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SUMMARY

DNA is often bent, twisted, or otherwise deformed inside the cell because of interactions
with DNA-binding proteins that perform a variety of essential cellular functions such as
transcriptional regulation, replication, or repair. The extent of these deformations ranges from
localized distortions over a few base pairs to looping or bending over hundreds of base pairs.
Structures of several protein-DNA complexes show the DNA sharply kinked at specific target
sites, indicating that “site-specific” recognition must rely, at least in part, on the ease with which
DNA can be deformed. This is especially the case for those proteins that are unable to directly
“read” the sequence at that site and thus rely almost entirely on sensing sequence-dependent
DNA shape and deformability for target recognition, also referred to as “indirect readout”.
However, many of the rules that govern sequence-dependent DNA shape/deformability remain

largely untested, especially for DNA deformations of high severity.

In this thesis, I present multiple studies aimed at characterizing severe DNA
deformations. These studies were performed with a prokaryotic, nucleoid-associated,
architectural protein Integration Host Factor (IHF) that belongs to a family of DNA-bending
proteins. IHF has been called a “master-bender” for its remarkable ability to bend specific sites
on DNA by nearly 180° degrees over 35 base pairs (bp), which it accomplishes by inducing two
sharp kinks into the DNA about 9 bp apart. All contacts that IHF makes with the DNA in the
specific complex are either to the minor groove — where the bases are hard to differentiate — or to
the sugar phosphate backbone. Thus, IHF serves as an excellent model system for biophysical
studies of a DNA-bending protein that exhibits high specificity to certain sequences but relies

almost exclusively on indirect readout to recognize these sites.
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SUMMARY (CONT.)

While crystal structures of IHF bound to one of its target sites, the ~35-bp H’ site on A-
phage DNA, showed the DNA bent into a “U-turn”, the structure provided only a static picture.
Whether the two DNA kinks induced by IHF were rigid or flexible was not known. In Chapter 3,
I report our study that addressed this question by using fluorescence lifetime (FLT) studies to
measure Forster resonance energy transfer (FRET) efficiency between fluorescent probes
attached to the ends of 35-mer DNA substrates of IHF. The FLT-FRET approach enabled, for the
first time, observation of additional, partially-bent conformations in various IHF-DNA
complexes, with either one side unkinked or the other, thus revealing a surprisingly dynamic
specific complex. This conformational flexibility was further modulated by sequence variations
in the cognate site. In particular, our study demonstrated how an A-tract on one of the flanking
arms of H” on one side of the U-bent binding site is critical in keeping that arm of the DNA held
against the protein by forming favorable interactions with that side of the IHF molecule; in the
absence of the A-tract, as in another binding site, the H1 site, that side becomes more “flappy” in
the complex. Notably, the difference in dynamics between IHF-H’ and IHF-HI1 reflects the
different roles of these complexes in their natural context, in the A-phage “intasome” — the
complex that integrates A-phage virus into the chromosome of the bacterial host during viral
infection. Taken together, these results provide important insights into the finely tuned
interactions between IHF and its many biological targets that keep the DNA bent (or not); yield
quantitative data on the dynamic equilibrium between different DNA conformations (kinked or
not kinked) that depend sensitively on DNA sequence and deformability; and highlight the
important implications of different levels of flexibility of the IHF-DNA complexes in their

biological role of facilitating the formation of higher-order DNA-protein complexes.
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SUMMARY (CONT.)

While the specific binding of IHF to DNA has been extensively studied, it also binds
nonspecifically to facilitate DNA packaging, and possibly for other cellular functions. The ability
of IHF to bind DNA in multiple modes to a single DNA site poses a simple question: what are the
relative binding affinities in the two binding modes? Indeed, there is wide disagreement in the
literature as to what the binding affinities are even for specific binding, with previously reported
affinities for the IHF-H’ complex varying by nearly three orders of magnitude. Much less is known
about the nonspecific binding affinities. In Chapter 4, I address these issues by measurements of
isotherms for binding of IHF to the specific H’ substrate as well as to a nonspecific DNA construct
of the same length, using (1) fluorescence anisotropy to monitor protein binding stoichiometry and
(2) FRET measurements on end-labeled DNA constructs to monitor the extent of DNA bending.
I applied a lattice model — where the DNA is treated as a finite lattice to which one IHF protein
can bind specifically or multiple proteins can bind nonspecifically on non-overlapping sites — and
used global modeling to simultaneously describe the four binding isotherms (from anisotropy and
FRET measurements on specific and nonspecific DNA). This “three-state” model provided an
excellent description of the four binding isotherms up to [I[HF]/[DNA] < 200. However, for even
higher excess protein conditions, discrepancies between the data and the fits became evident,
suggesting that this minimal description, in which nonspecific protein binding displaces a
specifically bound protein, may be incomplete. Our data suggest that specific and nonspecific
binding need not be mutually exclusive and that a binding site with a specifically bound protein
could also accommodate a nonspecifically bound protein. Our study thus elucidates the added

complexities of [HF-DNA interactions that were not considered in previous descriptions and lays
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SUMMARY (CONT.)

the foundation for further examining higher order complexes at high protein-to-DNA ratios that

may be present in vivo.

In Chapter 5, I investigated if transient Hoogsteen base pairing played a role in the
mechanism of site-specific recognition by IHF. Hoogsteen pairing is a thermodynamically less
favored yet thermally accessible alternative to Watson-Crick base pairing in duplex DNA; is
more prevalent at sites where DNA is more flexible; and involves structural changes to the
sugar-phosphate backbone of DNA. These transient changes in shape brought about by
Hoogsteen formation are likely sensed by indirect readout proteins as they scan the DNA. Here,
we investigated the role transient Hoogsteen base pairing may have in the ease with which IHF
recognizes its DNA binding site. We utilized laser temperature-jump (T-jump) spectroscopy to
measure changes in the DNA bending/unbending kinetics in the IHF-H’ complex when a
Hoogsteen inhibiting nucleotide analog, 7-deaza adenine (7dA), was substituted instead of the
normal adenine at different positions along the H’ substrate. We hypothesized that if transient
Hoogsteen formation facilitates DNA kinking then 7dA substitution made at or near a kink site
should destabilize the modified IHF-H’ complex and slow the rates of DNA bending. We
anticipated no change in complex stability and DNA bending rates with 7dA substitutions made
at sites that remain B-DNA like in the complex and are at some distance from the kinks.

Our study revealed some unexpected results. First, 7dA substitutions near a kink site had
little or no effect on IHF-H’ binding affinity while the T-jump measured rates for DNA
bending/unbending within the specific complex increased by ~2-fold. Second, 7dA substitutions
made away from the kink site, and initially expected to have no effect on affinity nor on kinetics,

in fact stabilized the complex by ~40-fold and again slightly increased the T-jump measured
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SUMMARY (CONT.)
rates. We therefore conclude that transient Hoogsteen pairing at potentially weak sites in the
DNA does not appear to be an important factor in facilitating DNA kinking or target recognition
by IHF. Instead, we attribute the ~40-fold increase in binding affinity for our “control”
experiment by recognizing that the 7dA substitution in this case was made in a consensus region
of the H’ sequence, previously shown to be more readily twisted to facilitate interactions with
IHF and to stabilize the bent DNA arm on that side of the complex. Thus, increased stability of
the complex with the “control” is attributed to weakened stacking interactions from the 7dA
substitution and hence increased DNA “twistability” at that site. While our findings show that
Hoogsteen pairing has little importance within the IHF-DNA complex, these studies nonetheless
highlight the profound impact that apparently minor modifications in a nucleotide moiety — that
still enable Watson-Crick pairing — can have on DNA flexibility/deformability and thereby
influence target-site recognition.

In Chapter 6, I present high-throughput “SELEX” studies aimed at identifying DNA
sequences of high deformability. SELEX — systemic evolution of ligands by exponential
enrichment — is an in vitro protocol that separates a pool of random DNA sequences by their
affinities to DNA-binding proteins. For these studies we used IHF and a closely related,
structurally homologous, nucleoid-associated protein, Hbb, found in Borrelia burgdorferi, a
spirochete responsible for causing Lyme disease in humans. Both proteins bend the DNA into a
U-turn to form very similar protein-DNA complex structures; thus high-affinity sequences are
hypothesized to be of higher deformability. Our goal was to identify these high-affinity DNA
sequences and to uncover sequence patterns at the sites known to be sharply kinked when in

complex with this family of DNA-bending proteins; to examine the intrinsic “kinkability” of
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SUMMARY (CONT.)

these DNA sequences; and to provide a robust database for further development of base-step and

longer range parameters for modeling DNA deformability.

The DNA library for the SELEX studies was based on the H’ sequence but with the A-
tract on the flanking arm replaced by the sequence from the H1 site that lacks an A-tract, as
described above. A 6-bp region at one of the protein-induced kink sites that does not fall within
the consensus region for either protein was chosen to be randomized, resulting in a DNA library
with 4°= 4,096 unique sequences. We reasoned that, in the absence of the stabilizing interactions

of the A-tract, sequence selectivity at the randomized site would be determined primarily by the

“kinkablity” of that site.

These SELEX studies enabled us to rank DNA sequences by their binding affinities and
to separate high affinity “winners” from low affinity “losers” for both IHF and Hbb. The
sequences were then analyzed in multiple different ways. First, we identified dinucleotide and
tetranucleotide sequences in the randomized region that were more probable among winners or
losers. Second, we parameterized the DNA shapes of all the sequences using the DNA-Shape
program developed by Prof. Remo Rohs (University of Southern California). Third, we used
nearest-neighbor elastic models to compute the energetic cost for distorting B-DNA into the U-
turn shape of the protein-bound structures. A few key results stand out: (1) A-tracts of greater
than 3 As in a row at or near the randomized kink sites were found to be disfavored by both
proteins, indicating that such stretches inhibit the formation of the sharply kinked DNA; (2) the
DNA-shape analysis revealed an asymmetry between the two kink sites in that pre-distorted
DNA was revealed to be an important feature of the non-randomized (consensus region) kink site

and less so for the randomized kink site that lay outside the consensus region; (3) a correlation,
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SUMMARY (CONT.)

albeit weak, was observed for IHF (though not for Hbb) between binding affinity and ease of
deformability at the randomized kink site, as obtained from the elastic modeling. These studies
further demonstrated the unique properties of A-tracts that make them highly important sequence
elements for genetic regulation. They also underscored the limitations of elastic (harmonic
approximation) models for describing sharply kinked DNA. Harmonic models impose a high
energy penalty on the 90° bends observed at each kink site in the IHF-H’ crystal structure,
despite growing evidence that kinks are more probable and less energetically costly than these
models predict. These SELEX studies lay a strong foundation for systematically and
quantitatively approaching questions surrounding DNA of high deformability and for developing
a database of highly deformable sequences that can be used to improve current models of

sequence-dependent DNA mechanics and flexibility.
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Chapter 1

Introduction

1.1. DNA

Deoxyribonucleic acids (DNA) carry the essential genetic information for all living organisms,
information that must be properly stored, organized, and accessed by the cellular machinery with
high fidelity. Cells accomplish these takes by employing proteins to properly package the DNA
and to access specific sites along the DNA. Protein binding to specific sites is needed to initiate a
variety of cellular functions such as gene regulation and DNA repair. Therefore, understanding
how proteins bind to the DNA and why some DNA sequences are preferred is needed to understand
how the cell operates. Crystal structures of several protein-DNA complexes show that DNA is
often severely deformed when site-specifically bound to the protein (as illustrated in Figure 1.1),
indicating that sequence-dependent DNA deformability is an important feature of DNA that helps
proteins discriminate between sites as they search the genome. This thesis includes several studies

that aim to characterize DNA deformability and its contribution to recognition and specificity by

DNA-binding proteins.
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Figure 1.1. Schematic representation of different DNA-bending proteins. Open source images by
Dr. David Goodsell (https://pdb101.rcsb.org/).



1.1.1. DNA structure

Duplex DNA is comprised of two polymer strands. Each strand consists of a string of
nucleotides. Each nucleotide is made up of a phosphate group, a deoxyribose sugar, and one of
four bases: adenine (A), thymine (T), cytosine (C) and guanine (G) (Figure 1.2.). Alternating
phosphate groups and sugars, linked by phosphodiester bonds, create the backbone. The
orientation of the pentose sugar group gives direction to the DNA strand (ordered 5’— 3’). One

base is attached to each sugar along the backbone. The order of the bases is the DNA sequence.

Two strands are joined to form the duplex DNA by the pairing of complementary nucleotides
— As to Ts and Cs to Gs — with hydrogen bonds formed between the pairs; this pairing is referred
to as the Watson-Crick pairing (Figure 1.2.). In the cell, duplex DNA is synthesized by proteins
that use a single strand as a template to synthesize its complement. The backbone of the

complementary strand is ordered the opposite direction, creating a so called anti-parallel structure.

Figure 1.2. Chemical structure of duplex DNA and subunit. Watson-Crick pairs are shown.
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Adapted from the Khan Academy. Discovery of the structure of the double helix. Image
modified from "DNA chemical structure," by Madeleine Price Ball (CC0/public domain).



1.1.2. B-DNA

The most common structure of duplex DNA is called B-form DNA (Figure 1.3.), normally
found under neutral pH and physiological salt conditions. Other forms include A-form, a thicker
form of nucleic acid common in RNA-RNA interactions and RNA-DNA interactions, and Z-form
DNA, which forms usually under torsional stress, especially in stretches of alternating pyrimidine-

purine sequences, and is thought to be important for cellular regulation (1).

Hydrophobic forces drive DNA’s duplex structure. Non-polar faces of nucleotides,
unfavorable within a polar water environment, are hidden while favorable negatively charged
phosphates in the backbone are exposed. In B-form, a right-handed helical ladder twists
approximately one full rotation per 10-10.5 base pairs (2). The shape of nucleotides gives
asymmetry to the helix, which forms a major and a minor groove. Proteins may interrogate the
DNA sequence differently when binding to the major groove or minor groove. While the major
groove may offer unique chemical moieties for proteins to recognize, the minor groove presents
an orientation of Watson-Crick base pairs in which the hydrogen bonding patterns between A-T
and C-G base pairs appear similar, preventing direct recognition of the nucleotides by site-specific
proteins (3, 4). Proteins that bind to the minor groove often need to identify their target sites via

sequence-dependent differences in shape or deformability of a local DNA sequence.
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Figure 1.3. Schematic representation of B-DNA structure with major and minor grove and its
canonical Watson-Crick base pairing scheme. Open source image.
(https://commons.wikimedia.org/wiki/File:DNA_Structure%2BKey%2BLabelled.pn_ NoBB.png
?uselang=en)

1.1.3. Semiflexible polymer description of DNA

Many properties of DNA flexibility are well described in terms of an elastic continuum
(semiflexible) polymer, the so-called wormlike chain model, and characterized in terms of bending
and twisting rigidity. The bending rigidity is quantified by a characteristic persistence length. On
length scales much less than the persistence length, the polymer is thought to be rather stiff, while
for length scales much longer than the persistence length, it is often treated like a random coil (5).
For duplex DNA, this persistence length has been measured experimentally by rotational diffusion
measurements on DNA oligomers that probe the shortening of the end-to-end distance in the elastic
rod regime (6-8), ligase-catalyzed cyclization of DNA molecules with cohesive ends that probe
ring closure probabilities (9-11), and more recently, micromanipulation experiments on long single
molecules that probe the entropic spring constant of polymeric DNA under applied force (12, 13).
These measurements yielded persistence length values of to be ~50-60 nm (~150-180 bp), with

little ionic strength dependence in the range of 10 mM- 1 M Na+ ions (14) as shown in Figure 1.4.



It should be noted that physiological conditions also have some divalent ions that further alter the

persistence length.

According to the wormlike chain description, characteristic length scales on which most
proteins interact with DNA, usually much shorter than the persistence length of DNA, should be
quite stiff. The stiffness of DNA derives mostly (~90%) from base-stacking interactions (a
combination of hydrophobic effects to bury non-polar nucleotide components from the
environment and n-w electrostatic interactions between the aromatic rings of adjacent nucleotides)
(15). Backbone electrostatics also contribute to DNA stiffness, though to a lesser extent, and
explains many of the changes to DNA behavior under different ionic conditions. For example,
DNA persistence length drops monotonically as the salt concentration of the solution increases
(Figure 1.4.). Positively charged “counter ions” in solution coat the negatively charged phosphate
group in the DNA backbone, and increasing the ionic strength helps to minimize the repulsion

between the phosphates (14).
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Figure 1.4. Persistence length of DNA in different ionic conditions. Reprinted with permission
from Baumen et. al. (14)



1.1.4. Sequence-dependence of DNA flexibility

DNA stiffness relies on stacking interactions that have strong dependence on sequence
dependence. Indeed, on the length scales on which proteins bind, which is less than few tens of
base pairs, what is critical for site-specific recognition are the local deformations at the base-pair
level that are not captured by the continuum description of the DNA polymer. Over the past few
decades, there has been a tremendous effort by several groups to characterize the strength of
stacking interactions between different groups of nearest neighbor base-pair “stacks” (15-21).
Sequence-dependent elastic parameters that can describe the local shapes and flexibility of DNA
are best encapsulated in terms of a set of parameters at the di-nucleotide level, as illustrated in
Figure 1.5. For the last twenty years, plenty of effort has been directed toward refining elasticity
parameters. Wilma Olson and co-workers as well as a consortium of molecular dynamics groups
have worked to expand elasticity parameters from the di-nucleotide to the tetra-nucleotide level
(22-24). Additionally, work has been done to refine the energy models used when calculating
elastic properties of DNA. Current approaches use harmonic approximations to describe DNA
deformations, but these estimates are meant to estimate small distortions in DNA, which does not
fully capture the severe bending (>30°) often observed in nature (23-27). While small amplitude
bending and twisting deformations in DNA are captured well by elastic models, there is a large
body of evidence indicating that severe DNA distortions, such as those seen upon protein-binding,

need models that go beyond the harmonic approximation.
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Figure 1.5. Six rigid-body parameters that describe DNA base pairing. The three translations
along the x-, y- and z-axes are termed shear, stretch, and stagger, respectively. The three
corresponding rotations are called buckle, propeller (twist), and opening. (Open source image,
first published in ref. (28))

1.1.5. Beyond the harmonic approximation: deviations from the elastic model

Even in the absence of bound protein, there is evidence of spontaneous fluctuations in DNA
that do not always conform to elastic model predictions. Cyclization studies performed by Widom
and coworkers revealed that ~100-bp DNA fragments could form circles with roughly 3-5 orders
of magnitude higher probabilities than predicted by the worm-like chain model, especially for
nucleosome-preferred DNA sequences (29, 30). From these studies, extensions were made to the
continuum, elastic, worm-like chain model to include sharp bending or kinking of DNA, either
from local melting to produce highly flexible single strand regions (31), or from sharp kinks at
sites of low stacking energy (32). Notably, Vologodskii and co-workers revisited these cyclization
measurements with 105-130 bp DNA fragments and demonstrated that the wormlike chain model
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in fact remains adequate for predicting cyclization probabilities of these fragments (33). Later, Ha
and coworkers showed using single molecule FRET (smFRET) cyclization studies that some DNA
sequences had faster looping rates than others, indicating that those sequences prefer to be
deformed (34). More recently, small-angle x-ray scattering studies showed the sequence-
dependence of DNA kinks in the absence of any bound protein (35). These studies underscore the
ongoing debate over the validity of the wormlike chain description for sharp DNA bends and
highlight the need to further characterize sharply bent DNA and to refine sequence-dependent

bendability models beyond the harmonic approximation descriptions.

1.2. Deviations from B-DNA and target site recognition

Upon binding by proteins, DNA can adopt a broad range of conformations that go well beyond
its canonical shape (Figure 1.6). Localized distortions such as sharp kinks are seen in DNA when
bound to different DNA-bending proteins including Integration Host Factor (IHF), an E. Coli
architectural protein (36); TATA-binding protein, a eukaryotic transcription factor (37); and MutS,
a DNA mismatch repair protein (38). DNA can be looped. One protein that induces looping upon
binding is the lac repressor, a gene regulatory protein required in the cellular regulation of lactose
metabolism (39). Full wrapping of DNA is observed around the histone protein complex to form
the nucleosome, the building block of the human chromosome structure (36, 40, 41). Local regions
of DNA can also endure high degrees of overwinding or underwinding due to shearing forces
associated with replicating or transcribing proteins (42-44). Lastly, DNA repair proteins recognize

damaged DNA sites that exhibit irregular twisting dynamics (45).



Figure 1.6. Crystal structures of DNA-bending protein complexes: A) Nucleosome (3LZ0),

B) Zinc finger domain of WT1 bound to DNA (6BLW), C) MutS-ADPBeF3-DNA complex
structure (INNE), D) TATA binding protein complex (1TGH). Dashed grey lines are drawn
to help guide the eye (Adapted from crystal structure images solved in refs. (37, 41, 46, 47)).

The ease by which DNA is deformed can be highly important to how efficiently site-
specific proteins can recognize their respective target sites that are typically buried amidst billions
of nonspecific sites. Site-specific recognition of DNA by proteins is often divided into two primary
categories: (1) direct readout, in which proteins recognize target sequence by forming direct
contacts with the unique moieties of the DNA bases and (2) indirect readout, in which proteins
rely on the flexibility of DNA sequence to recognize their target site. These two forms of readout
are not exclusive — many proteins use a combination of them to identify their target site (48),
although there are several examples of proteins that rely almost entirely on indirect readout. For

indirect readout, DNA sequences that can more readily adopt the contorted conformations needed



for protein binding will present lower free energy barriers to form the complex, and hence DNA

deformability is thought to be a critical factor in site-specific recognition for this class of proteins.

The question that is often raised about the indirect readout mechanism for formation of
DNA-protein complex is: does the protein induce the DNA bends (protein-induced conformational
change) or does the protein recognize a pre-distorted conformation of DNA (conformational
capture)? Identifying the mechanism by which proteins recognize their target site can offer a
window of insight into how the cell identifies DNA target sites or how to design drugs that can
target genes with high specificity. Spontaneous kinking and high deformability observed in DNA
at length scales smaller than the persistence length (29-31, 34, 35) suggests that conformational
capture plays a role, but more evidence about the role of severe bendability in context of DNA
bending proteins requires more rigorous investigation. It has been a challenge to investigate
population distributions and dynamics of non-canonical conformations states of DNA, and their

role(s) in recognition by DNA-binding proteins.

1.3. Integration Host Factor: member of a family of DNA-bending proteins

In this thesis, I address several questions about DNA deformability in the context of protein
binding and target-site recognition. I focus on localized DNA distortions, such as DNA kinking,
like those induced by a site-specific architectural protein, E. coli Integration Host Factor (IHF)
(36). IHF is a member of a family of proteins (IHF/HU family) found in many organisms and all
share a similar structures, whether free or in complex with DNA. Notable cousins to IHF are HU,
a nonspecific architectural protein in E. coli (49-51) and Hbb, a site-specific protein found in a
Lyme disease causing spirochete Borrelia burgdorferi(52). The structures of some of the IHF/HU

family proteins are shown in Figure 1.7.
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[HF is a small (22 kDa) heterodimer from E. coli. It binds DNA both nonspecifically, in its
role as a DNA compaction protein, and specifically, when required for site-specific recombination,
DNA replication and transcription. IHF also recognizes and binds to several sites on bacteriophage
lambda DNA, which is how the virus co-opts the protein from the E. coli host for lysogeny (53,
54). All contacts that IHF makes with the DNA in the specific complex are either to the minor
groove (3) or to the sugar phosphate backbone. IHF is a remarkable example of a DNA-bending
protein that exhibits high specificity to certain sequences but relies almost exclusively on indirect

readout to recognize its target sequence (55).

IHF bends the DNA containing its specific site into a U-turn by wrapping ~35-bp DNA
around three sides of the protein, which has earned it the moniker of the “master bender” (56). The
crystal structure of IHF bound to one such cognate site, denoted as the H’ site (Figure 1.4.), showed
that IHF sharply kinks the DNA at two sites spaced ~9 bp apart, explaining how it can bring distal
regions of DNA together to facilitate the formation of higher-order nucleoprotein complexes (36).
The kinks in the DNA are stabilized by conserved proline residues located on two B-ribbon arms
of the protein. The arms are thought to be flexible in the absence of the DNA but wrap around the
DNA in the complex and make additional stabilizing contacts in the consensus region between the
kink sites. Further stabilization needed to overcome the large energy penalty for the sharply kinked
DNA comes from additional contacts between the flanking DNA segments and the core of the
protein dimer, as well as from an extensive network of electrostatic interactions with charged

residues of the protein and the phosphates in the DNA backbone (57, 58).
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The specificity of IHF is determined by a small region within a larger DNA binding site.
The footprint of DNA bound to IHF is ~35 base pairs (59). However, the consensus sequence
identified on the basis of a large number of cognate sites for IHF consists of two short elements in
one half of the footprinted region (Figure 1.5.). The consensus sequence is often described as:
WATCARnnnnTTR, where W denotes A or T, R denotes purine, and n refers to any base (59, 60)
though some IHF sites also contain an A-tract containing 4-6 adenines and located in the other half
of the binding site (61, 62). IHF has proven to be an excellent model system for elucidating
sequence-dependent characteristics that favor high deformability (>60° kinks at key sites) and

features that contribute to indirect readout in binding specificity.

IHF Hbb HU

Figure 1.7. Crystal structures of IHF/HU family proteins in complex with DNA. From left to
right: IHF (pdb:11HF), Hbb (pdb:2NP2), and HU (pdb:1P78). Heterodimers are shown with the
two proteins domains in two colors (IHF: blue/green and HU: red/yellow) while homodimers are
shown with the two protein domains in the same color (Hbb: green). DNA is shown in gray for
all figures.

1.4. Thesis Overview

This thesis addresses several different aspects of IHF-DNA binding and bending, using a
combination of experimental and theoretical biophysical approaches. The thesis is organized as

follows.
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Chapter 2 describes the experimental methods and analysis techniques used in these
studies. First, several steady-state biophysical measurement techniques are discussed including
absorption, Forster resonance energy transfer (FRET), and circular dichroism. Then, time-resolved
ensemble FRET techniques of fluorescence lifetime spectroscopy and laser-temperature jump (T-
jump) spectroscopy are described. Finally, the protocol for SELEX (systemic enrichment of

ligands by exponential enrichment) is described.

In Chapter 3, I investigate if kinked DNA in complex with IHF holds its deformed
structure or is free to explore many conformations. The fluorescence lifetime studies performed
suggest highly dynamic IHF-DNA complexes that sample multiple conformations with varying
degrees of DNA bending. The population distribution of bent DNA states depended on the bound
DNA sequence, highlighting the finely tuned interactions between IHF and its many biological
targets that keep the DNA bent (or not). I show how the conformational distributions of THF-
DNA complexes differ when an A-tract is included in the flanking arm of the U-bent DNA, as in
one specific site H’, or is lacking, as in a different specific site, H1. We describe sequences
lacking an A-tract to be more “flappy” in complex, because one of the bent arms of DNA is
unable to form the favorable interactions with the side of the IHF molecule. These studies have
important implications for how the different sites (H’ and H1) within A-phage sequence are
leveraged to facilitate the formation of a higher-order DNA-protein complex called the
“intasome”, which is required for the mechanism by which the viral DNA infects E. coli host

DNA.

Chapter 4 investigates the competition between nonspecific and specific binding modes of
IHF to DNA. Previously reported values of specific binding constants of IHF to one of its cognate

sites, the H’ site, vary by nearly three orders of magnitude and even less is known about its
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nonspecific binding affinities. Throughout E. coli’s life cycle, IHF concentrations may fluctuate
by nearly 5-fold (63), suggesting varying levels of competition between specific versus nonspecific
binding during each cell phase. Previous studies used lattice binding models to quantify this
competitive binding of IHF to one of its cognate sites, H’, as measured by either isothermal titration
calorimetry (64) or gel-shift assays (65). These studies restricted the analysis to three major states:
free DNA, one protein bound specifically, or multiple proteins bound nonspecifically. Here, |
revisited the three-state lattice model applied to binding isotherms on IHF-H’, using FRET
measurements on end-labeled DNA to monitor DNA bending and fluorescence anisotropy to
monitor protein binding stoichiometry. I also monitored IHF binding to a nonspecific DNA. While
this three-state model provided an excellent description to the four binding isotherms (FRET and
anisotropy for both specific and nonspecific DNA constructs) up to [[HF] ~ 10 uM, for even higher
excess protein conditions, where nonspecific binding dominates, discrepancies between the data
and the fits became evident. These results suggested that this minimal description, in which
nonspecific protein binding displaces a specifically bound protein, may be incomplete. I expanded
the model to include a fourth “mixed state”, in which one DNA binding site could accommodate
both specifically and nonspecifically bound IHF. However, global modeling of all four binding
isotherms marginally improved the fit. These results suggest further investigation into the

competition between specific and nonspecific binding by IHF is warranted.

Chapter 5 presents experiments that were designed to test whether transient Hoogsteen
pairing (an alternate to the canonical Watson-Crick base paring) at or near one of the kink sites in
the H> sequence facilitates DNA kinking and formation of the IHF-DNA specific complex.
Transient Hoogsteen pairing has been observed in B-DNA in solution from NMR studies, with

higher probability of such pairing observed at nearest neighbor steps of highest flexibility (66, 67),
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which suggested that DNA flexibility and Hoogsteen base-pairing are related. To examine whether
Hoogsteen formation was relevant for DNA kinking in the IHF-H’ complexes, T-jump studies
were performed on IHF-bound H’ sequence variants with 7-deaza adenine (7dA) substitutes at
select sites, designed to complement time-resolved NMR studies using the same constructs (68).
The 7dA modification disrupts a hydrogen bond needed to stabilize Hoogsteen pairing. Our
prediction was that if Hoogsteen pairing enabled DNA kinking, then a 7dA substitution for adenine
at a kink site in the DNA should destabilize the complex and slow down the rates for DNA kinking
in the complex. However, little change to complex stability or kinetic rates was detected with 7dA
insertions at one of the kink sites. Interestingly, a 7dA substitution in the TTG consensus region
of the H’ binding site, far removed from the kink sites, resulted in an ~40-fold increase in the
complex stability. Taken together, the results from this study rule out Hoogsteen pairing as an
important factor in enhancing DNA “kinkability” for the IHF substrates; instead, we attribute the
dramatic effect of the 7dA substitution at the TTG site as the effect of reduced base-stacking
interactions between 7dA and its neighboring nucleotides (69), which likely enhanced local DNA
“twistability” previously shown to be an important indirect readout feature of the TTG consensus

region (70).

In Chapter 6, we ask: what sequences renders the DNA to be more kinkable? Elucidating
the rules that govern DNA sequence-dependent deformability and how these variations in
flexibility recruit proteins to binding sites has thus far proven difficult. In this chapter, I present
SELEX studies aimed to identify highly deformable DNA sequences using in vitro selection of
random DNA sequences that bind with high affinity to DNA bending proteins of the architectural
IHF/HU family. This protein family recognizes ~35 bp DNA sites primarily by indirect readout

and bends the DNA at these sites into a U-shape, with the DNA severely kinked (~70° roll) at two
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sites ~9 bp apart. SELEX studies were performed using two site-specific proteins from the IHF/HU
family: IHF and Hbb. The DNA library included a randomized 6-bp region located at one of the
kink sites and outside the known consensus region of an IHF positioning sequence. Several rounds
of SELEX were carried out to separate the tight-binders (“winners”) from the weak-binders
(“losers™). Interestingly, little correlation was observed between sequence winners and losers
between THF and Hbb, suggesting subtle differences in the sequence preferences for the two
proteins despite the very similar structures of the bound complexes. The winners and losers for
both proteins were robustly evaluated to discern patterns in sequence-dependent shape and
flexibility. Our studies suggest that several factors contribute to the favorability of DNA kinking
by IHF and Hbb. The winners, evaluated using DNAshape by our collaborators Devesh Bhimsaria
(Biolnformaticals Inc.) and Aseem Ansari (St. Jude Children’s Research Hospital), revealed a
“two-dip” structure in the minor groove width with narrow minor grooves flanking the kink site,
suggesting that the beta arms of the proteins may be recognizing pre-formed shapes in the DNA at
the kink sites prior to proline intercalation that stabilizes the kinked conformation. Energy
calculations to deform DNA, performed by Robert Young and Wilma Olson (Rutgers University
— New Brunswick) based on DNA elasticity functions developed by Olson and coworkers, show a
correlation, albeit weak, for IHF (though not for Hbb) between binding affinity and ease of
deformability at the randomized kink site. These studies indicate that both DNA deformability and

pre-distorted shapes likely contribute to indirect readout by IHF and Hbb.

Collectively, my studies contribute to the understanding of DNA deformability and its role
in target-site recognition by site-specific proteins. They showcase a variety of experimental
biophysical techniques that could be applied to other protein-DNA systems, thus helping to

advance our understanding of DNA-protein interactions that dictate cellular behavior.
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Chapter 2
Materials and Methods

Sections 2.3, 2.3.1. and 2.3.6. of this chapter adapted from [Connolly, M; Arra, A.; Zvoda, Z.;
Steinbach, P.J.; Rice, P.A.; and Ansari, A., Static kinks or flexible hinges: multiple
conformations of bent DNA bound to Integration Host Factor revealed by fluorescence lifetime
measurements, J. Phys. Chem. B 2018, 122, 49, 11519-11534] with permission from American
Chemical Society.

Sections 2.2.4.,2.4-2.4.9. of this chapter adapted from [Velmurugu, Y.; Vivas, P.; Connolly, M.;
Kuznetsov, S. V.; Rice, P. A.; and Ansari, A., Two-step interrogation then recognition of DNA

binding site by Integration Host Factor: an architectural DNA-bending protein, Nucleic acids
research, 2018, 46, 4, 1741-1755] with permission from Oxford University Press.

2.1 Materials

2.1.1. DNA Substrates

DNA sequences used for FRET-based studies were ordered from Keck (with gel
purification) or from IDT (with HPLC purification). Two different labeling strategies were used
and are shown for the H’ sequence in Table 2.1. Design I constructs were end-labeled with FRET-
pair fluorescein (F) and TAMRA (R) which were attached to thymidine overhangs at the at 5’-end
of the top and bottom strands respectively by six-carbon phosphoradimite linkers. Design II
constructs included an internally-labeled fluorescein (F) - attached to a thymidine located 10
nucleotides from the 3’-end of the top strand - and an end-labelled Atto550 (At) attached to the 3’

end of the bottom strand by a six-carbon linker to the phosphate group of the DNA backbone.

Table 2.1. DNA Constructs with Labelling Designs. Attached labels are highlighted: Fluorescein
(yellow), TAMRA (green) and Atto550 (cyan)

Construct Sequence
H’ (design 1) 5’ - TGGCCAAAAAAGCATTGCTTATCAATTTGTTGCACC
CCGGTTTTTTCGTAACGAATAGTTAAACAACGTGGT -5’
H’ (design I1) 5’ — GGCCAAAAAAGCATTGCTTATCAATTTGTTGCACC
PCCGGTTTTTTCGTAACGAATAGTTAAACAACGTGG -5’
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DNA concentrations were determined by absorbance measurements at 260nm, with

extinction coefficients determined by IDT oligo analyzer (https://www.idtdna.com/calc/analyzer/).
Labeling efficiencies were determined by simultaneous absorbance measurements of the attached
fluorophore. Fluorophore extinction coefficients were obtained from Molecular Probes

(www.glenresearch.com/Technical/Extinctions.html) and are summarized in Table 2.2. The

percentage of labeled DNA in solution was estimated to be >87% for all donor-labeled strands and

>95% for all acceptor-labeled strands.

Duplex DNA was formed by annealing complimentary oligomers. Equimolar
concentrations of top and bottom strands were used unless otherwise specified. The annealing
buffer used was 20 mM Tris-HCI, pH 8.0, 1 mM ethylenediaminetetraacetic acid (EDTA), and
100 mM KCI. The mixture of oligomers was heated in a water bath at 85 °C for 10 minutes, then

allowed to cool slowly at room temperature.

Table 2.2. Fluorophores, symbols, and absorption properties.

Flurophore Symbol Amax (Nm) Extinction Coefficient at Amax (M7
lcm™)
Fluorescein F 494 75,000
TAMRA R 555 91,000
Atto-550 At 560 131,200
Cyanine-3 Cy3 547 136,000
2.1.2. Proteins

IHF and Hbb proteins were generous gifts from the laboratory of Prof. Phoebe Rice of the
University of Chicago. Protein purification methods are described previously for IHF (1) and Hbb

(2). The IHF protein is stored in a storage buffer (20 mM Tris—HCI (pH 8.0), | mM EDTA, 200
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mM NaCl, 0.01% NP-40). Hbb storage buffer also included and 5 mM DTT. Droplets of proteins
were first flash-frozen in liquid nitrogen prior to storage in cryogenic tubes at —80 °C. Individual
frozen droplets were diluted into the binding buffer, as needed. All measurements were performed
in binding buffer: 20 mM Tris—HCI (pH 8.0), 1 mM EDTA, 0.01% NP-40 with salt concentrations
ranging from 100 to 300 mM KCI and 5 mM DTT for Hbb samples. Protein concentrations were
determined by absorbance measurements at 280 nm with an extinction coefficient of 5,800 M'ecm"

"and 19,9400 M-'cm™ for IHF and Hbb respectively.

2.2 Steady-state Measurements

The steady-state fluorescence emission spectra and anisotropies were measured on a
FluoroMax4 spectrofluorometer (Jobin Yvon, Inc., NJ, USA), with samples loaded in a 100-uL
quartz cuvette (Starna 26.100F-Q-10/Z220). Steady-state circular dichroism (CD) measurements

were performed using a Jasco J-810.
2.2.1. FRET efficiency determined by donor emission

To measure FRET efficiency, donor emission intensity is measured for two nearly-identical
DNA substrates, one that is donor-labeled (DNA D) and the other that is donor-acceptor labelled
(DNA_DA). For both substrates, under identical experimental conditions, the donor is excited, and
the donor emission is collected from 500 nm to 700 nm for both substrates. Due to the presence of
the acceptor molecule, the emission intensity drops for the donor-acceptor labelled substrate (Ip,4)
relative to the donor-labeled substrate (Ip) corresponding to the amount of energy transferred from

donor to acceptor. We quantify the FRET efficiency of this energy transfer by

Ipg Eq.
E=1-1" 2.1,
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2.2.2. FRET efficiency determined by Acceptor Ratio

Alternatively, we can understand quantify FRET by measuring acceptor ratio. In this
method, fluorescence emission spectra is collected for DNA DA from 500 nm to 700 nm, with
excitation of the donor (F) at 485 nm. On the same sample, the emission spectra from direct
excitation of the acceptor were also collected: For design I samples, emission was collected 565
nm to 700 nm, with excitation at 555 nm; For design II constructs, emission was collected from
560 nm to 700 nm, with excitation at 555 nm. Acceptor ratio was determined from the measured
spectra as follows. A normalized emission spectrum of a DNA D was subtracted from the
DNA DA emission spectrum to isolate the acceptor emission in the DNA DA that results from
FRET. DNA D samples were prepared under identical experimental conditions and excited at 485
nm. To calculate acceptor ratio of the ensemble (denoted as 7,), the area under this corrected
acceptor-emission spectrum, from 565 nm to 595 nm, was divided by the area under the directly-
excited acceptor emission spectrum, also integrated from 565 nm to 595 nm. For each sample, at
least two independent measurements were performed at each temperature, and errors were

estimated from the standard deviations from the average value.

2.2.3. Steady-State Anisotropy

Steady-state anisotropy measurements were performed on DNA DA constructs, in the
presence and absence of IHF, at 20 °C. Fluorescein donor molecules measurements were made
with an excitation of 485 nm and emission collection was performed at 520 nm. For each set of

measurements, the emission intensities for the parallel (1) and perpendicular (I, ) orientations were
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collected using an integration time of 0.1 s, and the data were processed using a program provided

by Horiba to obtain anisotropy values, defined as:

co himh Eq
I+ 21 2.2.

Errors in the measured anisotropy were calculated as standard deviations from the average of five

independent sets of measurements.

2.2.4. Circular dichroism measurements

The thermal stability of the IHF protein was measured in the absence and presence of H’
DNA, using far-UV circular dichroism (CD) measurements at 222 nm, in the temperature range
15-85 °C. Two sets of measurements were carried out for IHF (30 uM protein concentration), IHF-
H’ (12.5:15 uM protein:DNA concentration), and H> DNA only (15 uM). Under these conditions,
the CD signal for the DNA only at 222 nm was 3.2 £+ 0.1 mdeg at 20 °C compared with -15.3 +
0.1 mdeg for the IHF-H’ complex and was weakly dependent on temperature, decreasing to 2.6 +
0.2 mdeg at 85 °C. The DNA contribution was subtracted from the CD signal of the IHF-H’
complex prior to further analysis. The CD measurements for the complex were found to be

reversible after heating up to at least 60 °C.

The thermal unfolding profiles were analyzed in terms of a two-state van’t Hoff transition

with linear upper and lower baselines using the following equation:

A(T) = A,(T) + [Ay(T) — A,(D)fy ;qs
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where A(T) is the CD signal of the IHF-H’ complex minus the CD signal of H’-DNA alone, A, (T)
and Ay (T) are the lower and upper baselines, respectively, parameterized as straight lines, and f;

is the fraction of unfolded molecules, written in terms of the van’t Hoff parameters as:

. A(T) — AL (T) ( +exp[ AH,,H<1 1)]>‘1 Eq.

T A,(T) = A(T) "R 2.4.

In Eq. 2.2., AH,y is the van’t Hoff enthalpy change for the unfolding transition, and T, the

corresponding melting temperature.

The fraction of unfolded molecules as a function of temperature obtained from the van’t
Hoff analysis. The uncertainties in the computed fractions, as well as in the reported T, values,

are the standard deviations from fits to two independent sets of CD measurements.

2.2.5. Determination of active protein concentration

Initial estimates of the IHF protein concentration were obtained from absorption
measurements at 276 nm, with extinction coefficient 5800 M 'cm™!. Lifetime studies (Chapter 3)
required accurate determination of the active protein concentration, which were determined by
performing equilibrium titration experiments on each day of the experiments. In those
experiments, DNA concentrations were held constant at 1 pM while the protein concentration (as
estimated by absorption measurements) was varied from 0-3 pM, and the acceptor ratio (described
below) on double-labeled (DNA DA) samples was measured as a function of [IHF]. The protein
concentration at which we observed the maximum acceptor ratio was determined to represent a

1:1 complex, as illustrated in Figure 2.1; the “active” protein concentration under these conditions
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was assumed to be 1 uM, the same concentration as the DNA in these measurements. All protein

concentrations in Chapter 3 of the text are rescaled to refer to this active protein concentration.
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Figure 2.1. Estimating active protein concentration by binding isotherms for different IHF-

DNA complexes. Acceptor ratio values measured on 1 puM DNA DA samples are plotted versus

the ratio of IHF/DNA concentrations, for sequences: H’ (black), H1 (maroon), HI CTloop (blue),

and H’44A (orange) in 100mM KCI. A dashed line is added at [IHF]/[DNA] = 1 to indicate
equimolar concentrations of IHF and DNA. Sequence information can be found in Table 3.1.

2.2.6. Determination of Ka from binding isotherms with 2 states

To determine the effect of the different labeled sequences on the IHF specific binding
affinities, we performed equilibrium titration measurements with IHF and different DNA
constructs at 20 °C. Comparative binding affinity measurements were done at 300 mM KClI, to
bring the dissociation constants of the complexes (Kq) in the > nM range. At 100 mM KCI, where
most lifetime and laser temperature-jump measurements were done, the K¢ for the IHF-H’ complex
was previously found to be in the pM range (1, 3-5), such that conventional titration experiments

cannot measure these K¢ values accurately.
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Evidence for pM K4 in 100 mM KCI conditions is provided in Chapters 3, 4 , and 5 where
we show and extrapolated the K to these ionic based on K4 values measured in the 200 mM — 400

mM range. The extrapolation is a linear fit described by:

[KCI] )SKd Eq.

Ki=K; \m——
d do ([KCI]O 2.5.

Where K, is a reference K at salt conditions [KCl]o, and SK; is the expected slope of log(Ky)

vs. log([KCI]).

Several samples were prepared with a fixed DNA concentration (50 nM) and varying
concentrations of IHF, ranging from 1 nM to 100 uM. At each protein concentration, fluorescence
emission spectra were collected and acceptor ratio (1, ) was calculated as described above. Binding
isotherms were obtained by plotting 7,versus IHF concentration for each sample, and the
corresponding Kd for the IHF-DNA complex was determined by fitting each 7, versus [IHF]
profile to a 1:1 binding isotherm, as described below. Assuming only two states for the protein and

DNA, free and bound, the measured or r, depends on the fraction of DNA in complex (fx) as:

Eq.
ra = () + 10— £) -6,

where 1° is the acceptor ratio for the complex, ‘raf "®¢ is the acceptor ratio for free DNA, and f, is

obtained from:

1
2D,

fo=5=[Po+ Do+ Ko) = /By + Dy + K)? — 4(PoDy) .

2.7.
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where Py and Dy are the total IHF and DNA concentrations, respectively. Descriptions of binding

isotherms with fits that exceed two states are discussed in Chapter 4.

2.3 Fluorescence Lifetime measurements

Fluorescence decay curves were measured with a PicoMaster fluorescence lifetime
spectrometer (HORIBA-PTI, London, Ontario, Canada) equipped with time-correlated single
photon counting (TSCPC) electronics (6). For all FRET measurements, decay traces were
measured for donor-only duplexes without acceptor, denoted as DNA D, as well as donor—
acceptor-labeled duplexes denoted as DNA DA. The excitation source was a Fianium Whitelase
Supercontinuum laser system (maximum power 4W), which produces ~6 ps broad band pulses.
For excitation of fluorescein, the laser pulses were passed through a monochromator set at 485 nm
(bandpass 10 nm) followed by a 488 = 10 nm bandpass filter. The emission from the sample was
collected orthogonal to the excitation beam after passing through a 496 nm longpass filter
(Semrock BrightLine FF01-496/LP25), followed by another monochromator set at 520 nm
(bandpass 10 nm), and detected by a Hamamatsu microchannel plate photomultiplier (MCP-650).
The instrument response function (IRF) of the system was measured using a dilute aqueous
solution of Ludox (Sigma-Aldrich). The full width at half maximum (fwhm) of the IRF was ~100
ps. Fluorescence decay curves were recorded on a 100 ns timescale, resolved into 4096 channels,
to a total of 10,000 counts in the peak channel, with the repetition rate of the laser adjusted to 10

MHz.

2.3.1. Maximum entropy analysis of the fluorescence decay traces
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Fluorescence decay curves were analyzed using a maximum entropy method (MEM) in
which the effective distribution of log-lifetimes f{log t) was inferred from the decay traces using
the program MemExp (available online), and described in detail elsewhere.(7, 8) The signal

measured at time #; was fit by the expression:

Fi= D, ffooo dlogt f(log 1) ftr:in G R + ) e~ti-t/T §q8
where R is the measured instrument response function, § is the zero-time shift and Dy is a
normalization constant. The instrument response is appreciable in the range [t,, t;]. The zero-time
shift was determined using Brent’s method of optimization and preliminary MEM calculations,
each performed with § fixed at a different value. A similar estimation of § has been reported.(9)

The Poisson deviance between the fit and data was minimized while maximizing the entropy of

the f distribution.

The MEM inverts fluorescence decay traces into lifetime distributions without any a priori
assumptions about the number of exponential terms. The MEM outputs of the donor-only samples
gave single-peaked, narrow distributions, consistent with single-exponential decay. Fits to discrete
exponential decays with two or more exponentials yielded less than ~1% amplitude in the
additional decay components. Average FRET efficiencies measured on donor-acceptor labeled

(DNA _DA) samples were computed from the MEM distributions.
2.3.2. Multi-modal interpretations of MEM distributions

In the presence of the IHF, lifetime decays on some DNA DA samples yielded bimodal
lifetime distributions. In Figure 2.2., we show a comparison of MEM distributions for several IHF-

bound substrates to highlight the reproducibility of our methods. Gaussian fitting of lifetime
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distributions had been done previously by our group to quantify ensemble populations of
mismatched DNA in the presence and absence of mismatch repair protein Rad4/XPC (10).
However, here gaussian fitting failed to aptly fit lifetime distributions of IHF-DNA complexes
(Figure 2.3.). Thus, to quantify populations of differing FRET states, we partitioned our lifetime
distributions as dictated by the local minimum between the adjacent peaks. Within each peak, the

average lifetime, denoted as < t; > or < 7, > was computed as well as the corresponding average

<T1[2>
<tp>"

FRET <E;,>=1-— The fractional population in each component was obtained from

the sum of the amplitudes A; from that part of the distribution. The uncertainties reported are

standard deviations from the average of two independent sets of measurements.
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Figure 2.3. Reproducibility of MEM distributions from measurements on IHF-DNA DA (design
I) complexes. MEM outputs from two sets of measurements (closed versus open symbols) are
shown for (A) IHF-H’, (B) IHF-H1, (C) IHF-H’_nAt, (D) IHF-H1 CTloop, and (E) IHF-H’44A.
See Table 3.1. to see full sequences.
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2.3.3. Controls to rule out dye labeling artifacts

DNA labels in fluorescence lifetime provided a single lifetime in the absence of protein

which were insensitive to environment (Figure 2.4.). We detail here controls that were performed

to rule out possible contributions to the two components observed in our lifetime distributions, and

in particular, to the low-FRET state, from artifacts such as (i) incompletely labeled (or

incompletely annealed) DNA or (ii) partial stacking of the fluorophores at the ends of the DNA

that could result in stacked/unstacked populations with different dye orientations.

(1)

(ii)

Incompletely labeled DNA could result in some fraction of donor-only labeled DNA
molecules that are missing an acceptor Our measurements of the percent labeling for each
of the oligomers indicated >95% for the acceptor-labeled strands, which cannot account
for the 20% population we observe in the low-FRET state.

To examine whether stacking/unstacking of the fluorophores could be contributing to our
measurements, we also carried out lifetime measurements on a shorter, 14-bp DNA duplex,
with nucleotides adjacent to the dyes identical to that in H’” (Figure 2.5.). While the average
FRET measured on this construct was larger than in H’, as expected, we observed only a
single dominant population in the MEM analysis. Indeed, a fit to a single-exponential decay
was adequate to describe the decay curves, indicating that different FRET states
attributable to different dye orientations are not resolvable outside the noise of these
measurements.

These control experiments demonstrate that when two components are observed in the

lifetime distributions, they indeed correspond to distinct protein-bound DNA conformations in our

ensemble.
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Figure 2.4. MEM and discrete exponential analysis on donor-only labeled H> DNA constructs.
(A) MEM distributions obtained from fluorescence lifetime decays measured on H’ D in the
absence (closed) and presence (open) of IHF are shown for design I (green) and design II (blue)
constructs. (B) The Poisson deviance obtained from a fit to a sum of discrete exponentials versus
the number of exponentials are plotted for each of the decay traces. (C) The table summarizes the
average lifetimes < 7p > from the MEM analysis as well as the lifetimes and amplitudes obtained

from a two-exponential fit to the decay traces for each of the samples.
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Figure 2.5. Fluorescence lifetime measurements on 35 bp (H’) and 14 bp (DNA 14) DNA
constructs in design I. (A) The sequences and labeling schemes for the two different DNA
constructs are shown. (B) Fluorescence intensity decay traces are shown for donor-acceptor-
labeled DNA 14 DA (purple), H D (green), and H’ DA (red). (C) Corresponding MEM
distributions are shown for the decay traces of panel B. (D) The Poisson deviance obtained from a
fit to a sum of discrete exponentials versus the number of exponentials are plotted for each of the
decay traces. (E) The table summarizes the lifetimes and amplitudes obtained from a two-
exponential fit to the decay traces, as well as the average lifetimes < 7, > and < tp, > on donor-
only and donor-acceptor-labeled constructs, respectively.
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2.3.4. Computing distance and FRET from crystal structures

Distance estimates were made from lifetime distributions using PyMOL viewer. Estimates
were made between two atoms on nucleotides where fluorophores were attached (see Figure 3.5.).

Distances were converted to FRET estimates for Fluorescein/TAMRA FRET pair using a known

Forster distance, Ry, =50 A (https://www.lifetein.com/Peptide-Synthesis-FITC-

modification.html).

2.4 Laser Temperature Jump (T-Jump)
2.4.1. Setup

The home-built laser T-jump spectrometer (5, 11, 12) - schematic shown in Figure 2.6. -
uses 10-ns IR laser pulses at 1550 nm, generated by Raman shifting the 1064 nm pulses from the
output of an Nd:YAG laser, which are focused to ~1 mm spot size onto a 2-mm wide sample
cuvette of path length 0.5 mm. Each laser pulse (~40 mJ/pulse at the sample position) yields ~5—
10 °C T-jump at the center of the heated volume. A continuous wave (cw) output from a 488 nm
diode laser (Newport PC13589) was used as a probe source for exciting the donor (fluorescein),
and was focused to a ~100 um spot in the middle of the heated volume (11). The fluorescence
emission intensities of the donor were monitored perpendicular to the excitation direction, using a
filter combination to allow only light in the wavelength range of 496-550 nm (Semrock FFO1-
496/LP and Thorlabs FESH0550), and measured with a Hamamatsu R928 photomultiplier tube.
All T-jump measurements carried out in 100 mM KCI were digitized with a 500 MHz transient
digitizer (Tektronix DP04054B). For each experiment, 512 kinetic traces were acquired and

averaged by the digitizer. The time interval between subsequent laser pulses was kept at 1 s, to
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allow sufficient time for the temperature of the heated volume to decay back to that of the
surrounding sample holder (maintained at the initial temperature by a water bath circulator) before

the arrival of the next laser pulse

(a)
4 1064 nm Nd:YAG Laser
: I I 1m Raman Cell ] }

Pellin-Broca Prism

v
%
2
2
1550 nm

‘ O |
— e e . .

Probe source - Sample

(b)

SAMLE BEAM FROFILES

— .

500pm
%

o

1550 nm beam; spot size of 1 mm

Probe beam; spot size of 100-300 pm’

Figure 2.6. (a) Schematic of the Laser Temperature Jump (T-jump) setup. (b) IR beam profile
(red; spot size 1 mm) and probe beam (green; spot size 100-300 um) at the sample position. The
only probe used in the thesis was a 488 nm continuous wave diode laser (Chapter 5).

2.4.2. Acquisition of T-jump Kinetics traces

To acquire data with the highest temporal resolution and be able to span several orders of
magnitudes in time scale, we measured T-jump kinetics traces over different time-scales and then
combined these traces. We typically acquired the kinetics traces on at least two time-scales: the

short time-scale covered kinetics up to 1.6 ms, with a time-resolution of 80 ns, while the longer
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time-scale covered kinetics up to 16-32 ms, with a time-resolution of 2 ps. Data collected on each
time scale consisted of 1 million points, which were reduced to 10,000 points by averaging 100
points together. After averaging, the time interval between data points was 160 ns and 4 ps for the
short and long time-scale data, respectively.

Temporal resolution of the T-jump traces is often limited by optical or electrical artifacts.
Unblocked scattered light and cavitation (bubbles that spontaneously form due to rapid changes in
temperature and pressure) invade the observed signal at short timescales and prevent accurate
interpretation. Additionally, electrical signals may also manifest in collected data, usually as
ripples extending from ~300 us preflash to beyond the T-jump due to the firing of flashlamp in by
the Nd:YAG necessary to create the IR pulse. Insulation of PMT, wiring and other electrical
equipment with Faraday cages reduced the intensity of this artifact. But out of an abundance of
caution, data below 20 ps is often discarded. Prior to any further analysis, data acquired below ~20
us in each trace were discarded because of artifacts (13). Relaxation traces acquired over different

timescales were combined as described below.

2.4.3. Matching of kinetics traces measured over different time scales

Relaxation kinetics traces measured over two different time scales were fitted
simultaneously to double-exponential decay convoluted with the T-jump recovery kinetics (see

Figure 2.7.):

1) = (1(0%) = 1(0))[fy exp(=k1t) + (1 — f1) exp(—k;,1)] q
2.9.

+(1(e0) = 1(07)) (55—) + 1(07)

1+t/Trec
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Here I(07) is the intensity prior to the 7-jump, I(0F) is the initial intensity measured
immediately after 7-jump, I(o0) is the intensity expected at the end of the conformational
relaxation, prior to the recovery of the T-jump itself (see Figure 2.8.), 7, is a characteristic time
constant for the T-jump recovery, ki is the relaxation rate for the fast phase, with fractional
amplitude f;, and & is the relaxation rate for the second (slow) phase, with fractional amplitude
f» = 1 — f;. The following parameters were varied to obtain the best fit: 1(0%), I(), ki, k2, and
f1, with 1, fixed from measurements on control samples. An additional fitting parameter served
as a multiplicative scale factor applied to one of the traces to account for any systematic difference
in the measured intensities between the two traces (14, 15). Once appropriately scaled, the multiple
data sets were combined into a single kinetic trace that covered the time range from 20 ps to 16-

40 ms.
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Figure 2.7. Matching Kinetic traces measured on two separate time scales and maximum
entropy analysis of the combined relaxation trace. (a) Kinetics traces taken on two separate
time-scales are shown: full time-scale 1.6 ms (magenta) and full time scale 16 ms (blue). The black
lines through the kinetics traces are a fit to the data using the two-exponential decay function and
a scale factor to account for the difference in intensities between the two traces. (b) The kinetics
trace obtained after matching and combining the two traces shown in (a), as described in 2.2.4.
The continuous red line is from a fit to the data using the maximum entropy analysis. (¢) The
distribution of the log of the relaxation times, log(t), that best describes the relaxation trace in (b)
is shown (red). The blue line represents a fit to the distribution in terms of two Gaussians (shown
in green), with independently varied peak positions and widths. The range of the distribution that
falls outside the time-scales of the measured relaxation trace is shown as dashed lines.
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2.4.4. Monte-Carlo search in parameter space for discrete exponential and data matching

analysis

To examine whether the scaling and matching of the relaxation traces from the two separate
time-scales were indeed robustly done, we carried out a Monte-Carlo search in parameter space
using a simulated annealing procedure to minimize the residuals, as described previously (16-18).
The parameters were randomly chosen from a wide range and the residuals were minimized by
simulated annealing. Each set of parameters obtained by this procedure was then used as starting
values for minimization using a least-squares non-linear fitting procedure implemented in
MATLAB (R2014A 8.3.0.532). This fitting procedure was repeated with 30 independent randomly
chosen sets as starting points. All 30 sets converged to the same global minimum after the non-
linear least-squares minimization step. The uncertainties gy, in each of these parameters for each
data set are calculated as the weighted standard deviation from the outputs at the end of the

simulated annealing procedure, as follows:

Z (i — pbest) Eq.
Titc = 2.10.

where p; is the value of a given parameter in the i-th fit, y? is the corresponding residual chi-
square for that fit, and pp.s; 1S the best-fit value of that parameter obtained from the non-linear
least-squares minimization. The results from the two independent data sets were then averaged
together to get the combined best-fit values for each of the parameters, and the corresponding

uncertainties in the parameters for the combined data sets o, were computed as follows:

52 = iaca + Oiaca Eq.
cET 2.11.
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2.4.5. Estimating the size of the T-jump

The magnitude of the T-jump in each relaxation trace was determined by comparing the initial
change in donor fluorescence, measured immediately after the T-jump, with equilibrium
measurements of the temperature dependence of the donor quantum yield, measured on a reference
sample such as donor-only labeled strand of DNA or donor-acceptor-labeled DNA in the absence of

IHF, as illustrated in Figure 2.8.
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Figure 2.8. Magnitude of T-jump and amplitude of relaxation in the T-jump relaxation
traces. (a) Equilibrium measurements of the donor fluorescence emission intensity versus
temperature are shown for the donor-acceptor labeled IHF-H' complex (red) and for H> DNA
only (black), at 100 mM KCI. The intensities in each panel have been normalized to match
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at the lowest temperature. The donor intensity in the DNA only samples reflects the change
in the donor quantum yield as a function of temperature. (b) An enlarged region of interest
from (a). The vertical lines indicate the initial (7;) and final (7%) temperatures corresponding
to the respective T-jump relaxation traces shown in (¢). The horizontal lines indicate the
corresponding donor intensities of the complex, denoted by I7?(T;) and IS (T), and of the

reference (H” DNA only) sample, denoted by IJ-(T;) and I7]-(Ty). (¢) Representative

relaxation kinetics traces in response to a T-jump perturbation for the IHF-H' complex at 100
mM KCI. The horizontal dashed lines indicate the fluorescence intensity levels 7(07), 7(0")
and J(w«) as defined in Eq. 2.9. The magnitude of the T-jump in each relaxation trace is
estimated by comparing the initial drop in the T-jump traces with the equilibrium temperature
dependence of the donor fluorescence of the reference sample. The value of Ty such that
I(0+) ref Ty)
107) 15Ty
The amplitude of the relaxation trace, determined by the increase in the intensity from 1(0%)
to I(o0) (see Eq. 2.9.), is determined by the equilibrium temperature dependence of the donor
I(0) _ IZU(TP)

1000) 1Ty’

is assigned as the final temperature after the T-jump for that kinetics trace.

fluorescence in the complex sample such that —

We note here that in our T-jump spectrometer, the IR pulse that heats the sample is incident
from only one side of our sample cuvette, which results in a nonuniform T-jump across the 0.5
mm pathlength of the cuvette. An average T-jump of 5 °C over a 0.5 mm path length cuvette is
estimated to span ~6.5°C T-jump at the near edge of the sample to ~3.5°C at the far edge (19, 20).
This range corresponds to ~30% error in the estimated final temperature 7%, which is approximately
the size of the symbols used in our Arrhenius plots; we have therefore not included these errors in
explicitly in our plots. We further note that, despite this temperature gradient across the sample,
our initial T-jump studies on the IHF-H’ complexes, that were done using both 0.5 mm and 1 mm
pathlength cells, demonstrated good overlap between the relaxation rates measured as a function
of Tt, well within the uncertainties in the measured rates from each sample cell (20). These initial
studies indicated that the temperature nonuniformity, which is significantly worse in the 1 mm
cells and far from ideal, did not severely impact our ability to obtain an average relaxation trace,

averaged over the range of 7%, spanning the cuvette.
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2.4.6. Control measurements to obtain T-jump recovery Kinetics

The characteristic decay curves that best describe the recovery of the T-jump back to the
initial temperature were obtained from measurements on control (donor-labeled stand of DNA or
free fluorescein) samples. To obtain a complete profile of the T-jump recovery kinetics,
measurements were performed over a time-window up to about 400 ms. A typical recovery profile

is shown in Figure 2.11., which was fitted to the following “T-jump recovery” function:

1(6) = (1(0%) — 1(0‘))< ) +1(07) Eq.

1+ t/Trec 2.12.

The parameters varied to obtain the best fit to the T-jump recovery traces are 1(07) and 7,,.
1(07) is determined from the average of the measured intensities prior to the arrival of the infrared
heating pulse. The scatter in the recovery time constants measured on control samples over a range

of initial and final temperatures is shown in Figure 2.9., with an average value of 206 + 24 ms.
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Figure 2.9. T-jump measurements on donor-only labeled ssDNA control sample. (a)
Representative relaxation trace measured on donor-only labeled ssDNA (5 uM) after a ~4 °C T-
jump is shown. The continuous line is a fit to the T-jump recovery function (Eq. 2.12.), which
yields the recovery time constant 7,,. = 208 ms. (b) The magnitude of the T-jump (AT) is plotted
versus the initial temperature for a series of control measurements on this sample. The average T-
jump from this set is 5.6 £ 0.2 °C. (¢) The recovery time constant 7,,. values obtained from a
series of control measurements are plotted as a function of initial temperature. The average value
for T, from this set is 206 £ 24 ms.
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2.4.7. Maximum Entropy analysis on T-jump relaxation traces

All relaxation traces were analyzed with the maximum entropy method (MEM), using an
algorithm provided to us by Dr. Pete Steinbach of the National Institutes of Health (7, 21, 22). The
MEM approach has several advantages over discrete exponential analysis to fit relaxation traces.
It provides a more robust way to interpret incomplete and noisy data than discrete exponential
analysis, which can result in comparable fits to the relaxation traces even with significantly
different parameters (amplitudes and relaxation rates). It also provides a model independent
description of the relaxation traces in terms of a distribution of relaxation times without a priori

assumptions as to the number of discrete exponentials required.

The MEM analysis yields a distribution f{log 7), which reflects the probability density in
logarithmic scale for a given relaxation time 7, that best fits the relaxation kinetics while

maximizing the entropy S, defined as:

M
Eq.
SUF) =2\, ~F =1,/ F) -
j= o
where f; are the discretized values of the probability density distribution f{log 7) and F is a model
distribution that is the default distribution in case of noisy data and is assumed to be uniform and

flat.

The MEM analyses on our data typically revealed two distinct peaks, indicating deviations
from single-exponential decay (Figure 2.7.c). In cases where the two peaks were reasonably well
separated, we computed an average relaxation time 7,,, = 10<1°87> for each phase, where <

log T > is computed from the distribution of relaxation times within each peak, and defined as:
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294:1 logr; f(logr;)dlogr; Eq.

<logt>=
g . f(logT)dlogr 2.14.

If there was some overlap between the peaks, the probability density distribution f{log 7) was fitted
to the sum of two Gaussian distributions, and the average < logr > was obtained from the peak
position of each Gaussian distribution. The area under each peak reflects the fractional amplitude

in that relaxation phase.

2.4.8. Arrhenius fits to relaxation rates versus temperature

Two independent sets of measurements were carried out for each sample, over a range of
initial and final temperatures. Before carrying out the Arrhenius fits on the In(rate) versus inverse
temperature plots, the relaxation rates (and amplitudes) obtained for a given final temperature (Tf),
from each set, were averaged together. Although the initial temperatures (T;) can be controlled to
be identical (or close) for the two sets of measurements, the final temperatures obtained from both
sets need not overlap, in part because the magnitude of the T-jump depends on the spectrometer
alignment for that day, and also fluctuates slightly within the day. Therefore, prior to averaging,
the rates and amplitudes for each set of measurements were interpolated on to a common grid for
T¢, using a linear interpolation on an Arrhenius plot of In(rates) versus 1/T¢. The data from the two
sets were averaged together on the same Arrhenius scale. The errors in the averaged quantities

(rates and amplitudes) are the standard deviations from the two sets.

The averaged In(rates) versus versus 1/T; thus generated were fitted to the following

Arrhenius equation:
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SG.E) =317, £ w0 )] 215,

where E, is the activation enthalpy, and R is the universal gas constant. The errors in the activation
energy values reported in the text are standard deviations of the E, values obtained from each set

independently.

2.4.9. Control measurements to rule out contributions to the relaxation kinetics from dye

dynamics

A series of control experiments were performed to rule out any contributions from dye
interactions and/or dye dynamics to the observed relaxation kinetics. (1) For any FRET-labelled
sample, corresponding measurements were done on donor-only labelled samples to ensure that the
observed kinetics were from FRET changes and not from interactions of the donor (fluorescein)
dye with either the DNA or the protein. No kinetics were observed on any of the donor-only
samples other than the slow T-jump recovery kinetics (Figure 2.10.a), similar to those observed
on control measurements done using either a fluorescein-labelled single strand of the H> DNA or
with free fluorescein dye (see control experiments shown in all T-jump kinetics figures). These
measurements also confirmed the absence of any photo bleaching of the fluorescein dye in the
window of the T-jump measurements. (2) To rule out any contribution to the observed kinetics
from interactions of the acceptor (TAMRA) dye, T-jump experiments were carried out on FRET-
labelled IHF-H’ complex by directly exciting TAMRA (at 532 nm, where fluorescein does not
absorb) and measuring the temporal response of the fluorescence emission of TAMRA. Again, no

relaxation kinetics were observed (Figure 2.10.b), thus confirming that interactions of the acceptor
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dye with the DNA or the protein do not interfere with the observed relaxation kinetics. (3) To
examine whether there were any T-jump induced changes in the relative orientation of the dyes
attached to the DNA that were not related to an overall change in the DNA conformation, we
carried out T-jump measurements on FRET-labelled DNA only samples. For these measurements
we designed a shorter 14 bp DNA oligomer labelled with fluorescein and TAMRA, with the
sequence context of each of the dyes identical to that in the longer H’ sequence (Figure 2.10.d).
Note that in this 14 bp sequence, the four nucleotides at the ends, next to the dyes, are the same as
in the original H” sequence. The reason for this shorter sequence is that the end-to-end distance in
the 35-bp H’ sequence is too long for there to be any significant FRET between the dyes without
the bound protein. By design, the FRET value in the 14-bp DNA is ~0.5, close to the FRET of H’
when bound to IHF, and in a region where small changes in the distance or relative orientation of
the dyes would result in a detectable FRET change. Once again, T-jump measurements on this
DNA sample did not reveal kinetics other than the T-jump recovery kinetics (Figure 2.10.c). Thus,
we see no evidence of dye reorientation dynamics in DNA only samples contributing to the

observed relaxation kinetics (23).
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Figure 2.10. Control T-jump experiments to rule dye dynamics as contributing to relaxation
kinetics. (a) Donor fluorescence emission intensities of donor-only labeled H’ samples in the
presence of IHF, with excitation of donor at 488 nm, measured in response to a T-jump
perturbation, are plotted as a function of time. (b) Acceptor fluorescence emission intensities of
donor-acceptor labeled H’ in complex with IHF, with direct excitation of acceptor at 536 nm,
measured in response to a T-jump perturbation. (¢) Donor fluorescence emission intensities of
donor-acceptor labeled 14-mer DNA oligonucleotide, with excitation of donor at 488 nm,
measured in response to a T-jump perturbation. (d) Sequence of the 14-bp construct; nucleotides
indicated in green are identical to the nucleotides next to the dyes in the longer H’ sequence. The
FRET E measured for this DNA construct was 0.48 + 0.05, similar to the FRET E of 0.57 + 0.02
in the IHF-H’ complex.
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2.5. Systemic enrichment of ligand by exponential enrichment (SELEX)

2.5.1. Oligos

DNA oligos used in SELEX studies were ordered from IDT (with HPLC purification) and
are listed in Table 6.1. Labeled oligos included a Cy3-fluorophores attached to thymidine
overhangs at the 5’-end, through six-carbon phosphoradimite linkers. DNA concentrations were

initially determined by bulk absorbance measurements at 260nm (Shimadzu UV-2700).

dsDNA was synthesized from the ssDNA by PCR. ssDNA was mixed with reverse primer
(rPCR) at a 1:10 ratio in EconoTaq Plus 2x master mix (Lucigen, Cat. No. 30035-1). The PCR
reaction ran as follows: (1) 94°C for 2 min 30 s, (2) 55°C for 2 min, (3) 72°C for 30 min. Library
was purified using QIAquick PCR purification kit (QIAGEN, Cat. No. 28104). Final

concentrations were verified by absorption at 260 nm (Nanodrop ND-2000).

2.5.2. Electrophoretic Mobility Shift Assays (EMSA)

PAGE gels were prepared each experiment day (6% 19:1 acrylamide:bis-acrylamide, 0.5x
TBE buffer, 3% glycerol, 0.08% Ammonium persulfate, and 0.08% TEMED). DNA and protein
were mixed in 1x binding buffer, 10% glycerol, 50 ng/uL poly dI-dC, 50 ug/ml BSA, and 0.025%
NP-40, and allowed to incubate for 30 minutes before loading into gels. Gels were run on ice at
170 V with 1x TAE buffer for 2-4 hours. Gels were imaged by fluorescence detection using Cy3

settings with Azure c400 Gel Imager, property of Aldrich lab at University of Illinois at Chicago.

2.5.3. SELEX protocol

SELEX protocol closely resembles the solution-based cognate sequence identification

described by Aseem Ansari and Coworkers (24). 25 nM of biotin-labelled dsDNA library was
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mixed with either IHF or Hbb at concentrations 250 nM-2uM. EMSA assays were performed as
described above. After EMSA, Gel fragments with DNA were excised, mixed with elution buffer
(1x TE buffer), and allowed to sit overnight. After elution process, liquid containing of TE buffer
and DNA library, with or without protein, was separated from gel fragments. Library was pulled
down using Dynabeads M-270 (Invitrogen, Cat. No. 112-05D) according to manufacturers
protocol. Protein was removed from bead-bound library by washing three times using 1x PBS +
0.1% BSA solution (100-fold excess buffer). Beads were then transferred to PCR strip tubes with
20 uM fPCR and rPCR primers. DNA was amplified using the following thermal cycle: a) 94 °C
for 2 min, b) 94 °C for 30 s, ¢) 55 °C for 30 s, d) 72 °C for 30 s, e) repeat steps b-e 19 times for a
total of 20 cycles. Amplified DNA was purified using QIAquick PCR Purification Kit (QIAGEN,
Cat. No. 28104). Purified DNA concentrations were measured. All DNA was saved for subsequent
rounds and/or sent for sequencing. Sequencing was performed at the DNA Services facility within

the Research Resources Center at the University of Illinois at Chicago.

2.5.4. Evaluating shape parameters of SELEX sequence with DNAshape

All sequences of interest were analyzed in collaboration with Dr. Devesh Bhimsaria (Bio
Informaticals), a former postdoc of Prof. Aseem Ansari (St. Jude Children’s Research Hospital)
using the DNAshape developed by Dr. Remo Rohs from University of Southern California (25).
DNAshape provides DNA shape feature profiles for all sequences input into the program.
DNAshape derives sequence information from the motif databases JASPAR (26) and UniPROBE
(27) and generates DNA shape data for transcription factor binding sites by high-throughput
prediction of DNA structural features (25). The approach uses a sliding five-base pair window and

collects tables of structural features based on all-atom Monte Carlo simulations for all 512 unique
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pentamers. This method has been validated by comparing model predictions with data collected
from from X-ray crystallography, NMR spectroscopy and hydroxyl radical cleavage studies, as
well as statistical analysis and cross-validation (25). Shape features evaluated here were minor
groove width, propeller twist, buckle, electrostatic potential, opening, shear stagger, stretch, helical
twist, rise, roll, shift, slide, and tilt. Sequence enrichment scores from SELEX libraries were
reassigned on a normalized scale from 0 (indicating lowest sequence population) to 1 (indicating
largest sequence population) for presentation purposes. Normalized scores were calculated by
dividing each sequence score by the maximum sequence score from the data set. Thus, sequence

features important to sequence SELEX performance can be readily identified.
2.5.5. Sequence-dependent DNA elastic energy calculations

Elasticity calculations of DNA were performed by Robert T. Young in the lab of prof.
Wilma Olson lab at Rutgers University — New Brunswick. Calculation methods described in ref.

(28). We summarize the model here.

To model sequence-dependent elasticity, DNA is treated as a collection of N rigid-body
base pairs. For the j-th base pair, where j=1, 2 ,..., N, the base-step parameters were determined
relative to its nearest-neighbor base pair, j+1. (29). These parameters describe the relative
orientation between nearest-neighbor base pairs and are written for the i-th step, p; =
(6},62,03,p}, p%, p?) (30) where i = 1, 2,.., N-1. The six parameters are nominally referred to,
respectively, as tilt, roll, twist, shift, slide and rise. The first three parameters (6) correspond to
three angles describing the relative orientation of base-pair frames and the last three parameters

(p) describe orientation to the next step frame.
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Elastic deformation energy of a sequence is defined as the sum of the energy of elastic
deformation for each step. For the i-th step, this energy is given by the following quadratic form:

1 Eq. 2.16.
E; = > (i — PI*TF;(p; — p*")

Where p]¢** contains the intrinsic step parameters and describes the reference configuration of the
step (i.e., the configuration of zero energy, also called the rest state), and F; is a 6 X 6 matrix
describing nearest-neighbor intrinsic elasticity characterized from a survey of structures in the
Protein Data Bank (31). Both the intrinsic step parameters and the force constant matrix can differ
for each step depending on the DNA sequence. The elastic energy (¢) for the base-pair collection

is then given by:

Eq. 2.17.

Initial elastic energies are computed via a so-called “threading” approach, where each base-step
parameters, p;, are assigned using base pair orientations of the crystal structure using from 3DNA

software (26) and energies are calculated according to Eq. 2.16. and Eq. 2.17.
2.5.6. Elastic energy minimization

Energy minimization were also performed by Robert T. Young in the lab of Prof. Wilma
Olson (Rutgers University — New Brunswick), using the procedure described in ref. (28). In this
approach, the elastic energy of a base-pair collection given by Eq. 2.17 is minimized under given
constraints (i.e. fixed positions of first, last, or kink site base pair). It should be noted that if the i-
the site is constrained during optimization, its energy contribution E; is omitted from the total

elastic energy. Starting positions for each site p; were assigned by threading to each known crystal
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complexes (2, 32). Minimum elastic energy is when the gradient of elastic energy, Z—?, for a single

step is 0.
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Chapter 3.

Static Kinks or Flexible Hinges: Multiple Conformations of Bent DNA Bound to
Integration Host Factor Revealed by Fluorescence Lifetime Measurements

This chapter adapted from [Connolly, M; Arra, A.; Zvoda, Z.; Steinbach, P.J.; Rice, P.A.; and
Ansari, A., Static kinks or flexible hinges: multiple conformations of bent DNA bound to
Integration Host Factor revealed by fluorescence lifetime measurements, J. Phys. Chem. B 2018,
122,49, 11519-11534] with permission from American Chemical Society.

3.1. Introduction

Severe distortions to the B-DNA structure are ubiquitous in the cell and are induced not only by
nonspecific DNA packaging proteins but also by site-specific proteins when they bind to their
target sites on DNA for gene regulation, replication and repair. These distortions often appear as
DNA bends or localized kinks that range from ~30° kinks per helical turn when wrapped in the
nucleosome,'** to more severe kinks of ~80-90° in several site-specific DNA bending proteins,>™®
to what may be the most severely bent DNA conformation found in complex with the IHF/HU
family of bacterial type 11 DNA-bending proteins.””!! While structural studies on many DNA-
bending protein complexes have revealed the nature of these DNA distortions at atomic resolution,
the behavior of the distorted, sharply kinked, DNA in solution needs further study. One question
that has yet to be fully resolved is whether these distorted DNA structures behave as rigid kinks in
solution or as flexible hinges.!” Precise measurements of the accessible protein-DNA
conformations in solution are needed to elucidate the functional roles of these dynamic fluctuations
as well as to provide experimental checkpoints in the development and improvement of
computational models of sequence-dependent DNA deformability and stabilization of bent DNA

by proteins.!3-*
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Several lines of evidence suggest that DNA in nonspecific complexes indeed adopts a range
of bent conformations. Evidence for conformational heterogeneity is well documented in the case
of the nonspecific architectural histone-like nucleoprotein HU that is known to bend DNA into a
U-shape.!®?? Indirect evidence for multiple bent states in HU-DNA complexes came from multiple
bands revealed in gel shift assays,?* and from different degrees of bending observed in different
crystal structures of these complexes.!? This heterogeneity in HU-DNA complexes was directly
confirmed from atomic force microscopy (AFM) studies that showed a broad distribution of bent
conformations with bend angles observed in the entire range from 0 to 180°.% It is perhaps not too
surprising that a nonspecific architectural DNA bending protein, especially one that has a variety
of biological roles, would exhibit such broad conformational heterogeneity, given the lack of
specific contacts that would otherwise compensate for the energetic penalty required to severely
deform DNA.

However, are specific complexes with DNA-bending proteins also conformationally
heterogeneous? AFM studies on some specific complexes have revealed relatively broad
distributions of bend angles, although the resolution of these AFM studies primarily revealed
single-peaked distributions of varying widths, consistent with thermal fluctuations within a single
free energy well in the conformational landscape of the complex.?¢?® Notable exceptions in which
two or more distinct bent states of DNA are observed include mismatch repair protein MutS?’ and
DNA glycosylase hTDG?® bound to mismatched DNA. Interestingly, these are examples of
complexes with DNA damage recognition proteins in which the specific site is typically a single
mismatch or a single chemically modified base, and all other interactions of the protein with the

flanking DNA sequences are nonspecific. For site-specific proteins that bind to canonical,
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undamaged DNA, and for which the target site extends beyond a few base pairs, data are scarce

regarding conformational heterogeneity in such complexes.

Here, we present results that quantify the heterogeneity of bent DNA conformations when
bound to the eukaryotic DNA-bending protein, the Escherichia coli integration host factor (IHF).
We utilized picosecond-resolved fluorescence lifetime measurements to identify multiple FRET
states, which reflect the distribution of bent conformations in the IHF-DNA complex. The lifetime
approach has a few advantages over single-molecule assays of FRET distributions.’!
Measurements are done under solution conditions and thus avoid many of the issues that may come

32-33

with immobilization of protein-DNA complexes as needed for AFM studies’~~ or single-molecule

FRET (smFRET) studies,>*3” although smFRET on freely diffusing molecules do alleviate
immobilization issues, as showcased in a series of elegant papers by Eaton and co-workers***! on
the dynamics and distributions during protein folding. More important, fluorescence decay curves
measured in bulk solution provide significantly better resolution of the shape of the FRET
efficiency distributions than can be obtained from single-molecule studies where the number of
molecules sampled are in the range of O(10%) to O(10%). Moreover, the time resolution of the
lifetime studies enables snapshots of the conformational distribution with an effective “shutter
speed” that is typically less than tens of nanoseconds (within the excited state lifetime of the
fluorophore). In smFRET, the observation time window is few milliseconds or longer, which can
obscure conformational heterogeneity if dynamic fluctuations between different conformations are
faster than a few milliseconds.*” Recently, we demonstrated the effectiveness of fluorescence
lifetime based FRET measurements in unveiling the conformational heterogeneity in mismatched

DNA bound to nucleotide excision repair protein XPC/Rad4, with evidence for two or more

distinct DNA conformations in the complex.*’
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Here we focus on IHF, which is a small (22 kDa) bacterial heterodimeric nucleoid-
associated protein that is closely related to HU and structurally very similar.?*»* Unlike HU,
however, IHF binds DNA both nonspecifically, in its role as a DNA compaction protein, and
specifically, when required for site-specific recombination, DNA replication and transcription.
IHF also recognizes several sites on bacteriophage lambda DNA in its role as a host factor for
lysogeny by phage lambda.*>*** The footprint of DNA bound to IHF exceeds 25 base pairs (bp).*’
However, the consensus sequence identified on the basis of a large number of cognate sites for
IHF consists of two short elements in one half of the footprinted region (Figure 3.1.):
WATCARnnnnTTR, where W denotes A or T, R denotes purine, and n refers to any base.*’"*
Some IHF sites also contain an A-tract containing 4-6 adenines and located in the other half of the
binding site.**>°

The crystal structure of IHF bound to one such cognate site, denoted as the H’ site (Figure
3.1. and Table 3.1.), showed that IHF sharply kinks the DNA at two sites spaced ~9 bp apart,
explaining how it can bring distal regions of DNA together to facilitate the formation of higher-
order nucleoprotein complexes.” The kinks in the DNA are stabilized by conserved proline
residues located on two B-ribbon arms of the protein. The arms are thought to be flexible in the
absence of the DNA but wrap around the DNA in the complex and make additional stabilizing
contacts in the consensus region between the kink sites (Figure 3.1.). Further stabilization needed
to overcome the large energy penalty for the sharply kinked DNA comes from additional contacts
between the flanking DNA segments and the core of the protein dimer, as well as from an extensive
network of electrostatic interactions with charged residues of the protein and the phosphates in the

DNA backbone.>'-?
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All contacts that IHF makes with the DNA in the specific complex are either in the minor
groove, where the hydrogen bonding patterns offered by the different bases are very similar,> or
to the sugar phosphate backbone. Thus, IHF is a remarkable example of a DNA-bending protein
that exhibits high specificity to certain sequences but relies almost exclusively on “indirect
readout” to recognize its target sequence; i.e. it recognizes sequence-dependent DNA shape, local
geometry, and DNA deformability without the need for direct recognition of the specific bases by
the protein residues.’* Several features within the binding site play a role in facilitating this
recognition. One may be the ease with which the two sites can be kinked: although only one kink
occurs within the consensus sequence, introducing single-T insertions or mismatches to make the
DNA more flexible at these sites was shown to increase the binding affinity for IHF as well as for
the nonspecific HU.»¢ Another important feature is the flanking DNA sequences that interact
with the sides of the protein, where the minor groove of the DNA is clamped between the N-
termini of two alpha helices. On the right side (as shown in Figure 3.1. and Table 3.1.), the TTR
of the consensus sequence allows over-twisting of the DNA that facilitates its fit into the protein
clamp and the formation of salt bridges with the side chains of IHF.>” On the left side of H’ (but
not all IHF binding sites) is an A-tract. The structure shows that the unusually narrow groove
naturally adopted by A-tract DNA fits well into the protein clamp, and this may explain why
crystals could not be grown with IHF binding sites that did not include the A-tract.” This study
seeks to elucidate how each of these features help keep the DNA bent and clamped against the

protein and to what extent the DNA resists these bending deformations.

The fluorescence lifetime-based FRET measurements presented here demonstrate that IHF
bound to a 35-bp substrate containing the cognate H’ site, the sequence used in the crystal structure,

in fact samples at least two distinct states: a high-FRET state that appears to be fully bent, as in
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the crystal structure, and a low-FRET state consistent with partially bent DNA that could include
an ensemble of conformations with one side unclamped or the other. Another cognate site that is
lacking the A-tract (the H1 site on phage lambda DNA) showed a significantly smaller population
in the fully bent state, highlighting the effectiveness of the A-tract to keep that side of the DNA
clamped down. The population in the fully bent state in the IHF-H1 complex is partially recovered
when mismatches are introduced at the kink site near the missing A-tract, to reduce the energetic
cost of kinking the DNA at that site. Finally, a single base modification in the TTR consensus
region in the other flanking arm, previously known to destabilize the complex, also resulted in a
significantly diminished population in the fully bent state. Taken together, these results provide
additional insights into the finely tuned interactions between IHF and its cognate sites that keep
the DNA bent (or not) and yield quantitative data on the populations of different DNA
conformations (kinked or not kinked) that are sensitively dependent on the DNA sequence and
deformability. These results also correlate well with the biological function of the two IHF-
binding sites studied. These two sites are found within the large protein-DNA complex responsible
for integrating phage lambda DNA into the E. coli chromosome, and structural modeling shows

that the IHF-induced bend at the H1 site, but not at the bend H’ site, must flex during assembly.*®
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TATCAA

4 \
H’ - GGCCAAAAAAGCATTGCTTATCAATTTGTTGCACC
CCGGTTTTTTCGTAACGAATAGTTAAACAACGTGG

Figure 3.1. The cocrystal structure of IHF in complex with the H’ binding site from phage lambda.
The a- and B-chains of the IHF protein are shown in blue and green, respectively, with the
conserved proline residues shown as yellow spheres. The DNA is shown in gray, with the
consensus region highlighted in magenta and the A-tract in red. The sequence shown below is that
of the 35-mer that contains the H’ binding site, which was used to obtain the cocrystal structure
with IHF. In the complex, the DNA is sharply kinked at the two sites indicated by the blue arrows.
In the DNA oligomer used for the structural studies, the DNA was nicked at a position shifted 1
bp to the 3’-side of the left blue arrow, to facilitate crystal packing. That nick was “sealed” in silico
to generate the model shown (starting from PDB ID 1IHF).
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Table 3.1.: DNA Constructs Used in This Study

Construct Sequence® <FRETE > Ky Ky
v v at100mMKCL | at100mMKCL | at 300 mM KCL®
] 5/ — TGGCCAAAAAAGCATTGCTTATCAATTTGTTGCACC 23%57 P
H’ (design I) CCGGTTTTTTCGTAACGAATAGTTARACAACGTGGE - 5’ 0.50£0.03 c d 1.9+0.1
27 +£2 pM; 25 pM
o 5/ GGCCAAAAAAGCATTGCTTATCAATTTGTTGCACC | | s
H’ (design Il) BCCGGTTTTTTCGTAACGAATAGTTAAACAACGTGG — 5’ 0.4110.01 1.5+0.2
] 5/ — TGGCCATGCAGTCACTATGAATCAACTACTTAGACC 20 pMe
H1 (design 1) CCGGTACGTCAGTGATACTTAGTTGATGAATCTGGE - 5 025:001 [ T ] e
} 5/ GGCCATGCAGTCACTATGAATCAACTACTTAGACC | | s
H1 (design Il) BCCGGTACGTCAGTGATACTTAGTTGATGAATCTGG — 5 0.2140.01 20401
] ) 5/ — TGGCCATGCAGGCATTGCTTATCAATTTGTTGCACC
H’_nAt (design 1) CCGGTACGTCCGTAACGAATAGTTAAACAACGTGGE — 5 0.23£0.01 37£08
] 5/ — TGGCCATGCAGTCACTATGAATCAACTACTTAGACC | | e
H1_CTloop (design I) CCGGTACGTCAGTCTTACTTAGTTGATGAATCTGGE — 5 0.36+0.02 0.06 £0.02
5/ — TGGCCAAAAAAGCATTGCTTATCAATTTGTAGCACC 2 4+280M
H’44A (design 1) 0.23+0.01 e

CCGGTTTTTTCGTAACGAATAGTTAAACATCGTGGE — 5’

? The blue arrows indicate the position of the kinks in complex with IHF; the yellow- and green-
highlighted thymines represent fluorescein- and TAMR A-attachment, respectively, to that base;
the blue-highlighted P indicates attachment of Atto550 to the phosphate group; A-tract is shown in
red and the consensus sequence in magenta; the position of the mutation in H’44A is indicated in
purple; the position of 4-nt loop is HI CTloop is indicated in brown.

b-¢ K4 values are from °this study, °re

59 d-
f£.7, ¢

stopped-flow measurements reported in ref.%° and °ref.5!
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3.2. Results

3.2.1. Fluorescence lifetime measurements provide a snapshot of the distribution of bent

conformations in IHF-DNA complexes

In this study, we characterized the equilibrium distribution of DNA conformations when bound to
IHF, by measuring the FRET efficiency between a donor-acceptor FRET pair attached to a 35-bp
DNA substrate of varying sequences and binding affinities, using fluorescence lifetime studies.
The FRET efficiency (E) between the donor and acceptor labels depends strongly on the relative

distance and orientation between the labels and can be computed from the lifetimes of the excited

donor fluorophore in the presence (tp,4) and absence (7p) of the acceptor, as =1 — TTD—A. The
D

measured FRET efficiencies can sense changes in the conformations of the DNA to which the
labels are attached, for example upon binding of a DNA-bending protein. In the case of IHF-DNA
complexes, FRET between labels attached at the ends of 35-mer DNA substrates has proven to be
exceptionally useful in measuring not only equilibrium changes from unbent (straight) to bent
conformations upon binding of IHF,%? but also the dynamics of these conformational changes

along the recognition trajectory of the IHF binding site.>% 93-63

Here, we take advantage of the sub-nanosecond time-resolution of the fluorescence lifetime
studies that enables fluorescence decays to be measured over a wide temporal range and with high
temporal resolution. A single DNA conformation in the ensemble of molecules, with a well-
defined separation and relative orientation between the donor and acceptor of the FRET pair, is
characterized by a unique FRET efficiency, and is expected to yield one (faster) exponential decay
for the donor fluorescence in the presence of the acceptor for every exponential decay observed in

the absence of the acceptor. A distribution of DNA conformations corresponding to different
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donor-acceptor distance/orientations would then correspond to a distribution of FRET efficiencies,
which should be reflected in a distribution of lifetimes measured in the decay traces. The lifetime
distributions were obtained from the measured decay traces by the maximum entropy method

(MEM).

The fluorescence lifetime of the donor (fluorescein), measured in DNA constructs in the
absence of any acceptor (DNA D), exhibited close to single-exponential decays with a relatively
narrow distribution of lifetimes, and characterized by an effectively unique lifetime < 7, > =
4.2 — 4.3 ns that was found to be mostly insensitive to the position of attachment to the DNA or
to the presence of the protein (Figure 2.5.). In the presence of an acceptor fluorophore (DNA_DA),
the decay profiles remained largely single-exponential with no protein bound (Figure 3.2.), albeit
with a shift in the donor lifetime < 1,4 > relative to < 7, > if there was significant FRET (Figure
2.6.). In contrast, for lifetime measurements on DNA DA in the presence of IHF, not only did the
donor lifetime shorten due to FRET, we also detected a broadening of the distribution of lifetimes
and appearance of at least two distinct components (Figure 3.2. and Figure 2.4.), which points to

direct evidence for multiple DNA conformations in the IHF-bound complexes in the ensemble.
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Figure 3.2. Fluorescence lifetime measurements on IHF-H’ complex in design I constructs. (A)
Fluorescence intensity decay traces measured on H’ labeled with fluorescein and TAMRA
(H’_DA) are shown in the absence (red) and presence (black) of IHF. The corresponding donor-
only (H’ D) decay traces are also shown in the absence (green) and presence (blue) of THF.
Measurements were done with 5 uM DNA and 5 uM IHF. The instrument response function (gray)
is shown for comparison. (B) The MEM lifetime distributions obtained from the fluorescence
decay traces are shown. The amplitudes of the distributions are normalized to add up to one.

3.2.2. IHF-H’ complex reveals two dominant DNA conformations: fully-bent (high-FRET)

and partially-bent/straight (low-FRET)

We first present lifetime measurements carried out on the H DNA substrate, end-labeled with
fluorescein and TAMRA (H’ in design I; Table 3.1.), in the presence and absence of IHF. The
design of this construct is identical to what we and others have used in previous equilibrium and
kinetics studies on IHF-DNA complexes.®* % All lifetime measurements were done with 5 uM

DNA and 5 uM IHF. At 100 mM KCl, the average FRET efficiency in the H’ DNA construct alone
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was found to be 0.022 £+ 0.001, which increased to 0.50 = 0.03 upon binding of IHF under 1:1
binding conditions. These FRET efficiency values are consistent with steady-state values reported

60,6365 and reflect the decrease in the end-to-end distance when H’

previously for these constructs,
DNA is bent into a U-turn in the complex, as illustrated in the crystal structure of the IHF-H’

complex (Figure 3.1.).

MEM analysis on the double-labeled IHF-H’ fluorescence decay traces revealed two
dominant lifetime populations for these constructs, with 78 + 3% of the population in a high FRET
state (0.65 + 0.03), and 22 + 3% in a low FRET state (0.085 + 0.002). We note here that the low
FRET state is close to what we observe in unbound (straight) DNA, and could arise from (i) a
fraction of DNA that is unbound or (ii) a fraction that is nonspecifically bound and that competes
with specific binding or (ii1) a fraction that is specifically bound but only partially bent, for
example if the energetic cost of kinking at two sites is not fully compensated for by stabilizing
interactions between protein and bent DNA. Other contributions to this low-FRET state could be
from potential artifacts, such as incompletely labeled (or incompletely annealed) DNA with some
fraction of donor-only labeled DNA molecules lacking an acceptor, or partial stacking of the
fluorophores at the ends of the DNA that could result in different dye orientations (stacked or
unstacked) and hence two or more distinct FRET states. We ruled out any significant contributions

to the observed lifetime distributions from these artifacts, as described in Chapter 2.3.6.

3.2.3. The low-FRET population does not reflect unbound DNA under the 1:1 binding

conditions

We first address whether the low-FRET population could have contributions from a significant
fraction of unbound DNA, even in our 1:1 binding conditions. We note that under buffer and salt

conditions (100 mM KCl) identical to those used for these measurements, the Kq of the IHF-H’
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complex was previously determined to be 25 pM, from stopped-flow measurements,*® and 27 pM,
from equilibrium salt-titration measurements.’® The binding studies on IHF-H’ presented here are
consistent with the previous studies, with an extrapolated value of Kq = 23 pM at 100 mM KCI
Therefore, at the protein and DNA concentrations used for the lifetime studies (5 uM each) we

expect to have >99.8% of the DNA in complex.
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Figure 3.3. Binding affinity measurements on IHF-H’ complex at varying salt
concentrations. (A) Equilibrium binding isotherms for IHF binding to H” are shown from acceptor
ratio measurements on 50 nM H’ DA (design I) as a function of [IHF]. The binding curves are for
varying KCL concentrations: 200 mM (red), 250 mM (pink), 300 mM (green), 350 mM (blue),
and 400 mM (purple). The lines are the best fit to a 1:1 binding isotherm, yielding the dissociation
constants K4 shown in panel (B). (B) Kq values (filled squares) obtained from the data in panel (A)
are plotted as a function of [KCl]. The dashed line is a linear fit to log(Kq4) versus log([KCl]), with
a slope of 9.7 = 1.2. The K4 value at 100 mM KCl, extrapolated from this linear fit, is 2337 pM
(open square).
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To confirm 1:1 binding conditions for these complexes, we carried out equilibrium titration
measurements at a fixed (1 pM) concentration of H . DA DNA and varying concentrations of IHF,
and simultaneously measured both the acceptor ratio (to measure the extent of bent DNA), and
donor anisotropy (to measure the extent of protein binding). These data, shown in Figure 3.4.A-B,
exhibited behavior that deviated from what is expected for a 1:1 binding isotherm. The acceptor
ratio initially increased with increasing protein concentration, as anticipated, and reached a
maximum value at [IHF]:[H’] = 1:1; however, the acceptor ratio began to drop with further excess
of protein. In contrast, the anisotropy also initially increased with increasing protein concentration,
but then continued to increase with further excess of protein beyond [IHF]:[H’] = 1:1. Taken
together, we draw the following conclusions from these data: at [IHF]:[H’] = 1:1, each DNA
molecule is bound to a single copy of IHF in a specific complex; below this concentration ratio,
there is a mixture of unbound and specifically-bound DNA; above this ratio, there is competition
between specific and nonspecific binding, with increasing protein concentrations tilting the
equilibrium in favor of a nonspecific binding mode in which more than one copy of IHF is bound
to a single 35-mer, resulting in higher molecular weight complexes containing less bent DNA

(Figure 3.4.C). Competition between specific and nonspecific binding at high IHF to DNA

concentrations has been well documented in previous studies.> 6667
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Figure 3.4. Binding isotherms and MEM distributions for the IHF-H’ complex at 100 and
200 mM KCIL. (A,D) Acceptor ratio measurements and (B,E) anisotropy measurements are shown
for luM H’ DA and varying concentration of IHF in 100mM KCI (A,B) and 200mM KCI (D,E).
(C,F) The MEM lifetime distributions obtained from fluorescence decay traces measured for IHF-
H’ are shown for [IHF]/[DNA] = 1 (continuous lines) and [IHF]/[DNA] = 2.5 (dashed lines) in
100 mM KCI (C) and 200 mM KCI (F). DNA concentrations for the lifetime measurements were
5 uM.
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3.2.4. Increasing the salt concentration diminishes contributions from nonspecific binding

To further examine this competition between specific and nonspecific binding, we performed
measurements at a higher salt concentration, 200 mM KCI (Figure 3.4.). Equilibrium studies on
the ionic strength dependence of protein-DNA complexes have shown that while higher ionic
strength conditions disfavor both binding modes, such conditions are typically more disruptive to
nonspecific than to specific binding.’!: ®72 In other words, an increase in salt is expected to shift
the equilibrium in favor of specific binding, as has indeed been demonstrated by isothermal
titration calorimetry (ITC) studies for IHF-H*>! as well as for other DNA-bending proteins.’>"7
This behavior reflects the fact that nonspecific interactions are primarily electrostatic interactions
between the protein and the DNA phosphate groups, while specific interactions have significant
contributions from hydrogen bonds, van der Waals interactions, and water-mediated interactions
that are less affected by ionic strength. Therefore, by increasing the salt concentration from 100 to

200 mM KCI, we anticipated that the contributions from nonspecific binding in our IHF-H’

complexes should diminish, even when IHF is present in excess over DNA.

We repeated our equilibrium titration measurements in 200 mM KCI conditions, with
acceptor ratio and anisotropy as probes of the binding process, as before (Figure 3.4.D-E). Indeed,
unlike the 100 mM KCl data, the acceptor ratio versus protein concentration profile in 200 mM
KCI exhibited the behavior expected for a 1:1 binding isotherm, with the acceptor ratio initially
increasing with protein concentration, and then reaching a plateau with protein in excess. The
anisotropy data also resembled a 1:1 binding isotherm and did not show any significant evidence
for multiple protein binding. Taken together, we infer that at 200 mM KCI nonspecific binding is
sufficiently destabilized such that we observe only specific binding at all protein:DNA

concentrations.
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We now return to the question: what is the origin of the low-FRET component in the
lifetime distributions measured on IHF-H’ in 100 mM KCI under 1:1 conditions? Corresponding
lifetime measurements for the 1:1 complex at 200mM KCI also showed two populations in the
lifetime distributions (Figure 3.4F), with 66 + 2% in the high FRET state (£~ 0.67 £ 0.02) and 34
+ 2% in the low FRET state (£ = 0.043 = 0.001). Even with a 2.5-fold increase in the protein
concentration (2.5:1 complex) in 200 mM KCIl, almost no change was observed in the IHF-H’
lifetime distribution, consistent with our acceptor ratio and anisotropy data at 200mM that showed
no evidence for nonspecific binding at excess protein conditions. From these data we conclude
that the low-FRET state must be a less-bent DNA conformation of a specifically-bound complex,
and which could not be detected in previous steady-state measurements or in crystal structures.
The population in this less-bent conformation increased from ~22% to ~34% with the increase in

salt concentration from 100 to 200 mM KClI.

3.2.5. Measurements with different placement of FRET labels (design II constructs)

implicate the low-FRET state as arising from conformations with less bent DNA

The results presented thus far are insufficient to conclude whether the low-FRET component was
from specifically-bound but straight DNA or from an ensemble of partially bent conformations,
for example with DNA kinked at only one site or the other. With the FRET labels attached at the
ends of the 35-mer H’ substrate (design I in Table 3.1.), the end-to-end distance for a straight piece
of DNA is estimated to be ~121 A (Figure 3.5.), with near zero FRET efficiency, assuming Forster
distance R, = 50 A for this FRET pair.®> 77 If we envision a distribution of partially bent
conformations with either one side kinked or the other, as illustrated in SI Figure S7, then the end-

to-end distance is estimated to be ~90 A, with FRET E = 0.03. We note that these FRET estimates,
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especially for the partially bent conformations, are only rough approximations based on reasonable
guesses of these structures and the expected distances between the atoms where the labels are
attached. Furthermore, these FRET estimates do not account for linker lengths used to attach the
labels or their dynamics. Despite these caveats, these estimates are in reasonably good agreement
with E = 0.083 £+ 0.002 measured for the low-FRET state in IHF-H’ at 100 mM KCI. However,
the width in our lifetime distributions makes it difficult to unambiguously separate these low-
FRET states from those obtained on straight DNA (Figure 3.2.). To increase the sensitivity of our
FRET measurements and more clearly detect FRET changes between straight and partially bent
conformations as envisioned above, we altered the labeling strategy to design II (see Table 3.1.),
in which the labels are placed closer together along the DNA. In these constructs, we attached the
donor (fluorescein) internally, at a thymine located at position 26 of the top strand (counting from
the 5 end), and attached Atto550 (At) at the 3’ end of the bottom strand. The separation between
the attachment points of the labels in these design II constructs is ~86 A in unbent DNA (Figure

3.5.).
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B
Estimated Distance (FRET)
Structure
Design| Designll
Free DNA 121.2 A (0.005) 85.5A
Fully bent complex 38.5A (0.83) 65.2 A
A-tract side unkinked 91.2 A (0.03) 86.3 A
TTG side unkinked 88.9 A (0.03) 751A

Figure 3.5. Computed distances and FRET values from structures. (A) Overlay of crystal
structures of the fully bent complex with that of free DNA. The red (yellow) spheres indicate
the atoms where the labels were attached in design I (design II) constructs. The dotted lines
indicate the distances between the attachment points (red pair or yellow pair); four lines for
each design correspond to distances computed for four different conformations: free DNA,
fully bent complex, and two partially bent conformations, one in which the A-tract side
(shown by the red nucleotides) is unkinked and the other in which the TTG side (shown by
the magenta nucleotides) is unkinked. (B) The distances between the attachment points,
computed as described above, are tabulated for the four different conformations in both
design I and design II constructs. The FRET E values based on these distances are shown in
parenthesis for design I constructs, calculated using R, = 50 A; for design II constructs R,
is not well known and hence no corresponding FRET E values are computed. We caution that
these distance/FRET estimates are rough approximations and do not represent the actual
distance/FRET between the labels in each of these structures, since they do not take into
account the lengths and dynamics of the linkers that are used to attach the labels.
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Fluorescence lifetime decay traces on donor-only H> DNA in the design II constructs,
performed at 100 mM KCI conditions, still exhibited a predominantly single-exponential decay,
both in the absence and presence of IHF (Figure 3.6. and Figure 2.5.). The lifetime decay traces
for donor-acceptor-labeled H DA remained primarily single-exponential, with FRET £ of 0.113
+(0.002. In the presence of IHF, the lifetime distributions on the double-labeled constructs showed
two distinct FRET states, with a high-FRET state observed at 0.51 + 0.01 and a low-FRET state at
0.29 + 0.01, reaffirming our results from design I that the DNA in this ensemble samples different
conformations. More important, in the design II constructs, the FRET efficiency of the low-FRET
component in the IHF-DNA complex is well separated from the FRET efficiency of unbound
DNA, supporting the conclusion that the low-FRET state corresponds to partially bent DNA. These
partially bent complexes could be a mixture of conformations with one side kinked or the other,
as explained below, while the high-FRET state likely corresponds to both DNA sites being kinked
and the flanking arms of the DNA held against the sides of the protein, as seen in the crystal

structures.

We note here that while the FRET values measured in the two constructs (design I and II)
cannot be quantitatively compared because the FRET pairs used in these constructs are different
and may not have the same Forster distance, our observation that the high-FRET component shifts
to lower FRET values while the low-FRET component shifts to higher FRET values when we
change from design I to design II is not inconsistent with what we anticipated. Although the
separation between the labels is shorter along the DNA in design II, the labels in design I are in
fact spatially closer than in design II in the fully-bent state, as illustrated in Figure 3.5..; in the
partially bent states, the labels in design I are expected to be further away than in design II. We

also note that the population distribution between the high- and low-FRET states in the design II
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constructs are split more evenly, with ~50% in each of these conformations, compared with the
approximately 80% versus 20% split observed for the complex in the design I construct under
identical conditions. The reason for this population shift could be some steric hindrance between
the internally located fluorescein label on the DNA near one of the kink sites that could hamper
IHF from keeping the flanking arm of the DNA against its side, although the binding affinity
measurements at 300 mM KCI showed no significant difference in the K4 values for IHF-H’
between the two designs (see Table 3.1.). The remaining results presented below are for the design

I constructs.
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Figure 3.6. Fluorescence lifetime measurements on IHF-H’ complex in design II constructs.
(A) Fluorescence intensity decay traces measured on H’ labeled with fluorescein and Atto550
(H’_DA) are shown in the absence (red) and presence (black) of IHF. The corresponding donor-
only (H’ D) decay traces are also shown in the absence (green) and presence (blue) of THF.
Measurements were done with 5 uM DNA and 5 uM IHF. The instrument response function (gray)
is shown for comparison. (B) The MEM lifetime distributions obtained from the fluorescence
decay traces are shown. The amplitudes of the distributions are normalized to add up to one.
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3.2.6. The H1 site, which lacks the A-tract, favors the less bent state

We next examined the conformational distribution of another specific binding site recognized by
IHF, the H1 site on phage lambda DNA. H1 has the same consensus region as H’ (the
WATCAAnnnnTTR indicated in gray in Table 3.1.) but differs primarily in the other half of the
binding site where it lacks the A-tract that is present in the H’ sequence. Previous stopped-flow
measurements revealed a K4 of ~20 pM for the IHF-H1 complex at 100 mM KCL®! very similar
to the K4 from stopped-flow on the IHF-H’ complex.®*-®! These results indicate that the lack of the
A-tract appears to be compensated for by other changes in the H1 sequence compared with H’ so
as not to significantly perturb the overall binding affinity. However, the average FRET efficiencies
measured for the two end-labeled (design I) constructs in complex with IHF are distinctly different.
Our lifetime studies (performed at 100 mM KCI and 20 °C) revealed an average FRET efficiency
of 0.25 = 0.01 for the IHF-H1 complex compared with 0.50 + 0.03 for IHF-H’ complex (Table
3.1.), consistent with previous steady-state measurements on these complexes using identical
constructs and buffer conditions.®*-®!- ¢ The decreased FRET efficiency measured in the IHF-H1
complex suggests an inability of IHF to keep the bent arm of the DNA by its side in the absence

of the A-tract.

To examine how the absence of the A-tract affects the relative populations of differently
bent DNA conformations, we analyzed the fluorescence decay traces measured on the end-labeled
IHF-HI complex with the MEM, as before. The lifetime distributions for IHF-H1 also show two
peaks (Figure 3.7. and Figure 2.4.); however, the DNA in the IHF-H1 complex prefers the low-
FRET conformation, with only 32 + 1% in the high FRET state (£ = 0.50 + 0.03) and a larger
fraction, 68 + 2%, in the low FRET conformation (£ = 0.14 £ 0.01). We assert that these

remarkable differences in the conformational distributions of IHF-H’ and IHF-H1 are primarily
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from the presence and absence of the A-tract, although there are some other changes in the two
sequences, especially at the kink sites (see Table 3.1.), that could also be affecting the distributions
and the binding affinities. For example, we note that even the high FRET conformation in IHF-

H1 (FRET E = 0.50) appears to be not as fully bent as in IHF-H’ (FRET E = 0.65).

To further examine the differences that arise purely from the presence or absence of the A-
tract, we also conducted experiments on a modified H’ construct, denoted as H’ nAt, which differs
from the H’ construct only in the A-tract segment, which was swapped by the corresponding
segment in the H1 site (see Table 3.1.). Binding affinity measurements with end-labeled H’ nAt
showed a ~2-fold increase in K¢ compared with H’ (measured at 300 mM KCI; Table 3.1.). The
distribution of FRET components in IHF-H’ nAt mirrored that observed in IHF-H1, with a lower
fraction (33 + 1%) in the high-FRET state (£ = 0.57 + 0.03) and a larger fraction (67 = 1) in the
low-FRET state (£ = 0.077 £ 0.002) compared with IHF-H’. These results highlight the
importance of the A-tract and the contacts that it facilitates with IHF to help the protein clamp the
bent arm of the DNA on that side. The binding preference of IHF for the A-tract was well noted
when the crystal structure was solved, since the A-tract has a unique structure with a narrow minor
groove and a high twist which allows it to fit into the protein clamp without significant additional

distortions.’
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Figure 3.7. Fluorescence lifetime measurements on IHF-H’ compared with IHF-H1 (design

I constructs). (A) Fluorescence intensity decay traces are shown for H> DA (black), HI DA
(maroon), and H’ nAt DA (blue-green), measured in the presence of IHF. Decay traces on
DNA DA in the absence of IHF (red) and DNA D in presence of IHF (green) are shown for
comparison. Measurements were done with 5 uM DNA and 5 pM IHF. The instrument response
function (gray) is shown for comparison. (B) The MEM lifetime distributions obtained from the
fluorescence decay traces measured for [HF-H’ (black), IHF-H1 (maroon), and IHF-H’ nAt (blue-
green) are shown. The amplitudes of the distributions are normalized to add up to one. The average
lifetime for the DNA DA in the absence of IHF (red) and DNA D in presence of IHF (green) are
indicated by the vertical dashed lines.

3.2.7. Insertion of a mismatch at a kink site in H1 on the A-tract side helps recover the U-
bent conformation

Next, we inserted a 4 nucleotide bubble (CT/TC mismatch) into the H1 sequence at the kink site
on the same side as where the A-tract is in H’ (see H1 _CTloop in Table 3.1.). The 4-nt mismatch
bubble is expected to enhance the “kinkability” of the H1 sequence on that side and increase the

IHF binding affinity, as was shown previously for similar mismatched sequences in the H’
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context.>® % 9 Binding affinity measurements with end-labeled H1 CTloop showed a ~125-fold
decrease in K¢ compared with matched H1 (measured at 300 mM KCI; Table 3.1.), a result
consistent with previous K¢ measurements on H’ sequence with a TT/TT mismatch introduced at
the same kink site.’® %% © We anticipated that the insertion of the mismatch in H1 to lower the
energetic penalty for kinking should help compensate for the lack of stabilizing interactions
afforded by the A-tract. In other words, we expected to recover some of the lost high FRET state
in IHF-H1 in the presence of the mismatch. Our lifetime studies are consistent with this

expectation.

First, the average FRET efficiency measured in IHF-H1 increased from 0.25 + 0.01 in the
matched construct to 0.36 + 0.02 in the mismatched (H1 CTloop) construct (Figure 3.8. and Figure
2.4.). Second, the population in the high-FRET component increased from 32 + 1% in the matched
IHF-H1 to 43 + 3% in IHF-HI_CTloop. In addition, we observed a shift in the FRET efficiency
values for the two populations, with the high FRET state shifted from 0.50 + 0.03 to 0.55 &+ 0.02,
and the low-FRET state shifted from 0.14 £ 0.01 to 0.25 = 0.01, when comparing matched versus
mismatched versions of this complex. These shifts in the FRET efficiencies indicate additional
conformational changes in the kinked/straight states of the DNA introduced by the mismatched

bubble.

82



@ 10*

c

3 3

§ 10

2 L2

‘w10

C

Q

< 10’
0.08

Amplitude
o
'

LA "DNA_D + IHF
E ——DNA_DA '
b ——H1 +IHF
2 —— H1_CTloop + IHF3
‘
E | i
20 .

Time (ns)
-B I v L) ]

0.00 025 050 075

log(t/ns)

Figure 3.8. Fluorescence lifetime measurements on IHF-H1 compared for matched and
mismatched (design I constructs). (A) Fluorescence intensity decay traces measured on H1 DA
(maroon) and H1-CTloop DA (blue), both in the presence of IHF. Decay traces on DNA DA in
the absence of IHF (red) and DNA D in presence of IHF (green) are shown for comparison.
Measurements were done with 5 uM DNA and 5 uM IHF. The instrument response function (gray)
is shown for comparison. (B) The MEM lifetime distributions obtained from the fluorescence
decay traces measured for HI DA (maroon) and H1 CTloop DA (blue) are shown. The
amplitudes of the distributions are normalized to add up to one. The average lifetime for the
DNA_ DA in the absence of IHF (red) and DNA_D in presence of IHF (green) are indicated by the

vertical dashed lines.
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3.2.8. A destabilizing modification in the TTG consensus region of H’ increases the

population in (another) low-FRET state

Next, we examined the effect of sequence modifications in the TTR consensus region on the other
flanking arm of the DNA (Figure 3.1.). In this consensus site, a single adenine substitution
(TTG—TAG) as shown in the sequence H’44A (Table 3.1.), was found to destabilize the binding
affinity of IHF by about 100- to 250-fold.’”- % The crystal structure for the IHF-H’44A complex
revealed that this single nucleotide substitution inhibited the twisting of the DNA that was needed
to form a network of salt bridges with IHF that stabilized the bent DNA conformation against that
side of the protein.”’” However, the crystal structure of IHF-H’44A did reveal a fully bent
conformation very similar to that of IHF-H’. In contrast, steady-state FRET measurements on the
IHF-H’44A complex at 20 °C in solution yielded a smaller average FRET efficiency than IHF-H’
for the design I constructs under identical binding conditions,” indicating some degree of

“floppiness” in the bent conformations of IHF-H’44A.

To examine how this T—A mutation in the TTG region affects the populations in the fully
versus partially bent conformations of the IHF-bound specific complexes, we carried out lifetime
studies on the end-labeled (design I) IHF-H’44A complex (Figure 3.9. and Figure 2.4.). We still
observe two populations as for the IHF-H’ complex, with a high FRET state at £ = 0.62 £+ 0.02
and a low FRET state at £ = 0.076 £ 0.001, but with a significant decrease in the high FRET
population of 32 + 1% compared with ~78% in IHF-H’. These results demonstrate the importance
of the TTG consensus region in keeping that side of the DNA clamped against the protein and
further show that neither of the flanking DNA arms are held rigidly in place. Taken altogether, we
conclude that although only two distinct FRET populations are discerned in the MEM lifetime

distributions, the combined results from IHF-H’, IHF-H’ nAt, and IHF-H’44A strongly suggest
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that at least three conformations co-exist in solution for a specifically bound protein complex: a
fully bent conformation reflected in the high-FRET component and at least two partially bent
conformations with one arm straight or the other, with overlapping FRET levels that are not
distinguishable in the low-FRET component (Chapter 2.6.). The results from IHF-H 44 A suggest
that the population in the low-FRET state increases by 46% as a result of increased population in
the second partially bent conformation that affects the TTG side of the complex when that side is

compromised.
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Figure 3.9. Fluorescence lifetime measurements on IHF-H’ compared with IHF-H’44A
(design I constructs). (A) Fluorescence intensity decay traces measured on H> DA (black) and
H’44A DA (orange), both in the presence of IHF. Decay traces on DNA DA in the absence of
IHF (red) and DNA_D in presence of IHF (green) are shown for comparison. Measurements were
done with 5 uM DNA and 5 uM IHF. The instrument response function (gray) is shown for
comparison. (B) The MEM lifetime distributions obtained from fluorescence decay traces
measured for H DA (black) and H’44A DA (orange) in the presence of IHF are shown. The
amplitudes of the distributions are normalized to add up to one. The average lifetime for the
DNA_ DA in the absence of IHF (red) and DNA_D in presence of IHF (green) are indicated by the

vertical dashed lines.
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Table 3.2: Lifetime Measurements on IHF-DNA Complexes

a
Construct (1) (ns) (Eq) a (t2) (ns) (E3) o, AG/kgT = —In (a_1>
1
IHF-H’ (design 1) 1.52 + 0.06? 0.65 + 0.03 78 + 3% 3.96 + 0.01 0.085 + 0.002 22+3% -1340.2
(1414003 | (0.67 +0.02) (66 + 2%) (413 +0.02) | (0.043 +0.001) (34 +2%) (-0.66 + 0.04)
IHF-H’ (design Il) 2.06 + 0.02 051+ 0.01 48 3% 3.00 £ 0.01 0.29 +0.01 52 +3% 0.090 + 0.008
IHF-H1 (design 1) 2.14 £ 0.14 0.50 £ 0.03 32+ 1% 3.71+£0.12 0.14 £ 0.01 68 + 1% 0.7540.03
IHF-H’_nAt (design 1) 1.87 £ 0.01 0.57 +0.01 33+ 1% 3.99 + 0.04 0.077 + 0.001 67 + 1% 0.70 + 0.02
IHF-H1_CTloop 1.96+ 0.08 0.55 + 0.02 43 +3% 322 +0.16 0.25 + 0.01 57 3% 0.32+ 0.03
(design 1)
IHF-H’44A (design 1) 1.66 + 0.04 0.62 +0.02 32+ 1% 3.99 £ 0.01 0.076 £ 0.001 68 + 1% 0.7540.03

& Measurements were done in 100 mM KCl

® Values in parenthesis are for measurements done in 200 mM KCl
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3.3. Discussion

IHF is a small protein belonging to a class of nucleoid-associated DNA-bending proteins. Apart
from its nonspecific biological function in condensing the bacterial nucleoid, it also binds in a
sequence-specific manner and serves as an architectural factor in many cellular activities such as
site-specific recombination, DNA replication and transcription.”®”® The ability of IHF to bend the
DNA containing its specific site into a U-turn by wrapping ~35-bp DNA around three sides of the
protein has earned it the moniker of the “master bender” ®® Remarkably, IHF accomplishes this
feat with almost no direct interactions between the protein residues and specific bases, and has
thus become an excellent model system for studies of sequence-dependent DNA shape and

deformability that underpins binding site recognition by indirect readout.®”- 8183

The sharp DNA bends induced by IHF allow for FRET measurements to be sensitive
reporters of the extent of DNA bending. Previous studies took advantage of time-resolved FRET

to investigate DNA-bending kinetics in IHF-DNA complexes,®* ¢

which demonstrated the step-
wise binding-then-bending mechanism for site recognition by IHF.3* Further kinetics studies
resolved a two-step “interrogation-then-recognition” process: nonspecific interrogation on ~100-
500 ps timescale prior to recognition on 1-10 ms timescale.*> However, these "ensemble"
approaches could only provide an average picture of the dynamics along the reaction trajectory.
What remained elusive was whether multiple conformations of the complex could co-exist in
solution, as was recently shown for damaged DNA specifically bound to NER damage-recognition
protein XPC/Rad4.** Here, we investigated the distribution of bent conformations in IHF-DNA

complexes with varying DNA sequence composition and binding affinities. We utilized

fluorescence lifetime decay measurements and the maximum entropy method (MEM) to infer
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multiple FRET efficiencies that enabled us to visualize and quantitatively characterize the

heterogeneity of bent conformations.

Like many DNA-bending proteins that kink DNA at localized sites, IHF concentrates the
U-shaped bend in two sharp kinks separated by 9 bp. At the kink sites, a single base step is
unstacked and opened towards the minor groove of the DNA, and stabilized by intercalation of
conserved proline residues on the f-arms of the protein that wrap around the DNA. The flanking
sides of the DNA on the outer sides of the kinks are held against the body of the protein through a
myriad of specific and nonspecific interactions. Notably, the consensus DNA-binding motif
consists of only a 6-bp stretch (WATCAR) in between the kink sites and another 3-bp stretch
(TTR) in the flanking DNA, making it all the more remarkable that IHF is able to overcome the
energy penalty needed to severely deform the DNA at its preferred sites and bind with affinities

that can exceed 10°-10*-fold compared with random sequences.3>-

How accurate is this picture of bent DNA rigidly held against the protein, as implied by
the static crystal structure of the IHF-H’ complex? Incorporation into a crystal can “freeze out”
macromolecular dynamics and will tend to select a single conformation from the ensemble that
may exist in solution. The results reported here demonstrate that IHF does in fact experience some
difficulty in keeping the bent arms of the DNA at its side. For the IHF-H’ complex in 100 mM
KCI, the ensemble of bent conformations appears as two discernible populations, as inferred from
the lifetimes recovered for labeled DNA constructs. For the end-labeled (design I) constructs, the
population in the fully-bent high-FRET state (£ = 0.65) is found to be 78%, with the remaining
22% in a low-FRET state (£ = 0.085). Although measurements on the design I constructs could
not readily distinguish between partially bent or unbent DNA, FRET measurements with design II

constructs, where the FRET labels are placed closer together along the DNA, establish that the
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low-FRET state is not from unbent (straight) DNA. The low-FRET state is attributed to a partially
bent but still specific complex, as clarified from measurements at 200 mM KCI, where nonspecific
binding is disfavored, and yet the amplitude of the low-FRET state increases. From these and
further results discussed below, we assign the low-FRET state to an ensemble of specifically-
bound conformations with either one or the other kink site unkinked (Figure 3.10.). The free energy
of the fully bent IHF-H’ conformation is estimated to be 1.3 kg7 lower than the partially bent
ensemble in 100 mM KCI and 0.7 k8T lower in 200 mM KCI (Table 3.2). Notably, the FRET

efficiency levels observed in the fully-bent conformation are very similar in both ionic conditions.

»
>

Free Energy

Figure 3.10. Schematic representation of the free energy landscape of the specific IHF-DNA
complex, with multiple conformations accessible in solution. These conformations include the
most stable complex, with two DNA sites kinked, as well as conformations with one or the other
side unkinked. The partially bent conformations shown are models of the low-FRET population
and not based on real structural data.
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This tug-o-war between protein-induced DNA kinking and the propensity of DNA to retain
an unkinked conformation is further illustrated by measurements with the HI binding site that is
missing an A-tract found in the H’ site, which is known to help stabilize the bent DNA
conformation in the IHF-H> complex.” >® FRET efficiencies obtained for IHF-H1 revealed
significantly less population (32%) in the high-FRET conformation, indicating that the free energy
of the fully-bent IHF-H1 conformation is 0.75 kg7 higher than the partially bent conformations.
Furthermore, the protein-DNA interactions in the fully bent IHF-H1 conformation (FRET E =
0.50) appeared to be looser than that in the fully-bent IHF-H’ (FRET E = 0.65). Similar results
were obtained on complexes with a modified H” construct (H’ nAt) that was also lacking the A-
tract. Insertion of 2-bp mismatches at one of the kink sites in H1 close to the side that was missing
the A-tract (HI _CTloop in Table 3.1.), designed to make the DNA more “kinkable”, compensated
to some extent for the loss of the A-tract; the fully-bent complex in IHF-H1 CTloop was still less
favored but now only by 0.32 kg7 (Table 3.2.). Thus, the A-tract helps to maintain a tight fit in the
complex and its loss results in significant unkinking on that side. These results are in accord with
previous hydroxyl radical footprinting studies that showed less protection in that patch in

sequences that were missing the A-tract.*®8!

Another important and highly conserved feature common to all known binding sites of IHF
is the TTR consensus region on the other flanking side of the DNA. Previous studies identified
that a T->A switch at the center position of the TTR element (H’44A) resulted in >100-fold
decrease in binding affinity for IHF.>”> %% % Comparison of IHF-H> and IHF-H’44A structures
showed that the ability of the TTR site to adopt an unusually highly twisted conformation at the

Y-R step when bound to IHF was necessary to facilitate stabilizing salt bridges between key
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residues of IHF.’” These studies exemplified how sequence-dependent DNA deformability was

critical to the recognition of that consensus site.

The crystal structures of IHF-H’ and IHF-H’44A were otherwise very similar, with
approximately the same overall bend in the DNA observed in both structures.’’ In contrast,
previous steady-state FRET studies that monitored the average end-to-end distance already
revealed a less bent conformation for IHF-H’44A in solution, with FRET efficiency levels nearly
half of what was observed in IHF-H’.>® Our lifetime measurements directly show that indeed the
fraction in the fully-bent conformation of IHF-H’44A is only 32%, indicating a penalty (AAG) of
about 2.1 kT between the bent and unbent states that is attributable to the loss of the salt bridge

interactions at the TTR site.

It is informative to compare the conformational distributions characterized here for the
specific IHF-DNA complexes with the conformational distributions for the structurally similar but
nonspecific HU protein observed in AFM studies.”> HU is known to bind in a sequence-
independent manner to DNA with K4 values that range from 200 nM to 2.5 pM,?*** and with much
higher affinities to distorted DNA.%% %! Single-molecule micromanipulation studies of HU-
bound DNA showed that at low HU/high monovalent salt concentrations, HU dimers induce very
flexible bends that result in DNA compaction and a dramatic decrease in the apparent persistence
length of DNA compared with bare DNA.?>°? AFM studies under similar conditions revealed a
very broad range of bend angles in the DNA at the sites where HU was bound,?® with a nearly
uniform distribution of angles from 0° (unbent) to 180° (bent into a U-shape). Together, these

studies revealed a highly compliant and very flexible HU-DNA complex.

Similar conclusions were drawn from force-extension measurements on long DNA with

IHF bound nonspecifically that also showed enhanced apparent DNA flexibility with the bound
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proteins.?® %> AFM studies with specific IHF-DNA complexes revealed single broad distributions
peaked at bending angles of ~120-130°, with a range that covered bending angles from ~80° to
~160°.27-33 These AFM studies were done with other IHF-DNA complexes; we are unaware of
similar studies with IHF-H’. Notably, the range of bent conformations observed in AFM covers
what we expect for the low-FRET state (with one site kinked) and for the high-FRET state (with

both sites kinked).

However, our studies indicate a somewhat “brittle” complex for IHF bound to its specific
site. Rather than describing a broad and continuous range of bent conformations as seen in AFM
images of HU-DNA and IHF-DNA complexes, our data support two or likely three preferred
conformations, with the populations among these distinct valleys in the free energy landscape
modulated by the DNA sequence. While only two distinct FRET states could be discerned in our
lifetime distributions on all the complexes, the relative populations in these so-called low- and
high-FRET states could be modulated by making modifications in the DNA flanking segments on
either side, whether in the A-tract segment on one side or the TTR consensus segment on the other
side, with destabilizing modifications on either side resulting in an increase in the low-FRET
population at the expense of the high-FRET population. These observations suggested that the
low-FRET component likely included contributions from two subpopulations, with either one arm
unbent or the other, that had very similar FRET levels and therefore were not distinguishable as

two distinct peaks in our lifetime distributions.

In a previous smFRET study on IHF-H’ that used a 55-bp DNA construct containing the
H’ site and end-labeled with a FRET pair,** a bimodal FRET distribution was indeed observed,
with ~85% in a high-FRET conformation consistent with the crystal structure and ~15%

population in what appeared as a “zero-FRET” conformation. Remarkably, a very similar bimodal
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distribution was also observed in complexes of HU bound to a 55-mer with two TT mismatches 9
bp apart, but not with HU bound to the 55-mer H’ construct, which revealed a broad, feature-less
distribution reflecting less severely bent conformations. HU has been shown to bind with very high
affinity (Kq in the 4-10 pM range) to DNA substrates with mismatches spaced 9 bp apart and it is
not unexpected that HU can induce U-bends in these high affinity sequences similar to IHF-H’.
The authors of this study interpreted the zero-FRET component as arising from nonspecifically
bound proteins. Indeed, it is not evident that these SmFRET measurements could discern distinct
populations within the specific complex, if those conformations interconverted on timescales faster
than (or comparable to) the 1 ms binning times of this smFRET study.’* Kinetics measurements
on IHF-DNA complexes indicate that DNA bending/unbending dynamics within the complex are
indeed fast, on micro-to-millisecond timescale.’%-6% 63 63

Another smFRET study,” designed to examine rigid versus flexible kinks for another
nonspecific DNA-bending protein from the eukaryotic family of HMG box proteins, concluded
that the ~60° kinks induced by that protein appeared to be rigid kinks, with the apparent
enhancement of DNA flexibility induced by these proteins attributed to binding/unbinding of the
protein to induce random and transient kinks. Again, as the authors of that study noted, the ~30
ms binning time of their smFRET measurements could have averaged out any dynamic flexibility.
Further studies, including measurements of the kind reported here, are needed to carefully flesh
out the dynamics and distributions of these ubiquitous DNA benders.”®

Our observation of partially bent specific conformations in IHF-DNA complexes also
provides structural insights into the underlying mechanism for the “facilitated dissociation”
observed for several protein-DNA complexes, whereby dissociation rates of these complexes are

found to depend on the protein concentrations.”’1°! As postulated by others, ! 192103 for dimeric
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DNA-binding proteins, the release of a monomer from a half-site is a plausible mechanism to
generate a partially bound intermediate, thereby making room for another protein to bind and
eventually displace the first protein. Our measurements provide direct evidence for analogous
partially bound structures in IHF-DNA complexes, in which the unkinked DNA arm could interact

with a second IHF dimer before the first one fully dissociates.

Finally, we propose that the details of IHF binding sites have evolved to fit their biological
roles (Figure 9). In particular, the A-tract that clearly helps to keep the DNA bent in the U-shape
is not conserved across the many known IHF sites, H1 being a case in point. Binding of IHF to
both the H’ and H1 sites is required for integration of phage lambda into the E. coli chromosome
to establish lysogeny. The H’ and H1 sites are found within the “attP” region of phage lambda,
which is bound synergistically by 3 copies of IHF and 4 copies of lambda integrase to form a large
complex (termed an intasome) that then binds the bacterial insertion site (“attB”’) and catalyzes a
site-specific recombination reaction between attP and attB that results in the integration of the
phage DNA into that of the host. Modeling of this intasome shows that, while the IHF-H’ complex
might need to flex slightly to allow synergetic binding of two domains of integrase to DNA
sequences flanking it, it can remain static throughout the integration reaction.”® However, in the
fully bent form of the IHF-H1 complex, the flanking DNA and the copy of integrase bound to it
block incorporation of the bacterial attB DNA segment. Significant flexing of the H1-induced

DNA bend as shown in Figure 3.11. is therefore required for its biological function.
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Figure 3.11. Flexible DNA bending at the H1 site may facilitate assembly of the phage lambda
integration complex. Proteins and DNA segments in the model are shown as smoothed surfaces.
The “intasome” assembles on phage DNA (“attP”’; gray), with 3 copies of IHF (green) bending the
DNA such that the integrase tetramer (brown) can bridge multiple DNA sites. Transient flapping
of the IHF-induced bend at the H1 site (center panel) allows insertion of the bacterial integration
site DNA (“attB”; magenta) into the complex, which is then trapped by closure of the H1 bend.
Note that in these images the H1 binding site is oriented such that the (missing) A-tract side is on
the right, i.e. orientation of IHF relative to the DNA at the H1 site is flipped 180° from that shown
in Figure 3.1..

3.4. Conclusion

The present study showcases the power of combining fluorescence lifetime measurements
with MEM analysis for investigating conformational flexibility in protein-DNA complexes and
establishes conclusively that IHF bound to its specific sites samples two or more distinct
conformations. These conformations include a fully-bent conformation such as that observed in
the crystal structures of IHF-DNA and competing conformations in which very likely either one
kink site or the other is unkinked. The equilibrium distribution between these different
conformations depends sensitively on DNA sequence, especially the A-tract on one side of the U-
bend and the TTR consensus site on the other side. The “kinkability” at the kink sites also has a

measurable effect on the distribution. Further studies of this nature would be very useful in
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characterizing DNA sequences that render DNA highly “kinkable” and data such as these could
be used to further refine models for sequence-dependent DNA deformability and protein-DNA
interactions needed to stabilize distorted DNA conformations in complex with DNA-bending

proteins.
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Chapter 4.

Bind... and Bend? Characterization of specific and nonspecific binding by Integration Host
Factor in steady-state fluorescence studies with analytical binding model

4.1. Introduction

Integration Host Factor (IHF) is a versatile protein that can fulfill a variety of roles in E.
coli because of its multiple binding modes. IHF exhibits two primary modes of binding: specific -
in which it severely bends specific sites on the DNA into a “U-turn” conformation by introducing
two sharp kinks into the DNA, and nonspecific — where the degree of bending is likely much less
severe (1). In its nonspecific binding mode, IHF mainly helps to package the DNA inside the cell.
In its specific binding mode, it plays an important architectural role in making higher order
nucleoprotein complexes needed for site-specific recombination, DNA replication and

transcription, and CRISPR genome editing systems (2-12).

The crystal structure of IHF bound in a specific complex was solved using the 35-bp H’
site, which is one of the sites on lambda DNA to which IHF binds (1). The crystal structure of this
protein-DNA complex is shown in Figure 1.7. The DNA in the complex is shown to adopt a U-
turn conformation, which involves sharp kinks at two sites, spaced 9-bps apart. This severely
distorted DNA is stabilized by proline residues that intercalate at the kink sites, and protein-DNA
contacts made with the flanking arms of the DNA on either side. The crystal structure provides
one snapshot of the IHF-H’ specific complex. Fluorescence lifetime measurements made on the
[HF-H’ complex reveal a very dynamic complex, with more than one conformation accessible to
the specific complex at equilibrium (Chapter 3). IHF can also bind nonspecifically to the H’ site,
with significant competition from nonspecific binding observed at high ratios of protein to DNA

concentrations (13, 14). Indeed, recent AFM studies revealed partially bent nonspecific complexes
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of IHF-DNA in more than one binding mode and indicated a dynamic equilibrium between specific
and nonspecific binding (15). The ability of IHF to bind DNA in multiple modes to a single DNA

site poses a simple question: what are the relative binding affinities in the two binding modes?

During the lifetime of E. coli, IHF concentrations change dramatically, significantly
altering the equilibrium between specific and nonspecific binding. Reports suggest that IHF
concentrations may vary from 12-55 uM depending on the phase of the cell’s life cycle (16).
Indeed, previous IHF binding studies with H’ showed that increasing IHF concentration favors
nonspecific binding within this range (14, 17, 18). Thus, accurate quantification of the binding
affinities of IHF in its specific and nonspecific binding modes and the conditions under which one
binding mode dominates or another is needed to know the cellular consequences of IHF
concentration fluctuations as well as the effect of other solution conditions such as the ionic
strength. Yet, despite numerous binding studies of IHF with specific and nonspecific sites, the
binding affinity of IHF for specific versus nonspecific sites remain poorly determined, with wide

disagreements in the binding affinities reported by various groups.

The bulk of binding studies on the IHF-H’ complex in ~60-100 mM monovalent salt
conditions have yielded specific dissociation constants (K;p) in the range of 1-100 nM, from
measurements of equilibrium binding isotherms using a variety of techniques that include gel-shift

assays (19-23), isothermal titration calorimetry (ITC) (13, 14, 17), fluorescence assays (24, 25).
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In contrast, Sugimura and Crothers first reported K, ;p ~ 25 pM from direct measurements
of the association and dissociations rates of the IHF-H’ complex from stopped-flow experiments
at 100 mM KCI (26). Follow up studies in our group have confirmed the 25 pM value of Sugimura
and Crothers (Figure 4.1.) (18, 27, 28) where binding isotherms were measured at higher salt

concentrations to bring the K, 510 values in the range K, 510 > [DNA], and then extrapolated to 100

mM KCI.
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4.1. Binding affinity of IHF-H’ complex at 100 mM KCI from extrapolation of high-salt
measurements. The measured dissociation constants of the IHF-H’ complex are plotted as a
function of the KCI concentration; both x- and y-axes are on a logarithmic scale. Measurements
made in this study (black) are compared to earlier measurements from (red) Sugimura and Crothers
(26) and (blue) Vivas et. al. (28). The most recent data (in black), when extrapolated to 100 mM
KClI assuming a linear dependence of log(Kq) versus log([KCl]), overlaps with the measured data

from Sugimura and Crothers. Error of extrapolated fit estimated by K4 values at which y* changes
by 1 (described in 4.2.3.).

The report by Sugimura and Crothers indicated that the much higher K Sp values measured
in previous studies may be due to the conditions of the experimental studies. For example, DNA

concentrations greater than specific binding dissociation constant values, like the >1-10 nM DNA
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concentrations needed for many equilibrium binding assays, hamper the ability of these binding
assays to accurately measure sub-nanomolar K;p values. These techniques include ITC, that
require pM concentrations or greater for DNA and IHF (14, 29), and fluorescence-based titration
assays that typically require at least nM concentrations of DNA (18, 24, 28, 30). Discrepancies in
EMSA gel shift results which can use pM DNA concentrations are more puzzling. Gel shift studies
have captured pM binding affinities for HU-DNA complexes, a complex of similar structure and
function (31). Gel shift studies by Martin and coworkers using 50 pM DNA yielded IHF-H’> K;?
values to be ~18 nM (32) and studies by Rice and coworkers using 5 pM DNA concentrations
yielded IHF-H’ binding affinities of ~2 nM (20). Indeed, we performed EMSA studies on the IHF-
H’ performed which yielded >1 nM binding affinities (Chapter 6). Though not completely
understood, K; values from gel shift assays that differ from other measurement techniques have

been reported (33-35).

Another factor that could contribute to the wide variations in the reported values of K 510 is
the contribution from nonspecific binding. While most binding studies on IHF-DNA complexes
have been done with DNA oligomers that are approximately the same length as the specific binding
site size and analyzed in terms of 1:1 binding isotherms, nonspecific binding can be a significant
factor if the specificity ratio is not very large. Indeed, Record and co-workers, in a series of ITC
measurements on the IHF-H’ complex, clearly demonstrated that increasing concentrations of
[IHF]/[DNA] favored multiple protein molecules binding nonspecifically over one protein binding
specifically (17, 19, 36). This phenomenon was immediately evident in their so-called “reverse
titration” measurements (Figure 4.2.), in which a fixed protein concentration was titrated against
varying DNA concentration, starting from low [DNA] and therefore high [[HF]/[DNA] ratio that

gradually decreased as the [DNA] increased. The binding isotherm in this case deviated
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dramatically from a 1:1 binding profile. In contrast, “forward titration” measurements, in which a
fixed DNA concentration was titrated against varying protein concentration, did not show as clear
a signature of nonspecific binding (14). Notably, most titration studies, including ours, are done
as forward titration, where the binding isotherms appear to follow a 1:1 binding profile even when

nonspecific binding is a factor.
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Figure 4.2. Reverse isothermal calorimetry (ITC) titrations and suggested model
representation (reproduced from Holobrook et. al. (14), with permission). (A) Heat of binding
per mol nucleotide injected at 60 mM K", for reverse titrations of 20 mM H' DNA (nucleotide)
into 22 uM IHF at 19.7 °C (m), 3.4 mM 14mer DNA (nucleotide) into 28 pM IHF at 19.8 °C ( v),
and 2.8 mM calf thymus DNA (nucleotide) into 15 uM IHF at 19.6 °C (*), all plotted as functions
of the ratio of [DNA nucleotides]/[IHF]. (B) IHF protein (P) is sketched with a much smaller site
size for non-specific binding than for specific binding. In the initial (DNA limiting) stage of the
reverse titration, if the specificity ratio is not very large, multiple proteins bind non-specifically to
the specific site. Later in the titration, where DNA is in excess, the majority of proteins are present
in specific 1:1 complexes.

To take into account competition between specific and nonspecific binding, Record and
co-workers derived analytic expressions for binding isotherms to short DNA oligomers that
included both contributions (17), starting from the nonspecific binding model to an infinite one-
dimensional lattice developed by McGhee and von Hippel (37). The Record group’s model

successfully captured their ITC isotherms for both forward and reverse titrations and yielded
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specific and nonspecific binding affinities for IHF-H’ and the nonspecific binding site size for a
range of salt conditions (14). However, their K ;p from these studies were still high (~70 nM at
100 mM KCl), indicating that these studies also could not capture the pM binding affinity reported

by the stopped-flow studies of the Crothers group and “salt-extrapolation” studies from our group.

In this study, we revisit the “three-state” lattice model for competitive binding developed
by Record and co-workers and apply it to binding isotherms on IHF-H’ measured using two
fluorescence-based methods, anisotropy and acceptor ratio (analogous to FRET), that
simultaneously monitor the extent of IHF binding and DNA bending, respectively. We performed
our measurements at 200 mM KCIl, which is sufficiently high ionic strength to bring the K 5pt0 a
measurable range (~1-35 nM) using equilibrium fluorescence methods, as shown by previous
studies in our group (18, 27, 28), while still retaining competition from nonspecific binding as a

significant factor at high protein concentrations.

This three-state model, with DNA that is either (i) unbound, (ii) has one protein bound
specifically, or (iii) one or more proteins bound nonspecifically, can simultaneously fit four
binding isotherms obtained from both acceptor ratio and anisotropy measurements done on
specific (H’) and nonspecific DNA. However, some discrepancies between the data and the fits at
extremely high [IHF]:[DNA] ratios (more than 200:1) suggest that this three-state model
description, in which nonspecific protein binding displaces a specifically bound protein, may be
incomplete. Our data suggest an additional state, where a specifically bound protein could also
accommodate a nonspecifically bound protein. Our study elucidates the added complexities of
IHF-DNA interactions that were not considered in previous descriptions and lays the foundation
for further examining higher order complexes at high protein-to-DNA ratios that may be present
in vivo.
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4.2. Materials and Methods

4.2.1. Materials

DNA and IHF samples were prepared as described in Chapter 2.1.1. DNA was end-labeled

with fluorescein/TAMRA FRET pair (Table 2.1. — Design I). Sequences are shown in Figure 4.3.

H' 5’ -TGGCCAAAAAAGCATTGCTTATCAATTTGTTGCACC-3’
3 - CCGGTTTTTTCGTAACGAATAGTTAAACAACGTGGI—5’

nsDNA 5’ -TGGCTATAGTCATACGATATCGAAGCATATATCTCC-3’
3’ - CCGATATCAGTATGCTATAGCTTCGTATATAGAGGI—5’

Figure 4.3. Specific and nonspecific DNA sequences. H’ DNA which contains IHF consensus
sequence (highlighted in gray) is sharply kinked at the two sites indicated by the black arrows.
FRET labels fluorescein and TAMRA are highlighted in yellow and magenta, respectively.
Nonspecific DNA (nsDNA) contains same nucleotides as H’ but the sequence order is scrambled
to remove the consensus site.

4.2.2. Equilibrium Binding Isotherms

The steady-state fluorescence emission spectra and anisotropies were measured on a FluoroMax4
spectrofluorometer (Jobin Yvon, Inc., NJ, USA), with samples loaded in a 100-uL quartz cuvette
(Starna 26.100F-Q-10/Z20). Equilibrium fluorescence measurements were performed with donor-
acceptor labeled DA constructs (denoted as DNA DA). All measurements were performed using
50 nM [DNA] at 20 °C with protein concentrations ranging from 1 nM — 50 uM. The binding

isotherms were measured in IHF binding buffer (Chapter 2.1.) with 200 mM KCl salt conditions.

4.2.3. Monte Carlo search in parameter space for fitting of model to data
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Fitting was carried out using Monte-Carlo search in parameter space. Starting parameters for the
Monte Carlo search were randomly chosen from a wide range and the residuals were minimized
by a simulated annealing procedure (38-40). We performed 100 independent, randomly chosen
sets as starting points with 30 rounds of simulated annealing for each set. The optimal set of
parameters obtained by this procedure for each independent set of randomly chosen parameter
values was then used as starting values for further minimization using a least-squares non-linear

fitting procedure implemented in MATLAB (R2015b).

4.2.3. Error estimation of fitting parameters

To estimate uncertainties in the fitting parameters, each fitting parameter was set to fixed
amount, one at a time, and refitted the binding isotherms by allowing the rest of the parameters to

vary to minimized the chi-square (x) defined as:

n
» (0 — Ep)? Eq. 4.1.
D
; i

Where i is a single measurement out of » measurements, 0O; is the observed value, E; is the expected
value from the fit, and o; is the standard deviation in the data. We then generated y* vs parameter
value plots, from which the uncertainties in the parameters were identified as the values at
which x? changes by 1; this increase, A =1, corresponds to one standard deviation in parameter

space (41).
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4.3. Lattice model for specific and nonspecific binding of protein to DNA
4.3.1. Case I: Nonspecific binding to a finite lattice

We model nonspecific binding of proteins to DNA using a finite lattice model first
developed by Record and coworkers (42) as an extension from the infinite lattice developed by
McGhee and von Hipple (MvH) (37). DNA is treated as a linear array of length N, where N is the
number of base pairs (bps) in the DNA substrate. For all sequences studied here, N = 35 bp. We
model the protein binding site size to be n, described as the number of lattice points occluded by a
single nonspecifically bound protein. We force n to be an integer value, and the maximum number
of nonspecific proteins to bind is given by the largest integer value less than B, = N/n.
Nonspecific binding strength, described by the dissociation constant K}, treats all lattice sites to
be thermodynamically equivalent and independent of number of previously bound proteins or
pattern of binding to the lattice. This model has been previously applied to the IHF-H’ binding

studies (14, 17, 21).

If each bound protein occupies exactly n consecutive lattice sites, the number of distinct

conformational arrangements (or multiplicity) for j nonspecifically bound proteins, €); is:

:w Eq. 4.2.
7 TN = ny)!

where j can be an integer value up to P,,4,. Thus, we can write the partition function for nonspecific

binding to a lattice in the absence of any specific binding to be:

Pmax Pmax
(L] Eq. 4.3.
Zos =1+ Zzns,j=1+ s 1
j=1 ]=1 d
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where z, ; is the statistical weight of DNA that has j ligands bound nonspecifically

and [L] is the ligand (or protein) concentration in solution (See 4.3.3.). With this formalism, the
fractions of free DNA (ff,¢.) and of DNA with j ligands (proteins) bound nonspecifically (fys, ;)

are readily written as:

f2s _ 1 Eq. 4.4.
free ZZS

2s _ Znsj Eq. 4.5.
ns,j — ZZS

4.3.2. Case II: Competitive specific and nonspecific binding to a finite lattice

Similar to how Record and co-workers considered the specific binding of IHF to a lattice
(Case 1 in (17)), we considered the case of ligand binding to a finite lattice containing one specific
site and multiple nonspecific sites in which the specific binding site size (s) is the same as the
lattice size (N), while the nonspecific binding site size (n) is much less than N (n << s = N). Under
these conditions, where the DNA can accommodate either one specifically bound protein or one
or more nonspecifically bound protein, the partition function for this “three-state” scenario,

becomes:

Pmax Pmax
[L] O;[L] Eq. 4.6.
ng=1+zsp+Zzns,j=1+Ksp+Z Iéns q
j=1 ¢ =
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Where zg, = [L] /K;p is the statistical weight for the specifically bound fraction f;,. The
fractional population of free ( ffs;see), nonspecifically bound with j ligands ( ,f’ss ;) and specifically

bound DNA (f3) is given by:

35 = 1 Eq. 4.7.
free ng
3s __ Z”l Eq‘ 4.8.
" Zy
35 _ Zsp Eq. 4.9.
S
P Z3s

4.3.3. Relating total protein and DNA concentrations to free ligand concentration

The protein concentration [L] in Egs. 4.3. and 4.6. is the free protein concentration (also
denoted Py, ), which depends on how much protein is bound to DNA. To obtain the free protein
concentration from the known total protein and DNA concentrations at each set of conditions, we
used the following closed-form expressions obtained by Record and co-workers (17) that related
the total protein concentration P, and the concentrations of nonspecifically and specifically bound
proteins P;*° and PbSp, respectively, for Case II above, to the nonspecific binding density v,,; and
conditional probability ff (described below in Egs. 4.17. and 4.18. respectively), the total DNA
concentration Dy, the dissociation constants KJ* and K, ;p, the nonspecific binding site size n and

the length of the DNA oligomer N as:
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NvpKF®

PO - (N-n+1)(f P11 -nvys)

+N Dovns( K" (N=n+D+ KF° (F N ) Eq. 4.10.

KP (N-n+1)+ NvpsKJS(F )N

pns — N'vns Do Eq. 4.11.
b NKC?S N
1 -n
sp _ K3*NvnsDo (f)N ™ Eq. 4.12.

P —
b K3P(N —n+1) + NKFv,s(ffN™

The free ligand (protein) concentration for Case II equations was then obtained as

[L]:Pfree:PO_Pl;IS_Pbsp

The corresponding equations for Case I (no specific binding) were obtained from Eqgs. 4.10.-4.

by making K" infinitely large, which yielded:

Eq. 4.13.

12.

Nvn Kg* Eq. 4.14

P, = +ND .4.14.
OTIN—n+ D)1 - nvy) 0¥ns

Py = NvygDy Eq. 4.15.

[L] = Prree = Py — P}° Eq. 4.16.

The nonspecific binding density v,,¢ describes the number of ligands bound per lattice
unit, which was first derived by McGee and von Hipple (37) for an infinite lattice and later
derived for a finite lattice by Record and coworkers (17). The expression for v, for the finite

lattice is reproduced here as:

115



Uns K 4 (N-n+1 Eq. 4.17.
r = A=) () .
Where ff is the conditional probability defined as:
1 —nv,, Eq. 4.18.

ff B 1- (7’1— 1)Uns

The conditional probability describes the likelihood that the site adjacent to a bound
lattice site is free. For a finite lattice, the dependence of this conditional probability on binding
density is a function of the lattice size N. However, Record and Coworkers show, to a good
approximation show that the infinite-lattice conditional probability (ff)"?! is applicable to all
interior units on a finite lattice especially at low enough lattice saturation (v,5) (17). v,s was

solved numerically for each total protein concentration, P,,.

4.4 Lattice model applied to IHF-DNA acceptor ratio and anisotropy binding isotherms
4.4.1 THF binding to nonspecific DNA: two-state description

To describe IHF binding to nonspecific DNA, we separated two primary populations of
DNA that were assumed distinguishable with our fluorescent probes: free DNA and
nonspecifically-bound complex, with acceptor ratio levels Yg.., and Yy, respectively, and
anisotropy levels 7¢,,., and 7y, respectively. We further assumed that the acceptor ratio for the

nonspecific complex (Y,,5) was insensitive to the number of bound proteins.
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However, the anisotropy for the nonspecific complex was parameterized as increasing with

the number of bound proteins, j = 1,2,.., B,,4x, by the Perrin equation (43):

Tnsj = —erT Eq. 4.19.

1+5—~
nv;

where 1, ; is the anisotropy of the complex with j protein molecules bound, 7y is the anisotropy
constant that would be observed in the absence of any depolarizing process (intrinsic to the
fluorophore), 7 is the lifetime of the fluorophore, R is the molar gas constant, T is the temperature,
n is the viscosity of the solvent, and V; is the molar volume of the complex with j proteins bound.
If we assume the molecular density, p, to be constant for all complexes, then V; is proportional to

the molecular weight of the complex, which is equal to the sum of the molecular weight of 35 bp
duplex DNA substrate, MW ~22 kDa, and the molecular weight of each bound IHF protein, MWp

~22 kDa. Thus, we rewrote the Perrin equation as:

1+ I
_ (MWp + MWp) Eq. 4.20.
Tns,j = Tnsa T

n
Lt W, + M)

: : . . RT .
where 1,5 ; is the anisotropy of the complex with only one protein bound and r, = % is a free

parameter.

The acceptor ratio and anisotropy data measured directly on the IHF-nsDNA nonspecific

complex (denoted as Yg%;, and 7735, respectively), were described by the following equations:

Y25 = Yeree(frree) + Yns(1 = frree) Eq. 4.21.
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Pmax

7"erylcsp = rfree(ffree) + Z rns,j(fns,j)

= Eq. 4.22.

where the fractional populations f,.. and fys ; were obtained from Egs. 4.4. and 4.5.

4.4.2 THF binding to specific DNA: three-state description

For THF binding to specific DNA, we now need to consider three primary populations of
DNA: free DNA (D¢, ), nonspecifically-bound complex (D), and specifically bound complex
(Dgp), with acceptor ratio levels Yg,ee, Yrs, and Y, respectively, and anisotropy levels 7¢,.ee, T,
and 1y, respectively. We further assume that the anisotropy of the specific complex, which has
only one protein bound, is the same as the anisotropy of the nonspecific complex with only one

protein bound; i.e. 7, = Ty 1.

The acceptor ratio and anisotropy data measured directly on the IHF-H’ specific complex

(denoted as Yesfp and resfp) were fitted using the following equations:

Y = Yiree(frree) + Yop(fip) + Yns(1 = frree — fip) Eq. 4.23.
Pmax
Toxp = Trree(frree) + Tp(f: +Zr,-(f’.)
= el ) = Eq. 4.24.

where the fractional populations frree, fns,j> and fs, were obtained from Eqs.4.7-4.9.

In the description of the four binding isotherms - Yg3,, 7oy, YZZP, and res,zo - there were a
total of 9 free parameters: the dissociation constants K3* and K ;p, the nonspecific binding site size
n, the acceptor ratio parameters, Ysce, Yns, Ysp, and the anisotropy parameters s ee, Tsp = Tns 1

and 1.
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4.4.3. Results of simultaneous fitting of IHF binding isotherms measured with nonspecific

and specific DNA constructs.

Model parameters were varied to simultaneously fit the four data sets. 100 fits were
generated by Monte Carlo search in parameter space and further optimized by nonlinear least-
square fitting, as described in Section 4.2.3. A summary of our results is shown in Figure 4.4.
Model fits that describe acceptor ratio (Yesfp) and anisotropy (Te?p) isotherms for IHF binding to
the specific DNA substrate, H’, using the three-state model, are shown in Figure 4.4.A and Figure

N

4.4.C, respectively. Fractional populations of free ( fs;see), specifically bound (fsf, ), and non-
specifically bound states (3, ,1355 ;) are shown in Figure 4.4.E. Similarly, fits that describe acceptor
ratio (Ygxp ) and anisotropy (775 ) isotherms for IHF binding to the specific DNA substrate, nsDNA,
using the two-state model, are shown in Figure 4.4.B and Figure 4.4.D, respectively, with

fractional populations of free ( ersee) and nonspecifically bound (3, nzss ;) states shown in Figure

4.4F.

The best fit parameters are summarized in Table 4.1. The uncertainties in the parameters
were identified as the values at which y* changes by 1; this increase, Ay?> = 1, corresponds to one
standard deviation in parameter space (41). The model yields K ;p in the range from 9 - 22 nM and
K}* in the range from 4.7-7.8 uM, at 200 mM KCIL. Our K;¥ value of 9-22 nM shows good
agreement with K ;p values previously reported by our group using typical two-state (free and
specifically bound) binding isotherm analysis, for identical buffer and KCL conditions: 16-30 nM
(18), 46 =4 nM (27, 30) and ~2 nM (28). Note that these nM binding affinities are for 200 mM
KCl, and are not consistent with other reports of nM binding affinities carried out at 100 mM KCI,

where the complex is expected to be significantly tighter (14, 44-47).
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The nonspecific binding affinity K}*° determined in this study shows that the nonspecific
complex is approximately 200-900 times weaker than the specific complex. Though direct
comparisons are not readily available because of differences in the experimental techniques and
salt conditions, nonspecific binding for IHF-H’ complexes has been previously reported to be two-
three orders of magnitude weaker than specific interactions. ITC at 100 mM KCl reported KJ*° to

be 120-150 times weaker than K;p (14) and EMSA studies, also performed at 100 mM KCI,

reported K7° to be roughly 700-800 times weaker than K (19).

Our model yielded the nonspecific binding site size, n, in the range from 9-15 bp, which
indicates that no more than 2 - 3 proteins may bind nonspecifically to our 35-bp DNA at the same
time. In Figure 4.4.G, we show Ay? versus n for several good fits to highlight the broad range of
n that can still fit the data. Interestingly, parameters n and Perrin parameter, 7, turned out to be
highly correlated, which is not surprising. Models with large n require a higher 7, (i.e. each
nonspecific protein, j, contributes a greater fraction to the measured anisotropy, 7y ;) to
compensate for fewer numbers of binding proteins needed to occupy all lattice sites. The

relationship between 7, and n is shown in Figure 4.4.H.

Previous studies on the IHF-H’ complex also yielded a wide range of values for the nonspecific
binding site size, n, from 4 to 16 bps (14, 17, 19, 21). Taken together, these studies highlight the
difficulty of determining n, especially with short DNA substrates used in most IHF studies
involving the analytical binding model (34 -50 bp). The best fits (with the lowest ) were for n =
10 bp, which indicates that IHF occludes ~ 34 A of DNA upon binding nonspecifically.
Considering that a specifically-bound IHF kinks DNA at two positions that are 9 bps apart and that

the diameter of IHF across the center of the protein — the distance measured between IHF residues
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aQ85 and BE8S in the IHF-H’ complex crystal structure — is 28.5 A (1) (see also Figure 3.5), this

best-fit estimate of n is reasonable.

On the other hand, the model’s determination of 7, indicates more work to be done. 1, is
unique because unlike any of the other parameters, its theoretical value may be directly compared

to the model output (r;, = % where the lifetime of fluorescein tz~4.1ns, T = 293.15 K, and

viscosity of IHF binding buffer approximated to ~1 mPa-s and p is estimated for globular proteins
as 1.33 g/cm® (43). Estimation of 1, yields ~13.3 when molecular weight is described in kDa.
Best fits in which n = 10 bp determines 7, to be roughly >25-fold higher. Moreover, 1;, increases

sharply up to the parameter limit of 500,000 even before n = 13 bp (Figure 4.4H). This greater
than expected value for 7, suggests that the Perrin description as written in Eq. 4.20 may be

incomplete.
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Figure 4.4. Simultaneous fitting of fluorescence-based titrations with two- and three-state
models. (A-D) Binding isotherms at 20°C, measured with acceptor ratio shown for specific DNA,
H’ (A), and nonspecific DNA, nsDNA (B). (C-D) Similar measurements made with anisotropy
shown for H’ (C) and nsDNA (D). Best fit for each n from 9-15 bp shown (n = 9, cyan; n =10,
pink; n = 11, yellow; n =12, gold; n =13, navy; n = 14, magenta; n = 15, maroon). (E) DNA
populations of H’ titrations: free DNA (red), specifically bound DNA (blue), nonspecifically
bound DNA (green) are shown. Subpopulation of nonspecific DNA binding are shown in dashed
lines. (F) DNA populations of nonspecific DNA titrations: free DNA (red) and nonspecifically
bound DNA (green) populations are shown as well as nonspecific subpopulations (dashed green).
(G) Difference in y* for each # best fit from global best fit (n =10) which is set to zero. Ax>=1 line
shown in red. For n with Ay’*<l, fits are shown in (A-D) and point is outlined by color of fit. (H)
Preferred r, determined from the best fit for each n. For n where fits are shown in (A-D) and point
is outlined by the color of fit. [DNA] (Do) = 25 nM..
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4.4.4. Successes and shortcomings of the three-state lattice model description

This three-state model for the specific IHF-H’ binding, together with the corresponding
two-state model for the nonspecific IHF-nsDNA binding, does well to simultaneously describe the
dependence of the acceptor ratio and anisotropy binding isotherms for the IHF-nsDNA complexes
with increasing [IHF] (Figure 4.4.B and D), as well as the acceptor ratio binding isotherm for the
IHF-H’ complex (Figure 4.4.A) but fails to fully capture the anisotropy increase observed at high
protein concentrations ([IHF]>3 uM) (Figure 4.4.C). Interestingly, at the highest IHF
concentrations in our measurements, the IHF-H’ anisotropy level (Figure 4.4.C) approaches that
of the IHF-nsDNA (Figure 4.4.D), which suggests that, at sufficiently high [[HF]/[DNA] (>200),
the nonspecific and specific complexes have roughly the same number of molecules bound. In this
three-state model, this would occur in the situation where all specifically bound proteins in the
IHF-H’ samples have been displaced by nonspecifically bound proteins at high enough protein
concentrations. However, at these high [IHF] conditions, the IHF-H’ acceptor ratio values (Figure
4.4.A), though decreasing as expected from competition by nonspecific binding, are still
significantly higher than the IHF-nsDNA acceptor ratio values (Figure 4.4.B), indicating that there
is a sufficient population of specifically bound IHF-DNA complexes in the IHF-H’ ensemble even

at high [IHF] concentrations.

To reconcile the acceptor ratio and the anisotropy data sets, we must release a constraint in
the three-state model, whereby nonspecific binding by IHF was assumed to occur only upon

complete displacement of the specifically bound IHF. Below we propose an extension to the

123



Record binding model which considers the possibility that specific and nonspecific binding may

also occur simultaneously to the same DNA lattice.

4.5. Expansions to the lattice model: five-state description
4.5.1. IHF can bind nonspecifically on top of a specifically bound complex

Here, we expand our “three-state” description to a “five-state” description by considering
an additional partially bent (“open”) specific state to which IHF can bind nonspecifically (see
cartoon in Figure 4.5.). Lifetime measurements on the IHF-DNA complex ((18); Chapter 3)
showed partially-bent conformations of the specific IHF-H’ complex with ~34% population under
identical conditions (200 mM KCl) as these binding studies. This partially bent DNA would expose
DNA sites that would normally be occluded in the specific complex, allowing nonspecific proteins
to bind to the specific complex. Thus, we describe the specific DNA that is specifically bound to
IHF as a mixture of three primary states, fully-bent specifically bound complex (D;p), partially-

sp,open

bent specifically bound complex (D, ), and a mixed state (D, eq) Where the partially-bent
DNA accepts a nonspecific protein. The acceptor ratio level Y, for the D,P state is assumed to be
sp,open

different from the acceptor ratio levels for the D, and D,pixeq States, both of which are

assigned to be the same as Y, the acceptor ratio level for the nonspecific complexes. The
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anisotropy levels for the D,” and D,"°"“" are described by 7y, while Dpyjxeq, With two IHF

proteins bound, is described by 1, j—5.

A.
Fully-bent specific complex
B.
Partially-bent (“open”)
specific complex
C.

Mixed state - protein binds
nonspecifically to “open”
specific complex

Figure 4.5. Nonspecific binding to specific complexes. (A) We show the crystal structure
representation (1IHF) of THF (blue and green) bound to H> DNA (grey). In the crystal structure,
DNA is bound in the fully-bent state where all DNA is occluded (i.e. s = N) which blocks additional
proteins from binding to DNA. However, if DNA is in the “open” state (B) — such that one of the
side arms of the DNA is exposed — an additional protein in solution may bind nonspecifically to
form the mixed state (C).

From lifetime studies, we can estimate binding affinity of the partially-bent IHF-H’

complex as:

K;p,open _ K;pe—(ARA—ﬁ) Eq. 4.25.

where AAG = —0.6 kcal/mol (determined experimentally in (18)), R = 0.002 I::zll, and T =

293.15 K for our experimental conditions.
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Though we do not know the exact conformation of the partially-bent specific complex, our
group has proposed that the partially bent conformations involve the flapping of flanking DNA
arms — as illustrated in Figure 4.5 — which would expose ~13 bps of DNA, or roughly the binding
site size for one nonspecifically bound protein (9-14 bps as determined by the three-state specific
binding model). We therefore assume that only one additional protein will bind to an “open”

specific complex to form the D,,;,04 State. Thus, our new “five-state” partition function becomes:

Pmax

_ open §
ZSs =1+ Zsp + Zsp + Zimixea T Zns,j
j=1

Eq. 4.26.
Pmax
PN [L] N [L]? N z Q[L]
K;p K;p'Opeans T K(;ls

In Eq. 4.26, Z;);’ = % is the statistical weight for the specific, partially bent fraction fs, open
a

L]? . - . . .
% is the statistical weight for the mixed state f;;,;xeq , Where a specific DNA
d

and Zpjxeq = %
d

substrate has one protein bound specifically and one protein bound nonspecifically. The fractional

populations of DNA are given by:

sz _ i Eq. 4.27.
free ZSs
5s _ Znsj Eq. 4.28.
ns,j — ZSs
5s _ Zsp Eq. 4.29.
Sp Z
5s
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open
5s _ Zsp Eq. 4.30.
sp,open — Zs

s

5s _ Zmixed Eq. 4.31.
mixed — 7
5s

The acceptor ratio and anisotropy data measured directly on the IHF-H’ specific complex

(denoted as Y,, and 7,,) were fitted using the following equations:

: Eq. 4.32.
Yesfp = Y.free (ffg;%e) + Y.sp (f:s‘?os) + Yns (fs?)s open + frr51§xed + fnsss) q

Pmax

5s,
re?p = 7"free (ffsﬁ;ae) + n‘p (f:s‘%s + fsps open) + 7"ns,j=2 (frrSSxed) + Z rns,]' (leS,J') Eq. 4.33.
j=1

where the fractional populations were obtained from Eqs.4.27-4.31. It should be noted that for

simplicity, we did not change the way that the free ligand concentration [L] = Pf, was

calculated. This simplification affects only a small range of protein concentrations where

nonspecific binding starts to contribute but before we reach the range where Pr,... = Py.

As described above, this five-state model adds no free parameters to the three-state model.
Only 9 free parameters are required again: the dissociation constants K}* and K ;p, the nonspecific
binding site size n, the acceptor ratio parameters, Y ee, Yns, Ysp, and the anisotropy parameters

Trrees Tsp, and 1.

4.5.2. Results of simultaneous fitting to IHF binding isotherms using the five-state lattice

model.
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Model parameters were varied to simultaneously fit the four titration data sets. 100 fits
were generated by Monte Carlo search in parameter space followed by least-squares minimization
using nonlinear fitting as described earlier. A summary of our results is shown in Figure 4.6. Model
fits that describe acceptor ratio (Yesfp) and anisotropy (resfp) binding isotherms for IHF binding to
our specific DNA substrate, H’, are shown in Figure 4.6.A and Figure 4.6.C, respectively.

Fractional populations of free, specifically bound states, including partially bent and mixed states,

and non-specifically bound states ( fsrsee, s fapopens fios eqand Y f ns,j respectively) are shown

in Figure 4.6.E. Similarly, fits to describe acceptor ratio (¥;%,) and anisotropy (7/%y) binding
isotherms for IHF binding to nonspecific substrate, nsSDNA, using the two-state model are shown

in Figure 4.6.B and Figure 4.6.D and populations of free and nonspecifically bound states ( fzrsee

and . f,75 ;) are shown in Figure 4.6.F.

The best fit parameters are summarized in Table 4.1. The uncertainties in all parameters
listed were estimated finding the parameter values where Ay?> = 1 as described in 4.2.3. (41). The
model yields K ;pvalues in the range from 3-9 nM and K} values in the range from 10-20 pM.
The nonspecific binding site size n, ranged from 10—16 bp which indicates that 3 to 5 proteins
may bind nonspecifically to our 35-bp DNA at a time. The Ay? from each best fit versus 7 is shown
in Figure 4.6.G to highlight the broad range of n that still fit the data. Again, parameters n and
Perrin parameter, r;; were highly correlated. Models with large n require a higher 7, (i.e. each
nonspecific protein, j, contributes a greater anisotropy 7y ;) to compensate for loss of a binding
protein. The relationship between 1, and n is shown in Figure 4.6.H. No r, value could be

determined here because no 7, value increased x* by >1.
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Figure 4.6. Simultaneous fitting of fluorescence-based titrations with two- and five-state
models. (A-D) Binding isotherms at 20°C, measured with acceptor ratio shown for specific DNA,
H’ (A), and nonspecific DNA, nsDNA (B). (C-D) Similar measurements made with anisotropy
shown for H’ (C) and nsDNA (D). Best fit for each n from 9-15 bp shown (n = 10, cyan; n =11,
pink; n = 12, yellow; n =13, gold; n =14, navy; n = 15, magenta; n = 16, maroon). (E) DNA
populations of H’ titrations. free DNA (red), fully- (solid) and partially- bent (dashed) specifically
bound DNA (blue), mixed state DNA (black dashed), nonspecifically bound DNA (green) are
shown. (F) DNA populations of nonspecific DNA titrations. free DNA (red) and nonspecifically
bound DNA (green) populations are shown. (G) Difference in > for each 7 best fit from global
best fit (n =10) which is set to zero. Ax>=1 line shown in red. For n with Ay*<1, fits are shown in
(A-D) and point is outlined by color of fit. (H) Preferred r, determined from the best fit for each n.
For n where fits are shown in (A-D) and point is outlined by color of fit. [DNA] (Do) = 25 nM.
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Table 4.1. Fitting parameters for IHF-DNA binding models.

Model NAM vﬁzv Nm% s Q/\C n A—uwuv K.?.mm <.zm «.wﬁ w.?.wm www w.: Agmv X w AWOQ DG+
2-state fitting to 2478 x 1079 | semeeemm | meeeee- 0.100+ | —=m--ee- 0.54+0.04 n.d. n.d.

specific complex | ** 0.004

#*

Two-and three- | 15*7 x 107 | 6.051§x107¢ [ 9-15 | 0.130+ 0.164 + 0.59+0.03 | 0.061 0.080 338778 | 6.13

state By Ll 0.003 0.004 +0.006 +0.007 -

Two- and five- 6% x107° 1572 X 1075 7-13 0.134 + 0.182 + 0.80+0.04 | 0.063 0.084 n.d. 2

state e e 0.003 0.005 +0.005 +0.005

* Model used for salt titration studies (see Chapter 3)
**boundary values of parameters asymmetric in linear space are given as superscripts(upper bound) and subscripts (lower bound)
Tx2 is the reduced y? which equal to the value calculated by Eq. 4.1 divided by the number of points measured (n=12)
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4.5.3. Successes and shortcomings of the five-state lattice model description

Here we proposed an extension to the three-state model, a “five-state” model that includes
a partially bent specific state and a mixed state, which considers nonspecific binding to this
partially bent specific state. The inclusion of these partially-bent specific states and mixed states
were motivated by previous observations of IHF-DNA complex heterogeneity from lifetime

studies (18) and, more recently, from AFM studies (15).

Our five-state description of the IHF-H’ specific complex changed some of the output
parameters compared with the three-state description. The two most noticeable changes in
parameters were (1) specific binding to the fully bent complex, K 5p, became stronger (6 nM in the
five-state model) compared with the ~15 nM K ;p in the three-state model, which did not
distinguish between fully-bent and partially bent; and (2) the Y, increased (~0.59 in the three-
state model to ~0.80 in the five-state model). The shifts in both these parameters are to be expected.
The three-state model describes the average K, ;p and acceptor ratio of the specific complex, which
is a mixture of a high-FRET, fully-bent complex and a low-FRET, partially-bent complex, as
shown in our lifetime studies (Chapter 3). The five-state model separates the ~66% population in
the fully-bent, high-FRET state from the remaining partially-bent, low-FRET state, and the K;p

for the fully-bent state is modeled to be stronger (lower value) than the K;”P¢"

for the partially-
bent specific complex, as described in Eq. 4.25. Therefore K ;p in the five-state model is expected
to be tighter than the K;p in the three-state model, and also tighter than previous reports of ~45

nM binding affinity from our previous one-to-one binding isotherm studies at 200 mM KCl (27,

30). Similarly, the increase in Yy, in the five-state model compared with the three-state model is

as expected and consistent with the lifetime studies that showed that the fully-bent conformation
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in the specific complex is characterized by a FRET of ~0.67, while the average FRET (averaged

over both conformations) is ~0.46, under identical conditions.

In the five-state model, nonspecific binding site size n (10-16 bp) was approximately the
same as in the three-state model (9-15 bp). We made the case earlier that our range agrees with
what should be expected physically based on previous report of binding site size (14, 17, 19, 21)

and evaluation of protein size within the IHF-H’ crystal structure.

Overall, the five-state model only marginally improved the fit. Overall goodness-of-fit
improved, indicated by a reduction in the overall y? (Table 4.2). In the end, our studies suggest
that while our five-state model expanded the description of IHF binding in a direction suggested
by other data, the fact that we added no additional parameters even as we expanded the number of
accessible states gave us more-or-less an equivalent fit with the parameters appropriately adjusted.
Future studies to fully understand the binding behavior of this protein would need to explore how
the fits would change if we relaxed some of the constraints such as allowing K}* in the mixed state
to be an independent parameter and not constraining the acceptor ratio of the mixed state to be

identical to that of the nonspecifically bound complexes.

4.6. Discussion and conclusions

In this report, we fit fluorescence-based titration data to multistate analytical binding
models for binding by ligands to a finite lattice. This is the first study, to our knowledge, in which
this analytical binding model was applied to simultaneously describe binding isotherms obtained

from both acceptor ratio (to measure extent of bending) and anisotropy (to measure extent of
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binding) for IHF binding to both specific and nonspecific DNA substrates in a self-consistent

manner.

While this model could reasonably describe all four binding isotherms up to [IHF]/[DNA]
~ 100, deviations from the model were evident at higher protein/DNA ratios, largely because the
measured anisotropy of the IHF-H’ complex indicated far more proteins bound to the specific
substrate than the model allowed. An extension of the model to allow one additional protein to
bind nonspecifically on top of a specifically bound complex did not have a significant effect on
the quality of the fit, although we did not explore all the ramifications of this extended model.
Furthermore, these studies were carried out only under one salt condition, at 200 mM KCI, and
therefore did not directly address why different measurement techniques gave widely varying
estimates of specific binding affinity of IHF for H” at ~100 mM salt conditions. Nonetheless, our
results here that IHF binds to the specific H’ site with nM binding affinity at 200 mM KClI is
consistent with our previous studies at 200 mM and higher salt conditions (18, 28, 30), and also
consistent with the much tighter binding affinity of 25 pM affinity at 100 mM KClI, as reported by
us and by the Crothers group (26). In the future, binding studies performed for a range of salt
conditions are needed to provide accurate quantification of both specific and nonspecific binding

of IHF under different conditions, including those found in vivo.

Our studies are currently limited to a single-lattice model and does not take into
consideration one protein binding to two different lattices. Recent AFM studies show IHF-
mediated bridging between multiple DNA containing IHF binding sites (e.g. H2 sites that are also
naturally occurring binding site on phage A DNA), when IHF is in large excess of DNA. Bridging
is observed when proteins bind to multiple DNA sites to form tight “supercomplexes” consisting

of many DNAs and IHF molecules (15). Similar observations were made on a DNA-bending
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mitochondrial transcription factor, TFAM, that form nucleoid-like structures at high protein
concentrations (48). It is unclear if such supercomplexes are present under the conditions of our
titration studies, though that could explain why anisotropy levels are significantly higher at high-
[IHF] (>2 uM) than predicted by the Perrin Equation for one DNA molecule binding to multiple
IHF molecules (Eq. 4.19). Further studies that take into consideration IHF-mediated bridging as
an expansion to the analytical binding model presented here are needed to fully explain our data
and to provide a complete picture of the role of nonspecific binding and DNA compaction by IHF

in vivo.
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Chapter 5.

Does transient Hoogsteen pairing play a role in binding-site recognition by DNA-bending
protein IHF?

5.1. Introduction

Hoogsteen base-pairs (bps) are energetically available alternate to Watson-Crick bps that are
transiently available in B-DNA with lifetimes lasting up to a few ms (1-3). Compared to a Watson-
Crick A-T bp, Hoogsteen pairing contains a 180-degree flipped adenine (syn rather than an anti
conformation) to form two different hydrogen bonds. Similarly, guanine can flip in G-C bps
(Figure 5.1). Hoogsteen flipping impacts DNA backbone structure. To form Hoogsteen hydrogen
bonds, nucleobases are ~2.0-2.5 A closer than in Watson-Crick bps, changing electrostatics and
backbone shape, and in some cases may even introduce kinks into DNA (4, 5). Recent nuclear
magnetic resonance (NMR) studies have revealed that Watson-Crick bps exist in dynamic
equilibrium with short-lived (ms lifetime), low-frequency (populations <1%) Hoogsteen bps (1).
Transient Hoogsteen pairs exist for longer than the so-called ‘residence’ time of a protein
undergoing 1D diffusion on DNA — defined as the length of time that a protein sits on a particular
DNA site before diffusing to a neighboring site — which is estimated to be in the range of 500 ns
to 500 us (6-12). Thus, transient Hoogsteen base pairing could play a role in stalling a diffusing
protein to give it more time to interrogate a potential binding site. In this chapter, we investigated
the impact transient Hoogsteen base pairing may have in the ability of Integration Host Factor
(IHF) to recognize one of its specific target sites, the H’ site on A DNA.

Hoogsteen pairing in B-DNA adds diversity to DNA conformations that site-specific proteins

may potentially sense, especially proteins like IHF that rely on “indirect readout” to recognize
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their target sites. Hoogsteen formation is shown to be more probable and with a greater lifetime in
dinucleotide steps that are considered more bendable (2). Hoogsteen bps also appear with higher
frequency in damaged DNA sites, where DNA-flexibility is naturally enhanced, suggesting a role
for Hoogsteen pairing in DNA damage accommodation, recognition, and repair — cellular
processes that use many indirect readout protiens (13-17). Finally, two crystal structures of DNA
bound to DNA-bending proteins reveal Hoogsteen bps, Integration Host Factor (IHF) (18) and
TATA box binding protein (19). Considering that Hoogsteen bps may form in B-DNA (1, 13, 20)
with a preference for sites of major groove kinking (4, 5) it comes as something of a surprise that
Hoogsteen bps have not been more widely observed in structures of protein—DNA complexes in

which structural distortions could destabilize Watson—Crick bps.

Watson-Crick
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Figure 5.1. Chemical Structures of Watson-Crick and Hoogsteen Base pairs. Differences in
hydrogen bonding and purine base orientation (anti vs syn) are shown.

Several features of the IHF-H’ complex suggested that Hoogsteen formation may be an
important factor in the recognition mechanism of IHF. First, as mentioned above, IHF is an
“indirect readout” protein that likely senses sequence-dependent differences in the DNA

conformational dynamics and flexibility. Distortions to the DNA backbone by Hoogsteen bps,
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especially if they induce a kink, could offer a prebent DNA structure to IHF, thereby stalling the
protein at that site and lowering the energy barrier required to kink the DNA to form the stable
specific complex. Interestingly, in the H’ sequence, which is a naturally occurring specific DNA
site that IHF binds to with pM binding affinity, CA/TG steps are found adjacent to two sites that
are sharply kinked in the complex that enables IHF to bend the 35-bp H’ site into a U-turn. CA/TG
steps are where transient Hoogsteen bps were first observed in naked duplex DNA in solution and
that show the highest prevalence of Hoogsteen formation (1, 2). Next, although Hoogsteen pairing
in B-DNA is transient, the lifetimes overlap with nonspecific interrogation times measured on IHF-
DNA complexes (21), indicating that Hoogsteen formation could be relevant for target recognition
by IHF. And finally, as mentioned above, IHF-H’ crystal structure is one of the few crystal
structures in which Hoogsteen bps have been identified (18, 20). Hoogsteen pairing was observed
adjacent to one of the DNA kink sites — the site that lies outside of the consensuses sequence.
Notably, a nick was introduced adjacent to that kink site to faciliate crystallization of the IHF-H’
complex. And while recent NMR studies showed that intact DNA in complex with IHF is
predominantly Watson-Crick paired even at the kink sites (22), it does not preclude the possibility
that transient Hoogsteen base-pairing could facilitate and accelerate recognition by IHF.

Here, we investigated the role transient Hoogsteen base-pairing may have in the ease with
which IHF recognizes its DNA binding-site site. We utilized laser temperature-jump (T-jump)
spectroscopy to measure changes in the DNA bending/unbending kinetics in the IHF-H’
complex, when a Hoogsteen inhibiting nucleotide analog 7-deaza adenine (7dA) was substituted
instead of the normal adenine either near one of the kink sites or at some distance away from the
kink site, as a control. 7deaza nucleotide analogs have been used previously to characterize the

likelihood of Hoogsteen formation in the absence of any bound proteins (23) and to investigate

140



the role of Hoogsteen base pairing in DNA-binding by proteins (22, 24). If transient Hoogsteen
formation facilitates DNA kinking, then we hypothesized that 7dA substitution made at or near
the kink site should destabilize the modified IHF-H’ complex and slow the rates of DNA
bending. We anticipated no change in complex stability and DNA bending rates with 7dA
substitutions made at sites that remain B-DNA like in the complex and are at some distance from
the kinks.

Our study revealed some unexpected results. First, 7dA substitutions near one of the kink
sites had little or no effect on the binding affinity of IHF for H’ and the rates for DNA bending
attributed to the formation of the specific complex increased by ~2-fold. Second, 7dA
substitutions made away from the kink site, and initially expected to have no effect on affinity
nor on kinetics, in fact stabilized the complex by ~40-fold and slightly increased the rates of
DNA bending/unbending. From these results we conclude that transient Hoogsteen pairing at
potentially weak sites in the DNA does not appear to be an important factor in facilitating DNA
kinking or target recognition by IHF. Instead, we attribute the ~40-fold increase in binding
affinity for our “control” experiment by recognizing that the 7dA substitution in this case was
made in the TTG consensus region of the H’ sequence. We interpret the increased stability of the
“control” to be due to weakened stacking interactions from the 7dA substitute and hence
increased DNA “twistability” at the TTG site, previously shown to be critical in facilitating a
series of ionic contacts between the protein and the DNA needed to stabilize the bent DNA arm
on that side of the complex (21, 25). Our findings support the recent NMR findings on the IHF-
H’ complex that show Hoogsteen pairing to have little importance within the IHF-DNA complex

(22). Instead, these studies highlight the profound impact that apparently minor modifications in
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a nucleotide moiety - that still enable Watson-Crick pairing — can have on DNA

flexibility/deformability and thereby influencing indirect readout of target sites.
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3’ -CCGGTTTTTTCGTAACGAATAGTTAAACAACGTGGT-5

H’ 7dA57 5’ -TGGCCAAAAAAGCATTGCTTATCAATTTGTTGCACC-3’
3’ -CCGGTTTTTTCGTAACGAATAGTTAAACAACGTGGT-5"
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Figure 5.2. IHF-H’ crystal structure, 7-deaza modifications, and DNA sequences. (A) Model
of the IHF—H' complex based on the cocrystal structure (PDB code: 1IHF). The DNA is shown in
gray, with locations of modifications in the DNA sequences used in this study highlighted in color:
7-deaza adenine (7dA) substitutions are highlighted in red (H* 7dA56), green (7dA57) and blue
(7dA7) respectively; The T in the T—A mutation in the H’44A substrate is highlighted in orange.
(B) 7dA-T Hoogsteen base pair, where nitrogen at the 7" position in purine ring is modified from
a nitrogen to a carbon (highlighted in yellow), blocking a stabilizing hydrogen bond (red ‘X’). (C)
Sequences of H’ substrates and its variants are shown. The 5’-end of the top strand is fluorescein-
dT (yellow), and the 5’-end of the bottom (complementary) strand is TAMRA-dT (pink). The
consensus region is shown in gray. The black arrows indicate location of the kinks in the DNA
when in complex with [HF. 7-deaza adenines were substituted for adenine in H* 7dA56 (red), H’
7dAS57 (green) and H’ 7dA7 (blue). Numbering scheme shown was set up to match that used by
Zhou et. al (22).
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5.2. Methods
5.2.1. Materials

The DNA sequences used in this study are shown in Figure 5.2.C. All DNA were end-
labeled with Fluorescein and TAMRA (see Design 1 constructs in Chapter 2.1.1.). The IHF protein
was prepared as described previously (26). All measurements were performed in binding buffer:
20 mM Tris-HCI (pH 8.0), I mM EDTA, 0.01% NP-40, and 100 mM KCI. All details of IHF and

DNA sample preparation are described in Chapter 2.1.2.

5.2.2. Equilibrium binding measurements

The steady-state fluorescence emission spectra and anisotropies were measured on a
FluoroMax4 spectrofluorimeter (Jobin Yvon, Inc., NJ). FRET efficiencies (FRET E) were
obtained from the measured spectra under each condition, as described in Chapter 2.2.3-4. The
circular dichroism (CD) measurements were carried out on JASCO J-810 spectropolarometer, as
described in Chapter 2.2.2. The dissociation constants (Kq) for all the IHF-DNA complexes at 100
mM KCI were determined from extrapolation of the K4 values obtained at higher salt, in the range
0f200-400 mM KCl, from binding isotherms measured at each salt. These binding isotherms were
obtained from measurements of acceptor ratio (related to FRET E) versus IHF concentration for
fixed DNA concentration, as described in Chapter 2.2.3. The DNA concentrations for binding
isotherms were 50 nM. This extrapolation approach from measurements at higher salt
concentrations enables accurate determination of sub-nM binding affinities, as detailed in Chapter

2.2.6.3 and Chapter 3 and 4.
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5.2.3. Equilibrium FRET measurements
To obtain measures of IHF-H’ complex FRET at all equilibrium temperatures measured,
FRET wvalue and error were determined by lifetime measurements at 20°C
(Lifetime measurements shown in Chapter 3). To obtain FRET wvalues for higher
temperatures (Er), the complex FRET measured at 20° (E,,) was multiplied by the ratio of

deviations in donor intensity between IHF-H’ DA complex and H’ D described by:

Er = Ej <_D> Eq.5.1.

where I and I, are intensities of H D and IHF-H’ DA respectively. Errors shown for all

temperatures (6E;) are a sum of errors from the three independent measurements

(6E5,61p,81p,) as described below:

SIp\>  (8Ipa\°  [SEx0\°
SEy = ET\/<—D) + ( DA) + ( 20) Eq. 5.2.
Ip Ipa Eso

This method was preferred to direct temperature-dependent measures of FRET on IHF-H’
complexes because it’s independent of sample concentration. Direct measures of FRET require
measurements to be made on different IHF-DNA complexes samples of identical DNA

concentration which often leads to greater sample-to sample variability.

5.2.4. Laser temperature-jump (T-jump) measurements
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Rapid T-jump of ~5-10 °C was achieved in sample cuvettes of path length 0.5 mm, and the
fluorescence emission intensities of the donor (fluorescein) were measured as a function of time,
with excitation at 488 nm, to acquire the relaxation traces (26, 27). To cover the span of over three
orders of magnitude in time, we recorded the T-jump kinetics traces over different time-scales and
then combined these traces (see Figure 2.8). The combined relaxation traces were analyzed using
maximum entropy method (MEM) to obtain a model-independent distribution of relaxation times
that best described our relaxation traces. These traces were also analyzed using a sum of discrete
exponential decay curves. The details of the laser T-jump spectrometer and the analysis of the

relaxation traces are described in Chapter 2.4.

5.3.Results
5.3.1. Fraction of unbent DNA in IHF-DNA complexes, measured by FRET, increase with

increasing temperature

The nearly 180° bend in the DNA observed in the IHF-H’ crystal structure (Figure 5.2A)
shortens the end-to-end distance of 35-bp DNA from ~100 A to ~50 A. Therefore, FRET
measurements between fluorophores attached to the opposite DNA ends provide a sensitive probe
for DNA bending in complex with IHF. In this study, we labeled the 5’-terminus of one DNA
strand with fluorescein and the other with TAMRA (Figure 5.2.C). FRET assays were used to
measure the end-to-end distance of the DNA, thus the extent of bending within each IHF-DNA
ensemble.

Prior to the T-jump studies, we characterized the equilibrium changes in FRET as a
function of temperature, in the range from 20 to 60 °C. In the absence of IHF, the distance between

the donor and acceptor fluorophores in the double-labeled DNA only construct (H DA) is
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estimated to be ~120 A, much larger than the 50 A Forster distance for this FRET pair (Figure
3.5), and therefore the FRET efficiency between the pair is negligible. In this case, as the
temperature is raised, the donor intensity in H’ D decreases monotonically and reflects the
temperature-dependent decrease in the quantum yield of the donor fluorophore (Figure 5.3.A). In
the presence of IHF, the donor intensity first decreases as in DNA alone, up to ~30 °C, and then
starts to increase as a result of unbending of DNA in the IHF-H’ complex (26, 27). The FRET E
of the complex decreases from 0.50 £ 0.04 at 20 °C to 0.38 + 0.05 at 60 °C (Figure 5.3.B). Previous
studies in our group showed that this temperature-dependent decrease in FRET at 100 mM KCl
was independent of the IHF and DNA concentrations, indicating that the FRET changes were
monitoring unbending of DNA while still bound to IHF, and not dissociation of the IHF-H’
complex (27, 28). Bimolecular dissociation of the complex starts to be significant at salt
concentrations greater than about 250 mM KCI (28, 29). Thus, for the 100 mM [KCI] used in this

study, we are primarily monitoring unimolecular DNA bending/unbending processes.

5.3.2. IHF bound to DNA is stabilized against thermal denaturation

To ensure that the IHF protein is stable under the conditions where T-jump measurements
are done, we carried out thermal denaturation studies of IHF in the presence and absence of H’
DNA, using UV circular dichroism (CD) measurements (Chapter 2.2.2.). These studies augment
our previous protein-only denaturation studies using near- and far-UV CD, as well as protein and
complex denaturation studies using intrinsic Tyr fluorescence (26). Altogether, these studies
demonstrate that, while IHF has a melting temperature of ~55-62 °C in the absence of DNA, it is

significantly stabilized when DNA is bound, with the melting temperature of IHF in the complex
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shifting to ~70 °C (Chapter 2.2.2; Figure 5.4). Therefore, in the ~30-60 °C temperature range

where the T-jump measurements are done, the IHF protein in the complex remains stable.
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Figure 5.3. Thermal stability of IHF-H’ complex. (A) The donor intensity of the H> DNA-only
sample (pink), IHF-H’ sample (black). The intensities are the area under the measured spectra,
integrated from 510-535 nm, and are normalized such that the two data sets match at 15 °C. The
error bars are standard deviations from 3 independent sets of measurements. (B) FRET of the IHF-
H’ complex measured over the temperature range 15-60 °C, computed as described in Section

5.2.3.
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Figure 5.4. Thermal melting profiles of IHF with and without bound H> DNA substrate. (A)
The normalized change in ellipticity at 222 nm is plotted as a function of temperature for IHF (30
uM; gray circles) and IHF-H’ (12.5 uM:15 uM; purple triangles). The continuous lines are a fit to
the melting profiles using a two-state van't Hoff relation for fraction unfolded that yield the melting
temperatures (7m) of 55.9 £ 1.5 °C and 70.8 + 0.8 °C, respectively. (B) The data shown in panel
(A) are plotted together with previous measurements of IHF stability, from Vivas et al. (26): (red
circles) ellipticity of IHF (30 uM) at 276 nm (7m = 58°C); (blue circles) Tyr fluorescence intensity
in IHF (10 uM) at 310 nm, with excitation at 276 nm (7Tm = 57°C); (green triangles) Tyr
fluorescence emission intensity in IHF-H’ (5 uM:5 uM) complex (7w = 70°C); and (black squares)
absorbance of H' substrate (4.5 uM) at 266 nm (7T, = 68°C). All measurements were in 100 mM
KCL

5.3.3. Time-resolved FRET measurements of IHF-DNA conformational dynamics in

response to laser T-jump perturbation

Relaxation kinetics in IHF-DNA complexes in response to a laser T-jump perturbation
were measured using time-resolved FRET. A detailed description of the T-jump apparatus and
approach can be found in Chapter 2.4.7-9. Briefly, ~10 ns IR laser pulses were used to rapidly

increase the temperature of a small volume of the sample by 5-10 °C within the duration of each
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pulse. The temporal response of the ensemble of molecules as they re-equilibrated from the
conformational distribution characteristic of the initial temperature (7;) to that of the new higher
temperature (7r) was monitored by recording the donor fluorescence emission, as described
previously (26, 27). The temperature of the heated volume eventually decayed back to the

equilibrium temperature 7;, which was maintained by a water bath.

The results from T-jump studies on the IHF-H’ complex in 100 mM KCI salt conditions
are summarized in Figure 5.5. A representative kinetic trace measured on the complex (IHF bound
to H DA) is shown in Figure 5.5.A with a final temperature (7%) of ~50 °C in response to a ~9 °C
T-jump. A control measurement, performed on donor-only H (H’ D) under similar T-jump
conditions, is shown in Figure 5.5.B. The initial rapid drop in intensity in the control sample
(H’_D) reflects the decrease in the quantum yield of the donor in response to the T-jump to a
higher temperature (Figure 5.5.B), consistent with the decrease in donor fluorescence with
increasing temperature observed in equilibrium measurements on these control samples (Figure
5.3.A, pink). This initial drop in donor intensity measured in the T-jump apparatus and the
corresponding equilibrium data is used to estimate the size of the T-jump (see Chapter 2.4.5). The
relaxation traces measured on the control samples reflect the heat dissipation from the heated
volume of the sample and the decay of the temperature back to the equilibrium temperature 7.
These decays are well described by the “T-jump recovery” function (see Eq. 2.12. in Chapter
2.4.5.) and show that the temperature of the heated volume decays to the temperature of the bath
with a characteristic time constant of ~206 + 24 ms. Thus, we can characterize kinetics of
conformational changes that fall within the time window of ~20 ps (the dead-time of our
instrument) up to at least 50 ms (before the T-jump recovery signal starts to overlap with any

relaxation kinetics).
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In the case of the IHF-DNA complex, the donor intensity exhibits a rapid drop immediately
after the IR pulse as in the control samples as well as the slow decay back to the pre-laser intensity
levels. Additionally, these samples also show conformational relaxation kinetics in the time
window of ~20 ps — 10 ms; these kinetics reflect the change in population of the complexes from
the ensemble of conformations at the initial (low) temperature 7; to that at the final (high)
temperature 7t. In IHF-DNA complexes, the DNA unbends when the sample is heated up, and the
FRET decreases (Figure 5.3.B.); this decrease in FRET is reflected in an increase in the donor
intensity (Figure 5.3.A; black). Therefore, the donor intensities in our T-jump traces for the
complexes increase during the conformational relaxation process from a level characteristic of the
equilibrium population at 7; to that of 7%, and eventually decay to the pre-laser levels with a time
constant of ~210 ms, which is the timescale for the T-jump recovery from temperature re-
equilibration kinetics observed in the control experiments. We note there that the characteristic
time constant of T-jump recovery does not depend in any systematic way on the initial and final

temperature conditions (See Figure 2.10.B.).

5.3.4. Relaxation Kinetics in the IHF-H’ complex are biphasic.

We collected relaxation kinetic traces over a series of initial temperatures, with final
temperatures ranging from 33-60 °C. Single-exponential fits to these relaxation traces show
deviations at short times, especially at the higher temperatures, and require a minimum of two
exponentials to fit the data. The IHF-H’ DA complex relaxation kinetics traces were fit by both
bi-exponential fit convoluted with T-jump recovery (Figure 5.5.A, red) and by Maximum Entropy

Method (MEM) (Figure 5.5.A, green), as described in Chapter 2.4.7-8. The MEM distribution
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shown in Figure 5.5.C describes the distribution of lifetimes needed to fit the representative trace;

the two peaks indicate the biphasic recovery.

Relaxation rates and corresponding amplitudes of both phases, obtained from MEM and
discrete exponential analysis, were collected for all final temperatures. The relaxation rates and
amplitudes for the two phases, from the MEM analysis, versus inverse (final) temperature are
shown in Figures 5.5.D,E. The fast phase spans the timescales of 100-300 ps over the measured
temperature range of 33-60 °C and the slow phase spans 1-2 ms (Figure 5.5.D). The amplitude of
the slow phase is considerably larger at lower temperatures (>80% at 35 °C) and decreases to

~55% at 58 °C (Figure 5.5.E).

Our group has previously made T-jump measurements on the IHF-H’ complex under
identical experimental conditions (21, 26, 30, 31). The most recent measurements with similar
instrumentation first revealed biphasic relaxation kinetics for the complex (21). Comparison of
the rates measured here with these previous measurements show that, while there is general
agreement between the two sets of measurements, there are also some discrepancies (Figure 5.6).
For example, the activation energies for the slow rates — characterized by the slopes on these
Arrhenius plots — are smaller (weaker dependence on temperature) in the current studies compared
with the earlier studies. The agreement between the fast phase kinetics is largely within the signal-
to-noise. The amplitudes, however, differ slightly. In our studies, the slow phase is more prominent
and contributes ~80% of the amplitude at 35°C compared to previous studies which showed only
~65% amplitude at 35°C. The underlying cause of the disparities is unclear, but may be attributable
to differences in the protein storage buffer as well as the length of time for which the protein was
stored prior to when the measurements were performed. We note here that no differences were

detected in the IHF-H’ binding affinity measurements between the earlier and current studies,
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indicating that we are picking up subtle changes in the overall protein conformations or differences
in the glycerol content of our storage buffer that our T-jump (kinetics) studies can pick up with
great sensitivity. Nonetheless, the essential results that the kinetics are biphasic remain unchanged
and measurements made here, that used the same batch of protein for all the measurements, are

self-consistent.

A o122 e D . . . .
0120 ¥ 4125 499°C )
S - 4 10°p -
5 0.118 |- ) -~ I
LT »
20116 " 3
2 i o
A14 F [
gom %
= 0112} Q
L e >
S
<

0.110 Y - d d E10°F <
? _ -5.0x10* 10° 10* 10° 107 x ]
5 0.084 ———ff—rreem—rrrrm—rrr—— i = ]
@ 0.082 F I

sy 37.6- 44.4°C

>.0.080 |5 2 . .
n Y B y -1
S 0.076 | ‘ & 1000/T (K™)
: TR . ] 1.0 v
€ 0.074 P asisd o daad ad k ;
= .50x10* 10° 10* 10° 102 :
C Time (s) 08k ]
0.016 (—p—r—y—r—p—v—T—v—y—v—r—v— | /{/}_[/{
i 1 &
0.014 § .A 1 % 0.6k ./*__i i
0012} ] { =
@ oot0f i ] };:_04
= i - " 1 4 F 1
‘g’)0,00S q = :. ] < § §
E0.00G = :' . - 1 % % 1
0.004 | [ 3 0.2} % i
0.002 | \ 4 - 1
0.000 Lt 1 —_— 0.0 L L
6 5 -4 3 2 -1 0 3.0 3.1 3.2 33
-1
log(t/s) 1000/T (K™)

Figure 5.5. T-jump measurements on IHF-H’ complex. (A) Donor fluorescence emission intensities of
end-labeled H’ samples (30 pM) in the presence of IHF (40 uM) measured in response to a T-jump
perturbation are plotted as a function of time. Relaxation traces show two phases for a T-jump perturbation
from 41.2°C to 49.9°C. Relaxation traces were fit by double-exponential with recovery fits (red) and MEM
(green). (B) Control T-jump measurements on donor-only labeled H’ D is shown. T-jump measurements
on these samples do not exhibit any relaxation kinetics, instead they show only the much slower T-jump
recovery kinetics. (C) Distribution of relaxation times obtained from MEM fit to the T-jump relaxation
kinetics shown in panel (A). The relaxation rates for the two phases, kst and Ksiow, were obtained from the
peak positions, and the amplitudes for the two phases were obtained from the area under the Gaussian
curves, normalized to yield a total amplitude of one. For the relaxation trace plotted in (A), the two rates
were determined to be 670 + 37 and 4170 + 210 s™!, with corresponding amplitudes of 0.77 & 0.06 and 0.23
+0.06. (D) Kinetic rates for the two relaxation phases (Ksi, open symbols; Ksiow, filled symbols) in the H’-
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IHF complex obtained from MEM analysis are plotted versus inverse temperature for all the measurements.
Error bars represent the standard deviation of two independent measurements. The lines are Arrhenius fits
to the fast and slow relaxation rates. (E) Corresponding amplitudes of the two relaxation phases (fast: open
symbols; slow: filled symbols) obtained for the H’-IHF complex are plotted versus inverse temperature;
the lines are added to guide the eye.
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Figure 5.6. Comparison of new and old T-jump relaxation rates for IHF-H’. (A) The
relaxation rates and (B) amplitudes for the fast (open symbols) and slow (filled symbols) phases
measured for [HF—H' in this study (black diamonds), reproduced from Figure 5.5.D-E, and from
Velmurugu et al. (maroon triangles) (21).

5.3.5. The fast phase is nonspecific “interrogation” and the slow phase is the specific

“recognition” step

Previous T-jump studies in our group, on several variants of the H’ sequence (summarized
in Figure 5.7.) showed that the fast phase rates were unchanged by modifications to the DNA
sequence, while the slow phase rates were (a) accelerated by the introduction of mismatches at the
kink site to increase DNA flexibility (Figure 5.7; TT8AT) but (b) unaffected by modifications
made to DNA away from the kink site (Figure 5.7.; H’44A) (21). Thus, the fast phase was

attributed to bending of DNA during nonspecific “interrogation” of the DNA site and the slow
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phase was identified as the specific “recognition” step. Comparison of the slow phase rates in the
IHF-H’ complex with single A:T base pair opening rates (Figure 5.7; red) in DNA by itself showed
similar time scales for these processes, suggesting that spontaneous kinking of the DNA at sites
with weak stacking interactions could be the rate-limiting step in the recognition process (21, 30).
Here, we employ the 7-deaza adenine analog (7dA) substitutions at key sites to investigate the

impact of inhibiting Hoogsteen formation on IHF-H’ stability and the interrogation/recognition

kinetics.
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H’ 44A 5’ -TGGCCAAAAAAGCATTGCTTATCAATTTGTAGCACC-3’
3’ -CCGGTTTTTTCGTAACGAATAGTTAAACATCGTGGT-5"

TT8AT 5’ -TGGCCAAAAAAGCATTGCTTATCAATTTGTTGCACC-3’
3’ -CCGGTTTTTTCGTTTCGAATAGAATAACAACGTGGT-5"

Figure 5.7. Comparison of T-jump relaxation rates for IHF-H’ (and H’ variants) and base-pair
opening rates. The relaxation rates for the fast (open symbols) and slow (filled symbols) phases measured
for IHF-H' (maroon triangles), IHF-TT8AT (olive green squares), and H’44A (orange circles). The
corresponding sequences of H’ and its variants are shown below. In TT8AT, 2-bp mismatches were
introduced at both kink sites at the positions shown in sequences in pink; in H’44A, a T— A mutation was
made in the TTG region of the consensus sequence at the position shown in red. The red vertical bar is the

A:T base-pair opening rate for the H' sequence, at the site of one of the kinks, from Dhavan et al. (32), from
NMR measurements of imino-proton exchange.
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5.3.6. IHF-H’ binding affinity unaffected by 7dA substitutions at kink sites but significantly
enhanced when in the TTG consensus region

To examine whether transient Hoogsteen base pairing at the DNA kink sites plays a role in
IHF binding and kinetics, we made single 7dA substitutions for adenines within the H’ sequence.
7dA inhibits a hydrogen bond between adenine and thymine that is needed to stabilize Hoogsteen
pairing (Figure 5.2.B) and disfavors the formation of a Hoogsteen pair at that site. Substitutions
were made adjacent to one of the kink sites, within the consensus sequence of the H’ sequence (as
in 7dA56 and 7dAS57; Figure 5.2.C) and away from the kink site, within the TTG region of the
consensus sequence (as in 7dA7; Figure 5.2.C). Both A56 and A7 substitutions were chosen to fall
within CA/TG steps known to exhibit high propensity for Hoogsteen formation (1, 2).

First, we examined the stability of the IHF-H’ complexes in the absence and presence of
7dA substitutions. Binding affinity measurements were performed on all complexes as described
in Chapter 2, and the results are summarized in Figure 5.8.A. As discussed in Chapters 3 and 4,
the sub-nM binding of IHF-H’ complex in 100 mM KCI, where the T-jump studies are performed,
make it difficult to directly measure the binding affinities from titration experiments that require
nM concentrations of DNA (21, 33). To get around this limitation, we performed titration studies
at higher salt concentrations, and then extrapolated the specific Kgs measured as a function of [salt]
to 100 mM KCI. From here on, because nonspecific binding is not discussed, specific binding
affinities will be described use the simplified notation Kq rather than K sp.

Salt-dependent binding affinity studies revealed essentially overlapping K4 values for IHF-
H’ and ITHF-7dA56 complexes over the entire salt concentration range of these measurements,
within the margin of error (Figure 5.8.A and Table 5.1). The IHF-7dA57 complex, which was

measured only at 300 mM KCl, also showed no change in binding affinity compared with IHF-H’
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and IHF-7dA56. These results were unexpected as we anticipated that inhibiting Hoogsteen
formation at the kink site would have some impact on IHF-H’ complex stability, if Hoogsteen
pairing at that site facilitated kinking. In contrast, the IHF-7dA7 complex revealed a nearly 40-
fold decrease in the Kq4 value reflecting a significant strengthening of the IHF-DNA complex.
Again, this result was at first glance unexpected, since this region of the DNA maintains B-DNA
conformation in the bound complex and should not be affected by Hoogsteen inhibition. However,
this substitution was made in the TTG region of the H’ consensus that has been shown previously
to be highly sensitive to sequence modifications, as we will discuss below (21, 25, 34, 35).

Next, we examined how these complexes respond to temperature increases. The donor
intensity versus temperature profiles for double-labeled DNA (DNA DA) in complex with [HF
are shown for IHF-H’, IHF-7dA56 and IHF-7dA7 complexes in Figure 5.8.B, together with the
control experiment on the donor-only labeled H’ sequence (denoted H’ D). As discussed above
(see Figure 5.3), the decrease in donor intensity in H’ D reflect the temperature effects on the
quantum yield of the donor. Donor intensities in complexes with DNA DA initially mirror the
decrease in quantum yield seen in the H’ D sample, at low temperatures, but then start to increase
at higher temperatures due to unbending of the DNA which is accompanied by a decrease in FRET
(Figure 5.8.B.). Complexes IHF-H’ and IHF-7dA56 display nearly identical donor intensity and
FRET E profiles, indicating that thermal disruption of the bent state in the IHF-7dA56 complex
behaves identical to the IHF-H’ complex over the temperature range 15-60 °C. In constrast, the
donor intensity profile of IHF-7dA7 (blue) falls somewhere in between the IHF-H’ data (black)
and the H’ D data (pink), indicating a greater resistance to thermal-induced unbending in THF-
7dA7 complex and a correspondingly smaller change in FRET E for this complex with increase in

temperature. These temperature profiles are commensurate with our binding affinity data and show
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that 7dA7 binds more tightly to IHF and retains a more bent conformation even as the temperature
is raised in comparison with IHF-H’.

We note here that these binding studies are consistent with a recent report by the Al-
Hashimi and co-workers (22) that also showed no change in stability for the IHF-H’ complex when
7dA substitutions were made at positions A56 and A21 (at the other kink site), although the Ky
values reported in that study were 1-3 nM for these complexes, measured in 100 mM NaCl, in
contrast to the much lower value of ~25 pM that we obtain at 100 mM KCI, when extrapolated
from binding isotherms measured at higher salt. Discrepancies in specific binding affinity values

obtained from different measurement techniques were thoroughly discussed in Chapter 4.
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Figure 5.8. Ionic and thermal stability of IHF-H’ complex in absence and presence of 7-deaza adenine
modifications. (A) Dissociation constants (Kg4) are plotted versus KCI concentrations for IHF-H’ complex
(black), IHF-H* 7dA56 (red), IHF-H* 7dA57 (green), and IHF-H’ 7dA7 (blue). The filled symbols are K4
values determined by fitting equilibrium binding isotherms (Chapter 3), measured with 50 nM DNA titrated
against varying concentrations of IHF. The dashed lines are linear fits to log(Kq4) versus log([KCl]) data (for
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all samples except IHF-H* 7dA57, which was measured only at 300 mM KCl). The open symbols are the
Kq values at 100 mM KClI, extrapolated from this linear fit. The upper and lower limits of the extrapolated
point represent the standard deviation determined by varying the K4 value at 100 mM KCL until %* of the
minimized fit changes by 1 (36, 37). (B) The donor intensity of the H> DNA-only sample (pink), IHF-H’
sample (black), IHF-H’ 7dA56 sample (red) and IHF-H’ 7dA7 sample (blue) versus temperature. The
intensities are the area under the measured spectra, integrated from 510-535 nm, and are normalized such
that the two data sets match at 15 °C. The error bars are standard deviations from n independent sets of
measurements [H> DNA-only (n=4), IHF-H’ (n=3), IHF-H* 7dA56 (n=3) and IHF-H’ 7dA7 (n=2)].

Table 5.1. Kq of IHF-DNA complexes under different ionic conditions.

Complex K, (300 mM [KCI]) K,(200mM [KCI])  K,(100 mM [KCI})*

IHF-H’ 1.9%24 1M 24132 oM 23+31 pM
IHF-7dA56 3.4%35 , M 16*3* oM 15%%2 pM
IHF-7dA57 11524 uM n.d. n.d.
[HF-7dA7 0.16%33* yM 1.3 nM** 0.673% pM

*Values in this column are extrapolated from a linear fit of log([KCL]) vs. log(K,) data
**Only one measurement performed

5.3.7. 7dA substitution at Kkink site slightly increase rate of slow phase

While the binding studies reported above indicate that Hoogsteen formation at the kink site
is not a determining factor for the stability of the IHF-H’ complex, these equilibrium studies do
not provide information on whether transient Hoogsteen formation could be facilitating DNA
kinking that IHF could sense during the interrogation and recognition steps. We therefore
performed T-jump measurements on IHF-7dA56 to investigate if inhibiting Hoogsteen formation
at this kink site had any impact on the conformational relaxation kinetics of the complex. The T-
jump results on IHF-7dA56 are summarized in Figure 5.9. Our analysis revealed biphasic kinetics,
as in IHF-H’ (Figure 5.9.C). The fast phase rates were identical to within the noise for IHF-7dA56
and IHF-H’ complexes over the measured temperature range; the slow phase rates increased by

~2-fold for IHF-7dA56 relative to IHF-H’ (Figure 5.9.D). The amplitudes in the two phases
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remained unaffected by the 7dA modification at this kink site (Figure 5.9.E). From these results
we conclude that neither our T-jump nor our binding studies on IHF-H’ with 7dA substitutions at
the kink site provide evidence to support that transient Hoogsteen pairing at that site facilitates
DNA kinking during complex formation. As discussed above, if Hoogsteen pairing played a role,
then 7dA modifications at the kink site should have slowed down the observed rates, just as
increasing DNA flexibility at the kink sites by introducing mismatches (as in TT8AT; Figure5.7)
accelerated the slow phase rates. We attribute the 2-fold increase in the slow phase rates observed

in IHF-7dA56 to increased local flexibility at the 7dA site (see Discussion below).
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Figure 5.9. T-jump measurements on IHF-7dA56 complex. The data and fits in each panel are as
described for Figure 5.5. The T-jump perturbation was from 42.0 to 46.7°C for the complex in (A) and from
37.6 °C to 44.4 °C for the control measurement on H’ D in (B). For the relaxation trace plotted in (A), the
MEM analysis yielded two rates at 860 = 17 s™! and 3310 + 350 s”!, with corresponding amplitudes of 0.84
+0.04 and 0.16 £ 0.04. In panels (D) and (E), the IHF H’ 7dA56 complex data are shown in red; the black
lines are for the IHF-H’ complex, reproduced from Figure 5.5.D,E, and added here for comparison.
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5.3.8. 7dA substitution in TTG region significantly diminishes fast phase amplitudes

Next, T-jump measurements were performed on the IHF-7dA7 complex, with the 7dA
modification in the TTG consensus region. The results are summarized in Figures 5.10 and 5.11.
In contrast to both IHF-H’ and THF-7dA56, the MEM analyses of the IHF-7dA7 kinetics traces
showed predominantly a single peak in the distribution of relaxation times (Figure 5.10.C),
indicating that a single kinetic phase was sufficient to describe the IHF-7dA7 kinetics. While a
biexponential fit convoluted with the T-jump recovery function could also fit the data, as for the
other samples, the relaxation rates and amplitudes of the two components obtained from this
analysis showed a significant amount of scatter and lack of reproducibility from one set of
measurements to another (Figure 5.11), indicating that the double-exponential fits were over-
fitting the data. Therefore, we conclude that the IHF-7dA7 relaxation kinetics are best described
as exhibiting a single phase.

The rate constants for this single phase in the IHF-7dA7 complex are similar, albeit slightly
accelerated, compared with the slow phase observed in IHF-H’ (Figure 5.10.D). We interpret the
lack of a fast phase in IHF-7dA7 to be a consequence of the ~40-fold tighter binding in the IHF-
7dA7 complex. A tighter IHF-DNA complex favors the specifically bound, fully bent
conformation over nonspecifically bound populations. Previous studies showed that destabilizing
the complex by weakening the interactions of IHF with the TTG consensus region, as in IHF-
H’44A, resulted in an increase in the amplitudes of the fast phase, likely because the balance was

tilted in favor of nonspecific binding (21). Here, a tighter complex yields the opposite effect:
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nonspecific binding is strongly disfavored in IHF-7dA7, leading to greatly diminished amplitudes

in the fast, nonspecific interrogation kinetics.
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Figure 5.10. T-jump measurements on IHF-7dA7 complex. The data and fits in each panel are as
described for Figure 5.5. The T-jump perturbation was from 41.1 to 45.3°C for the complex in (A) and from
37.6 °C to 44.4 °C for the control measurement on H’_D in (B). For the relaxation trace plotted in (A), the
MEM analysis yielded a single broad peak (C), with an average relaxation rate of 715 & 26 s™'. In panels
(D) and (E), the rates obtained from the single-peaked MEM distribution for IHF _H’ 7dA7 complex data,
with 100% amplitude, are shown in blue; the black lines are for the two phases observed in the IHF-H’
complex, reproduced from Figure 5.5.D,E, and added here for comparison.
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Figure 5.11. Single MEM component versus biexponential fitting of IHF-7dA7 complex. (A) Kinetic
rates plotted versus inverse temperature for single component fit from MEM (solid blue circles; averaged
over two data sets, reproduced from Figure 5.10.D) and for biexponential fits (blue outline; circles versus
squares represent the two independent sets), with fast phase (unfilled symbols) and slow phase (gray filled
symbols). Arrhenius fits to the fast (blue dotted line) and slow (gray line) relaxation rates are also shown.
(B) The corresponding amplitudes from the biexponential fits are shown; symbols have the same meaning
as in panel (A). Lines are drawn to guide the eye.

5.4. Discussion and conclusion

Our studies here were designed to ascertain if transient Hoogsteen base pairing, an
alternative to Watson-Crick pairing suggested to be widespread in the genome, plays a role in the
ease with which IHF recognizes and binds to one of its target sites, the H’ site from A DNA. 7deaza
adenine (7dA) substitutions, designed to inhibit Hoogsteen pairing within DNA, were inserted at
several positions in the H’ site to examine the impact on IHF binding and DNA bending kinetics.
If transient Hoogsteen pairing were to play a significant role, then Hoogsteen inhibition is expected
to reduce binding affinity and/or affect the rates of DNA bending within the IHF-bound complex.
In none of the 7dA-modified substrates did we see decreased binding affinities or slowing down
of the kinetics, as hypothesized. Our equilibrium and T-jump studies therefore provided no
evidence to support Hoogsteen bp dynamics as an important contributor to DNA conformational
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dynamics in the IHF-H’ complex. Instead, we observed no change in stability and a slight increase
in the slow phase rates in IHF-7dA56, where the 7dA substitution was made at one of the kink
sites. In IHF-7dA7, where the 7dA substitution was made in the TTG consensus region, which is
at some distance from the kink site, we observed a ~40-fold strengthening of the THF-7dA7
complex stability. Our studies therefore revealed that 7dA substitutions designed to inhibit
Hoogsteen pairing within DNA had unexpected consequences that we attribute to changes in DNA
rigidity at the site of the modifications, as discussed below.

The observed changes to binding affinity and kinetics of the IHF-H’ complex are best
explained by increased local DNA flexibility as a result of weakened stacking interactions of 7dA
with its neighbors. 7deaza modifications have been shown to disrupt DNA rigidity before. NMR
studies on DNA constructs including a 7-deaza guanine (7dG) identified weakened base stacking
interactions, a key contributor to DNA rigidity, between canonical nucleotides and 7dG relative to
canonical guanine (38). The accelerated slow phase rates observed in IHF-7dA56 mirror previous
T-jump studies on IHF-TT8AT and other H’ variants with mismatches introduced at the kinks —
designed to increase DNA flexibility — that also exhibited an increase in the slow phase rates (21).
7dA at this kink site (position 56) in the H” construct appears to similarly increase local flexibility.

The 7dA7 substitution (at position 7) made in the TTG region of the consensus sequence
increases binding affinity ~40-fold while diminishing the amplitude of the fast phase in the
observed kinetics. In direct contrast, a thymine to adenine substitution within that TTG region
(TTG-TAG in H’44A; Figure 5.7) weakens the binding affinity nearly 100-fold and exhibits
increased amplitude in the IHF-H’44A fast phase kinetics compared with IHF-H’ (21).
Crystallography studies on the IHF-H’44A and IHF-H’ complexes revealed H’44A to have a

different twist distribution within of the TAG region, breaking a series of stabilizing ionic
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interactions that the H’ sequence would normally make with IHF at that site (25). We therefore
postulate that weakened stacking interactions in the TTG region of the 7dA7 construct, from the
7dA substitution, likely increase the “twistability” of the DNA at that site, enabling the stabilizing
ionic interactions to be made with greater ease, and thereby favoring the formation of the specific
complex.

Our studies complement the growing consensus that subtle modification made to DNA
structure can have large effects on DNA flexibility. For example, there is significant evidence from
studies involving methylated DNA: GpG methylation may stiffen DNA which can impact binding
by EcoRI and cAMP DNA responsive element (39, 40). Similarly, single molecule FRET studies
involving numerous epigenetic cytosine modifiers showed a large impact on DNA flexibility and
nucleosome binding (41). The 40-fold change in binding affinity seen in the IHF-7dA7 complex
underscores how significant the impact a single DNA modified base may have on dictating affinity
and position of nucleoid-associated proteins. Finally, our studies point to the difficulties posed
when 7dA is used to probe Hoogsteen pairing if the inevitable changes in DNA stacking

interactions from the 7dA substitution are not properly accounted for.
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Chapter 6.
In search of highly “kinkable” DNA

6.1. Introduction

Sequence-dependent deformability is critical to how DNA interacts with proteins that
facilitate DNA packaging, transcriptional regulation, replication, and repair. Ease of DNA
deformations underpins the indirect readout aspect of site-specific recognition. Even for
nonspecific DNA-protein complexes such as the nucleosomes, sequence determines nucleosome
positioning within our genomes, thereby modulating gene regulation. The extent of these
deformations range from few localized distortions to fully wrapped around proteins (1). However,
many of the rules that govern sequence-dependent DNA shape/deformability remain largely

untested for DNA deformations of high severity (e.g., >30° kinks).

Several theoretical and experimental developments in the last few decades have
tremendously impacted our understanding of the mechanical properties of DNA. These include a
continuum wormlike chain description that captures average properties of long DNA molecules,
but with increasing evidence of large-amplitude sequence-dependent structural contortions at
much smaller length scales relevant for protein binding that are not captured by homogeneous
polymer models. Recent advances in elucidating these sequence-dependent properties include
knowledge-based energy functions that describe single base-step deformations within harmonic
constraints (2-4); the experimental and computational characterization of both synthetic and
naturally occurring high affinity nucleosome binding sequences (5-9); analysis of sequence-
dependent DNA shapes (10); and all-atom MD simulations by a consortium of computational
biophysicists aimed at characterizing DNA fluctuations beyond dinucleotide steps (11-14).

Altogether, these studies have contributed greatly to our current understanding of DNA shape and
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deformability. However, these studies also underscore the limitations of the current models and
highlight the need to develop energy functions that include context dependence and also go beyond
harmonic approximations (15-17). The energy costs of the severe DNA deformations seen in many
protein-bound structures are not captured accurately by elastic models. Furthermore, large bending
fluctuations that deviate from harmonic behavior have been observed even in short DNA oligomers

in the absence of bound proteins (18-20).

While nucleosome-preferred sequences have proven extremely valuable in testing models
of DNA deformability, the inevitable convolution of DNA shape, intrinsic deformability, and
histone-specific interactions, all of which contribute to the sequence-dependent binding energies,
complicate the validation of these models. Furthermore, some proteins induce significantly more
severe kinks (>50°) than the nucleosome does (21). Therefore an independent set of potentially
highly deformable sequences, selected as high-affinity binding sites for a completely different set
of architectural proteins that induce severe DNA local distortions would provide a much-needed
data set for further testing and developing models of sequence-dependent DNA deformability. To
that end, we embarked on a high-throughput “SELEX” (systemic evolution of ligands by
exponential enrichment) study coupled with deep sequencing (22-26) to characterize the binding
preferences for proteins from the IHF/HU family: IHF and Hbb (Figure 6.1.A,B), starting from a
semi-randomized DNA library. Both proteins can severely deform DNA at specific sites and bend
the DNA into a “U-turn” shape over 35-bp by kinking the DNA at two locations spaced roughly
9-bps apart (27-29); thus high-affinity sequences are hypothesized to be of higher deformability.
Our goal was to identify these high-affinity DNA sequences and to uncover sequence patterns that
influence their shapes and deformations away from canonical B-DNA conformations. These

studies were inspired by the elegant studies of the late Jonathan Widom and co-workers, who
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demonstrated the potential of such SELEX studies in uncovering preferred sequences for binding
to histone octamers to form nucleosomes (30-32). Following similar approaches, we aimed to
uncover sequence patterns that render the DNA more “kinkable” at sites known to be sharply
kinked when in complex with the IHF/HU family of DNA-bending proteins; to examine the
intrinsic DNA deformability of these tight binding sequences, particularly at the kink sites; and to
provide a robust database for further development of base-step and longer range parameters for

modeling DNA deformability.

A
C
Construct Sequence 2[IHF)where  2[Hbb] where BIHF K4 (nM) bHbb K4 (nM)
binding binding
| | detected detected
» GGCCARRAAAGCATTGCTTATCAATTTGTTGCACC
CCGGTTTTTTCGTAACGAATAGTTAAACRACGTGG >25nM - 12+2 145+37
Hbb sequence TCTTTTAATACTATATGTCATATAGTATTARAGCT
in crystal AGARAATTATGATATACTGTATATCATAATTTCGA - - - 118+27
structure
H nAt GGCCATGCAGGCATTGCTTATCRATTTGTTGCACC
-n CCGGTACGTCCGTAACGAATAGTTAAACRACGTGG 2500 nM >1puM = ==
DNAlibrary ~ GGCCATGCAG CTTATCRATTTGTTGCACC

CCGGTACGTC GAATAGTTARACAACGTGG - -

@ Measurements performed in this study. "Dissociation constants reported in Mouw et al. (29)

Figure 6.1. SELEX proteins and library design. Crystal structures are shown for (A) IHF-H’
(1IHF) and (B) Hbb-DNA (2NP2). DNA is shown in gray while IHF is shown in cyan (A) and
Hbb is shown in green (B). Sequence elements are highlighted to indicate position such as the IHF-
consensus sequence (A, yellow), the A-tract (A, red), the randomized region of the library (A/B,
yellow), and a T:T mismatch site in the Hbb crystal structure sequence (orange). (C) DNA
sequences, protein concentrations at which binding was detected in gel shift in this study, and gel
shift binding affinities reported in (29) are shown. Black arrows are used to indicate the kink sites.
Sequence elements are colored to match (A) and (B).
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IHF was discussed extensively in earlier chapters of this thesis. Hbb is a closely related
member of the IHF/HU family. This small nucleoid-associated homodimer is found in Borrelia
burgdorferi, a spirochete responsible for causing Lyme disease in humans (33, 34). Hbb is the only
known member of this family in B. burgdorferi, and was originally identified by its ability to
complement phage DNA packaging defects in IHF- and HU-deficient E. coli (35). Like IHF, Hbb
also recognizes a specific DNA binding site by “indirect readout” and bends its specific site by
>160° as described in the crystal structure (29), which aids in chromosomal compaction and in the
assembly of higher order nucleoprotein complex. Natural IHF-binding binding site, H’, has been
shown to bind specifically to Hbb with high affinity, suggesting similar binding site preferences

and recognition mechanism between the two cousins (29).

These SELEX studies enabled us to separate high-affinity DNA sequences (‘“winners”)
from low-affinity sequences (“losers”) for both IHF and Hbb. The sequences were then analyzed
in multiple different ways. First, we identified dinucleotide steps and tetranucleotide sequences in
the randomized region that were more probable among winners or losers. Sequences were also
analyzed with current theoretical models such as DNA shape parameters, evaluated by TFBSshape
(36, 37), and DNA deformability computed using elastic models for distortions away from B-DNA
using nearest-neighbor base-step parameters determined by Dr. Wilma Olson and her group, and
referred to here as the Olson-98 parameters (2). A few key results stand out: (1) “A-tracts”,
poly(dA:dT) stretches of greater than 3 As in a row, were found to be highly prevalent among the
losers for both IHF and Hbb, indicating that such stretches inhibit the formation of the sharply
kinked DNA; (2) preferred sequences for IHF had distinct minor groove width profile,
commensurate with previous studies that indicate “shape readout” (38); (3) a correlation, albeit

weak, was observed for THF (though not for Hbb) between binding affinity and ease of

171



deformability as obtained from the elastic modeling. Notably, while little sequence correlation was
observed among the winners and losers for IHF and Hbb, A-tracts at or near the kink sites were
found to be disfavored by both proteins, further supporting the theory that the unique properties of
A-tracts make them highly important sequence elements for genetic regulation (39, 40).
Furthermore, there were similarities in the shape patterns for the winners/losers for both proteins,
indicating that different sequence combinations could yield the same or similar shapes.
Interestingly, binding site favorability for IHF showed dependence with computed DNA bending
energies when the DNA was forced to adopt the shape seen in the IHF crystal structure. However,
this correlation was lacking in the Hbb results. The apparent lack of correlation between binding
affinities and ease of DNA kinking underscores the need to further refine our SELEX protocol to
reduce the noise, but may also be indicative of the limitations of elastic models based on harmonic
approximations. Harmonic models imposes a high energy penalty on the sharp 90° bends observed
in the IHF-H’ crystal structure, despite the evidence that kinks are more probable and less
energetically costly than suggested by a wormlike chain description (19). The results presented
here lay a good foundation for systematically and quantitatively approaching questions

surrounding DNA of high deformability.

6.2: Overview of the SELEX approach

Here, we describe the design of our “SELEX” study aimed at identifying DNA oligomers
that bind with high affinity to IHF or Hbb and to obtain from these selected high-affinity binders
sequence patterns that may render high “kinkability” at key sites. SELEX has been widely used
to characterize the binding affinities for transcription factors (24, 26, 41-44). We used the solution-

based Cognate Site Identifier (CSI) procedure described by Dr. Aseem Ansari and co-workers (42-
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44) to interrogate large sequence space to identify protein binding sites, and used Illumina Genome

Analyzer to sequence the samples (24, 41, 43). The CSI procedure is illustrated in Figure 6.2.

DNA Synthesis
| =
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Incubation of Protein with Library <———

o NN AN
o® 4\ o
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Separation of bound sequences by EMSA

Dissociation of protein from DNA

=\

n\f

b)
s> | .°
¢

A%/ X

PCR Amplification

DNA Purification
High-Throughput Sequencing

Figure 6.2. Description of the SELEX process. The DNA library is designed with 41-bp sequences
flanked by constant PCR-primer sequence (blue). One primer is labeled with biotin (open gray
circle). Within the 41-bp region, a 6-bp barcode (purple), unique to a given library, is included to
allow multiple libraries to be pooled and sequenced simultaneously, if needed. The remaining 35-
bp region (gray) is the protein binding site, within which a 6-nt region is randomized, as shown in
Figure 6.1. The library was ordered from IDT. dsDNA library sequences were synthesized by PCR
and incubated with the protein; the bound sequences are separated from unbound sequences by
electrophoretic mobility gel-shift assays (EMSA); the protein-DNA complexes are extracted from
the gel and then transferred to a high-salt buffer to dissociate the protein from the DNA;
streptavidin-coated Dynabeads bind to biotin on the released DNA, which are then “pulled-down”
by a magnet; the supernatant containing the dissociated protein is removed. After multiple rounds
of washing to ensure complete dissociation, the DNA is amplified by PCR and purified to remove
the Dynabeads. Bound sequences go through more rounds of selection or sent for sequencing.

The DNA library was based on a 35-bp DNA sequence, H nAt (Figure 6.1.C),
previously shown to bind specifically to IHF (45) (see also Chapter 3). The sequence of H’ nAt

is identical to H’, a cognate site for IHF from phage A DNA and also shown to bind to Hbb (29,
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46, 47), but with the A-tract on the flanking arm replaced by the sequence from another binding
site of IHF, the H1 site, that lacks an A-tract, as described in Chapter 3. Our rationale for
choosing a sequence that lacked the A-tract was to weaken the interactions between the A-tract
and the protein that contribute significantly to keeping that flanking arm of the DNA held against
the side of the protein in the specific complex, as discussed in Chapter 3 (45). We reasoned that,
in the absence of those stabilizing interactions, sequence selectivity at the randomized site would
be determined primarily by the “kinkablity” of that site. The DNA library consisted of H* nAt
sequences that included a randomized 6-bp region at one of the protein-induced kink sites that
does not fall within the consensus region for either protein (indicated by NNNNNN in Figure
6.1.C). Thus, our DNA library consisted of 4°= 4,096 unique sequences in all, with the
randomized region located at a site that is expected to be kinked in the specific complex. The
nonrandomized region included the consensus region for both IHF and Hbb and was left changed
so as to position the protein correctly for site-specific binding and to ensure that the 6-nt
randomized region aligned with where the DNA is kinked in the specific complex. The
randomized site was separated from the consensus region by 2 nt to minimize the impact of the
randomized sequence on the structure and deformability of the consensus region. The drawback

of this design is that the randomized region is not symmetric about the kink.

SELEX was performed with IHF and Hbb using the same DNA library. As illustrated in
Figure 6.2., the DNA library underwent three rounds of selection by EMSA gel shift to separate
sequences that bound to IHF (“binders”) from sequences that did not bind (“nonbinders”). In
each round, EMSA gel shift assays were performed with six samples including two Cy3-labelled
control samples and four DNA library samples. Labeled control DNA was run without (lane 1)

and with 2 uM of protein (lane 2). The purpose of the labelled control was to: 1) ensure that in

174



each round SELEX, protein binding occurred and ii) provide guidance for where to cut the
unlabeled DNA library (invisible to fluorescence-based gel imaging) from the gel. The
separation of binders from non-binders from the DNA library was achieved by performing gel-
shift assays in 4 different lanes simultaneously, with 25 nM DNA from the library in each lane
and 4 different protein concentrations that extended from the highest concentration of specific
binding detected (absent of nonspecific binding) to nearly 10-fold below that concentration to
distinguish sequences of higher affinity. This range of protein concentrations allowed for
detection of both high, midrange, and low affinity DNA sequences. Both bound and unbound
sequences within each lane that had the DNA library were extracted from the gel, amplified with
PCR, and purified. The library of winners became the library for the next round of selection. At
the end of three rounds of selection, all winners, all losers, and the initial DNA library were
collected and sequenced at the UIC sequencing center — RRC, with a depth (i.e. number of

sequence reads) of >100,000 sequences .

SELEX performance by each sequence was characterized by “sequence enrichment”

defined as:

fractional population of Sequnce A after SELEX Eq. 6.1.

ich tA=
sequence enniciemen fractional population of Sequnce A in original library

If the logarithm of sequence enrichment is greater than zero, the sequence appears more
frequently in the final library, indicating favorability in binding; if less than zero, binding is less
favorable. Previous studies have shown that the sequence enrichment correlates strongly with

relative binding affinities (22, 23, 26).

An complete overview of SELEX methods is found in Chapter 2.5. Oligos used in this

study are listed in Table 6.1.
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6.3. Results

6.3.1. Determining protein concentration range for SELEX studies

Before performing SELEX studies, we characterized the binding affinities of IHF and
Hbb for a few control sequences using gel mobility shift assays in order to determine the
appropriate concentration range for these studies. Both IHF and Hbb bind specifically to the H’
site from phage A DNA (29), a cognate site of [HF (45-48, 56-59). The binding affinity of IHF
for the H’ site has been measured using several different techniques, as discussed in detail in
Chapter 4, with binding affinities that range from ~25 pM to ~100 nM. Therefore, we wanted to
ascertain what the measured affinity would be under our gel mobility shift assay conditions. We
performed gel shift assays using 25 nM DNA and protein concentrations that ranged from 5 nM
to 2 uM. The results for IHF are summarized in Figure 6.3. Consistent with the much higher Kq
values (~12 nM) reported by previous gel-shift assays for the IHF-H’ complex at similar salt
conditions (50 mM NacCl) as used in this study (29), we did not detect much binding for 5 nM
[IHF] and approximately half the complex formed at 50 nM [IHF] (Figure 6.3A; right). These
results are in good agreement with previous reports (28, 60-63). Similar studies with H* nAt that
lacked the A-tract of H’ showed no significant binding until ~ 2 uM [IHF] (Figure 6.3A,B; left),
though titrations with greater point density detected trace amounts of binding by 1 uM [IHF] .
To verify that nonspecific binding was not contributing to the bound fraction observed in these
studies, we additionally performed binding studies using a nonspecific DNA site,
H’ nAt scrambled (Table 6.1). No binding was detected for this construct up to at least ~2 uM
[IHF] (Figure 6.3B; right). Thus, SELEX was performed with IHF concentration within the
range of 0.25 -2 uM to optimize the range for specific binding and to minimize nonspecific

binding. Furthermore, with the consensus region intact, the longer DNA constructs in the DNA
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library (see Table 6.1) are optimally positioned to bind to IHF as in the IHF-H’ crystal structure,
with the randomized region positioned correctly at the kink site. Hbb also binds specifically to
the H’ site with binding affinities characterized by mobility shift assays to be roughly Kq~100-
200 nM (29). Our gel shift assays showed binding of Hbb to H’ nAt in the range [Hbb] ~1 - 2.5
uM and no nonspecific binding to nsDNA for [Hbb] up to 2 uM (data not shown). Thus, Hbb
SELEX studies were performed using the same DNA library, with protein concentration within

the same range of 0.25 -2 uM as for the IHF studies.

dsDNA dsDNA  dsDNA dsDNA dsDNA  dsDNA dsDNA  dsDNA dsONA dsDNA
+ + + + + + + :
SnM  50nM 500nM 2uM SnM  50nM S00nM 2uM
IHF IHF IHF IHF IHF IHF IHF IHF

T

$SONA dsDNA dsDNA  dsDNA  dsDNA

SOnM SOOnNM  2uM SOnM SOONM  2uM
IHF IHF IHF IHF IHF IHF
T ’ T
H’_nAt_intact H’_nAt_scrambled
(specific) (nonspecific)

Figure 6.3. EMSA binding studies on specific and nonspecific IHF complexes. (A) H’ binding
and H’ nAt binding to IHF is shown. (B) H’ nAt (intact) is compared to nonspecific DNA site,
H’ nAt scrambled. Scrambling of nucleotides preserves GC-content but removes consensus
sequences.
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Table 6.1. Oligo sequences. All sequences are listed 5’>3°. IHF/Hbb binding sites are highlighted
in gray. Ns represent any nucleotide (A/T/C/G). Attachments Cy3 (X) and Biotin (Y) are shown.

Library 57 - CCT GAT CCT ACC ATC CGT GCT AGC TAC GGC CAT GCA GNN
NNN NCT TAT CAA TTT GTT GCA CCG ACA CTT CTG CCC AGG CGA
GG -3’

H’ nAt 57 - X CCT GAT CCT ACC ATC CGT GCT GAC ATC GGC CAT GCA GGC

(control) ATT GCT TAT CAA TTT GTT GCA CCG ACA CTT CTG CCC AGG CGA
GG-3%

H’ nAt 2 57 - X CCT GAT CCT ACC ATC CGT GCT GAC ATC GGC CTA CGT GGC

(control) ATT GCT TAT CAA TTT GTT GCA CCG ACA CTT CTG CCC AGG CGA

GG-3%

H’ scrambled

57 - X CCT GAT CCT ACC ATC CGT GCT ATT CGC AAT AAT CGC CTC
CTA CGG CTG TGT TGT CCG AAT GTG ACA CTT CTG CCC AGG CGA
GG -3’

fPCR primer

5" - CCT GAT CCT ACC ATC CGT GCT - 3’

rPCR primer

5’ -Y CCT CGC CTG GGC AGA AGT GTC - 3’

6.3.2. SELEX studies with IHF

The first SELEX study we performed was with IHF, using labeled H’ nAt as our control (Table

6.1). This sequence is identical to the DNA library sequences except for the NNNNNN

randomized region. The results after three rounds of SELEX are summarized in Figure 6.4. We

present results here for lane 1 ([IHF] at 250 nM). Most sequences were clustered in a range of —1

to +0.5 for the logio(sequence enrichment) score (see Figure 6.4.A), indicating ~30-fold variation

in the binding affinities for IHF. A surprising outlier was the biggest winner in this study, with a

logio(sequence enrichment) score of 2.75, which turned out to be the sequence of H’ nAt, also

our control sequence, and which apparently had a binding affinity 50-fold greater than the next

best winner. This result was somewhat unexpected, since the 6-nt sequence in the randomized

region of H’ nAT is not a consensus region of the IHF binding sites. Our results showed strong

correlations for Lanes 1-3 (Figure 6.4.B)
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Figure 6.4. Results of SELEX studies from first IHF experiment (denoted as IHF1). (A)
Histogram of IHF1 SELEX library sequences after 3-rounds (data from lane 1 with 250 uM
[IHF]). The SELEX score for H’ nAt is indicated by the red vertical line. (B) Reproducibility of
SELEX scores between different lanes of IHF1 study. SELEX scores for lane 1 (shown in A) are
plotted against corresponding scores from lane 2 (black; with 500 nM [IHF]) and lane 3 (red;
with 1 uM [IHF]). (C) LOGO of original library. (D) LOGO of IHF1 SELEX library after 3-
rounds, using data from lane 1 (with 250 uM [IHF]). (E) LOGO of (D) with H’ nAt removed.

These results are also reflected in the LOGO description of the selected sequences (Figures
6.4.C-E). LOGOs describe the frequency with which a nucleotide appears at a particular DNA site,
J- Nucleotide frequency is described by “bits” which scores nucleotides on a scale from 0-2. A
score of 2 indicates near certainty that a nucleotide will occur at position j, and a score of 0
indicates no nucleotide favorability. LOGOs were computed using built-in function in MATLAB.
LOGO descriptions of DNA library before SELEX (Figure 6.4.C) and after SELEX (Figure 6.4.D-
E) indicate a biasing of the library after three rounds, as anticipated. However, the most prevalent

sequence at the randomized site after SELEX was GCATTG (Figure 6.4.D), which corresponds to

179



the sequence of H’ nAt at that site. Removing the H’ nAt sequence from the library yielded the

LOGO shown in Figure 6.4.E.

We suspected some contamination of the library by our control DNA sequence as
contributing to this surprising result that H’ nAt emerged as an overwhelming winner. The control
DNA sequence is key to how we separate bound from unbound DNA in our EMSA gel shifts. The
DNA library is unlabeled and hence invisible in our gels. However, a control sequence, which in
our case was Cy3-labeled, is in lanes 1 and 2 of our gels, allowing us to image DNA run lengths
when bound or unbound. In the IHF1 experiment, we used Cy3-labeled H’ nAt as our control,
which had the same sequence as H’ nAt in our library as that of the randomized DNA library. If
there was any leakage from the control lanes into the lanes of interest, then the control sequence
would be indistinguishable from the H’ nAt sequences from the DNA library, which would yield

an apparently large and erroneous sequence enrichment signal.

To eliminate such a “leakage” error, we carried out a second SELEX study (IHF2), in
which we changed our control sequence from H’ nAt to H’ nAt 2 (Table 6.1). H’ nAt 2 was
designed to have a different barcode than the DNA library, thus enabling us to separate, during the
sequencing step, any control sequences that may leak into the lanes of interest and thereby
contaminate the DNA library (modifications indicated in bold/italics in Table 6.1). In IHF2, the
H’ nAtsequence from the library (identified by the appropriate barcode) was no longer an absolute
winner, although it remained in the top 5 sequences. Also, as we suspected, H’ nAt 2 (with the
different barcode) was present in 3-fold excess compared with H’ nAt in the samples sent for
sequencing. This result underscores a source of error in our protocol in that samples appear to not
be restricted to their respective lanes, resulting in some unwanted “smearing”. This smearing may

also be contributing to some mixing of “winners” and “losers” as a result of leakage from one lane
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to another that may explain, in part, the less than ideal correlation between the two sets of

independent experiments on IHF, as discussed below.

In Figure 6.5, we compare the histograms of the sequence enrichment scores from the two
sets of experiments: IHF1 and IHF2, and a reproducibility scatter plot. Identical studies should
produce a scatter plot that falls on a line with a slope of one. Our data are best described by a slope
of ~0.3, reflecting the broader distribution of the histogram seen in IHF1 compared to IHF2,
indicating a better separation of the winners and losers in IHF1 than in IHF2. We note here that
the H’ nAt2 sequence was removed prior to this comparison because of the erroneous score for
that sequence in IHF1. Further, the Pearson’s correlation score for this comparison yielded r ~
0.455, indicating considerable irreproducibility in the ranking of the different sequences between
the two sets of experiments. This correlation score is low relative to other studies that used similar
SELEX technique with the same number of rounds, e.g., r ~ 0.53 — 0.98 reported in ref. (26). These
other SELEX studies with similar protocols (26, 42-44) likely benefited from a larger sequence
space (>107 sequences in library) encompassing the entire binding site of the protein of interest,
which allowed for a greater spread in binding affinity between the highest affinity sequence to
lowest affinity sequence. Our study focuses on one sequence element that contributes to total
biding affinity. Therefore, our study does not have the sensitivity that would exist with large
affinity spread. Estimates of affinity range based on our SELEX scores (ratio of highest and lowest
sequence enrichment scores) suggest maximum ~300-fold difference in binding affinity between

the worst and best DNA sequence. This relatively narrow spread in binding affinities suggests that
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our study could benefit from more than three rounds of experiments for better separation of

winners and losers.
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Figure 6.5. Reproducibility between two independent IHF SELEX studies (IHF1 and IHF2). The
scatter plot compares the logarithm of sequence enrichment scores from IHF1 study to the
corresponding scores from IHF2 study. Data are compared from lane 1 (with 250 uM [IHF]) after
three rounds of SELEX in each study. The distribution of logio(sequence enrichment) scores for
each study are plotted in the histograms above (for IHF1) and to the right (for IHF2). The red line
describes the best linear fit with a slope of 0.315 and a Pearson’s r score of 0.449.

6.3.3. What are the DNA features that separate IHF winners and losers?

Indirect readout proteins rely less on the individual position of nucleotides, information
that can be wrapped up in a LOGO representation, and more on sequence shape and deformability.
We therefore further examined the IHF selected sequences to investigate if any sequence or
structural patterns emerged and to identify common features that may render DNA to be more

easily deformed. Here we present three approaches by which we characterized the SELEX results.
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First, analysis of DNA sequences (omitting H’ nAt) nearest-neighbor base steps and
tetranucleotide sequence probabilities within the randomized site revealed that AA dimers and A-
tracts were predominant in the “loser” sequences, indicating that these sequence patterns do not
readily form the kinked conformations needed to form the specific complex with IHF. Second,
DNA shapes computed by TFBSshape revealed that the width of the minor grove may be important
to kink site recognition. Third, computation of bending energies from nearest-neighbor elastic
models suggest that winners require less energy to adopt the severely kinked conformation. Taken
together, these analyses suggest that “kinkability” within the IHF complex is the result of a

multitude of physical interactions at play.

6.3.3.1. Dimer and tetramer sequence preferences reveal that IHF rejects an A-tract near

the kink site

Sequence flexibility is currently modeled on a dimer (54, 64) and tetramer (12) sequence
scales. Therefore, we determined the probability that dimer (dinucleotide steps) and tetramer
(tetranucleotide sequences) would appear following SELEX. The probabilities were computed
for a subset of the sequences that were deemed winners if their mean logio(sequence enrichment)
score from two independent IHF studies, IHF1 and IHF2, was within the top 10% (410/4096) of
library sequences (upper right corner in Figure 6.6.A). Similarly, sequences were considered as
losers if their mean logio(sequence enrichment) score was in the bottom 10% of library

sequences (lower left corner in Figure 6.7.A).

Sequence weight for a dimer or tetramer dimer or tetramer sequence was determined as
the number of sequences with that dimer or tetramer sequence times the mean logio(sequence
enrichment) score for that sequence normalized by the sum of the mean scores. To normalize,

sequence weights were divided by the sum of all resultant scores for the sequences considered.

183



The results from this analysis are summarized in the 3D bar (“skyline”) plots for the
winners in Figure 6.6 and for the losers in Figure 6.7. Surprisingly, there is little preference for
any dinucleotide step at the kink site (see j = [4-5] in Figure 6.6). Earlier studies that surveyed
various IHF binding sites identified TT at this site to be highly preferred to such an extent the
authors included as part of the consensus (62). Though TT dimers were some of the most
preferred at the kink site, we do not see enough evidence that we would conclude the same. At ]
=[1-2], GA steps are very preferred; and at j= [5-6], GA and AG steps are the most abundant
followed by AA. For the tetranucleotide sequences, ‘CTTA’ emerged as highly preferred around
the kink site (see j =[3-6] in Figure 6.6), present in roughly 1/31 of the winners. Other
tetranucleotide sequences that appeared with high abundance at the kink site were ‘GGAG’
(1/34), ‘GGGA’(1/40), and ‘CTGA’(1/40). Away from the kink site, GATC stood out as

preferred at the j = [1-4] location.

Analysis of the dimers and tetramers for the losers tell a more compelling story. A-tracts
are rejected within the randomized region, especially for four subsequent As, “As-tracts”. Most
strikingly, IHF clearly rejects AA dimers if positioned at sites j = [1-2] and [2-3], with the
probability of rejection nearly 5-10% greater than any other dimer at those positions., we do not
see similar behavior from its complement dimer, TT. At site j=[5-6], CC dimers are the most
heavily disfavored. Interestingly Tetramer sequence that are most disfavored are the 4-nt A-tract
(AAAA) at j=[1-4] sites (0.0318 for AAAA relative to the next worst tetranucleotide 0.0202 for
AAAT). At the j = [3-6] site, several tetramer sequences were roughly equally disfavored, many
including AA dimers (0.0293 for AATC compared to 0.0264 each for AACC and 0.0244 for

AGTC).
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Our results highlight how dimer behavior is affected by its flanking nucleotides. When
we expand our analysis to tetramers, we uncover that CTTA as the most preferred kink-site
sequence even if TT dimers would not have stood out otherwise. Similarly, our results pull out
A-tract is well-known to possess unique mechanical properties on length scales beyond dimer
steps (40), our results underscore the importance of considering sequence mechanics beyond

nearest-neighbor parametrization.
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Figure 6.6. Sequence preferences of IHF winners. (A) Subset of winners shown in scatter plot
(in blue box). (B) Description of randomized site j. (C) LOGO representation of the subset of
winners. (D,E) 3-D skyline plots” represent the probability of (D) dinucleotide steps and (E)
tetranucleotide sequence that begins at site j. 5° nucleotides (D) or nucleotide steps (E) are shown
on the y-axis, 3’ nucleotides (D) or nucleotide steps (E) are shown on the x-axis. Dimer (or
tetramer) sequences are created by concatenating the nucleotide (or dimer) sequences from 5’ to
3’ (i.e. 5’ dimer AA with 3° dimer CG would read as 5’-AACG-3’).
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Figure 6.7. Sequence preferences of IHF Losers. (A) Subset of losers shown in scatter plot (in
blue box). (B) Description of randomized site j. (C) LOGO representation of the subset of losers.
(D,E) 3-D skyline plots” represent the probability of (D) dinucleotide steps and (E)
tetranucleotide sequence at each site j. 5 nucleotides (D) or nucleotide steps (E) are shown on
the y-axis, 3’ nucleotides (D) or nucleotide steps (E) are shown on the x-axis. Dimer (or
tetramer) sequences are created by concatenating the nucleotide (or dimer) sequences from 5’ to
3’ (i.e. 5’ dimer AA with 3° dimer CG would read as 5’-AACG-3").
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6.3.3.2. “Shape Readout” appears to be key to sequence recognition at the consensus kink

site but not at the randomized Kink site

Next, we evaluated all DNA sequences based on shapes adopted in the absence of a
bound protein to see if we could discern shape patterns that correlated with binding specificity.
All sequenced samples were evaluated independently using TBFSshape. More than a dozen
shape parameters were evaluated, but only a few parameters showed a significant variation. In
Figure 6.8 we show traces of sequence dependent parameters for our library following three
rounds of SELEX with 1 uM [IHF]. For visualization of the different shape parameters for
different sequences in the randomized region (indicated by the range [37-43] in the DNA library
sequence; Figure 6.8.A), enrichment scores were normalized on a scale from zero (lowest score,
represented in white) to one (highest score, represented in dark blue) with lighter shades of blue
spanning the range of enrichment scores in between. The sequence that lies outside the
randomized region is shown in dark blue. Note that the two kink sites are sandwiched between

positions 41-42 and 50-51.

The shape analysis of IHF-preferred DNA sequences at the randomized kink site revealed
some unexpected results, especially when compared with the corresponding shape parameters for
the other (non-randomized) kink site that falls within the consensus region. For example, some of
the shape parameters observed for the consensus kink site were markedly different from
canonical B-DNA parameters, such as a sharp dip in minor groove width (MGW < 3 A; Figure
6.8.B), high negative electrostatic potential (EP ~ —14kgT /e; Figure 6.8.C), a relatively large

negative roll (~ — 8°; Figure 6.8.D), and high positive twist (~ 36°; Figure 6.8.E). Interestingly,
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the roll and twist parameters for the consensus kink site are in good agreement with previous

observations made about these DNA parameters from crystal structures of complexes with the
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Figure 6.8. TBFSshape parameters for IHF1 Sequences. (A) Description of sequence position
number. (B-D) TBFS shape profile of IHF1 SELEX results using data from lane 3 (with 1 uM
[THF]) describing (B) minor groove width, (C) electrostatic potential, (D) roll, and (E) helical
twist for each sequence site. Sequence enrichment (in linear scale) is given on a normalized color
scale from 0 (white) to 1 (dark blue) where the least enriched sequence is set to 0 and the most
enriched is set to 1. Kink sites are indicated by black arrows. (F) Histograms for each amino acid
illustrate the frequency with which they are observed in any minor groove (green), in minor
grooves with a width of >5.0 A° (blue), and in narrow minor grooves of width <5.0 A” (red); plot
reproduced from (10). (G) IHF-H’ crystal structure. All arginine residues in IHF are highlighted
in red. Arginine’s that interact with the DNA are emphasized by showing them in space filling
form. Notable sequence elements are highlighted (consensus — pink; randomized site — yellow;
A-tract — red).
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[HF/HU family that show high roll and twist at the kink sites (65). Surprisingly, however, none
of these shape parameters are mirrored in the shapes at the randomized kink site of the high
affinity binders. Instead, we observed a closer resemblance in the shape parameters of the two
kink sites for the low affinity binders (compare profiles represented by the white lines at the
randomized kink site with the profiles at the other kink site). We have, at present, no good

explanation for this puzzling result.

The shape parameters that perhaps stand out for the randomized kink site are (i) a
preference for a MGW with a two-dip profile (MGW < 5A near sites 38 and 42) and (ii) a
slightly lower than average negative electrostatic potential (EP in the range of —5to — 8 kT /e
within sites 37-43). Surprisingly, no dependencies in the randomized region were observed for
the roll and twist parameters. Our observations suggest that, while IHF appears to recognize pre-
distorted shapes of DNA at the consensus site, for the kink site outside of the consensus region,
ease of DNA deformability and not a preformed shape appears to be the important feature for
recognition and binding, as discussed in the next section. We therefore conclude that the
sequence and shape preferences for the two kink sites have distinct underlying reasons and could
be part of the explanation for why only one of the kink site is part of the consensus region,
allowing for some variability on the other side. Finally, the heterodimeric nature of IHF may be

also be playing a role here.

Width of the minor groove and DNA electrostatics have been suggested as important
recognizable features of DNA for proteins that bind to the minor groove (10), like IHF. These
DNA features are essential to the so-called “shape readout” mechanism (38). A survey of DNA-
binding proteins shows that the primary amino acid that interacts with narrow minor grooves (<5

A) is Arginine(10, 38). Arginine is unique in its specificity to narrow minor groove and is
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significantly more selective for MGW than other positively charged residues like Lysine and
Histidine (10), as illustrated in Figure 6.8.F. Arginine is highly abundant on the DNA-interacting
surface of IHF (see Figure 6.8.G), and is particularly abundant at sites on IHF where it interacts
with regions of the DNA that confer specificity, such as in the B-arms near the intercalating
proline and at sites that interact with the consensus TTG region. While the positive charge of
Arginine was already known to be favorable to interacting with the negatively charged DNA,
Arginine could be playing an additional role in recognition by interacting favorability with DNA

sequences that exhibit the appropriate minor groove profile.

6.3.3.3. Ease of DNA deformability at the randomized kink site correlates with SELEX

enrichment scores.

Finally, we computed the sequence-dependent energy cost for deforming the DNA into
the U-shape resembling the conformation in the IHF-H’ crystal structure. We hypothesized that
SELEX winners would be more deformable and, therefore, would require less energy to bend.
Rigid-body DNA models where base pairs are treated as rigid 3D elements (Figure 6.9.A) were
constructed for all sequences in our library. For each DNA sequence, the energies were
computed from a set of sequence-dependent base-step parameters (Figure 6.9.B), referred to here
as “Olson-98” parameters (2), using a model that uses nearest-neighbor energy functions with
harmonic constraints. The knowledge-based parameters in this model were determined by Dr.
Wilma Olson and co-workers based on a survey of the protein-DNA crystal structures from the
Protein Data Bank that takes into consideration the frequency and extent of distortions away

from B-DNA conformations observed in these structures for each base-pair step.

We used several different approaches to compute the energy required to bend the DNA

into a U-shape. First, we used the so-called “threading” approach, to determine the extent to
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which each base-step is distorted away from B-DNA, were determined by forcing a given DNA
sequence to adopt the base-step configurations found in the IHF-H’ crystal structure, using a
program called 3DNA (49). For the IHF-H’ structural studies, a nick in the DNA (adjacent to
the non-consensus kink site) was required for crystallization (PDB: 11HF) (46). For purposes of
energy computation, we artificially “sealed” the nick, which modified slightly the DNA structure
in the vicinity of that original nick. To verify that this reconstructed structure was reasonable, we
compared the “nick-fixed” IHF-H’ structure to a newer IHF-H’ complex structure that was
resolved for intact DNA using cryo-EM in the context of a lambda excision heterojunction
complex (PDB: 5JON) (66). The DNA conformations from the two structures overlapped quite
nicely (Figure 6.9 C-D), indicating no significant distortions from our in-situ fix. We proceeded
to use the “nick- fixed” structure because the original 1THF crystal structure was characterized
with 2.5 A resolution, significantly higher than the 11.0 A resolution for the SJON cryo-EM

structure.

The results of this analysis for both sets of experiments, IHF1 and IHF2, are shown in
Figure 6.10, with panels (A-B) showing the correlation between the SELEX score for each
experiment and the corresponding computed bending energy for the entire 35-bp IHF binding
site. In panel (C), we show the “threaded” nucleotides in the 1IHF crystal structure to give a
sense of initial base orientation. These results indicate that there is indeed a correlation between
ease of DNA deformability at the kink site (lower bending energy cost) and preference of IHF
for that sequence (higher SELEX score), although the cost of bending energy, in the range of

900 — 1500 kgT, is unusually high, as discussed further below.
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Figure 6.9. DNA model parameters and 11HF/5JON structure comparison. (A) Cartoon
representation of block description of base-pairs. (B) Descriptions of elasticity model
parameters. (C-D) Comparison of IHF-H’ structures after in-situ sealing of the nick in H’ in the
x-ray crystal structure (1THF with sealed nick; protein:cyan, DNA:gray) and from cryoEM on
intact H’ (5JON; protein:blue, DNA:black). Two different orientations are shown to facilitate
comparison of the two structures.

The second set of analysis we did was to allow the DNA conformation for each library
sequence to relax so as to minimize the bending energy, starting from the DNA conformation
imposed by the “nick-fixed” 1IHF crystal structure, but with different spatial constraints
imposed, as discussed below. The constraints imposed were where the first and last base pair
were spatially constrained to be in the same position and orientation as in the 1IHF crystal
structure, such that the DNA remains in a U-bent shape (Figure 6.10.D-E); The energy
minimization was done as described in (55), with the energy contribution from those base pairs
that were constrained omitted from the total energy calculation. Optimized H’ nAt is shown in

Figure 6.10.F, in which it displays a smooth bend throughout the optimized structure. The
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minimized energy for IHF1 exhibited correlation of bending energy with the SELEX score, but

IHF2 showed no correlation.

To summarize the results here, the bending energies when computed for DNA
conformations that matched the “U-bent” structure derived from the crystal structure appear to
be correlated with IHF-binding preferences (Figure 6.10.A-D). However, when DNA
conformations are allowed to relax, without or with constraining the randomized kink site, its
possible this correlation be lost, as indicated by IHF2 (Figure 6.10.D-E). Perhaps the latter result
is not surprising that, when we either remove the ramdomized kink site from the energy
calculation or allow it to relax (and thus not be so severely kinked), the correlation between
bending energy and SELEX score is lost. All the selectivity in our SELEX experiments is based
on the kink site and high affinity binders are the ones for which that site is more readily kinked.

Further studies are needed to elucidate this trend.

We now return to the magnitude of the bending energies computed from the harmonic
approximation model. As noted earlier, the ~800 kT energy required to kink even the most
optimal DNA sequence at two sites to adopt the structure of the IHF-H’ complex is more than
20-fold higher than the energy required for that DNA to adopt a bent shape in which the severe
distortions at the kink site are allowed to spread over the entire DNA segment (~30 — 40 kgT
for all sequences examined). The energy cost of a smooth bent can also be readily estimated for a
wormlike chain description of an elastic rod of length L =~ 35 bp and persistence length L, =

150 bp as

1 L
Epena = 3ksT (TO) E Eq. 6.5.
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For 8 = 180°, Eq. 6.5 yields Epeng = 21 kgT, not too far from the ~30 — 40 kzT estimated
with the nearest-neighbor model with the end base pairs constrained. The 2-fold higher bending
energy when the ends are constrained is likely from a torsional strain introduced in the DNA,

which is not included in Eq. 6.5.

These results showcase a notable limitation of the elastic model representation in that
they significantly overestimate the energy required to sharply kink DNA. Hence, any energy
minimization tends to reduce the likelihood of a kink, despite considerable evidence from
experiments, supported by theory, that kinks are far more probable than predicted by harmonic

approximations (19, 67, 68).

IHF1 IHF2

S 1 A £ 41, B
£ £ h
S 05 £ \ 1

= 2 05 Ay

o S S %>
8 0] s": ) —/.
& -05 g O =~ z
3 S A —=\
8 g 0.5 ~- -
o : 5 = <
P 1.5 > b el
< 50 1000 1500 2000 £ %0 1000 500 2000 PDB: 1IHF

Energy Computed (kT) Energy Computed (kT)

: é 1 F ..
5
S 05 S 05 W/
c —
g 0 8 0 \
o S
8 o —~—
o 05 s
=] o 05 -
o 3 E—
P o —
a + g -
o e &
o ’ o -15 s
- 30 35 40 45 50 o 20 35 40 45 50 PDB: 1IHF
Energy Computed (kT) (nick fixed)

Energy Computed (kT)
Figure 6.10. Elastic energy calculations compared to SELEX performance. (A-B) Comparison of
‘threaded” energies from the IHF-DNA (PDB: 1IHF) structure compared to SELEX performance
in [HF1 (B) and IHF2 (B). (C) DNA structure in block form bases shown in red. (D-E) Comparison
of ‘optimized” energies from the IHF-DNA (PDB: 1IHF with nick fixed) structure compared to
SELEX performance in IHF1 (D) and IHF2 (E). (F) DNA structure of H’ nAt in block form bases
after optimization.
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6.3.4. Shared characteristics of Hbb winners and losers.

Next, we performed SELEX studies using Hbb. We performed only one independent
experiment here (named Hbb1) but with four different [Hbb] concentrations: 250 nM, 500 nM, 1
uM, and 2 uM. Surprisingly, the IHF- and Hbb- preferred sequences appear uncorrelated
(Pearson’s correlation score between IHF studies and Hbb1 were <0.003, Figure 6.11), despite
the very similar structures seen for specifically bound DNA complexed with IHF or Hbb. Given
that our two IHF experiments were themselves weakly correlated, it is likely that sequence
correlation between IHF and Hbb is smeared to the point that we are unable to detect it, at least
at the current level of sensitivity of our SELEX studies. However, many of the features that we
noted in the IHF winners and losers also show up in corresponding analyses with Hbb sequences,

as discussed below.

6.3.4.1. A-tract unfavorable at kink site may be common to IHF/HU family

We evaluated dimer and tetramer sequence probabilities for the Hbb winners and losers,
defined here as the top 10% and bottom 10% of sequences, respectively (each 410/4096
sequences). Evaluation of Hbb1 winners and losers are summarized in Figures 6.12. and 6.13.
respectively. Similar to the results seen for IHF, a broad distribution of sequences are preferred
but AA dimers and A-tracts are highly rejected at the kink site. Thus, the Hbb results add weight
to the argument that A-tracts are generally unfavored at sites where DNA needs to be severely

kinked.
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Figure 6.11. Comparison of IHF and Hbb preferred binding sequence. The scatter plots compare
each sequences performance in Hbbl study to IHF1(A) and IHF2 (B) study, as described by
logarithm of sequences enrichment scores after three rounds of SELEX at 250 uM [IHF]. The
distribution of logio(sequence enrichment) scores for each study are plotted in the histograms
above and to the right. The red line describes the best linear fits. Pearson’s r is 0.025 in (A) and
0.018 in (B). The red dashed line is the correlation observed when IHF1 was compared with IHF2.
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Figure 6.12. Sequence patterns of Hbbl winners. (A) Subset of winners (top 10%) shown in
scatter plot (in blue box). (B) Context and numbering of randomized site j. (C) LOGO
representation of the subset of winners. (D,E) 3-D skyline plots” represent the probability of (D)
dinucleotide steps and (E) tetranucleotide sequence at each site j. 5’ nucleotides (D) or
nucleotide steps (E) are shown on the y-axis, 3’ nucleotides (D) or nucleotide steps (E) are
shown on the x-axis. Dimer (or tetramer) sequences are created by concatenating the nucleotide

(or dimer) sequences from 5’ to 3’ (i.e. 5’ dimer AA with 3’ dimer CG would read as 5’-AACG-
3%).
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Figure 6.13. Sequences patterns of Hbb1 Losers. (A) Subset of losers (bottom 10%) shown in
scatter plot (in blue box). (B) Context and numbering of randomized site j. (C) LOGO
representation of the subset of losers. (D,E) 3-D skyline plots” represent the probability of (D)
dinucleotide steps and (E) tetranucleotide sequence at each site j. 5’ nucleotides (D) or
nucleotide steps (E) are shown on the y-axis, 3’ nucleotides (D) or nucleotide steps (E) are
shown on the x-axis. Dimer (or tetramer) sequences are created by concatenating the nucleotide
(or dimer) sequences from 5’ to 3’ (i.e. 5’ dimer AA with 3’ dimer CG would read as 5’-AACG-
3").

6.3.4.2. Hbb winners show unique “dipped” profile within the minor groove width

Evaluation of sequence shapes by TBFSshape as a function of Hbb SELEX performance
revealed similar preferences for minor groove widths and electrostatic potentials as we saw for

IHF. Notably, we again observe the curious result that the shape preferences at the two kink
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sites are not symmetric and that non-consensus kink-site sequences that are losers appear to
resemble shapes seen at the consensus kink site. The origin of these counter-intuitive results

merit further investigation.

A
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Figure 6.14. TBFSshape parameters for Hbb sequences. (A) Description of sequence position
number. (B-D) TBFS shape profile of Hbb SELEX results using 1 uM [IHF] describing (B)
minor groove width, (C) electrostatic potential, (D) roll, and (E) helical twist for each sequence
site. Sequence enrichment (in linear scale) is given on a normalized color scale from 0 (white) to
1 (blue) where the least enriched sequence is set to 0 and the most enriched is set to 1. Kink sites
are indicated by black arrows.

6.3.4.3. Elasticity calculations show no sequence dependence for Hbb

We compared sequence SELEX performance to energy estimates that are sequence and
conformationally dependent. Again, rigid-body DNA models were constructed for all library

sequences and energies were computed using nearest-neighbor energy functions using Olson-98
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elasticity parameters (2). Imposed 3DNA (49) values were based on Hbb-DNA crystal structure
(PDB: 2NP2 (46)). DNA in the crystal structure is mostly intact but included a T:T mismatch
located at the center of binding site, between the two kinks. Due to its location, the mismatch
does not significantly change the orientation of DNA bases, so energy calculations are unaffected

by this mismatch. For comparison to IHF structures, 2NP2 was resolved with ~3 A resolution.

We compare Hbb winners versus elastic energy calculations. Figures are summarized in
Figure 6.15. Shockingly, no correlation is observed between elasticity and sequence performance
for any of the cases in which electricity was calculated : 1) where DNA structure matched the
Hbb “U-bent” structure exactly prior to any energy minimization, 2) where DNA, starting from
the “U-bent” conformation, could find the minimum energy while still bending 180° (i.e. first
and last base-pair spatially constrained), 3) where DNA found its optimal position while the kink
within the consensus sequence, as well as the first and last base pair were fixed. Its hard to
fathom that DNA bendability plays no role in Hbb binding preference. These results indicate a
need for a new Hbb library, further rounds of SELEX to achieve greater separation between
winners and losers, or the need to reconsider elasticity estimations that go beyond harmonic

approximations.
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Figure 6.15. Elasticity calculations using the Hbb-DNA structure (PDB: 2np2) versus Hbb
SELEX library sequences. (A) “Threaded” energies and (B) “Optimized” are compared to
SELEX performance in Hbb1 described by its logarithm of sequence enrichment.
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6.4. Discussion and conclusion

We performed SELEX studies to capture binding preferences of two members of the
IHF/HU family of DNA-bending proteins, IHF and Hbb, and explored different sequence
characteristics such as dimer and tetramer probabilities, DNA shapes, and bending energies that
likely contribute to favorable binding. The location of the 6-nt randomized site within a 35-bp
binding site was chosen to overlap with one of the kink sites seen in both IHF- and Hbb-DNA
specific complexes, and therefore we anticipated that the binding affinities of the selected
sequences would correlate with DNA ‘kinkability’ at that site. Due to the small size of our

randomized site (6-nt in length), we were able to evaluate all of sequence space in this study.

Since specific substrates of IHF and Hbb share their consensus sequences and both
proteins bend their specific DNA sites into similar U-bent conformations, we expected to see
similar rankings for the sequences selected by the two proteins. Our results, however, showed no
correlation between sequence preferences for IHF and Hbb, which was surprising. This lack of
correlation may, in part, be due to the inherent noise in these SELEX studies, as highlighted by
the imperfect correlation between two identical IHF experiments. It may also be a consequence
of the fact that our DNA library for both proteins was based on an IHF-specific substrate, which
may be introducing unexpected compensating distortions at this kink site when bound to Hbb.
Similar SELEX studies using an Hbb-specific DNA library is needed to further investigate these

findings.

Despite differences in the sequences selected by IHF and Hbb, common features emerged

when we evaluated the propensities for dimer and tetramer sequences at or near the kink sites.
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The most notable result here is that both IHF and Hbb selectively reject A-tracts
(poly(dA).poly(dT) stretches of three or more nucleotides) near the kink site, consistent with
previous observations that nucleosomes that also selectively reject A-tracts. We note here that
while IHF and Hbb appear to reject A-tracts at the kink site, this observation is distinct from their
strong preference for an A-tract in the flanking arm of the DNA, in the non-consensus side of the
asymmetric DNA binding site, as seen in many naturally occurring DNA binding sites of IHF
(69), and discussed extensively in Chapter 3. This preference for the A-tract in the flanking arm,
as suggested from the crystal structure of IHF-H’, is due to the narrow minor groove within A-
tract structures that IHF prefers on that side and which allows for easy clamping of the bent arm
by IHF (46). The rejection of A-tracts at the kink sites is likely due to the resistance of the DNA

to be sharply kinked at that site, as discussed below.

Segal and Widom have reviewed how the A-tract is strongly rejected by the nucleosome,
thus playing a major role in chromatin organization and genome expression (39). Genome-wide
analyses established that A-tracts are, on average, relatively depleted of nucleosomes in
vivo (70, 71). Segal and Widom argue that this depletion is because A-tracts directly reduce
affinity of histone binding sites (39). In vitro binding measurements show a decreased affinity by
nucleosomes to A-tract incorporated binding sites (72), and structural studies on a nucleosome

containing a poly(dA:dT) element showed a locally distorted DNA structure (73).

What distinguishes A-tracts? Numerous studies reveal that A-tracts adopt distinct
conformations that form cooperatively and cannot be purely described as a collection of
individual AA steps as assumed by a nearest-neighbor model, reviewed in (40). This non-
canonical conformation features a high propeller twist and the narrowing of the minor groove in

the 5’ to 3’ direction (74, 75). A-tract structure tends to resist sharp bending (76). Addition of A-
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tracts was shown in a recent study to result in an effective increase in the DNA persistence
length (77). A-tracts have also been shown to induce macroscopic curvature when phased in
tandem with the helical repeat (78), and this effect is enhanced by placement of CA/TG steps at
their 5” junction (79), a feature that is important for DNA looping in transcriptional regulation
and chromatin packaging (40). Recent measurements of curvature of phased A-tracts by gel
electrophoresis and DNA “nunchucks” report bends of ~17° for an Ae-tract (77, 80). NMR
studies on A-tracts of varying length (As-tracts, n = 2, 4 and 6) revealed that while the interior of
A-tracts is highly rigid, the backbone mobility is increased by the flanking regions that is both
dependent on flanking sequence and on A-tract length (81). These observations of enhanced
backbone flexibility could explain why the tetrameric sequence CTTA emerged as a favorable

sequence at the kink site in our SELEX studies.

A primary motivation for our study was to provide a body of data to aid in the
development of improved theoretical models for energy estimation of DNA deformability.
Though not completely understood, our evaluation of DNA shape and bendability showed
evidence for ‘shape readout’ (10, 38) at the randomized kink site in both IHF or Hbb. The other
kink site within the consensus-region, showed strong preformed shapes that deviated from
canonical B-DNA shapes. An evaluation of shape for other known IHF consensus sites may
offer new insights about DNA properties that would be rendered highly deformable. We also
uncovered some correlation between SELEX enrichment scores and ease of DNA deformability
at the kink site, at least for IHF via the “threading” model. These results would indicate that
sequences that exhibited high binding affinity were those for which the cost of forming sharp

kinks was relatively smaller.
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A striking observation from the computed estimates of bending energies was the very
high cost of sharply kinking DNA at two sites, to match the distortions seen in the IHF- or Hbb-
DNA crystal structures, in comparison with uniformly spreading the distortions over the entire
35-bp binding site (Figures 6.10 and 6.15). In the nearest-neighbor harmonic approximation
models widely used to compute DNA deformability, sharp kinks are highly unfavorable
compared to small bends and current energy minimization models tend to reduce the occurrence
of such sharp bends, despite several protein-DNA crystal structures that show sharply kinked
DNA at few sites may be more prevalent than uniformly spread small bends. Experimental
studies designed to determine the energy cost for completely breaking a stack show that these
energy costs are relatively small, < 3.0 kgT for even the most stable base-step stacks and as low
as < 0.5 kgT for the weakest TA stack (64, 82). These observations accent the need to modify
energy approximations and to include anharmonic terms that enable sharp kinks to be modeled

accurately.

AGgr
=
1

30 TR TR N NN TR SR SR SR N | 0
GC GG CG GT GA AG TG AT AA TA

Dinucleotide Step
Figure 6.16. Comparison of nearest-neighbor (nn) stacking free energies (AGsr) and volumes of
conformational space (Vsep) for the ten different dinucleotide steps of duplex DNA. Figure is
reprinted with permission from ref. (). The nn stacking free energy parameters, extracted from
thermal denaturation experiments on oligonucleotide duplexes, are shown as vertical gray bars.
The length of each vertical bar indicates the range of the stacking parameters from seven
independent research groups, obtained under different salt conditions and for varying lengths of
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duplex DNA, and unified by SantalLucia in (82). Stacking free energies are from electrophoretic
mobility measurements (@) on DNA fragments containing a nick in the sugar-phosphate
backbone, between all possible combinations of dinucleotide steps (data from ref. (64)). The
volume of thermally accessible conformational space for each dinucleotide step (@), obtained
from fluctuations and correlations of base step parameters in DNA-protein crystal complexes, is
from ref. (54). The estimates of stacking free energies form the thermal melting and the gel
mobility assays, in general, correlate well with the volume of accessible conformational space at
each dinucleotide step, with perhaps the exception of the GC step.

Our observations also underscore the need to expand DNA deformability models beyond
the nearest-neighbor approximation and the need to for more data which my help serve as a
guide for DNA deformation model development. The A-tract may be one of the most extreme
examples of how sequence elasticity cannot be captured by dinucleotide steps and how flanking
nucleotides play a significant role in the behavior of dimers. MD simulations have been
instrumental in this effort (12, 14). Such computational studies combined with a greater number
of DNA-protein crystal structures from an updated survey of the protein data bank, to fine-tune
the model parameters similar to the approach in ref. (2), would provide new insights into DNA

deformability and sequence-context effects on longer sequence scales.

Experimental data such as the kind reported here are critical to help validate theoretical
and computational models. Our SELEX studies on IHF and Hbb are a step in this direction and
augment insights gained from similar studies with nucleosomes that were the first to take a
comprehensive look at sequence-dependent DNA deformability. Signal-to-noise issues in our
SELEX studies were a limitation and hampered the reproducibility regarding SELEX scores of
the different sequences from two identical IHF experiments, and these issues need to be resolved.
In future studies, more rounds of separation are suggested to spread the sequence enrichment

scores over a wider range, to better separate the winners from the losers. Extending the
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randomized region from the current 6-nt (4,096 sequences) to 8-nt (6.5 x 10* sequence) would
still allow for a full evaluation of sequence space and would likely provide a broader range of
binding affinities within the DNA library. Furthermore, aligning the randomized region such that
it is symmetric about the kink site would allow for sequence context effects to be evaluated on
either side of the kink site. Finally, including HU, a third member of the IHF/HU family protein,
would be beneficial. Unlike IHF and Hbb, HU has no sequence preference and yet binds DNA
in a manner similar to IHF, with sharp kinks introduced 9-bp apart(27, 65, 83). HU has been
shown to bind preferentially to DNA that is modified to make the kink sites more flexible, such
as mismatches or unpaired nucleotides at that site (65). Furthermore, the lack of a consensus
region for HU suggests that both kink sites can be randomized simultaneously, thus providing a
more robust data set for testing DNA “kinkability”. Similarities and differences in binding
preferences for IHF, Hbb, and HU will also help separate the protein-specific interactions from

features that are entirely due to intrinsic DNA deformability.
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APPENDIX A

Independent quantification binding affinity and population distributions for few IHF-

SELEX DNA sequences

This chapter is intended to be an Appendix for the results presented in Chapter 6 of this thesis.

Al. Introduction:

In Chapter 6, sequences in a DNA library were separated by binding affinity to DNA-
bending protein IHF using a process called SELEX (systemic evolution of ligands by exponential
enrichment). The DNA library was designed by randomizing a 6-nt region (indicated in red in the
sequences shown in Table A1) at a location where the DNA is expected to be kinked when bound
to IHF to form the specific complex. The 6-nt randomized region was chosen such that it falls
outside of the consensus regions of the binding sequence (indicated in gray in Table A1). The rest
of the sequence in the library was identical to the sequence shown for H’ nAt, which itself is a
modification of an IHF consensus sequence H’. The only difference between H> and H’ nAt is
that the latter lacks the A-tract of the H’ sequence. Previous studies showed that DNA sequence
scores (enrichment scores) obtained from SELEX were correlated with DNA-protein binding
affinity (1-6). Our SELEX studies were designed to examine if the enrichment scores also
correlated with sequence-dependent DNA bendability. In this appendix, we outline the steps we
took to (i) independently verify that enrichment in SELEX studies corresponded to higher binding
affinity, (ii) investigate if higher affinity binding sequences in the SELEX library were more
kinkable, and (iii) examine how we could further refine our SELEX protocol to improve the signal-

to-noise in these studies.
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A2. Methods

The relevant methods used are briefly summarized here. All details are provided in Chapter 2.

A2.1. Materials

The DNA sequences used in this study are shown in Table Al. All labeled and unlabeled

DNA oligomers were ordered from Keck (with gel purification). For FRET (or acceptor ratio)

studies, the DNA oligomers were labeled at the 5’-ends with fluorescein (F; top strand) and

TAMRA (R; bottom strand).

Duplex DNA was formed by annealing complimentary oligomers of equimolar

concentrations. The annealing buffer used was 20 mM Tris-HCI, pH 8.0, I mM EDTA, with salt

concentrations ranging from 100 to 300 mM KCI. The mixture of oligomers was heated in a water

bath at 90 °C for 10 minutes, then allowed to cool slowly at room temperature.

Table Al: Sequences and SELEX scores used in this study. IHF consensus sequence is
highlighted in gray. Region of DNA that was randomized for SELEX is in red font. Fluorescent
label attachments, Fluorescein (yellow) and TAMRA (pink), are indicated.

Name Sequence SELEX score SELEX Score
(IHF1) (IHF2)
[rank/4096] [rank/4096]

H’ 5’ - TGGCCAAAAAACGATTGCTTATCAATTTGTTGGCACC
CCGGTTTTTTGCTAACGAATAGTTAAACAACCGTGGI = 5" NA NA

H' nAt 5’ - TGGCCATGCAGCGATTGCTTATCAATTTGTTGGCACC N

CCGGTACGTCGCTAACGAATAGTTAAACAACCGTGGI = B”* 568.50[1] 8.58 [4]

GACAGA 5’ - TGGCCATGCAGGACAGACTTATCAATTTGTTGGCACC
CCGGTACGTCCTGTCTGAATAGTTAAACAACCGTGGI = 5* 4.99 [19] 1.70 [255]

CTAACC 5’ - TGGCCATGCAGCTAACCCTTATCAATTTGTTGGCACC
CCGGTACGTCGATTG(SGAATAGTTAAACAACCGTGGI - §F 0.077 [4086] 0.867 [2238]
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A2.2. Steady-state fluorescence (acceptor ratio and anisotropy) measurements

The steady-state fluorescence emission spectra and anisotropies were measured on a
FluoroMax4 spectrofluorometer (Jobin Yvon, Inc., NJ, USA), with samples loaded in a 100-uL

quartz cuvette (Starna 26.100F-Q-10/Z220).

A2.3. Competition assays to determine relative binding affinities between two DNA

sequences.

To estimate the binding affinity and specificity of IHF (P) for different DNA sequences in
solution, competition binding assays were performed. Two DNA sequences — a reference sequence
labeled with fluorescein/TAMRA (D) and an unlabeled competitor (I) — compete to form a
complex with IHF (P). First, [HF-DNA complexes using labeled DNA (PD) were formed at 1uM
[P] and 1uM [D] concentrations. Unlabeled competitor was then added over a concentration range
of 1-200 uM. Measurements of ensemble acceptor ratio (measured as described in Chapter 2) yield

the fraction of protein molecules bound to the labeled reference DNA, as described below.

We define rpp as the acceptor ratio value corresponding to labeled DNA complexed with
a protein and 7y, as the corresponding acceptor ratio value for labeled DNA that is free. In the
absence of a competitor, and at protein and DNA concentrations used in our study, we start with
all protein molecules bound to our reference labeled DNA in a 1:1 complex. As we add increasing
amounts of the competitor unlabeled DNA (I), the protein molecules redistribute between D and
I, and the experimentally measured acceptor ratio value (7,,,) shifts from 7pp t0 75y, as the
fraction of IHF bound to labelled DNA, xpp, decreases and the fraction of IHF bound to unlabelled

DNA, xp,, increases. In this case, 7, is given by the following relation:
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Texp = XppTPp T Xp[Tfree Al

This model assumes an insignificant fraction of free IHF molecules present in solution at
protein concentrations used (a reasonable assumption since all reference sequences used had Kq

estimates < 10 nM, much smaller than the > 1 pM concentrations of P, D, and I).

We define 1509, as the acceptor ratio value halfway between the fully complexed 7pp and

the completely free 77,¢e

(rpp+ Tfree) A2

T =
50% 2

The concentration of the competitor for which we have 7,,, = 7504, 0ccurs when half the protein

molecules are bound to labeled DNA and half to unlabeled DNA, i.e. xpp = xp; or [PD] = [PI].
The binding affinity of IHF for the unlabeled competitor (Kg,1) can be obtained in relation to the

binding affinity of IHF for the labelled reference DNA (Kg,p) as described below:

Kap = [P][D)/[PD] and Ka; = [P][I}/[P1] A3.

Ka1/ Kqp = ([I][PD])/([D][PI]) AA4.

At 1500,, Wwhen [PD]/[PI] = 1, the ratio of binding affinities is equal to the ratio of the concentrations

of the competing substrates, as summarized below:

Ka1/Kqp = [I]/[D] A.S.
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We note here that Egs. 2.3 and 2.4 are approximations of more accurate relations needed
to describe the competition assays and the complete binding/competing profiles, as discussed in
refs. (7-11). However, our approximate approach based on the measurement of the 754, level is

sufficient to obtain the ratio of the Kd,s as described above.

A2.4. Fluorescence lifetime spectroscopy

Fluorescence decay curves were measured with a PicoMaster fluorescence lifetime instrument
(HORIBA-PTI, London, Ontario, Canada) equipped with time-correlated single photon counting
(TSCPC) electronics (52). For all FRET measurements, decay traces were measured for donor-
only duplexes without acceptor, denoted as DNA D, as well as donor—acceptor-labeled duplexes,

denoted as DNA DA.

A2.5. Maximum entropy analysis of the fluorescence decay traces

Fluorescence decay curves were analyzed using a maximum entropy method (MEM) in which the
effective distribution of log-lifetimes f(log t) was inferred from the decay traces using the program

MemExp (available online), and described in detail elsewhere (53-55).

The average FRET efficiencies were computed from the MEM distributions obtained from
fluorescence decay curves measured on donor-acceptor labeled (DNA DA) samples, as described

in Chapter 2.

A3. Results:

A3.1 Binding affinities versus SELEX scores:

SELEX studies were performed to separate DNA sequences in a library by their respective

binding affinities, as discussed in Chapter 6. The results of the first SELEX study performed with
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IHF, which we refer to here as IHF1, are shown in Figure A1.A. These show a spread of sequence
enrichment scores, which quantifies each unique sequence’s population in a DNA library after 3
rounds of selection by IHF at 250 nM [IHF] concentration compared to its population in the
original DNA library. Sequences with stronger binding affinity to IHF are expected to have a
greater enrichment score. Previous SELEX studies demonstrated that binding affinity for a given
sequence scaled proportionally to the sequence enrichement score (2-4, 6). Here, we selected a
few sequences from the results of our IHF1 study, to directly measure their binding affinities and

to examine how well they correlated with their SELEX scores.

Binding affinities were measured for three library sequences, which were selected based
on their performance in the first IHF SELEX study IHF1, with SELEX scores as summarized in
Table A1l. In terms of the 6-nt sequence at the randomized site, the sequences selected were the
most enriched sequence GCATTG (which is also H’ nAT), GACAGA (one of the top-20
winners), and CTAACC (one of the bottom-20 losers). The enrichment scores of these sequences
are indicated in green, blue, and red vertical lines, respectively, in Figure Al. As discussed
extensively in Chapter 6, H’ nAt (GCATTG) showed significant enrichment relative to all other
sequences in the IHF1 SELEX study, which we determined was a result of “leakage” of the H’ nAt
sequence from a reference lane in gel-shift assays that are an integral part of the SELEX protocol.
This leakage gave H’ nAt in IHF1 an erroneously high score in SELEX (see Table Al). We
overcame this issue by changing our reference sequence in the second study IHF2 (Figure A2),
which brought down the SELEX score for H nAt to a more reasonable range. Even with the

correction, IHF displayed high affinity for H’ nAt.

218



APPENDIX A (CONT.)

A IHF1

# of Sequences

IHF2

# of Sequences

15 4 -0.5 0 0.5 1 1.5 2 25 3
log, ,(sequence enrichement)

Figure A1l: Distribution of SELEX scores following 3 rounds of selection at 250 nM [IHF] in
IHF study 1, IHF'I (A) and study 2, I[HF2 (B). Sequence enrichment is defined as

sequence fractional population measured after SELEX . .
1 ! pop ! . SELEX scores are indicated for measured

sequence fractional population measured in DNA library

sequences H’ nAt (green pin), GACAGA (blue pin), and CTAACC (red pin).

Binding affinity measurements for the selected sequences were carried out using
competition assays, as described in Section A2.3 and summarized in Figure A2. First, we measured
the binding affinity of H’ nAt relative to the reference H’ DNA, for which the binding affinity
was previously determined to be ~25 pM in 100 mM KCIl, as described in Chapter 3. All
measurements reported here were carried out under identical buffer conditions as these previous
studies. The reference H> DNA was labelled with fluorescein/TAMRA FRET pair and a sample

was prepared with TuM [DNA] mixed with 1uM [IHF]. The sample was then titrated with
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unlabeled H’ nAt competitor in the concentration range that was 1- to 200-fold that of the
reference (H’) sequence. The concentration of the unlabeled competitor at which half the IHF
molecules were displaced from the labeled reference was measured from the acceptor ratio
measurements on the labeled DNA, which yielded the ratio of the binding affinities between the
two DNA sequences (see Eq. 2.5). The results for H> nAt competing against H* are shown in
Figure A2.A. Two sets of titrations were performed; each titration dataset is plotted either blue or
red to separate the two experiments and the acceptor ratio value at which 50% of the reference
sequence is displaced is plotted as a blue or red horizontal line, respectively. The data show that
it takes ~50-fold excess of [H’ nAT] to displace 50% of the IHF protein from the IHF-H’ complex,
indicating that the Kq of H’ nAt is ~50-fold higher than H’. Thus, we estimate that the binding

affinity of IHF for H* nAtis ~1.3 nM.
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Figure A2: Competition assays to estimate relative binding affinities. (A) IHF-H’ complexes are
formed between for sequences labeled with donor and acceptor (H’ DA) at a luM : 1uM ratio.
Unlabeled competitor H’ nAt was added on a range from 0-200 uM. Two independent titrations
are shown (blue/black and red/black markers). For each titration, a horizontal line (blue or red)
indicates the acceptor ratio at which 50% of the labeled DNA sequence is displaced by
competitor. Similar measurements are shown in (B) where IHF-H’ nAt DA is titrated by
unlabeled competitor GACAGA, and (C) where IHF-GACAGA_ DA is titrated by unlabeled
competitor, CTAACC.
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Next, we started with IHF bound to labeled H’ nAt and titrated the sample with unlabeled
GACAGA, one of the IHF1 SELEX winners (Figure A2.B). While the two titrations differ in the
absolute acceptor ratio values, both titrations indicate that H’ nAt binding affinity is 2-3-fold
stronger than GACAGA. Thus we estimate IHF-GACAGA K4 as being ~2-4 nM. Lastly, we
picked the GACAGA sequence as the reference (labeled) sample bound to IHF and titrated the
sample with unlabeled CTAACC, one of the loser sequences (Figure A2.C). These studies indicate
a 10- to 15-fold higher K4 for CTAACC compared with GACAGA and hence in the range from

~20-60 nM.

In Table A2, we compare the ratios of the binding affinities for the different sequences
obtained from the competition assays with the ratios of their SELEX scores. The results show that
the trends are in the right direction. For example, H nAt (GCATTG) has a ~5-fold higher SELEX
score than GACAGA (from the “leakage” corrected IHF2 experiment) and a ~2-3-fold higher
binding affinity. Similary, GACAGA shows ~2—65-fold higher SELEX score than CTAACC and
a~10- to 15-fold higher binding affinity. However, more quantitative agreement between relative
SELEX scores and binding affinities could not be achieved primarily due to the range of error in
the SELEX scores, highlighted by the imperfect correlation between IHF1 and IHF2 experiments,

as will be discussed further below.
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Table A2: Estimated binding affinities difference from SELEX and Competition assays.
Relative binding affinities were determined from SELEX by Kd-B/ Kd-A = SELEX score A/
SELEX score B. Binding affinity estimates for competition assays are estimated from the
[Competitor]/[Labelled sequence] at which 50% of the labelled sequence is displaced.

Relative binding affinities (¥¢(Se7ence 1)/,(‘,(Se,,,w,,ce 2)) measured by:
Sequence 1 Sequence 2
SELEX (IHF1) SELEX (IHF2) | Competition Assays
;CATTG binds Not Determined, ~5-fold, ~3-fold, stronger than GACAGA
GACAGA binds ~65-fold, ~2-fold, ~10-fold, stronger than CTAACC
sCATTG binds Not Determined, ~10-fold, Not measured, stronger than CTAACC

A3.2 Improving signal-to-noise in SELEX studies:

A comparison of results from IHF1 and IHF2 studies illustrate the level of noise present in
our measurements. Figure A3 compares the SELEX scores obtained from these two sets of
measurements (after 3 rounds at 250 nM). A perfect correlation between two identical experiments
would yield a plot in which all points fall on a single line with a slope equal to one. The correlation
between the two data sets is characterized by a Pearson’s correlation score of r = 0.449 and a
slope of 0.315, which shows that while the two data sets are indeed correlated, there is significant
room for improvement in the signal-to-noise. To examine whether this correlation score could
potentially be improved by increasing the number of rounds, we examined what the correlation
score was after one or two rounds of selection. Indeed, the Pearson’s correlation score increased
from 0.078 to 0.101 to 0.449 as we increased the rounds of selection from 1 to 2 to 3, as shown in
Figure A4. Thus, increasing the number of rounds even further would be a step in the right
direction to achieve higher signal-to-noise and hence an improved estimate of the SELEX scores.
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Figure A3: Reproducibility between independent IHF SELEX studies. The scatter plot compares
each sequences performance in IHF1 study to its performance IHF2 study, described by
logarithm of each sequences enrichment scores after three rounds of SELEX at 250 uM [IHF].
The distribution of logio(Sequence enrichment) scores for each study are plotted in the
histograms above and to the right. The red line describes the best linear fit with a slope of 0.315
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A3.3 DNA bendability versus SELEX scores:

Lastly, we measured the extent of DNA bending for each of the three selected sequences
in complex with IHF using fluorescence-lifetime-based FRET studies and compared their DNA
bendability with their IHF binding affinities. The fluorescence lifetime studies on IHF-H’
complexes are discussed extensively in Chapter 3. Briefly, in those studies, [HF-DNA complexes
revealed two dominant populations when in the 1:1 specifically bound complex, a fully-bent and
partially-bent DNA populations (12). IHF-DNA complexes with sequences that had greater
flexibility at the kink site exhibited a larger fraction of population in the fully-bent conformations,
indicating that fluorescence lifetime studies could help distinguish less flexible from more flexible
sequences at the kink site of DNA. The three sequences studied here, H nAt, GACAGA, and
CTAACG, showed significant enough changes in binding affinity that they could be used as

example sequences to compare extent of bending with corresponding binding affinity.

While these fluorescent lifetime studies did not show a perfect correlation between binding
affinity and ease to populate the fully-bent conformation, they did reveal that the winning sequence
GACAGA had a higher population in the fully bent conformation compared to the loser sequence
CTAACC (~40% versus ~22%; Figure AS). Surprisingly, H’ nAt, with the highest binding
affinity among these three sequences, showed intermediate (~33%) population in the fully bent
conformation. This could be an indication that H’ nAt has strong favorability for reasons other
than strong kinkability. These studies suggest one method to detect DNA bendability, but also

underscore the need to perform this study with more than 3 sequences.
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A4. Discussion:

Here, we present results that show that SELEX studies are indeed able to separate DNA
sequence by high- or low- affinity to IHF and that ease of DNA bending may be an important
factor for high-affinity sequences, as discussed extensively in Chapter 6. From measurements on
a few sequences we showed that a SELEX winner has a higher population in the fully bent DNA
complex than a SELEX loser, suggesting that the winners have higher affinities because they are
more bendable than the losers. Thus, these measurements add support to our primary hypothesis
that SELEX studies involving IHF provide a good way to distinguish DNA sequences with varying

DNA bendabilities.

However, the extent of noise in these SELEX studies impaired our ability to make rigorous
comparisons between SELEX scores, binding affinities, and DNA bendability. On a more
promising note, we show that increasing the number of rounds of SELEX could help mitigate some

of these experimental uncertainties.

Finally, an independent evaluation of intrinsic DNA bendability of sequences preferred by
IHF would be valuable. For example, incorporation of DNA segments into small (<100 bp)
minicircles have been shown to induce kinking (13). It would be informative to examine if such
kinking is more readily induced in sequences with high SELEX scores. Alternatively, capturing
severe bendability due to intrinsic thermal fluctuation in linear DNA may also be possible given
recent advancements in DNA imaging technologies with DNA nunchucks (14) and small angle x-

ray and neutron scattering (SAXS and SANS) (15).
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