum) over three different salt concentrations. The
difference in the spectra at 20 mM is significant, but as salt concentration is
increased, the spectra become nearly identical as seen in the spectrum at 750

mM KCL
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A.  S2order parameters for Egr-1 in free, quasi-specific, and specific
states

S2 order parameter
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Figure 4.5: A) S? order parameters for free Egr-1 (green), quasi-specific com-
plex (blue), and specific complex (red). A larger value indicates decreased
mobility. B) Difference of the S? order parameters between Egr-1 bound to
quasi-specific DNA and free Egr-1. The larger value indicates a decrease in
mobility from the free state. C)Difference in S? order parameter between Egr-1
bound to quasi-specific DNA and Egr-1 bound to specific DNA. The negative
difference indicates an increase in mobility in the quasi-specific bound protein
compared to the specifically bound state.
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Figure 4.6: A) S? order parameters for free Egr-1 (green), nonspecific complex
(cyan), and specific complex. The nonspecific complex is missing two residues
(R18 and R46), since they were not able to be resolved in the spectrum. B)
Difference is S? order parameters between Egr-1 bound to nonspecific DNA and
free Egr-1. The larger value indicates a decrease in mobility from the free state.
C)Difference in S? order parameter between Egr-1 bound to non-specific DNA
and Egr-1 bound to specific DNA. The negative difference indicates an increase
in mobility in the nonspecific bound protein compared to the specifically bound

state.
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A. S2order parameters of quasi and nonspecific B.
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Figure 4.7: A) S? order parameters of nonspecific complex and the quasi-
specific complex. B) Difference of the S* order parameters between Egr-1
bound to quasi-specific DNA and nonspecific DNA. The larger value indicates
a decrease in mobility from the nonspecific bound state.
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Chapter 5

Conclusions

Our current work provides a new perspective on target DNA search
mechanisms for transcription factors. In chapter 2, our study demonstrated a
quantitative description of the impact of quasi-specific sites on target search
kinetics of Egr-1. Depending on the affinities and numbers of quasi-specific
sites, they can substantially impede the search process due to trapping of
the protein. Because of this effect, the protein concentration dependence of
the apparent pseudo-first-order kinetic rate constant for target association in
the presence of quasi-specific sites is bi-phasic (rather than linear) despite
the second order-nature of the target association process. When all quasi-
specific sites are saturated with proteins, the target association is much faster
because the strong trapping effect largely disappears. Given this observation,
it is reasonable to consider that quasi-specific sites can substantially attenuate
functions of transcription factors in vivo and that quasi-specific sites might
play a role in the regulation of transcription factors via indirect interplay with

other nuclear proteins. !

!Adapted with permission from Kemme, Catherine A., et al "In-
fluence of quasi-specific sites on kinetics of target DNA search by a
sequence-specific  DNA-binding protein.”  Biochemistry 54.44  (2015): 6684.

http://pubs.acs.org/doi/abs/10.1021%2Facs.biochem.5b00967
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The idea of quasi-specific sites affecting regulation of transcription fac-
tors via indirect interplay with other nuclear proteins lays the foundation for
chapter 3. Here we showed that the target search process for transcription fac-
tors can be greatly accelerated when other proteins block such quasi-specific
sites(decoys). This mechanism does not require any direct protein-protein in-
teractions, although the current paradigm for synergy between transcription
factors typically assume their direct interactions.” " In chapter 3, we demon-
strate that MeCP2 MBD facilitates the association of the Egr-1 zinc-finger
protein with the unmethylated target by blocking methylated decoys. In prin-
ciple, other proteins could also provide the same acceleration mechanisms, as
long as they selectively block decoys but not targets. For example, highly
expressed transcription factors with similar but different sequence specificity
may enhance the function of other transcription factors by selectively blocking
their decoys. Natural decoys (NDs) and their DNA methylation may play key

roles in regulation of transcription factors.?

To delve further into transcription factor’s interactions with DNA dur-
ing the scanning process, in chapter 4 we analyze Egr-1’s arginine side chain
interactions with DNA bases when it is bound to non-specific DNA and quasi-
specific DNA. We demonstrate that while there is a significant decrease in mo-

bility of some of the Arg side chains when it is non-specifically bound, there is

2Adapted from Kemme, Catherine A., et al. ”Potential role of DNA methylation as a
facilitator of target search processes for transcription factors through interplay with methyl-
CpG-binding proteins.” Nucleic Acids Research (2017) under the Creative Commons License
(http://creativecommons.org/licenses/by-nc/4.0/)
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a crucial residue which is mobile. This residue was previously suggested to be
involved in Egr-1’s conformational switch between scanning and recognition
mode.?® The scanning mode allows the protein to be partially bound to DNA,
possibly reducing the trapping effect in vivo caused by a significant range of

NDs.

5.1 Future directions

5.1.1 Chromatin structure and natural decoys

The sequestration of transcription factors via NDs possibly depends on
chromatin structure. Janssen et al. studied drug-induced chromatin openings
of DNA satellite V involving GAGAA repeats in Drosophila.'*?> They found
that chromatin opening led to increased sequestration of the GAGA factor
and reduced expression of its target genes.!*? This finding suggests that the
locations of NDs in the genome are important for functional sequestration of
transcription factors. When NDs are located in accessible regions, they may
sequester transcription factors to a greater degree. Because acetylation and
methylation of histone tails are associated with the regulation of chromatin
structure,'*? the accessibility of NDs may, in principle, be assessed through
the bioinformatics analysis of databases on nucleosome positions and histone
modifications. Such investigations might allow for the prediction of the efficacy

of NDs for each transcription factor.?

3 Adapted with permission from Kemme, Catherine A., et al. ” Regulation of transcription
factors via natural decoys in genomic DNA.” Transcription 7.4 (2016): 115-120.
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5.1.2 Synthetic versus natural decoys for transcription factors

Understanding the mechanisms underlying how transcription factors
recognize DNA, will improve development of genetic therapeutics such as syn-
thetic DNA decoys. Abundant NDs may adversely impact the effectiveness of
synthetic DNA decoys, which are short duplexes designed to inhibit particular
transcription factors for therapeutic purposes. Applications of this approach
for various transcription factors have been examined. For example, STATS,
which is constitutively active in cancerous cells, has been targeted to abro-
gate the growth of head and neck cancer cells;'** Egr-1 to inhibit neointimal
hyperplasia;'*® and NF-xB to prevent myocardial infarction.'¥® Though this
approach was successful in some applications, the synthetic decoys typically
produced only modest inhibitory effects compared to other oligonucleotide-

based gene suppression methods.'*”

This inadequate inhibition may be partially due to the presence of NDs
in genomic DNA, although the short life span and poor delivery efficiency of the
synthetic decoys may also be responsible. The synthetic decoys must compete
with these NDs for transcription factors, and as mentioned above, the net
concentration of the accessible NDs in the nuclei could be as high as ~ 107°-
1075 M. Because an uptake of the synthetic decoys at more than 107% M, in the
nuclei of living cells, is very unlikely in practice, it is difficult for the synthetic
decoys to competitively overcome the NDs unless the synthetic decoys exhibit
a much higher affinity than the NDs. To achieve such conditions, the oxygen-

to-sulfur substitution in the phosphate groups of DNA backbone that interact
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with the protein may be useful.!®® Additionally, the inhibition of transcription
factors by synthetic decoys should occur more effectively in the cytoplasm
(i.e., pre-nuclear localization), due to the absence of NDs. For the successful
therapeutic application of natural decoys, it may be necessary to consider

competition with NDs in genomic DNA. 4

5.2 Final remarks

NDs can be regarded as a novel class of regulatory DNA that controls
the activities of sequence-specific transcription factors by precluding them from
binding to their functional target sites on DNA. In the nuclei, NDs always
exist in large quantities without the need for expression. However, NDs’ in-
hibitory effects on transcription factors depend on various factors, such as chro-
matin structure, CpG methylation, and competition with other proteins. The
functional activity of a transcription factor may be greatly enhanced through
blocking of its NDs by other proteins. When most NDs become inacessible, the
transition in target association behavior may resemble the behavior of an on-
off switch. Thus, the sequestration of transcription factors in NDs could serve
as a controllable mechanism of gene regulation. Since the ENCODE project
stated that 80% of the human genome is functional,’® the role of so-called
”junk DNA” has been controversial. Each ND may be junk in terms of pri-

mary sequence and non-functional compared to the target sites, but ensembles

4Adapted with permission from Kemme, Catherine A., et al. ”Regulation of transcription
factors via natural decoys in genomic DNA.” Transcription 7.4 (2016): 115-120.
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of abundant NDs in the genome may have profound effects on the functions
of transcription factors. In addition, these sites, depending on their sequence
can change how the protein binds to DNA, through the alteration of resid-
ual interactions. Alteration of residual interactions causes a conformational
change in the protein and affects how the protein scans DNA. Currently, very
little is known about NDs, and further characterizations, including analysis
of ND distributions in the genome, are necessary. Integration of cell biology,
biochemistry, biophysics, and bioinformatics is required to delineate the roles

of NDs in the transcriptional regulation of genes. °

5 Adapted with permission from Kemme, Catherine A., et al. ”Regulation of transcription
factors via natural decoys in genomic DNA.” Transcription 7.4 (2016): 115-120.
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connected with, or sponsored, endorsed, or granted official status by, the Licensor or others
designated to receive attribution as provided in Section 3(a)(1)(A)(i).

b. Other rights.

1. Moral rights, such as the right of integrity, are not licensed under this Public License, nor are
publicity, privacy, and/or other similar personality rights; however, to the extent possible, the
Licensor waives and/or agrees not to assert any such rights held by the Licensor to the
limited extent necessary to allow You to exercise the Licensed Rights, but not otherwise.

2. Patent and trademark rights are not licensed under this Public License.

3. To the extent possible, the Licensor waives any right to collect royalties from You for the
exercise of the Licensed Rights, whether directly or through a collecting society under any
voluntary or waivable statutory or compulsory licensing scheme. In all other cases the
Licensor expressly reserves any right to collect such royalties, including when the Licensed
Material is used other than for NonCommercial purposes.

Section 3 - License Conditions.
Your exercise of the Licensed Rights is expressly made subject to the following conditions.
a. Attribution.
1. If You Share the Licensed Material (including in modified form), You must:

A. retain the following if it is supplied by the Licensor with the Licensed Material:
i. identification of the creator(s) of the Licensed Material and any others
designated to receive attribution, in any reasonable manner requested by the
Licensor (including by pseudonym if designated);
ii. a copyright notice;
iii. a notice that refers to this Public License;
iv. a notice that refers to the disclaimer of warranties;
v. a URI or hyperlink to the Licensed Material to the extent reasonably
practicable;
B. indicate if You modified the Licensed Material and retain an indication of any previous
modifications; and
C. indicate the Licensed Material is licensed under this Public License, and include the
text of, or the URI or hyperlink to, this Public License.

2. You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based on the
medium, means, and context in which You Share the Licensed Material. For example, it may
be reasonable to satisfy the conditions by providing a URI or hyperlink to a resource that
includes the required information.

3. If requested by the Licensor, You must remove any of the information required by Section
3(a)(1)(A) to the extent reasonably practicable.

4. If You Share Adapted Material You produce, the Adapter's License You apply must not
prevent recipients of the Adapted Material from complying with this Public License.

Section 4 - Sui Generis Database Rights.
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Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the Licensed
Material:

a. for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce, and
Share all or a substantial portion of the contents of the database for NonCommercial purposes
only;

b. if You include all or a substantial portion of the database contents in a database in which You have
Sui Generis Database Rights, then the database in which You have Sui Generis Database Rights
(but not its individual contents) is Adapted Material; and

c¢. You must comply with the conditions in Section 3(a) if You Share all or a substantial portion of the
contents of the database.

For the avoidance of doubt, this Section 4 supplements and does not replace Your obligations under this
Public License where the Licensed Rights include other Copyright and Similar Rights.

Section 5 — Disclaimer of Warranties and Limitation of Liability.

a. Unless otherwise separately undertaken by the Licensor, to the extent possible, the
Licensor offers the Licensed Material as-is and as-available, and makes no representations
or warranties of any kind concerning the Licensed Material, whether express, implied,
statutory, or other. This includes, without limitation, warranties of title, merchantability,
fitness for a particular purpose, non-infringement, absence of latent or other defects,
accuracy, or the presence or absence of errors, whether or not known or discoverable.
Where disclaimers of warranties are not allowed in full or in part, this disclaimer may not
apply to You.

b. To the extent possible, in no event will the Licensor be liable to You on any legal theory
(including, without limitation, negligence) or otherwise for any direct, special, indirect,
incidental, consequential, punitive, exemplary, or other losses, costs, expenses, or
damages arising out of this Public License or use of the Licensed Material, even if the
Licensor has been advised of the possibility of such losses, costs, expenses, or damages.
Where a limitation of liability is not allowed in full or in part, this limitation may not apply to
You.

c. The disclaimer of warranties and limitation of liability provided above shall be interpreted in a
manner that, to the extent possible, most closely approximates an absolute disclaimer and waiver
of all liability.

Section 6 — Term and Termination.

a. This Public License applies for the term of the Copyright and Similar Rights licensed here.
However, if You fail to comply with this Public License, then Your rights under this Public License
terminate automatically.

b. Where Your right to use the Licensed Material has terminated under Section 6(a), it reinstates:

1. automatically as of the date the violation is cured, provided it is cured within 30 days of Your
discovery of the violation; or
2. upon express reinstatement by the Licensor.
For the avoidance of doubt, this Section 6(b) does not affect any right the Licensor may have to
seek remedies for Your violations of this Public License.

c. For the avoidance of doubt, the Licensor may also offer the Licensed Material under separate
terms or conditions or stop distributing the Licensed Material at any time; however, doing so will not
terminate this Public License.

d. Sections 1, 5, 6, 7, and 8 survive termination of this Public License.

Section 7 — Other Terms and Conditions.

a. The Licensor shall not be bound by any additional or different terms or conditions communicated
by You unless expressly agreed.

b. Any arrangements, understandings, or agreements regarding the Licensed Material not stated
herein are separate from and independent of the terms and conditions of this Public License.

Section 8 — Interpretation.
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a. For the avoidance of doubt, this Public License does not, and shall not be interpreted to, reduce,
limit, restrict, or impose conditions on any use of the Licensed Material that could lawfully be made
without permission under this Public License.

b. To the extent possible, if any provision of this Public License is deemed unenforceable, it shall be
automatically reformed to the minimum extent necessary to make it enforceable. If the provision
cannot be reformed, it shall be severed from this Public License without affecting the enforceability
of the remaining terms and conditions.

c. No term or condition of this Public License will be waived and no failure to comply consented to
unless expressly agreed to by the Licensor.

d. Nothing in this Public License constitutes or may be interpreted as a limitation upon, or waiver of,
any privileges and immunities that apply to the Licensor or You, including from the legal processes
of any jurisdiction or authority.

Creative Commons is not a party to its public licenses. Notwithstanding, Creative Commons may elect
to apply one of its public licenses to material it publishes and in those instances will be considered the
“Licensor.” The text of the Creative Commons public licenses is dedicated to the public domain under
the CCO Public Domain Dedication. Except for the limited purpose of indicating that material is shared
under a Creative Commons public license or as otherwise permitted by the Creative Commons policies
published at creativecommons.org/policies, Creative Commons does not authorize the use of the
trademark “Creative Commons” or any other trademark or logo of Creative Commons without its prior
written consent including, without limitation, in connection with any unauthorized modifications to any of
its public licenses or any other arrangements, understandings, or agreements concerning use of
licensed material. For the avoidance of doubt, this paragraph does not form part of the public licenses.

Creative Commons may be contacted at creativecommons.org.

Additional languages available: Bahasa Indonesia, Deutsch, frangais, hrvatski, italiano, Nederlands,
norsk, polski, suomeksi, svenska, te reo Maori, Turkce, ykpaiHcbka, 4u =), H AEE. Please read the
FAQ for more information about official translations.
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