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ABSTRACT

MAOXUAN LIN. Toward understanding protein-DNA interactions. (Under the
direction of DR. JUN-TAO GUO)

Knowledge of protein-DNA interactions has important implications in understand-

ing biological activities and developing therapeutic drugs. Two types of protein-DNA

interactions exist: (1) interactions between double-stranded DNA-binding proteins

(DSBs) and double-stranded DNA (dsDNA), and (2) those between single-stranded

DNA-binding proteins (SSBs) and single-stranded DNA (ssDNA). DSB-dsDNA in-

teractions have been extensively studied but are still not completely understood. In

contrast, less attention has been paid to SSB-ssDNA interactions. To expand our

knowledge of DSB-dsDNA interactions, we investigated the roles of individual DNA

strands and protein secondary structure types in specific DSB-dsDNA recognition

based on side chain-base hydrogen bonds. By comparing the contribution of each

DNA strand to the overall binding specificity, we found that highly specific DSBs

show balanced hydrogen bonding with each of the two DNA strands, while multi-

specific DSBs are generally biased towards one strand. In addition, amino acids

involved in side chain-base hydrogen bonds in these two groups of proteins favor

different secondary structure types. To advance our understanding of SSB-ssDNA

interactions, we performed a comparative structural analysis on known SSB-ssDNA

complex structures. Structural features such as DNA binding propensities and sec-

ondary structure types of amino acids involved in SSB-ssDNA interactions, protein-

DNA contact area, residue-base contacts, protein-ssDNA hydrogen bonding and ⇡-⇡

interactions, were analyzed and compared between specific and non-specific ssDNA-

binding proteins. Our results suggest that side chain-base hydrogen bonds play major

roles in protein-ssDNA binding specificity, while protein-ssDNA ⇡-⇡ interactions may

contribute to binding affinity. In addition, bound and unbound conformations of
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the same ssDNA-binding domains were compared to investigate the conformational

changes upon ssDNA binding, and the results indicate that conformational changes

of ssDNA-binding proteins might not be a major contributor in conferring binding

specificity. These studies provide new insights into the mechanisms of specific protein-

DNA interactions and can help therapeutic drug design.
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CHAPTER 1: INTRODUCTION

DNA, the hereditary material of life, exists primarily in a double-stranded form

(known as dsDNA and also referred to as a double helix), which is recognized and

bound by proteins to achieve such biological functions as gene regulation and chromo-

some packaging [2]. As these proteins bind DNA in a double-stranded form, they are

called double-stranded DNA-binding proteins (DSBs). In cellular processes, such as

DNA replication, recombination, and repair, however, the DNA double helix needs to

be unwound, and two complementary DNA strands are exposed in a single-stranded

form as metabolic intermediates [3–5]. Single-stranded DNA (ssDNA) is vulnerable to

chemical and enzymatic attacks and is prone to form secondary structures, including

hairpin via intra-strand pairing. As a consequence, a second group of DNA-binding

proteins, single-stranded DNA-binding proteins (SSBs), has evolved to bind to and

stabilize these intermediates. In addition, SSBs are essential in the maintenance of

genomic stability, especially in telomere end protection [6, 7], and the recruitment of

other proteins to modulate DNA metabolic processes [8].

Knowledge of interactions between DNA-binding proteins and DNA forms the basis

of our understanding of these biological processes and mechanisms of diseases that

are controlled by protein-DNA interactions. Yet, despite efforts over the past several

decades, our knowledge of protein-DNA interactions is not complete, especially for

those between SSBs and their target ssDNA. Therefore, the focus of this dissertation

is to investigate the interactions between DNA-binding proteins and DNA from a

structural perspective, with the goals of expanding our knowledge of relatively well-

studied DSB-dsDNA interactions and advancing our understanding of less-studied

SSB-ssDNA interactions.
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1.1 Important features of protein-DNA interactions

1.1.1 Protein-DNA binding specificity

Of particular interest regarding protein-DNA interactions is the specific recognition

of proteins and their target DNA sequences, also known as protein-DNA binding

specificity. The binding specificity refers to the ability of a protein distinguishing

its functional binding sites from the remaining non-functional potential sites in the

genome [9]. The calculation of binding specificity depends on another important

feature of protein-DNA interactions, the binding affinity. The binding affinity is

defined as the dissociation constant Kd, in which products of concentrations of free

protein and free DNA are divided by the concentration of protein-DNA complex at

equilibrium [9]. To estimate the complete binding specificity, the binding affinity of

at least enough, if not the entire set of, potential binding sites should be known first.

To measure the binding affinity of these binding sites, experimental technology ad-

vances have been made over the last few decades, including several high-throughput

approaches. These technologies can be classified into four groups: (I) Direct affinity

measurements, including the mechanically induced trapping of molecular interactions

(MITOMI) [10] and surface plasmon resonance [11], (II) Microarray-based meth-

ods, such as protein-binding microarrays (PBMs) [12] and the cognate site identifier

(CSI) [13], (III) In vitro selection, including systematic evolution of ligands by expo-

nential enrichment (SELEX) [14], SELEX-serial analysis of gene expression (SELEX-

SAGE) [15], SELEX combined with massively parallel sequencing (SELEX-seq) [16],

and high-throughput SELEX (HT-SELEX) [17, 18], and (IV) Bacterial one-hybrid

selections (B1H) [19,20].

Based on the measurement of binding affinity using these methods, the binding

specificity of DNA-binding proteins can be calculated and represented as position

weight matrices (PWMs) [21,22], as shown in Table 1.1, which can be better visualized

as sequence logos (Figure 1.1) [23]. PWMs and logos show preferences to certain
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nucleotides at different binding sites. For instance, thymine (T) is the exclusive

nucleotide at position 2 of the binding site for MEF2A (Table 1.1). Accordingly, only

T is shown at position 2 in the sequence logo (Figure 1.1 ). These matrices and logos

provide an informative way of visualizing binding site conservation and easiness of

human interpretation of protein-DNA binding specificity.

Table 1.1: Position weight matrix (PWM) of binding sites of MEF2A (Source: JAS-
PAR [1]).

Position 1 2 3 4 5 6 7 8 9 10
A 1 0 57 2 9 6 37 2 56 6
C 50 0 1 1 0 0 0 0 0 0
G 0 0 0 0 0 0 0 0 2 50
T 7 58 0 55 49 52 21 56 0 2

Figure 1.1: Sequence logo of binding sites of MEF2A (Source: JASPAR [1]).

1.1.2 DNA-binding domains

DNA-binding specificity can be investigated at the protein chain or domain level

[24,25]. A protein domain is a conserved, independently evolved and folded structural

and/or functional unit of a given protein, and domains that bind with DNA are called

DNA-binding domains. While the whole chains of many DNA-binding proteins form

single DNA-binding domains, chains of other DNA-binding proteins contain addi-
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tional domains, such as dimerization domains and signal-sensing domains. Therefore,

it would be critical to know if chain-based analysis and domain-based analysis of

DNA binding specificity are consistent. By analyzing 830 binding profiles of human

transcription factors, Jolma et al. found that full-length transcription factors and

DNA-binding domains bind similar sequences, and they suggested that analysis of

DNA-binding domains is sufficient to determine the protein-DNA binding specificity

of transcription factors [24]. This study also indicates that future studies of DNA-

binding specificity can adopt a domain-based approach, which can capture the overall

binding specificity of DNA-binding proteins and avoid the confounding effects from

non-DNA-binding domains.

Domain-based analyses rely on accurate annotation of DNA-binding domains. Two

most widely used databases for classifying protein structures are SCOP [26] and

CATH [27]. Both partition proteins into domains, but these domains are classified into

two different hierarchies in these two databases: SCOP sorts domains in a hierarchy

from class down to fold, superfamily and family while CATH clusters domains in

class, architecture, topology and homologous superfamily. In SCOP, domains in the

same class contain the same content of secondary structures, and domains with the

same arrangement and topological connections of secondary structures are further

assigned into the same fold. Domains in the same superfamily share low sequence

identities but sufficient structural similarities that suggest a common evolutionary

origin, while domains clustered in the same family are more closely related than

superfamilies based on sequence similarity and/or functional evidence. In CATH,

domains in the same class have the same secondary structure contents. The second

level, architecture, clusters domains in the same class with common orientation of

secondary structures but does not take connectivity into account. The topology

level, analogous to the fold level in SCOP, considers both the number and topological

connections of secondary structures. The last level, homologous superfamily, groups
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domains with a high structural similarity and similar functions that suggest a common

ancestor. Differences between SCOP and CATH also include the curation methods:

SCOP is mainly manually curated but starts to apply automated curation methods

to structures released since SCOP 1.75, with manual curation performed to correct

the errors. CATH, on the other hand, contains more automatic steps and thus has a

faster update rate. In addition, CATH in general assigns more but smaller domains

than SCOP.

Figure 1.2: Structural example of helix-turn-helix DNA-binding motif in a protein-
dsDNA complex (PDBID: 6CRO). Helices are colored in cyan, while sheets and coils
are labeled in red and magenta, respectively. The DNA double helix is colored in
green.

Despite these differences, both SCOP and CATH classify domains based on sec-

ondary structure contents and their topological connections. Secondary structures

are defined based on local hydrogen bond patterns between atoms of the backbone.

Different secondary structure types have been assigned by different assignment algo-

rithms, and a widely used algorithm is the dictionary of protein secondary structure

program (DSSP) [28]. DSSP assigns eight states of secondary structures, which can

be classified into three major types—helix, strand, and coil—following the widely
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used convention: H (↵-helix), G (310-helix) and I (⇡-helix) states as helix type, E

(extended strand) and B (residue in isolated �-bridge) states as strand type, and all

the other states from DSSP are considered as coil types [28–31].

A structural example of protein-DNA complex containing a helix-turn-helix DNA-

binding motif, a major motif used by transcription regulators and enzymes of prokary-

otes and eukaryotes, is shown in Figure 1.2. The Cro protein from bacteriophage

lambda contains all three major secondary structure types, and it recognizes the

target dsDNA with the helix-turn-helix motif. Similar to the Cro protein, all DNA-

binding proteins contain DNA-binding domains featured by different combinations of

these secondary structure types, and detailed information of DNA-binding domains

of DSBs and SSBs is described in the following sections.

1.2 DSB-dsDNA interactions

1.2.1 Binding specificity of double-stranded DNA-binding proteins

With the advancement of technologies measuring the binding affinity and the in-

crease of high-resolution structures of DSB-dsDNA complexes in Protein Data Bank

(PDB) [32,33], our knowledge of DNA-binding specificity for DSBs has been greatly

expanded. Specific recognition of DSBs towards their target binding sites relies on

the combination of two readout mechanisms: base readout and shape readout [34,35].

Base readout refers to the direct interaction between protein and DNA bases, mainly

achieved via hydrogen bonds between amino acid side chains and DNA bases and

⇡-interactions between aromatic amino acids and DNA bases [25, 36–42]. Although

no simple rules exist for one-to-one correspondence between amino acids and DNA

bases, some amino acids show preferences to specific bases, such as arginine with

guanine, and both asparagine and glutamine with adenine [42–45]. On the other

hand, shape readout refers to both global and local shape of target DNA sequences in

protein-DNA recognition [46–52]. DNA shape readout is achieved by both intrinsic

and protein-induced DNA deformations in the core binding motifs as well as their
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flanking regions, especially the A- or T-rich stretch in these regions [24, 47,53].

Besides these two readout mechanisms, it was found that epigenetic effects, such as

CpG methylation [54] and homodimer orientation and spacing [24], also affect protein-

DNA binding specificity. Moreover, protein flexibility has been reported to contribute

significantly to specific protein-DNA recognition [55–59]. Based on this knowledge,

various models have been developed for binding site prediction [24, 39, 48, 60–63].

While performances of these models vary, adding shape features improves prediction

accuracy over the sequence-only models.

In addition to these general binding principles, efforts have also been made to

explore the binding mechanisms underlying DSBs with different levels of binding

specificity [25,64]. Luscombe and Thornton assigned 21 DSB families to three classes

based on their binding specificity and compared the conservation of amino acids in

contact with DNA bases [64]. These three classes are: (I) highly specific (HS), where

binding is specific and all members of a family bind to the same DNA sequence; (II)

multi-specific (MS), where binding is also specific but allows members in the same

family to bind different sequences; and (III) non-specific (NS), where the binding of

members in the family is independent of sequence. They found different patterns

among these three classes: (1) DNA-contacting residues in HS families are highly

conserved so that members in these families can bind to the same target sequence; (2)

DNA-contacting residues in MS families are frequently mutated to enable members in

these families to bind different target sequences; and (3) even though DNA-contacting

residues in the NS families are also well conserved, the binding is mainly found in

the minor groove where different base types can not be differentiated from each other

[64]. While this study provides great insights into DNA-binding specificity from the

perspective of the conservation of DNA-contacting residues, little information about

the roles of DNA and interactions between proteins and DNA is offered.

To expand the knowledge of binding specificity of DSBs with different degrees of
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binding specificity, Corona and Guo classified 195 non-redundant DSB binding do-

mains into HS, MS, and NS groups using different definitions and compared structural

features contributing to binding specificity among these three groups [25]. Of these

three groups, the HS group includes most type II restriction endonucleases, recog-

nizing and cleaving foreign DNA at highly specific target sequences [65]; the MS

group is mainly composed of transcription factors, binding to specific DNA sequences

while allowing variations at certain positions [34]; and the NS group, consisting pro-

teins like histones and DNA polymerases, does not discriminate DNA sequences for

binding. Structural features compared include amino acid propensities, simple and

complex hydrogen bonds, major/minor groove and base contacts, and DNA shape.

This study shows a clear trend of structural features among these three classes: DSBs

with higher binding specificity form more hydrogen bonds, have more major groove

and base contacts, and harbor larger DNA shape changes [25]. In addition, specific

DSBs, including HS and MS groups, show larger conformational changes upon DNA

binding and have larger degree of flexibility [25].

While current studies have greatly expanded our knowledge of DSB-dsDNA binding

specificity, these studies consider the dsDNA as a whole binding unit. This strategy,

however, may preclude the complete understanding of specific DSB-dsDNA binding.

This concern is supported by findings that some dsDNA sequences and their cor-

responding single strands can be bound by different DNA-binding proteins [66–69].

These findings indicate that two DNA strands may play different roles in specific

DSB-dsDNA binding. However, little is known about the roles of single DNA strands

of the double helix in specific DSB-dsDNA recognition. Therefore, further investiga-

tion of the DSB-dsDNA binding specificity at DNA strand level is needed, and this

new perspective would provide new insights into DSB-dsDNA binding specificity.
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1.2.2 DNA-binding domains of double-stranded DNA-binding proteins

DSBs show a wide range of DNA-binding domains. Luscombe et al. analyzed

DNA-binding domains of 240 DSBs and assigned these proteins to eight groups: helix-

turn-helix (HTH, including the ‘winged’ HTH), zinc-coordinating, zipper-type, other

↵ helix, �-sheet, �-hairpin/ribbon, other, and enzymes [2]. These eight groups were

further classified into 54 structural families based on pairwise structural alignments

[2].

Of these groups, the HTH domains and zinc-coordinating domains are the two

most common ones. The HTH domain consists of two almost perpendicular ↵ helices

connected by a four-residue long linking turn [70,71]. This motif binds to DNA in the

major groove with its second helix, and typically coexists with one to four additional

↵ helices to form a stabilizing hydrophobic core [70]. A structural example of the

HTH motif is shown in Figure 1.3A. An extension of the HTH domain is the ‘winged’

HTH motif, featured by an extra ↵ helix and an additional � sheet, as shown in

Figure 1.3B. The ‘winged’ HTH motif binds to the target DNA similar to the regular

HTH motif, with the extra secondary structure elements in contact with the DNA

backbone.

In contrast to proteins in the HTH group, structures of zinc-coordinating proteins

are more diverse. Zinc-coordinating binding motif distinguishes itself from other

DNA-binding domains with the coordination of one or two zinc ions by conserved

histidine and cysteine residues [71]. The largest family in this group is the ��↵

zinc-finger family. DNA-binding domain of this family consists of an antiparallel �

sheet formed by two short � strands and followed by an ↵ helix (Figure 1.3C). The ↵

helix and the second � strand contain two pairs of conserved histidine and cysteine

residues, and these conserved residues coordinate a single zinc ion [72]. Similar to the

HTH motif, the zinc-coordinating domain also binds DNA with ↵ helix by inserting

the ↵ helix into the major groove.
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Figure 1.3: Structural examples of common dsDNA-binding domains. (A) The HTH
motif. The protein binds as a dimer (colored in yellow and magenta; PDBID: 1PER).
Two recognition helices bind in the DNA major groove (black arrows). (B) The
‘winged’ HTH motif (PDBID: 4U0Y). (C) The ��↵ zinc-finger motif (PDBID: 4X9J).
Blue balls are zinc ions. (D) The �-sheet binding motif (PDBID: 1YTF).
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While it is common for DNA-binding proteins to bind DNA with ↵ helices, some

proteins bind their target DNA using only � sheets. For instance, a �-sheet protein,

containing only the TATA box-binding protein family, binds DNA with a wide � sheet

(Figure 1.3D). Compared with the �-sheet proteins, the � hairpin/ribbon proteins

bind DNA with smaller two or three-stranded � sheets, either in the major or minor

groove [73,74].

The classification of DSBs into different groups based on their DNA-binding do-

mains provides simple but straightforward standards for comparing DSBs and, more

importantly, for predicting and classifying novel DSBs.

1.3 SSB-ssDNA interactions

1.3.1 Binding specificity of single-stranded DNA-binding proteins

Compared with the relatively well-studied binding specificity of DSBs, knowl-

edge of SSBs lags behind. Current knowledge of SSB-ssDNA binding mainly comes

from several extensively studied SSBs, such as bacteriophage T4 gene 32 protein

(gp32)—the first discovered SSB [75–79], the E. coli SSB [80–86], and replication

factor A (RPA) [3, 87–92]. Several other studies investigated only a small number

of SSBs [6, 93, 94]. These studies show that in general SSBs bind non-specifically to

ssDNA, exist in different oligomeric states, and show different binding modes with

respect to the quantity of ssDNA substrates [85, 93, 95–98]. For instance, both gp32

and E. coli SSB bind ssDNA non-specifically. However, gp32 binds as monomers [76],

while E. coli SSB functions as a homotetramer [99]. In addition, E. coli SSB was found

to bind to ssDNA with multiple binding modes: (SSB)35, (SSB)56, and (SSB)65 [100].

These binding modes are affected by many environmental factors, such as salt con-

centration and type, PH, and temperature [101,102].

While most SSBs bind ssDNA non-specifically, some SSBs can bind conserved ss-

DNA with high sequence specificity. Telomere-end protection (TEP) proteins were

found to bind specific short, repeated GT-rich ssDNA sequences at the end of enkary-
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otic telomeres [103,104], likely due to the critical roles of telomeres in the maintenance

of chromosomal stability [105]. The achievement of the binding specificity of TEP

proteins varies across different organisms. For instance, human POT1 uses both

oligonucleotide/oligosaccharide/oligopeptide-binding (OB) folds [106, 107], a charac-

teristic binding unit of SSBs, in the dual-OB fold DNA-binding domain to achieve

specific binding, while Schizosaccharomyces pombe Pot1 only relies on the first OB

fold [108,109]. OB folds not only contribute to specific binding in SSBs such as TEP

proteins, but also involve in non-specific binding in other SSBs including E. coli SSB.

However, little attention has been paid to the mechanisms underlying the binding

discrepancy between SSBs that bind ssDNA independent of sequences and those that

bind specific ssDNA sequences. Moreover, previous studies focused on individual

SSBs or a small number of SSBs, and to the best of our knowledge, no comprehensive

studies of SSB-ssDNA interactions have been conducted.

The lack of comprehensive studies largely limits our understanding of SSB-ssDNA

interactions and their roles in genetic activities, and hinders the application of cur-

rently derived knowledge into a wider range of SSBs. For instance, an energy-based

coarse-grained model was successfully constructed recently for predicting SSB-ssDNA

complexes. This model, however, was based on only six SSB-ssDNA complexes, re-

stricting its wider applications, which could be solved by incorporating additional

features identified from studies of larger number of SSB-ssDNA interactions [110].

This limitation has been further compounded by the fact that almost all databases

and tools built for analyzing protein-DNA complexes explicitly or implicitly exclude

SSB-ssDNA complexes. DNAproDB, a well-designed interactive tool for structural

analysis of DNA-protein complexes, for example, not only provides users with the

automated structural analysis pipeline and visualizations, but also offers powerful

searching options. Only until very recently DNAproDB starts to support the analysis

of complex structures containing ssDNA [111].
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The only database that explicitly curates SSB-ssDNA complex structures is the

Nucleic Acid Database (NDB) [112, 113]. The goal of NDB is to archive and dis-

tribute three-dimensional structures of nucleic acids and their complexes, manually

annotated from primary structural data in PDB [32,33]. In addition to primary data,

derived information of nucleic acid structure and function, such as geometric data

and classification of structures, and tools and software for analyzing nucleic acids are

also available in NDB. With its focus on nucleic acids, NDB provides great services

to the community for investigating nucleic acids. However, no information about the

interaction between nucleic acids and their binding proteins is provided in NDB, es-

pecially about specific SSB-ssDNA interactions. Therefore, a comprehensive study of

SSB-ssDNA complex structures in NDB, the largest dataset of SSB-ssDNA complex

structures, is needed to gain new insights into SSB-ssDNA interactions.

1.3.2 DNA-binding domains of single-stranded DNA-binding proteins

In contrast to the large number of DNA-binding domains for DSBs, only four

common DNA-binding domains have been identified in SSBs: OB folds, K homology

(KH) domains, RNA recognition motifs (RRMs), and whirly domains [93, 106, 114–

116]. Almost all SSBs contain only one type of these DNA-binding domains and use

multiple of these homologous domains to confer full activity [117,118].

Among these four ssDNA-binding domains, OB folds are the most common ones

and are found in many areas of biology and perform multiple functions [106, 107].

These domains range from 70 to 150 amino acids in length and consist of a five-

stranded antiparallel � barrel capped by an ↵ helix between the third and fourth �

strands. A structural example of the OB-fold is shown in Figure 1.4A. OB fold binds

ssDNA with a surface centered on the second and third strands, and the binding shows

a conserved polarity, where the 5’ end of the ssDNA is closer to the third strand and

the 3’ end is near the second strand (Figure 1.5). In addition, ssDNA generally binds

with the bases toward OB-fold containing proteins while the backbone is exposed to
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Figure 1.4: Structural representations of common ssDNA-binding domains. Sec-
ondary structure types-↵ helices, � strands, and coils, are colored in cyan, red, and
magenta, respectively. The ssDNA is labelled in green color. (A) The OB fold
(PDBID: 4GNX). (B) The KH domain (PDBID: 2P2R). (C) The RRM (PDBID:
2L41). (D) The whirly domain (PDBID: 3N1J).

solvent (Figure 1.5).

Compared with OB folds, KH domains are smaller domains with a length of about

70 amino acids. The topology of these domains is featured by three ↵ helices facing a �

sheet, which is composed of three strands, as shown in Figure 1.4B [114]. KH domains

generally bind to 4-nucleotide (nt) long ssDNA with a core DNA-binding pocket. This

core pocket consists of one � strand and two ↵ helices with a loop in between. In

addition to the core binding sequence, occasionally one or two additional nucleotides

also contact the KH domain [114]. Similar to OB folds, KH domains generally bind

ssDNA with nucleotide bases facing the protein with a conserved polarity.

The third ssDNA-binding domain is RRM. RRMs are abundant, presenting in more

than 1% of annotated human proteins [119]. RRMs are longer than KH domains ( ⇠
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Figure 1.5: OB fold binds ssDNA with polarity. This structure is generated from
human replication protein A (RPA70 subunit) in complex with ssDNA (PDBID:
1JMC). The binding shows a conserved polarity with the 5’ end of ssDNA closer to
strand 3 and the 3’ end closer to strand 2.

90 amino acids). Their structures are similar to the OB folds but with a larger

� sheet surface, which is composed of four � strands and packed against two ↵

helices (Figure 1.4C). The primary nucleic acid-binding surface is formed by two

conserved sequence motifs called ribonucleoprotein domains (RNPs) on the first and

third strands, and residues from other parts of the sheet and the loops can also

participate in the binding [93]. Similar to the previous two domains, ssDNA also

prefers to bind RRMs with bases toward the protein.

Whirly domains, the fourth type of ssDNA-binding domains, are found almost

exclusively in a few proteins in plant mitochondria and chloroplasts [116]. Whirly

domains are larger domains containing about 180 amino acids, and their structures

are characterized by two roughly parallel � sheets (each with four strands) with in-

tervening helices, as shown in Figure 1.4D. Individual whirly domains form tetramers

mediated by helices. These tetramers bind 32 nt ssDNA tightly and can also inter-

act further to form hexamers of tetramers [120, 121]. The ssDNA wraps around the

tetramers with DNA bases pointing toward protein.
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1.4 Summary

As shown in the previous sections, of these two groups of protein-DNA interac-

tions, DSB-dsDNA interactions have been relatively well studied. DSB-dsDNA bind-

ing specificity mainly relies on base and shape readout mechanisms, and epigenetic

effects such as CpG methylation, as well as homodimer orientation and spacing and

protein flexibility also play important roles in the recognition. In addition, significant

differences exist between DSBs with different degrees of binding specificity. Knowl-

edge of DSB-dsDNA interactions, however, is limited by the common strategy applied

in current studies that considers the dsDNA as a whole binding unit. This limitation

precludes our understanding of the roles of single DNA strands of the double helix in

DSB-dsDNA recognition. To expand our knowledge of DSB-dsDNA binding speci-

ficity, a comparative study of three groups of DSB-dsDNA complexes with different

degrees of binding specificity at DNA strand level, was carried out in this dissertation.

These three groups of DSBs were updated based on datasets used in [25], and the

comparison was focused on the roles of individual DNA strands in specific protein-

DNA recognition, based on side chain-base hydrogen bonds. The amount and energy

of side chain-base hydrogen bonds, as well as the number of DNA bases and base

pairs involved in these hydrogen bonds, were compared to explore the mechanisms

underlying binding differences among these groups.

In contrast to DSB-dsDNA interactions, knowledge of SSB-ssDNA interactions lags

behind. While most SSBs bind ssDNA non-specifically, some bind their ssDNA sub-

strates with high sequence specificity, such as those binding and protecting the end

of telomeres. However, little is known about the mechanisms underlying this binding

discrepancy. The lack of this knowledge is mainly due to a shortage of available SSB-

ssDNA complex structures. With the increase of SSB-ssDNA complex structures over

the past several decades, it is time to perform a comprehensive study of SSB-ssDNA

interactions. In this research, we collected all SSB-ssDNA complex structures from
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NDB [112,113] and PDB [32,33]. These complex structures were further classified into

specific and non-specific groups based on their binding specificity. Next, structural

features, such as amino acid propensities, protein-DNA contact area, residue-base

contacts, and protein-DNA hydrogen bonding and ⇡-⇡ interactions, were investi-

gated and compared between these two groups. In addition, bound ssDNA-binding

domains and their corresponding unbound structures were compared to explore the

conformational changes upon ssDNA binding.

Previous studies have demonstrated that DNA-binding proteins bind their target

DNA using various DNA-binding domains. However, despite the fact that these do-

mains have been relatively well characterized based on the combinations of secondary

structure types, little is known about the distributions and roles of secondary struc-

ture types of amino acids involved in protein-DNA recognition. Secondary structure

types have been reported to have different levels of resistance to mutations: ↵ helices

can tolerate more mutations than � sheets [122]. This finding suggests that secondary

structure types may also play different roles in specific protein-DNA recognition and

the conservation of the binding specificity. To our knowledge, no studies regarding

the roles of secondary structure types in protein-DNA recognition have been reported.

To address this shortcoming, we investigated the distributions and roles of secondary

structure types of amino acids involved in protein-DNA interactions (including both

DSB-dsDNA interactions and SSB-ssDNA interactions) among DNA-binding proteins

with different levels of binding specificity. All these studies together provided new in-

sights into protein-DNA binding specificity and may serve as guidance for therapeutic

drug design.



CHAPTER 2: NEW INSIGHTS INTO PROTEIN-DNA BINDING SPECIFICITY

FROM HYDROGEN BOND BASED COMPARATIVE STUDY

2.1 Copyright Claim

This project has been originally published in the Nucleic Acids

Research Journal and Oxford University Press is the Publisher

(https://academic.oup.com/nar/article/47/21/11103/5609529) [123].

2.2 Introduction

Protein-DNA interactions play crucial roles in many cellular processes, such as

transcription, DNA replication, DNA packaging and repair [2]. Of particular interest

is the specific recognition between proteins and DNA. Some DNA binding proteins

are very specific, which include most type II restriction endonucleases, an important

component of the restriction-modification (RM) systems in bacteria. These enzymes

recognize and cleave foreign DNA at very specific target sequences while the target

sites of the host DNA are protected from cleavage due to methylation [65]. For exam-

ple, EcoRI and BamHI, two widely used type II restriction endonucleases in molecular

cloning, specifically recognize and cut the sequences GAATTC and GGATCC respec-

tively. At the other end of DNA binding specificity spectrum, some DNA binding

proteins, such as histone proteins and DNA polymerases, bind DNA non-specifically

as they do not discriminate DNA sequences for binding. Transcription factors, a spe-

cial group of DNA binding proteins, bind to specific and conserved DNA sequences

while allowing variations at certain positions [34]. It has been demonstrated that

aberrant mutations or genetic variations can alter the binding specificity and thus

affect the gene expression, leading to various types of diseases [124, 125]. Therefore,
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deciphering the protein-DNA recognition codes can not only help us better under-

stand the mechanisms of these specific binding events, but also help explain diseases

caused by mutations that affect protein-DNA binding specificity and design thera-

peutic drugs.

Over the last several decades, with the increasing number of high-resolution struc-

tures of protein-DNA complexes in Protein Data Bank (PDB) [32] and the advance-

ment of technologies for exploring DNA binding motifs, such as ChIP-seq, protein-

binding microarrays (PBMs) [12], systematic evolution of ligands by exponential en-

richment combined with massively parallel sequencing (SELEX-seq) [16] and high-

throughput SELEX (HT-SELEX) [18], our knowledge of protein-DNA binding speci-

ficity has been greatly expanded. DNA-binding proteins recognize their specific target

sites with a combination of two readout mechanisms: base readout and shape read-

out [35, 46]. Base readout refers to the direct interaction between protein and DNA

bases in major groove and minor groove, where the discrimination among bases can

be achieved through shape fitting and electrostatic properties, including forming a

number of key hydrogen bonds. While there is no simple one-to-one correspondence

between amino acids and DNA bases, some particular amino acid-base pairings are

enriched, such as arginine with guanine, and asparagine and glutamine with ade-

nine [42–45]. It has been shown that hydrogen bonds between amino acids and bases

also provide complex interactions leading to specific recognition [37]. Bidentate inter-

actions, where two or more hydrogen bonds are formed between a residue and a base

or a base pair, and complex interactions, where amino acids form hydrogen bonds

with more than one base step, have been considered central to specific recognition

of single base positions and short DNA sequences and are enriched in highly specific

protein-DNA interactions [25,36,42]. Recent studies also suggest that ⇡-interactions

between aromatic residues and DNA bases play important roles in specific protein-

DNA recognition [25,38–41].
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Shape readout refers to both global shape and local shape of target DNA sequences

in protein-DNA recognition [46–52]. DNA shape readout relies on both intrinsic

and protein-induced DNA deformations in the core binding motifs as well as their

flanking regions, especially the A- or T-rich stretch in the flanking regions [24,47,53].

Recently, Rohs group investigated DNA shape changes due to CpG methylation and

demonstrated these epigenetic effects on protein-DNA binding [54]. They found that

CpG methylation significantly alters local DNA shape, such as roll and propeller

twist, and the degree of alterations is affected by the local sequence context. Another

study on binding specificity of human transcription factors (TFs) using HT-SELEX

and ChIP-seq revealed that homodimer orientation and spacing play a larger role in

specific protein-DNA binding than previously thought [24]. Based on these knowledge

of protein-DNA binding specificity, various models have been developed for binding

site prediction [24,39,48,60–63]. While the performances of these models vary, adding

shape features improves prediction accuracy over the sequence-only models.

Several recent studies have also investigated the roles of non-Watson-Crick (WC)

base pairs, including Hoogsteen (HG) base pairs and mismatched (MM) base pairs, in

protein-DNA recognition [126–128] (and Preprint at https://www.biorxiv.org/content

/10.1101/705558v1). The tumor suppressor p53 recognizes diverse DNA response el-

ements (REs) consisting of two continuous or interrupted decameric half-sites. Ki-

tayner et al. found that the central A/T doublets of the conserved CATG motifs

exhibited non-canonical HG base-pair geometry [127]. This geometry affects the lo-

cal shape and electrostatic potential of the B-DNA helix and hence the p53-DNA

interface, leading to enhanced protein-DNA interactions. The HG geometry of the

A/T doublets was also observed by Vainer et al. in crystal structure of Lys120-

acetylated P53 DNA-binding domain in complex with consensus RE containing CATG

motifs [128]. Lys120 acetylation increases the flexibility of loop L1, which is known

to increase the DNA-binding specificity of p53, and thus enables the formation of
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sequence-dependent DNA-binding models. To directly compare the effects of HG

and WC base pairs on binding characteristics, Golovenko et al. studied p53-DNA

crystal structures with designed REs having modified base pairs in either WC or

HG form [126]. They found that complexes with REs containing CATG motifs at

the center of their half-sites favor the unique HG-induced shape and these com-

plexes are more stable, resulting in enhanced interactions with p53. A very re-

cent study reported the effect of DNA mismatches on DNA binding. The authors

found while most MM base pairs within TF binding sites decreased or had no ef-

fect on binding affinity, a few MM base pairs increased binding affinity via inducing

distortions similar to those induced by TF binding, pre-paying some of the ener-

getic cost associated with DNA distortions contributing to recognition (Preprint at

https://www.biorxiv.org/content/10.1101/705558v1). All these studies suggest non-

Watson-Crick base pairs play larger roles in protein-DNA recognition than previously

thought.

A comparative analysis of protein-DNA complex structures with different degrees

of binding specificity was carried out recently [25]. This study revealed a clear trend

of structural features among the three DNA-binding protein classes: highly specific

(HS), multi-specific (MS), and non-specific (NS). DNA-binding proteins with higher

binding specificity form more hydrogen bonds (including both simple and complex

hydrogen bonds), have more major groove and base contacts, and the corresponding

DNA shape harbors larger propeller and rise. In addition, it was found that aspartate

is enriched in highly specific DNA binding proteins and predominately binds to a cy-

tosine through a single hydrogen bond or two consecutive cytosines through complex

hydrogen bonds [25]. Protein flexibility is another key factor in specific protein-DNA

recognition [55–59]. Highly specific and multi-specific DNA-binding domains tend to

have larger conformational changes upon DNA binding and larger degree of flexibility

in unbound states [25]. Based on these observations, a machine learning-based SVM
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(Support Vector Machine) model for TF (transcription factor)-DNA complex model

assessment was developed [129]. The SVM model using structural features of specific

protein-DNA interaction significantly improves prediction accuracy of TF-DNA com-

plexes by successfully identifying cases without near-native structural models [129].

Current models for protein-DNA binding specificity primarily focus on interactions

between protein and double-stranded DNA (dsDNA). Studies have shown that the

double-stranded form of some DNA sequences and their corresponding single strands

can serve as binding sites for different DNA-binding proteins [66–69]. For example, the

double-stranded form of a 30-bp asymmetric polypurine-polypyrimidine tract serves

as a binding site for a transcription enhancer factor-1-related protein, while each

single strand binds to two distinct protein factors in regulating the transcriptional

activity of the mouse vascular smooth muscle alpha-actin gene in fibroblasts and

myoblasts [66,69]. Moreover, it has been reported that several sequence-specific DNA-

binding transcription factors bind either the sense or antisense strands of some cis-

regulatory elements with enhanced specificity [67,68]. All these findings indicate that

two DNA strands may play different roles in specific protein-DNA binding/recognition

and the conservation at various binding positions.

We present here an investigation of protein-DNA binding specificity at DNA strand

level with a particular focus on side chain-base hydrogen bonds since it has been

demonstrated that side chain-base hydrogen bonds are critical to protein-DNA bind-

ing specificity [36,42,44,46]. We first performed a comparative analysis at the strand

level among DNA-binding proteins with different degrees of binding specificity, HS,

MS and NS groups, to explore the contribution of each DNA strand to the overall

protein-DNA binding specificity. Our hypothesis is that high binding specificity re-

quires contributions from both DNA strands and thus the bases involved are highly

conserved and more sensitive to mutations. In addition, we compared the secondary

structure types of residues involved in side chain-base hydrogen bonds in different
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types of DNA-binding proteins and found distinct patterns. To our knowledge, this

is the first large-scale comparative study of protein-DNA binding specificity at the

DNA strand level and the role of secondary structure types in specific protein-DNA

recognition.

2.3 Materials and Methods

2.3.1 Datasets

The three groups of dsDNA-binding proteins with different degrees of binding speci-

ficity, HS, MS and NS, were compiled based on our previous study [25]. Briefly, X-ray

crystal structures of protein-dsDNA complexes with resolution 3 Å and R-factor

0.3 were selected from PDB. PDA (for protein-DNA complex structure Analyzer)

was applied to reconstruct the complete DNA double helix structure via symmetry

operations including rotation and translation for complexes with coordinates of only

one strand of a double-stranded DNA [130]. These complex structures were then

annotated as HS, MS or NS DNA-binding domains based on their binding specificity

and function of their DNA-binding domains. Complexes in each group were clustered

using CD-HIT with a sequence identity cutoff of 30% [131]. One representative from

each cluster was selected to generate the non-redundant dataset [25]. Since the orig-

inal dataset contains a relatively small number of HS complexes, we expanded the

HS dataset by adding four new non-redundant HS protein-DNA complex structures

deposited in PDB since our last compilation (Supplementary Table S1). In addition,

three DNA-binding domains were updated by either excluding the dimerization do-

mains from the original annotations or by a new PDB ID. More specifically, domain

2e52D01 was changed from 2e52:D to 2e52:D (3-226) and domain 3lsrA01 was changed

from 3lsr:A to 3lsr:A (4-53) (Supplementary Table S1). 3qws has been superseded

by 6on0 in PDB on 15 May 2019. The final domain-based non-redundant dataset

includes 32 HS, 115 MS and 52 NS protein-dsDNA complexes [25]. For comparison

purposes, in this study we also generated a corresponding chain-based dataset with
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29 HS, 107 MS and 38 NS protein-dsDNA complexes (Supplementary Table S2).

   

BA C

Figure 2.1: Schematic illustration of different types of side chain-base hydrogen bonds
between two DNA strands (green and blue respectively) and a protein. The bases
that form hydrogen bonds with protein side chain are colored red. (A) Hydrogen
bonds between residue side chains and bases from only one DNA strand (green, the
dominant strand); (B) equal number of bases that form hydrogen bonds with residue
side chains from both DNA strands, also referred as a 50/50 case; (C) another 50/50
case with two base pair side chain-base hydrogen bonds.

2.3.2 Hydrogen bonds and hydrogen bond energy

To assess the contribution of each strand of the DNA double helix to binding

specificity, we calculated the number of hydrogen bonds between residue side chains

in DNA-binding proteins and DNA bases using HBPLUS [132] and FIRST (Floppy

Inclusion and Rigid Substructure Topography) [133] with default parameters. To

annotate the hydrogen bonds between protein and DNA with FIRST, we employed

an energy cutoff of -0.6 kcal/mol as suggested by the author of FIRST [133]. Percent

contribution of each of the two DNA strands in a complex is calculated and the DNA

strand with more hydrogen bonds is designated as the dominant strand. For example,

the green strand in Figure 2.1A is the dominant strand. If both strands in complexes

have equal number of bases forming side chain-base hydrogen bonds, either strand
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can be the dominant strand and these complexes are referred as 50/50 cases (Figure

2.1B and C). In some cases, both bases of a base pair are involved in forming side

chain-base hydrogen bonds with the protein, and these hydrogen bonds are referred

as base pair side chain-base hydrogen bonds (Figure 2.1C).

2.3.3 Secondary structure types of DNA interacting residues

An amino acid is defined as a DNA base-contacting residue if it has at least one

heavy atom of its side chain within 4.5 Å of any heavy atom of a DNA base. DSSP

program was employed to assign three general secondary structure types: helix, strand

and coil following the widely used convention: H (↵-helix), G (310-helix) and I (⇡-

helix) states as helix type; E (extended strand) and B (residue in isolated �-bridge)

states as strand type and all the other states from DSSP are considered as coil types

[28–31].

2.3.4 Statistical analysis

Shapiro-Wilk test was performed to test the normality of the data. If the data

is normally distributed, a parametric Student’s t-test was carried out. Otherwise, a

non-parametric Wilcoxon rank-sum test was applied.

2.4 Results

2.4.1 Comparison of hydrogen bonds between each strand of DNA and

DNA-binding domains

It has been demonstrated that hydrogen bonds between amino acid side chains

and DNA bases play major roles in specific protein-DNA interactions [36, 42, 44, 46].

It is not surprising that majority of the complexes in the non-specific (NS) DNA-

binding group (34 out of 52 complexes) do not have any side chain-base hydrogen

bonds and only five complexes have such hydrogen bonds between residues and bases

in the major groove. Therefore, we focus on comparing the side chain-base hydrogen

bonds between two groups of specific DNA-binding proteins with different degrees of
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binding specificity: HS and MS.

Percent contributions of single DNA strands in each complex from HBPLUS are

shown in Figure 2.2A and B, with the dominant strands shown at the bottom in

a descending order. The two DNA strands of the complexes in the HS group tend

to have equal or approximately equal contributions to the overall abundance of side

chain-base hydrogen bonds. About 34% (11 of 32) of the HS cases have equal number

of side chain-base hydrogen bonds from two strands of the DNA double helix and

⇠91% (29 of 32) of the complexes have no more than 75% of the total contribution

from the dominant DNA strand (Figure 2.2A). The MS group, on the other hand,

only has ⇠20% (20 of the total 102 complexes that have at least one side chain-base

hydrogen bond) of the cases with equal contributions from the two DNA strands and

⇠52% (53 of 102) of the complexes have no more than 75% of the total contribution

from the dominant DNA strand (Figure 2.2B). Moreover, about 38% (39 of 102) of

cases in the MS group only have side chain-base hydrogen bonds from one strand and

zero from the other strand while less than 10% (3 of 32) of such cases are found in

the HS group (Figure 2.2A, B).

Statistical analysis shows that the distributions of side chain-base hydrogen bonds

between the HS and MS groups are significantly different for a combination of both

major and minor grooves (Figure 2.2C) or for the major groove only (Figure 2.2D).

The side chain-base hydrogen bonds in the minor groove are quite sparse and there

are no apparent differences between HS and MS groups as they both skew towards

one strand (Figure 2.2E). As a control, we compared distributions in terms of non-

side chain-base hydrogen bonds from each strand, which are considered to contribute

mainly to protein-DNA binding affinity but not much to specificity. Unlike the more

specific side chain-base hydrogen bonds, there are no significant differences between

the HS and MS groups, suggesting approximately equal contribution from each strand

for hydrogen bonds between protein and DNA backbones in both HS and MS groups
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Figure 2.2: Comparison of the number of side chain-base hydrogen bonds of each
strand of DNA annotated by HBPLUS between the HS and MS DNA-binding pro-
teins. (A) Percentage contribution of two DNA strands in HS complexes; (B) percent-
age contribution of two DNA strands in MS complexes. The dominant strands (blue)
are shown at the bottom in a descending order. Boxplots and statistical analyses for:
(C) both major and minor grooves, (D) major groove only, (E) minor groove only and
(F) non-side chain-base hydrogen bonds in both major and minor grooves. P-values
are displayed on top of the boxplots.
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(Figure 2.2F). To make sure that these observations are robust and not biased results

from HBPLUS, we applied a different hydrogen bond identification program, FIRST,

using one suggested energy cutoff of -0.6 kcal/mol to determine the number of hydro-

gen bonds (52). Even though the total number of hydrogen bonds is slightly different

from those annotated with HBPLUS due to different hydrogen bond identification

algorithms, the results are nevertheless consistent with those from HBPLUS, which

is two strands tend to contribute equally to the protein-DNA binding in terms of side

chain-base hydrogen bonds in highly specific protein-DNA binding complexes, but

the contribution skews towards one strand in the MS group (Figure 2.3).

In addition to comparison of number of hydrogen bonds, we also carried out com-

parisons of hydrogen bond raw energy between two DNA strands since a hydrogen

bond is identified as long as the hydrogen bond energy between two potential hy-

drogen bond forming atoms is below a cutoff value. The comparison of hydrogen

bond energy (below cutoff -0.6 kcal/mol) from FIRST is shown in Figure 2.4. Sim-

ilar patterns to the number of hydrogen bonds were found between the HS and MS

groups.

2.4.2 Chain-based versus domain-based analyses

The above analyses were carried out between DNA-binding domains and DNA dou-

ble helices. While some protein-DNA complexes only contain DNA-binding domains,

other complexes consist of full-chain DNA-binding proteins, which may include signal-

sensing or trans-activating domains besides DNA binding domains. These non-DNA-

binding domains sometimes provide extra contacts between protein and DNA and

contribute to protein-DNA binding affinity and/or binding specificity. It is interest-

ing to see if there are any differences between domain-based and chain-based analyses

with respect to the number of side chain-base hydrogen bonds from each DNA strand.

While the numbers of hydrogen bonds and hydrogen bond energy are larger in the

chain-based comparison, which is expected since some protein chains have two or more
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Figure 2.3: Comparison of the number of side chain-base hydrogen bonds annotated
by FIRST (-0.6 kcal/mol cutoff) of each strand of DNA between the HS and MS DNA-
binding proteins. (A) Percentage contribution of two DNA strands in HS complexes;
(B) Percentage contribution of two DNA strands in MS complexes. The dominant
strands (blue) are shown at the bottom in a descending order. Boxplots and statistical
analyses for: (C) both major and minor grooves, (D) major groove only, (E) minor
groove only, and (F) non-side chain-base hydrogen bonds in both major and minor
grooves. P-values are displayed on top of the boxplots.
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Figure 2.4: Comparison of side chain-base hydrogen bond energy with FIRST (-
0.6 kcal/mol cutoff) of each strand of DNA between the HS and MS DNA-binding
proteins for: (A) both major and minor grooves, (B) major groove, (C) minor groove,
and (D) non-side chain-base hydrogen bonds in both major and minor grooves.
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DNA binding domains, similar patterns of differences to the domain-based analyses

are found between the HS and MS groups (Figure 2.5). This is also in agreement with

the findings reported by Jolma et al. that full-length transcription factors and iso-

lated DNA-binding domains bind similar sequences and thus analysis of DNA-binding

domains is sufficient to determine the protein-DNA binding specificity [24].
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Figure 2.5: Comparison of chain-based and domain-based analyses of the number of
side chain-base hydrogen bonds of two strands between the HS and MS groups. Both
major and minor grooves were considered.

2.4.3 DNA bases involved in hydrogen bonding with protein side chains from each

DNA strand

Since some hydrogen bonds between DNA bases and protein side chains are biden-

tate and complex interactions, meaning one base can form two hydrogen bonds with

one or more residues [42], we next compared the number of DNA bases that are in-

volved in hydrogen bonding with amino acid side chains in DNA-binding domains

between two DNA strands. The percentage of bases involved in side chain-base hy-

drogen bonding from the dominant strands is close to 50% in the HS group while it
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is larger in the MS group when base contacts in both major and minor grooves are

considered (Figure 2.6A) or only base contacts in the major groove are considered

(Figure 2.6B). Similar results are observed with FIRST (Figure 2.7A and B). The

P-value in Figure 2.6A that compares the number of bases involved in side chain-base

hydrogen bonding in both major and minor grooves with HBPLUS is slightly higher

(but still <0.05). A closer examination of the data revealed that HBPLUS identifies

more complexes and more bases that form hydrogen bonds with side chains in the

minor groove than those from FIRST, resulting in a larger percentage of complexes

in the MS group with smaller percentage contributions from the dominant strands

(data not shown). No apparent differences were found in the minor groove (Figure

2.6C and Figure 2.7C).
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Figure 2.6: Comparison of the number of DNA bases involved in hydrogen bonding
with side chains from HBPLUS for: (A) both major and minor grooves, (B) major
groove only and (C) minor groove only, between HS and MS DNA-binding proteins.

2.4.4 Side chain-base hydrogen bonding base pairs

Not only does the HS group have much larger percentage of complexes (15/32 ⇡

47%) that have equal number of bases forming side chain-base hydrogen bonds in

the major groove from two DNA strands (50/50 cases) than the MS group (30/102

⇡ 29%) (Figure 2.8A), the majority of these 50/50 cases in the HS group have base

pair side chain-base hydrogen bonds (12/15 = 80%), while only 3 out of 30 (10%)

cases in the MS group have base pairs forming hydrogen bonds with protein side



33

0.0067 0.00059 0.75

Pe
rc

en
ta

ge
 

of
 th

e 
do

m
in

an
t s

tr
an

d

A
100

90

80

70

60

50

Pe
rc

en
ta

ge
 

of
 th

e 
do

m
in

an
t s

tr
an

d

B
100

90

80

70

60

50

Pe
rc

en
ta

ge
 

of
 th

e 
do

m
in

an
t s

tr
an

d

C
100

90

80

70

60

50

HS         MS   HS        MS   HS       MS   

0.750.000590.0067

Figure 2.7: Comparison of the number of DNA bases involved in hydrogen bonding
with side chains from FIRST (-0.6 kcal/mol cutoff) for: (A) both major and minor
grooves, (B) major groove, and (C) minor groove, between HS and MS DNA-binding
proteins.

chains (Figure 2.8B and Figure 2.9). For instance, while both restriction endonu-

clease NgoMIV (PDBID: 4ABT) and transcription factor Escherichia coli sigma(E)4

(PDBID: 2H27) form side chain-base hydrogen bonds with equal number of bases

from two DNA strands in the major groove, the highly specific DNA binding protein

NgoMIV has three continuous base pairs involved in forming hydrogen bonds (Figure

2.10A and Figure 2.9A) but the multi-specific sigma(E)4 forms such hydrogen bonds

with unpaired bases (Figure 2.10B and Figure 2.9B). The 50/50 cases from FIRST

annotations show similar results with 8/13 ⇡ 62% in the HS group and 4/24 ⇡ 17%

in the MS group (Figure 2.11). The total amounts of base pairs involved in hydrogen

bonding with residues are shown in Figure 2.12 (HBPLUS) and Figure 2.13 (FIRST).

The HS group has much larger percentage of complexes that have at least one base

pair, two or more base pairs that are involved in side chain-base hydrogen bonding

than the MS group. GC base pairs are more prevalent than AT base pairs in both

HS and MS groups.

2.4.5 Secondary structure types of DNA interacting residues

DNA-binding proteins recognize their target sites with a number of common bind-

ing motifs, such as helix-turn-helix, ��↵ zinc finger and zipper-type motifs [2]. The

secondary structure types of amino acids involved in specific protein-DNA binding,
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base pairs involved in hydrogen bonding with residue side chains from these 50/50
cases (B) between the HS group and MS group with HBPLUS. (A) The percentage
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number of complexes forming side chain-base hydrogen bonds in that group; (B)
the proportion of these 50/50 cases that have base pairs involved in side chain-base
hydrogen bonding.

1AZ0_BC_BD_B00
AAGATATCTT
TTCTATAGAA

1VRR_AC_AD_A00
TTATAGATCTATAA
AATATCTAGATATT

2VLA_AL_AM_A00
GGTACCCGTGGA
CCATGGGCACCT

1BHM_AC_AD_A00
TATGGATCCATA
ATACCTAGGTAT

4ABT_AE_AH_A00
GCGCCGGCGC
CGCGGCCGCG

6EKO_AE_AF_A00
CGCTCCCGGAGCG
GCGAGGCCCTCGC

1IAW_AC_AD_A02
GCCACGCCGGCGTGGC
CGGTGCGGCCGCACCG

1YFI_BE_BF_B00
CCCCCGGGGG
GGGGGCCCCC

3NDH_AC_AD_A00
GTACGCGATG
CATGCGCTAC

A 1DC1_AC_AW_A01
ATACTCGAGTAT
TATGAGCTCATA

3FC3_BC_BD_B01
CTCGACGTA
GAGCTGCAT

1PVI_AC_AD_A00
GACCAGCTGGTC
CTGGTCGACCAG

2FL3_AC_AD_A00
CCAGCGCTGG
GGTCGCGACC

2E52_DF_DH_D00
GCCAAGCTTGGC
CGGTTCGAACCG

1KC6_BE_BF_B00
CCGGTCGACCGG
GGCCAGCTGGCC

1ZS4_AT_AU_A00
ATTCGTGCAAACAAACGCAACGAGGT
TAAGCACGTTTGTTTGCGTTGCTCCA

1BL0_AB_AC_A01
GGATTTAGCAAAACGTGGCATC
CCTAAATCGTTTTGCACCGTAG

1BL0_AB_AC_A02
GGATTTAGCAAAACGTGGCATC
CCTAAATCGTTTTGCACCGTAG

3H0D_BC_BD_B01
ATTAAGGTCAAATATAGTCAAAATA
TAATTCCAGTTTATATCAGTTTTAT

3W3C_AB_AC_A00
GTGGGATTTCATGATGAAACGAG
CACCCTAAAGTACTACTTTGCTC

2R5Y_BC_BD_B00
CTCTATGATTTATGGGCTG
GAGATACTAAATACCCGAC

3U3W_AY_AZ_A01
CTATGCAATATTTCATAT
GATACGTTATAAAGTATA

1LMB_31_32_300
ATACCACTGGCGGTGATAT
TATGGTGACCGCCACTATA

1MHD_AC_AD_A00
CAGTCTAGACATA
GTCAGATCTGTAT

1ZRE_AW_AX_A02
ATTTCGAAAAATGGGAT
TAAAGCTTTTTACCCTA

2WT7_AC_AD_A00
AATTGCTGACTCATAG
TTAACGACTGAGTATC

6ON0_AC_AN_A00
TTATAGCTAGCTATAA
AATATCGATCGATATT

4H10_AC_AD_A00
GGAACACGTGACCC
CCTTGTGCACTGGG

3ZKC_BC_BD_B00
AAGTTCTCTTTAGAGAACAA
TTCAAGAGAAATCTCTTGTT

6CRO_AR_AU_A00
CTATCACCGCGGGTGATAC
GATAGTGGCGCCCACTATG

4ON0_BE_BF_B00
ATTAGAGAACCCTGATGTTAA
TAATCTCTTGGGACTACAATT

4LDX_AC_AD_B02 
TTGTCTCCCTTTGGGAGACAA
AACAGAGGGAAACCCTCTGTT

2YVH_DE_DF_D00
TAACTGTACCGACC
ATTGACATGGCTGG

B 1KB2_AC_AD_A00
CACGGTTCACGAGGTTCA
GTGCCAAGTGCTCCAAGT

1IC8_AE_AF_A01
CTTGGTTAATAATTCACCAGA
GAACCAATTATTAAGTGGTCT

1IC8_AE_AF_A02
CTTGGTTAATAATTCACCAGA
GAACCAATTATTAAGTGGTCT

3A5T_AC_AD_A00
CTGATGAGTCAGCAC
GACTACTCAGTCGTG

3W6V_AB_AC_A00
GTGAACCCGCCAAC
CACTTGGGCGGTTG

3PVV_BE_BF_B00
CGTTGTCCACAAC
GCAACAGGTGTTG

1GD2_EA_EB_E00
GGTTACGTAACC
CCAATGCATTGG

1CF7_AC_AD_A00
TTTTCGCGCGGTTTT
AAAAGCGCGCCAAAA

2XSD_CA_CB_C01
ATGCATGAGG
TACGTACTCC

2H27_AB_AC_A00
CCGGAACTTCG
GGCCTTGAAGC

2XSD_CA_CB_C02
ATGCATGAGG
TACGTACTCC

3G97_AC_AD_A00
GGAACCCAATGTTCT
CCTTGGGTTACAAGA

Figure 2.9: Base pairs involved in hydrogen bonding with residue side chains (red) in
50/50 cases in the HS group (A) and MS group (B) with HBPLUS. Individual bases
that are involved in hydrogen bonding with residue side chains are shown in blue font.
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A

B

ARG-191
ASP-193

DG-8
DC-5

ARG-176

SER-172

DG-5
DG-4

ARG-171

DA-18DG-19

Figure 2.10: Examples of DNA-binding proteins bound to paired bases and unpaired
bases. (A) Highly specific DNA-binding protein NgoMIV bound to paired bases
(PDBID: 4ABT; protein chain: A; DNA chains: E and H). Only one out of three
continuous base pairs involved hydrogen bonding is highlighted. Base pairs DC-9
(chain E) and DG-4 (chain H), DG-7 (chain E) and DC-6 (chain H) are also involved in
side chain-base hydrogen bonds. (B) Multi-specific DNA-binding protein sigma(E)4
bound to equal number but unpaired bases with two strands (PDBID: 2H27; protein
chain: A; DNA chains: B and C).
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1AZ0_BC_BD_B00
AAGATATCTT
TTCTATAGAA

1BHM_AC_AD_A00
TATGGATCCATA
ATACCTAGGTAT

1DC1_AC_AW_A01
ATACTCGAGTAT
TATGAGCTCATA

2FL3_AC_AD_A00
CCAGCGCTGG
GGTCGCGACC

3DVO_DG_DH_D00
GAGTCCACCGGTGGACTC
CTCAGGTGGCCACCTGAG

4ABT_AE_AH_A00
GCGCCGGCGC
CGCGGCCGCG

1YFI_BE_BF_B00
CCCCCGGGGG
GGGGGCCCCC

2VLA_AL_AM_A00
GGTACCCGTGGA
CCATGGGCACCT

1PVI_AC_AD_A00
GACCAGCTGGTC
CTGGTCGACCAG

1KC6_BE_BF_B00
CCGGTCGACCGG
GGCCAGCTGGCC

2E52_DF_DH_D00
GCCAAGCTTGGC
CGGTTCGAACCG

3NDH_AC_AD_A00
GTACGCGATG
CATGCGCTAC

1ERI_AB_AC_A00
CGCGAATTCGCG
GCGCTTAAGCGC

3COA_CA_CB_C00
TGGTTTGTTTTGCTTG
ACCAAACAAAACGAAC

4IX7_AC_AD_A00
TTCCAATTGGAA
AAGGTTAACCTT

3U3W_AY_AZ_A01
CTATGCAATATTTCATAT
GATACGTTATAAAGTATA

1ZS4_AT_AU_A00
ATTCGTGCAAACAAACGCAACGAGGT
TAAGCACGTTTGTTTGCGTTGCTCCA

1CF7_AC_AD_A00
TTTTCGCGCGGTTTT
AAAAGCGCGCCAAAA

1IC8_AE_AF_A02
CTTGGTTAATAATTCACCAGA
GAACCAATTATTAAGTGGTCT

1LMB_31_32_300
ATACCACTGGCGGTGATAT
TATGGTGACCGCCACTATA

1NKP_DH_DJ_D00
GAGTAGCACGTGCTACTC
CTCATCGTGCACGATGAG

2WT7_AC_AD_A00
AATTGCTGACTCATAG
TTAACGACTGAGTATC

3W6V_AB_AC_A00
GTGAACCCGCCAAC
CACTTGGGCGGTTG

3G97_AC_AD_A00
GGAACCCAATGTTCT
CCTTGGGTTACAAGA

3PVV_BE_BF_B00
CGTTGTCCACAAC
GCAACAGGTGTTG

6ON0_AC_AN_A00
TTATAGCTAGCTATAA
AATATCGATCGATATT

3S8Q_AC_AD_A00
TGTGACTTATAGTCCGTG
ACACTGAATATCAGGCAC

3ZKC_BC_BD_B00
AAGTTCTCTTTAGAGAACAA
TTCAAGAGAAATCTCTTGTT

6CRO_AR_AU_A00
CTATCACCGCGGGTGATAC
GATAGTGGCGCCCACTATG

2XSD_CA_CB_C01
ATGCATGAGG
TACGTACTCC

2XSD_CA_CB_C02
ATGCATGAGG
TACGTACTCC

3W3C_AB_AC_A00
GTGGGATTTCATGATGAAACGAG
CACCCTAAAGTACTACTTTGCTC

4HF1_AC_AD_A00
ATAAATCCACACAGTTTGTATTGTTTTGT
TATTTAGGTGTGTCAAACATAACAAAACA

1RIO_HT_HU_H00
CCATGTCAAGCACTGGCGGTGATACCG
GGTACAGTTCGTGACCGCCACTATGGC

4MTE_BY_BZ_B01
GAAGTGTGATATTATAACATTTCATGACTA
CTTCACACTATAATATTGTAAAGTACTGAT

2H7H_AX_AY_A00
CGTCGATGACTCATCGACG
GCAGCTACTGAGTAGCTGC

2P5L_CA_CB_C00
CATGAATAAAAATTCAAG
GTACTTATTTTTAAGTTC

A

B

Figure 2.11: Base pairs involved in hydrogen bonding with residue side chains (red)
in 50/50 cases in the HS group (A) and MS group (B) identified by FIRST (-0.6
kcal/mol cutoff). Individual bases that are involved in hydrogen bonding with residue
side chains are shown in blue font.
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Figure 2.12: Comparison of base pairs that are involved in side chain-base hydrogen-
bonding between HS and MS groups with HBPLUS in (A) both major and minor
grooves and (B) major groove only.
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Figure 2.13: Comparison of side chain-base hydrogen-bonding base pairs with FIRST
(-0.6 kcal/mol cutoff) between HS and MS groups in (A) both major and minor
grooves and (B) major groove.

however, have not been investigated extensively. We first compared the propensities

of the secondary structure types of amino acids in DNA-binding domains that are

in contact with DNA bases, calculated against the relative frequencies of secondary

structure types of residues in respective group of DNA-binding domains. The DNA

base-contacting residues in the HS group are enriched in coil conformations while

helical secondary structure types are preferred in the MS group (Figure 2.14A). For

residues that form hydrogen bonds between their side chains and DNA bases, we

used two different background distributions to calculate the propensities: one is the

secondary structure type distribution of all base-contacting residues (Figure 2.14B

and C) and the other is the secondary structure type distribution of all residues that

form hydrogen bonds with DNA including bases and backbone atoms (Figure 2.14D

and E).

When residues involved in side chain-base hydrogen bonds in the major and minor

grooves are combined, DNA-binding proteins in both the HS and MS groups prefer

strand types and there are no major differences between the HS and MS groups no

matter which background distribution is used (Figure 2.14B and D). However, when
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Figure 2.14: Propensities of secondary structure types in the HS and MS groups.
(A) Propensities of secondary structure types of DNA base-contacting residues, the
background relative frequencies of secondary structure types are calculated using all
residues in the DNA-binding domains in each group. Propensities of secondary struc-
ture types of residues involved in side chain-base hydrogen bonds with HBPLUS for
both major and minor grooves (B, D) and for major groove only (C, E). Propensities
are calculated using either the relative frequencies of secondary structure types of
base-contacting residues (B, C) or all DNA hydrogen-bonding residues (D, E).
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only such contacts in the major groove are considered, there is a distinct pattern. The

strand type is highly enriched in the HS group, while proteins in the MS group favor

both strand and helical types but are depleted in coil conformations when compared

to DNA-binding domains in the HS group (Figure 2.14C and E). For example, residues

involved in side chain-base hydrogen bonds in restriction endonuclease BstYI, a highly

specific DNA-binding protein, reside in strand and coil secondary structure types

(Figure 2.15A) while in hepatocyte nuclear factor 1-alpha (HNF-1alpha) residues

in helical conformation are involved in hydrogen bonding with bases (Figure 2.15B).

The above results suggest a role of flexibility in conferring different degrees of binding

specificity (See detailed discussions in the next section). This observation is consistent

between HBPLUS and FIRST results (Figure 2.16). Further investigation revealed

that residues in the MS group that are involved in side chain-base hydrogen bonds

have ⇠70% coils in the minor groove, which may explain the differences of propensities

between the major+minor grooves (Figure 2.14B and D) and major groove alone

(Figure 2.14C and E).

2.5 Discussion

Understanding the mechanisms of protein-DNA binding specificity is of paramount

importance in deciphering gene regulation networks and designing therapeutic drugs.

It has been demonstrated that hydrogen bonds between amino acid side chains and

DNA bases play major roles in specific protein-DNA recognition [36, 42, 44, 46]. As

such, to further understand structural features in protein-DNA binding specificity,

we performed a comparative analysis based on side chain-base hydrogen bonds. We

first investigated protein-DNA binding specificity at DNA strand level, which has not

been explored before. The amounts of side chain-base hydrogen bonds between each

DNA strand and DNA-binding domains of two groups of DNA-binding proteins, HS

and MS, were compared [25]. Since there are a number of different algorithms for

calculating hydrogen bond energy and typically a default energy cutoff is applied for
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Figure 2.15: Secondary structure preferences of highly specific DNA-binding protein
and multi-specific DNA-binding protein. (A) Highly specific DNA-binding protein
representative (PDBID: 1VRR; protein chain: A; DNA chains: C and D). Strand
and coil secondary structure types (magenta) are involved in side chain-base hydrogen
bonds (blue dash line). Two DNA bases involved in hydrogen bonds with protein side
chains, A5 and T10, are paired bases; hydrogen bonds between this pair are shown in
red dash line. (B) Multi-specific DNA-binding protein representative (PDBID: 1IC8;
protein chain: A; DNA chains: E and F). Residues involved in hydrogen bonding are
in helical conformation (magenta).
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Figure 2.16: Propensities of secondary structure types of residues involved in side
chain-base hydrogen bonds with FIRST (-0.6 kcal/mol cutoff). (A, C) both major
and minor grooves and (B, D) major groove only. Propensities are calculated over
the relative frequencies of secondary structure types of base-contacting residues (A,
B) and all DNA hydrogen-bonding residues (C, D).
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determining the existence of hydrogen bonds, we applied two widely used hydrogen

bond annotation programs HBPLUS and FIRST to ensure our results are robust and

the conclusions are independent of hydrogen bond identification programs. Results

show that DNA-binding domains with high binding specificity have approximately

equal contributions of side chain-base hydrogen bonds from two DNA strands, while

a larger percentage of protein-DNA complexes form side chain-base hydrogen bonds

with only one DNA strand in the MS group (Figure 2.2, Figure 2.3). Not only are

these findings in agreement between HBPLUS and FIRST, they are also consistent

between domain-based and chain-based analyses (Figure 2.5).

We also found that highly specific protein-DNA complexes have more base pairs

involved in hydrogen bonding with protein side chains than those with lower bind-

ing specificity in the MS group (Figure 2.12 and Figure 2.13). These observations,

approximately equal distributions from two DNA strands and larger number of base

pairs involved in side chain-base hydrogen bonding in the high binding specificity

group, help explain why the bases in the high binding specificity group are highly

conserved and are very sensitive to mutations. DNA-binding proteins in the HS group

are mainly Type II restriction endonucleases. These endonucleases recognize short

palindromic sequences of 4-8 bps specifically as homodimers and cleave DNA double

helices [134]. This process relies on the concerted recognition of two DNA strands and

the communication of this recognition information between two subunits, suggesting

this recognition process coordinates efforts from specific interactions between protein

and both DNA strands. Transcription factors in the MS group, on the other hand,

regulate gene expression by binding to target sequences, called transcription factor

binding sites (TFBS) [135]. While the binding between transcription factors and their

corresponding binding sites is specific and certain positions are highly conserved, tran-

scription factors generally allow variability at some other base positions. In addition,

it has been shown that some transcription factors can bind to two different binding
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motifs, called primary and secondary binding motifs [136]. If one strand is the pri-

mary one for a DNA-binding protein, a base mutation would have less effect than the

case that both bases of a base pair get involved in specific interaction. Hydrogen-

bonding donor and acceptor patterns in the major groove are unique to specific base

pairs, therefore it is impossible to maintain the original hydrogen-bonding patterns if

a base of a base pair is mutated when this particular base pair is involved in specific

hydrogen bonding, making it more sensitive to mutations and thus more conserved.

Majority of the base pairs involved in hydrogen bonding in both HS and MS groups

are GC pairs (Figure 2.12 and Figure 2.13). Nadassy et al. analyzed 65 X-ray

structures of protein-dsDNA complexes and observed that GC pairs make three times

as many hydrogen bonds as AT pairs in the major groove [137]. However, in their

study, the occurrence of base pairs was counted in a different way. As long as one base

of a pair is involved, it is considered a pair participation. Nikolajewa et al. found a

significant GC contact in type II restriction enzyme binding sites [138]. These results

suggest that GC pairs play critical roles in specific protein-DNA binding. These

observations are not surprising since guanine has a strong electronegative character

in the major groove and is compatible to the guanidinium group of arginine. In

addition, guanine contributes an extra hydrogen bond donor of N2 in the minor

groove. Studies have shown that the addition, removal, substitution and relocation

of the exocyclic 2-amino group of guanine in the minor groove affect DNA cleavage by

DNA-binding proteins, DNA binding with small molecules and antibiotics [139–142].

For instance, by examining base substitutions that affect the presence and location of

the 2-amino group of guanine in tyrT(A93) DNA, Bailly et al. found these alterations

affect both the flexibility of tyrT(A93) DNA and its affinity for its binding protein,

the Escherichia coli Factor for Inversion Stimulation (FIS) [142].

Statistical analyses show significant differences in the major groove but not in the

minor groove between HS and MS groups. This is consistent with the base read-
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out mechanism. In the major groove, every base pair has a unique hydrogen bond

acceptor and donor pattern that can be distinguished from other base pairs. In the

minor groove, however, the degeneracy of the pattern of hydrogen bond acceptors and

donors cannot distinguish A/T from T/A or C/G from G/C. For non-specific DNA-

binding proteins, we found more complexes have side chain-base hydrogen bonds in

the minor groove than the major groove (data not shown). Although in general hy-

drogen bonds between proteins and bases in the minor groove play a less role than

those in the major groove, in some cases, the minor groove hydrogen bonds are criti-

cal especially when the shape readout is considered. Rohs et al. demonstrated that

arginine prefers to bind narrow minor grooves in AT-rich regions and the role of

DNA shape in the protein-DNA recognition, which represents a novel DNA recog-

nition mechanism in many DNA binding protein families [50]. These minor-groove

interactions may stabilize the deformed DNA structure and identify incorrectly in-

corporated non-Watson-Crick base pairs [64]. It has also been reported that amino

acid side chain-base hydrogen bonds in the minor groove are important in insertion

and extension of base pairs in DNA replication [143–146].

DNA base-contacting residues in highly specific DNA-binding proteins are enriched

in coils while multi-specific DNA-binding proteins prefer helices (Figure 2.14A). For

residues forming hydrogen bonds with bases in the major groove, the propensity

of coil conformations for HS proteins is about two times more than that for the MS

proteins (Figure 2.14C and E, Figure 2.16B and D). These results suggest that protein

flexibility play important roles in protein-DNA recognition, as reported in previous

studies [25,55–59]. For instance, our previous study found that specific DNA-binding

domains tend to have larger conformational changes upon DNA-binding and larger

degree of flexibility in unbound states [25]. It has been hypothesized that protein

flexibility can help speed up DNA recognition [147,148]. The higher flexibility of coils

than helices should play important roles in locating DNA-binding proteins to their
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specific target sites. More importantly, flexibility can enhance the binding specificity

via forming larger number of hydrogen bonds with DNA bases due to coil’s fine-tuning

capability. A recent comparative molecular dynamics simulations on wild-type and

F10V mutant P22 Arc repressor in both free and complex conformations demonstrated

the role of protein flexibility in protein-DNA binding specificity [58]. The DNA-

binding motif of wild-type Arc repressor is more flexible and this flexibility leads to

more hydrogen bonds formed with DNA bases upon binding, which results in higher

DNA-binding specificity [58]. We also found that while residues involved in hydrogen

bonding with DNA major grooves generally prefer strand secondary structure types

(HS group shows slightly higher preference), MS group also favors helices (Figure

2.14C and E). Mutation tolerance study of different secondary structure elements of

proteins shows that alpha helices are more robust to mutations than beta strands

[122]. The preference of strands of highly specific DNA-binding proteins makes them

more sensitive to mutations from the perspective of protein conformations. These

secondary structure type preferences and the fact that DNA bases are more conserved

in highly specific DNA-binding proteins, indicate that the conservation of highly

specific DNA-binding proteins requires both conserved protein secondary structures

and DNA bases.

While our analyses are based on complexes with targeted DNA bases forming

canonical Watson-Crick base pairing geometry, the method can be generalized for

studying structures with non-Watson-Crick base pairs, including HG and MM base

pairs when large datasets of such cases become available. In addition to DNA shape,

the effect of DNA mismatches on protein-DNA binding specificity can be investigated

in terms of hydrogen bonds (https://www.biorxiv.org/content/10.1101/705558v1). It

would be interesting to see how the mutated bases of those mismatched base pairs from

different strands affect the protein-DNA binding affinity and/or specificity by altering

the hydrogen bonding patterns or other types of interactions. Anti-syn transitions of
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DNA base conformation have been widely observed when base pairing changes from

WC geometry to HG and MM base pairing [149–152]. Future studies can reveal if the

transitions are biased toward one strand or randomly distributed between two strands.

Our results also offer possible clue to the increased mutation rates around transcrip-

tion factor binding sites (TFBS) [153,154]. The increased levels of mutations around

TFBS have been attributed to the barrier created by DNA-binding proteins to the

displacements of DNA synthesized by error-prone polymerase-↵ [153], and a decrease

of nucleotide excision repair (NER) activity caused by interference of DNA-binding

proteins with the NER machinery [154].

Our study, for the first time to our knowledge, reports that high protein-DNA bind-

ing specificity may require approximately equal contributions from two DNA strands.

Investigation of secondary structure types of DNA interacting residues suggests that

both secondary structure types and protein flexibility play important roles in specific

protein-DNA recognition. Our results not only provide new insights into protein-

DNA binding specificity, but also have great potential in further exploration of novel

mechanisms of protein-DNA interactions in complexes containing non-Watson-Crick

base pairs.



CHAPTER 3: A COMPARATIVE STUDY OF PROTEIN-SSDNA

INTERACTIONS

3.1 Introduction

In many essential cellular processes such as DNA replication, recombination, and

repair, the DNA double helix is unwound and two complementary DNA strands are

exposed in a single-stranded form [3,4]. Single-stranded DNA (ssDNA) is vulnerable

to chemical and enzymatic attacks and is prone to form secondary structures that

interfere with biological activities such as DNA replication. As a consequence, a

specific group of proteins, single-stranded DNA-binding proteins (SSBs), has evolved

to bind to and stabilize ssDNA. SSBs are essential in the maintenance of genomic

stability, playing critical roles in telomere end protection [6, 7], DNA damage repair,

control of the cell cycle checkpoint [155], and the recruitment of partner proteins to

regulate DNA metabolism [8]. It has been demonstrated that aberrant ssDNA binding

leads to genome instability and tumorigenesis [156,157]. Therefore, knowledge of SSB-

ssDNA interactions can help understand the mechanisms underlying normal cellular

processes and human malignancies. More importantly, it can provide guidance for

drug design in targeted cancer therapy.

Current knowledge of SSB-ssDNA interaction, however, lags far behind of other

types of protein-nucleic acid interactions. Our understanding of SSB-ssDNA binding

mainly comes from several extensively studied individual SSBs, such as bacterio-

phage T4 gene 32 protein (gp32) [75, 78], E. coli SSB [80], and replication factor A

(RPA) [87, 88]. gp32 is the first SSB that has been identified [75], and it exists as

monomers in solution without DNA substrates [158]. The central region of the gp32

monomer is the ssDNA-binding domain containing an oligonucleotide-oligosaccharide
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binding fold (OB fold) [106], while the N-terminal domain participates in the co-

operative binding of gp32 monomers and the C-terminal domain mediates protein-

protein interactions [76, 159, 160]. Compared with gp32, E. coli SSB functions as

a homotetramer with each subunit containing a single OB-fold [99]. The ssDNA

binding domain of E. coli SSB is in the N-terminal, and the C-terminal, featured by

a nine conserved amino acid tip, mediates protein-protein interactions, with a non-

conserved intrinsically disordered linker in between [99]. gp32 and E. coli SSB are

the two most widely studied and well-characterized members of the SSB family and

serve as the prototypes for many SSB studies to understand their functions in bacte-

ria and higher organisms [8,78]. Generally thought as a eukaryotic homolog of E. coli

SSB, RPA is a heterotrimeric SSB. RPA is composed of three subunits with different

molecular weights of 70, 32, and 14 kDa, named RPA70, RPA32, and RPA14 with

four, one, and one OB-folds, respectively [3,161,162]. One OB-fold from each subunit

interacts with each other to form a stable trimerization core [90,163]. In addition to

studies of individual SSBs, researchers also investigated small groups of SSBs. Shi

et al. compared the biological functions of a novel SSB derived from Thermococcus

kodakarensis KOD1 with three known SSB proteins from Thermus thermophilus, E.

coli, and Sulfolobus Solfataricus P2 [94]. They found all these four SSBs bound to

ssDNA and viral RNA and affected viral RNA metabolism, but these SSBs showed

different levels of resistance to heat treatment. This study provided new guidance

for future exploration of novel functions of SSBs. Ashton et al. reviewed SSBs in

the human genome, including RPA, hSSB1, and hSSB2, and discussed their roles in

cellular processes for maintaining genomic stability, such as DNA replication, DNA

damage repair and cell cycle-checkpoint activation [164].

Of particular interest in SSB-ssDNA interaction is specific ssDNA recognition, or

the binding specificity between SSBs and ssDNA. While many SSBs bind ssDNA with

high affinity but independent of sequences, some SSBs bind ssDNA with high sequence
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specificity, such as Telomere-end protection (TEP) proteins [5, 93]. The mechanisms

underlying this binding discrepancy, however, have not been clearly elucidated. Cur-

rent studies, based on individual SSBs or a small group of SSBs, consider that the

binding specificity of SSBs is contributed by the electrostatic, hydrogen-bonding and

stacking interactions between SSBs and ssDNA, as well as the flexibility of SSB and/or

ssDNA [5, 93]. However, the roles of each of these factors in ssDNA binding speci-

ficity seem to be different among these small-scale studies. Shamoo suggested that

hydrogen-bonding interactions and small pockets at the protein surface that fit only

certain nucleotide bases contribute sequence specificity to TEBP’ interaction with

ssDNA supplemented by the generalized stacking and electrostatic interactions [5].

However, Dickey et al. found that despite the apparent base-specific hydrogen bonds,

Pot1pC, one of the two OB-folds in S. pombe Pot1 was able to bind various ssDNA

sequences with little to no specificity [165]. By comparing structures of Pot1pC in

complex with different non-cognate ssDNA ligands, they suggested that the bind-

ing promiscuity of Pot1pC is achieved by new binding modes featured by alternate

stacking interactions and new hydrogen-bonding networks [165]. In addition to base-

mediated hydrogen bonding, the binding specificity also relies on the flexibility of

protein and/or ssDNA [93]. The importance of flexibility of protein and ssDNA is also

supported by the TEBP : (T4G4)2 complex structure, in which the protein and ssDNA

bind in a cofolding mode to induce formation of the DNA-binding pockets [5, 103].

An analysis of crystal structures of 10 different non-cognate ssDNAs complexed with

the Oxytricha nova telomere end-binding protein (OnTEBP), however, revealed that

while the overall protein conformation in all complexes remained nearly identical to

that of the cognate complex, the ssDNA exhibited subtle to dramatic conformational

changes [166]. Pal and Levy also found that the ssDNA molecules were more flexible

than the proteins, but they suggested that the sequence specificity was mostly intro-

duced by the stacking interactions between aromatic residues and DNA bases [110].
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While these above studies provide some aspects of protein-ssDNA interactions, to

our knowledge, there are no reports of large-scale structural studies of SSB-ssDNA

interactions, especially comparative studies for understanding structural features

in protein-ssDNA binding specificity as in protein-dsDNA interactions. Studies of

binding specificity of double-stranded DNA-binding proteins (DSBs) toward dsDNA

demonstrated that hydrogen bonds between amino acid side chains and DNA bases,

⇡-interactions between aromatic residues and DNA bases, and protein flexibility all

play important roles in specific DSB-dsDNA binding [25,42,58,123]. Compared with

dsDNA, ssDNA is more flexible due to the lack of the steric hindrance of the com-

plementary DNA strand. Therefore, we hypothesize that: (1) SSBs also rely on

side chain-base hydrogen bonds and protein-ssDNA ⇡-interactions to achieve spe-

cific binding, but the contribution from ⇡-interactions may increase compared with

that in DSB-dsDNA interactions because of the increased availability of the bases;

and (2) specific SSBs show larger conformational changes upon ssDNA binding than

non-specific SSBs. To test our hypotheses, we collected all available protein-ssDNA

complex structures from the Nucleic Acid Database (NDB) [112,113] and the Protein

Data Bank (PDB) [32,33] and assigned them into specific (SP) and non-specific (NS)

groups. We then carried out a comprehensive analysis by comparing the key struc-

tural features in protein-ssDNA interaction. These features include the propensities

and secondary structure types of ssDNA base interacting residues, side chain-base hy-

drogen bonds and ⇡-⇡ interactions between protein and ssDNA, interaction interface,

and protein conformational changes upon ssDNA binding. To our knowledge, this is

the first large-scale comparative study of protein-ssDNA binding specificity, especially

the roles of ⇡-⇡ interactions and secondary structure types in specific protein-ssDNA

recognition.



52

3.2 Methods

3.2.1 Datasets

SSB-ssDNA complex structures, defined as any structure containing one or more

protein chains and at least one single-stranded DNA, were collected from the Novem-

ber 2019 release (11/20/19) of NDB [112, 113] and PDB [32, 33]. From this set we

excluded structures containing false ssDNA (4KMF, 3ER8, 3HZI, confirmed by NDB)

and suspicious ssDNA (3G2C, 3G3Y, 3QYX, lack of evidence in primary citations).

The major source of false positives in identifying SSB-ssDNA complexes comes from

complexes that contain only one strand of the double helix in the asymmetric unit.

These cases have been successfully filtered out by NDB, where the coordinates for the

complete structure have been reconstructed by applying the transformation matrices

provided in the PDB files to the half structure [112, 113]. This resulted in a dataset

of 214 protein-ssDNA complexes (Supplementary Table S3).

For comparative analysis, only high-quality X-ray structures with resolution better

than 3.0 Å and R-value smaller than 0.3 and NMR structures were selected. As

the first step, all ssDNA-contacting chains were identified from these complexes. An

ssDNA-contacting chain is a protein chain that has at least one heavy atom within

3.9 Å of any heavy atoms of a nucleotide of the ssDNA. An ssDNA-contacting chain

was filtered out if: 1) the ssDNA has nucleotides other than AGCT; 2) the length of

ssDNA is shorter than 3 nucleotides; 3) ssDNA is engineered, such as aptamers; and

4) there are mutated residues in the ssDNA-contacting chain.

Of these high-quality ssDNA-contacting protein chains, some only have single

ssDNA-binding domains, while others also contain signal-sensing domains or dimer-

ization domains. To avoid any potential biases, we chose ssDNA-binding domains

and their target ssDNA as comparison units. CATH [27,167], one of the most widely

used structural classification databases and containing annotation information for all

structures in our dataset, was used for protein structural domain annotation. An
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ssDNA-binding domain was selected for analysis if there are more than one protein-

DNA contacts within 3.9 Å, and the domain has 40 or more amino acids. These

ssDNA-binding domains were then used to generate two datasets, Dataset I and

Dataset II, for comparative analyses ( Figure 3.1).

All SSB-ssDNA complexes from NDB and PDB

Identify qualified ssDNA-contacting chains

Identify ssDNA-binding domains using CATH assignment

Remove redundancy  (30% sequence identity)

Specific 
complexes

Non-specific 
complexes

Blast against PDB for apo structures 
(100% sequence identity and >= 80% coverage)

Select ssDNA-binding domains with at least one 
apo structures

Binding specificity annotation

Remove redundancy (30% sequence identity)

Binding specificity annotation

Specific holo-
apo pairs

Non-specific 
holo-apo pairsDataset I Dataset II

Figure 3.1: Flowchart for compiling non-redundant specific (SP) and non-specific
(NS) datasets. Dataset I: non-redundant ssDNA-binding domains in complex with
their target ssDNA; Dataset II: non-redundant ssDNA-binding domains paired with
their unbound structures.

Dataset I contains non-redundant complexes of SP and NS ssDNA-binding domains

and their corresponding ssDNA. To generate this dataset, redundant ssDNA-binding

domains were first removed using PISCES with a 30% sequence identity cutoff [168].

These non-redundant domain-based SSB-ssDNA complexes were then assigned into

two groups, SP and NS, based on their binding specificity. The ssDNA binding speci-

ficity was manually annotated by referring the primary references for these structures

and/or their homologs in PDB [32,33], as well as relevant information in UniProt [169].

The final non-redundant domain-based dataset contains 22 SP and 42 NS SSB-ssDNA

complexes (Supplementary Table S4).

Dataset II includes non-redundant SP and NS ssDNA-binding domains paired with
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their corresponding apo structures. All redundant ssDNA-binding domains (holo

forms) identified in the previous step were searched against PDB using default settings

in NCBI BLAST Blastp program [170]. All unbound structures (apo forms) that

have 100% sequence identity and at least 80% coverage with the bound form of the

complex structures were selected. For X-ray apo structures, only those with resolution

better than 3.0 Å and R-value smaller than 0.3 were kept; if multiple apo structures

exist, the one with the best resolution and R-value was selected. An NMR apo

structure was selected if there are no X-ray apo structures available. Redundant holo-

apo structural pairs were then removed using PISCES with a 30% sequence identity

cutoff. These non-redundant pairs were assigned into SP and NS holo-apo pairs based

on their ssDNA binding specificity annotations. This resulted in 14 SP and 29 NS

non-redundant holo-apo ssDNA-binding domain pairs (Supplementary Table S5).

3.2.2 Structural features of SSB-ssDNA interactions

Comparative analyses of structural features in SSB-ssDNA interactions include:

1) propensities of amino acids in contact with ssDNA, amino acids involved in side

chain-base hydrogen bonds and protein-ssDNA ⇡-⇡ interactions, 2) protein-ssDNA

contact area (PDCA), 3) number of residue-base contacts (NRBC), 4) percentages

of base contacts, and 5) secondary structure types of residues involved in protein-

ssDNA interactions. All structural features were extracted with widely used tools

in structural bioinformatics, including PyMOL (The PyMOL Molecular Graphics

System, Version 2.3.2 Schrodinger, LLC), DSSP [28, 31], HBPLUS [132], pdb-tools

[171], and FreeSASA [172], and analyzed and visualized with in-house Python and R

scripts.

Propensity of an amino acid that interacts with ssDNA was calculated as the ratio

of the percentage of this amino acid in contact with ssDNA over the percentage of

this amino acid in each data set (Equation 3.1):
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Pij =

NijP20
i=1 Nij

MijP20
i=1 Mij

(3.1)

where Pij is the propensity of amino acid i in dataset j ; Nij represents the total

number of amino acid i in contact with DNA in dataset j ; Mij is the total number

of amino acid i in dataset j. If Pij > 1, amino acid i is said to be enriched in

protein-DNA contacts in dataset j. When computing the propensity of an amino acid

interacting with a specific nucleotide, the equation is updated as shown in Equation

3.2:

Pabj =

NabjP20
a=1

P4
b=1 Nabj

MajP20
a=1 Maj

KbjP4
b=1 Kbj

(3.2)

where Pabj is the propensity of the interacting pair of amino acid a and nucleotide b in

dataset j ; Nabj represents the total number of amino acid a in contact with nucelotide

b in dataset j ; Maj is the total number of amino acid a in dataset j and Kbj is the

total number of nucleotide b in dataset j . If Pabj > 1, contact between amino acid a

and nucleotide b is said to be enriched in protein-DNA contacts in dataset j.

PDCA was calculated by subtracting the solvent accessible surface area (SASA)

of a protein-ssDNA complex from the sum of solvent SASAs of its protein and DNA

components and divided by two (Equation 3.3). The solvent accessible surface area

was measured by FreeSASA [172].

PDCA =
SASAprotein + SASADNA � SASAcomplex

2
(3.3)

Protein-ssDNA contacts were defined using a distance cutoff of 3.9 Å between side

chain heavy atoms of an amino acid and all heavy atoms of a nucleotide. These

protein-ssDNA contacts were further divided into two subsets depending on the parts

of DNA involved: 1) NRBC for the number of residue and DNA base contacts, and
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2) NRBbC for the number of residue and DNA backbone contacts.

To investigate the roles of secondary structure types in protein-ssDNA binding

specificity, DSSP program was applied to assign residues involved in protein-DNA

interactions into three general secondary structure types: helix, strand, and coil,

where H (↵-helix), G (310-helix) and I (⇡-helix) states from DSSP are assigned as

helix type, E (extended strand) and B (residue in isolated �-bridge) states from

DSSP are classified as strand type, and all the other states are considered as coil type

[28–31, 123]. An important background for evaluating the enrichment of secondary

structure types of residues involved in side chain-base hydrogen bonds and protein-

DNA ⇡-⇡ interactions is the secondary structure type distribution of DNA base-

contacting residues. An amino acid is defined as a DNA base-contacting residue if it

has at least one heavy atom of its side chain within 3.9 Å of any heavy atom of a

DNA base.

In addition, conformational changes of SSBs upon ssDNA binding were measured

by comparing both mainchain root mean square deviation (RMSD) and interface

RMSD (IRMSD) between bound (holo) ssDNA-binding domains and their unbound

(apo) structures. Interface residues are residues that have at least one heavy atom

within 10 Å of any heavy atoms of DNA. RMSD and IRMSD were calculated using

the PyMOL align command for all heavy atoms in ssDNA-binding domains and in-

house python scripts for heavy atoms of interface residues aligned with TM-align

respectively [173].

3.2.3 Statistical tests

For statistical analyses between two groups, Shapiro-Wilk test was performed first

to test the normality of the data. If the data is normally distributed, a parametric

Student’s t-test was carried out. Otherwise, a non-parametric Wilcoxon rank-sum

test was applied. To test the association of interplanar angle distributions of protein-

ssDNA ⇡-⇡ interactions between two groups, chi-square test or Fisher’s exact test
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was performed based on the sample size and expected values.

3.3 Results

3.3.1 Amino acid propensity for protein-ssDNA interaction
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Figure 3.2: Propensities of amino acids contacting DNA bases in SP and NS groups.

Overall propensity of residues involved in side chain-base contacts. As shown in

Figure 3.2, aromatic and positively charged amino acids phenylalanine (F), histi-

dine (H), tryptophan (W), tyrosine (Y), lysine (K), and arginine (R) are enriched in

both SP and NS groups. Of these six residues, histidine, tyrosine, and arginine are

more enriched in the SP group than those in the NS group. Four aromatic residues

(F,H,W,Y) are likely involved in protein-ssDNA ⇡-⇡ interactions, and two positively

charged residues (K,R) can both form hydrogen bonds with DNA bases and inter-

act with negatively charged DNA backbone. In addition, the SP group is distinctly
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enriched in aspartate, while the NS group shows a high enrichment of methionine,

proline, and asparagine. Most nonpolar residues, except for methionine, and poplar

residue cysteine do not show enrichment in either group. To further explore the un-

derlying mechanisms of these enrichment patterns, propensities of residues interacting

with different nucleotides were calculated.

Propensity of aromatic residues involved in protein-ssDNA ⇡-⇡ interactions with

different nucleotides. Of all interactions between aromatic residues and nucleotides,

we identified protein-ssDNA ⇡-⇡ interactions by visually inspecting each nucleobase-

aromatic amino acid dimer using PyMOL. While aromatic residues in contact with

ssDNA are all enriched in both groups (Figure 3.2), those involved in protein-ssDNA

⇡-⇡ interactions show different preferences for nucleotides between two groups. Figure

3.3A shows that while tryptophan-thymine is enriched in both NS and SP groups,

it is even more enriched in the SP group. Tryptophan also shows preference to

cytosine in the SP group. Another enriched residue, histidine, prefers guanine and

adenine in the NS group but favors thymine in the SP group. To investigate if there

are any differences in geometry types of ⇡-⇡ interactions between these two groups,

we measured the interplanar angle (!) between the two aromatic planes using the

angle_between_helices command in PyMOL psico module. These ⇡-⇡ interactions

were classified as stacked (0  !  20�), inclined (20� < ! < 70�), and T-shaped (70�

 !  90�) types as described in [41]. Since the expected values of some cells are

less than five, Fisher’s exact tests were performed to compare the interplanar angle

distributions between two groups for individual aromatic residues as well as group-

wise comparisons. No significant differences were found between these two groups

in terms of the geometry of protein-ssDNA ⇡-⇡ interactions (p-value=0.08654, Table

3.1).

Propensity of residues involved in side chain-base hydrogen bonds with different

nucleotides. Figure 3.3B shows that the SP group has a larger number of residues
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Table 3.1: Frequency of geometry types of protein-ssDNA ⇡-⇡ interactions and
Fisher’s exact test results between specific and non-specific groups. (Stacked: [0,20�];
inclined: (20�-70�); T-shaped: [70�,90�])

Amino acid Specific Non-specific P-value
stacked inclined T-shaped stacked inclined T-shaped

Phenylalanine 8 8 1 6 6 5 0.8367
Histidine 6 3 2 1 7 3 0.1063

Tryptophan 4 4 2 5 5 5 0.7733
Tyrosine 7 3 3 4 4 3 0.5045

All 25 18 8 16 22 16 0.08654

enriched in side chain-base hydrogen bonds, but the most enriched pairs are in the

NS group, led by histidine-guanine and followed by asparagine, arginine with guanine

and histidine with adenine. Raw counts of these most enriched pairs, however, are

relatively small: only one histidine-guanine, one asparagine-guanine, one histidine-

adenine, and two arginine-guanine pairs were observed in the NS group, and one

tryptophan-thymine pair was found in the SP group. Therefore, these propensity

values are not robust enough to be considered as significant.

Two enriched pairs, aspartate-guanine (propensity=5.620) and lysine-guanine

(propensity=5.439), however, do have relatively large raw counts (seven and eight

pairs respectively) and are exclusively detected in the SP group. Of all 11 side

chain-base hydrogen bonds formed between seven aspartate-guanine pairs, eight are

bidentate (six, where two hydrogen bonds formed with a DNA base via two pairs of

hydrogen bond donors and acceptors) or bifurcated (two, where one hydrogen bond

acceptor/donor is shared by two hydrogen bonds) hydrogen bonds formed with the

same guanine bases [42]. Interestingly, DNA base atoms involved in these hydrogen

bonds are those typically form Watson-Crick base pairs in dsDNA (designated as WC

atoms in this study). For instance, OD2 atom (acceptor) of ASP223 on chain A of

the Oxytricha nova telomere end binding protein (OnTEBP, PDBID: 1OTC) forms

bifurcated hydrogen bonds with H(N1) and H(N2) atoms (donors) of guanine 4 on

a single strand telomeric DNA, where these two donor atoms are WC atoms (Fig-
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Figure 3.3: Propensities of aromatic residues involved in protein-ssDNA ⇡-⇡ interac-
tions (A) and residues involved in side chain-base hydrogen bond with different DNA
bases (B) in SP and NS groups.

ure 3.4A). On the other hand, ASP42 on chain A of the unwinding protein (UP1)

forms bidentate hydrogen bonds using OD1 and OD2 atoms as acceptors with H(N2)

and H(N1) atoms (donors) of guanine 205 respectively on a human telomeric repeat

(PDBID: 1PGZ, Figure 3.4B). The second enriched pair with a large number of raw

counts, lysine-guanine, also forms four bidentate hydrogen bonds while the remain-

ing six are simple hydrogen bonds. Unlike the aspartate-guanine pair, most of DNA

base atoms involved in side chain-base hydrogen bonding (N7, 7 out of 10) in these

lysine-guanine pairs are non-WC atoms.

3.3.2 Protein-ssDNA side chain-base hydrogen bonds

Given these above findings based on side chain-base hydrogen bonds, we further

investigated the percentages of side chain-base hydrogen bonds in all protein-DNA

hydrogen bonds. Percentages of side chain-base hydrogen bonds in each complex

from HBPLUS are shown in Figure 3.5A and B, with percentages of side chain-

base hydrogen bonds shown at the bottom in a descending order. Complexes in the
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Figure 3.4: Examples of aspartate forming bifurcate (A) and bidentate (B) hydrogen
bonds with the same guanine in the SP group. Hydrogen bonds are represented
by yellow dashed lines. (A) Bifurcate hydrogen bonds. OD2 atom (acceptor) of
ASP223 on the Oxytricha nova telomere end binding protein (OnTEBP, PDBID:
1OTC; protein chain: A; DNA chain: D) forms bifurcated hydrogen bonds with
H(N1) and H(N2) atoms (donors) of guanine 4. These two donor atoms are Watson-
Crick atoms. (B) Bidentate hydrogen bonds. OD1 and OD2 atoms (acceptors) of
ASP42 on the unwinding protein (UP1) form bidentate hydrogen bonds with H(N2)
and H(N1) atoms (donors) of guanine 205 on a human telomeric repeat (PDBID:
1PGZ; protein chain: A; DNA chain: B).

SP group generally show large contributions of side chain-base hydrogen bonds to

the total number of protein-DNA hydrogen bonds. Of note are two NS complexes,

domains 3kqlA03 and 4j1jA02, have exclusively side chain-base hydrogen bonds with

their bound ssDNA. Their raw counts, however, are very small with only one for each

complex. About 82% (18 of 22) of the SP complexes form side chain-base hydrogen

bonds and ⇠55% (12 of 22) of complexes have percentages of side chain-base hydrogen

bonds equal to or above 50% (Figure 3.5B). The NS group, on the other hand, only

has ⇠47% (18 of the total 38 complexes that have at least one protein-DNA hydrogen
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bond) of the cases form side chain-base hydrogen bonds and ⇠13% (5 of 38) of the

complexes have percentages of side chain-base hydrogen bonds equal to or above 50%

(Figure 3.5A). Wilcoxon rank-sum test shows that the difference between these two

groups is significant with a p-value of 0.00023 (Figure 3.5C).

As the enriched aspartate-guanine and lysine-guanine pairs in the SP group show

different degrees of involvement of WC atoms, we also compared the percentages

of WC atom-based hydrogen bonds in all side chain-base hydrogen bonds between

these two groups. Percentages of WC atom-based hydrogen bonds in each complex

from HBPLUS are shown in Figure 3.5D and E, with percentages of WC atom-based

hydrogen bonds shown at the bottom in a descending order. Overall, complexes in

the SP group show large percentages of WC atom-based hydrogen bonds. About

94% (17 of the total 18 complexes that have side chain-based hydrogen bonds) of

the SP complexes form WC atom-based hydrogen bonds and all these 17 complexes

(100%) have percentages of side chain-base hydrogen bonds larger than or equal to

50% (Figure 3.5E). The NS group, on the other hand, only has ⇠39% (7 of the total 18

complexes that have at least one side chain-base hydrogen bond) of the cases form WC

atom-based hydrogen bonds and ⇠28% (5 of 18) of the complexes have percentages of

side chain-base hydrogen bonds no less than 50% (Figure 3.5D). Wilcoxon rank-sum

test shows that the percentages of WC atom-based hydrogen bonds between the SP

and NS groups are significantly different (p-value=0.013) (Figure 3.5F).

3.3.3 Protein-ssDNA interaction interface

Figure 3.6 shows that there is no significant PDCA difference between the SP and

NS groups (Figure 3.6A, p-value=0.22), but the SP complexes have larger number of

NRBC than the NS cases and the difference is statistically significant (Figure 3.6B, p-

value=0.012). The difference becomes bigger after normalizing the raw NRBC counts

with PDCA, and the SP group has more residue-base contacts per 1000 Å2 contact

area (Figure 3.6C, p-value=0.0032). In addition, for most cases, more than half of
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Figure 3.5: Comparisons of percentages of side chain-base hydrogen bonds (A-C)
and Watson-Crick atom-based side chain-base hydrogen bonds (D-F) annotated by
HBPLUS between the SP and NS ssDNA-binding proteins. (A) Percentages of side
chain-base hydrogen bonds in all protein-DNA hydrogen bonds in NS complexes. (B)
Percentages of side chain-base hydrogen bonds in all protein-DNA hydrogen bonds
in SP complexes. Side chain-base hydrogen bonds (SCBS, colored in blue) are shown
at the bottom in a descending order, while all other protein-DNA hydrogen bonds
(Other, colored in red) are on the top. (C) Boxplot and statistical analysis for compar-
ison between two groups. (D) Percentages of Watson-Crick atom-based side chain-
base hydrogen bonds in all side chain-base hydrogen bonds in NS complexes. (E)
Percentages of Watson-Crick atom-based side chain-base hydrogen bonds in all side
chain-base hydrogen bonds in SP complexes. Watson-Crick atom-based side chain-
base hydrogen bonds (WC, colored in blue) are shown at the bottom in a descending
order, while all other side chain-base hydrogen bonds (OSCBS, colored in red) are
on the top. (F) Boxplot and statistical analysis for comparison between two groups.
P-values are displayed on top of the boxplots.

protein-ssDNA contacts are residue-base contacts, with larger percentages of NRBC

in the SP group (Figure 3.6D, p-value=0.052).

Compared with our previous study of protein-dsDNA binding specificity [25], DNA-

binding domains interact with dsDNA and ssDNA in a similar PDCA range, but
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Figure 3.6: Comparison of protein-ssDNA interactions. (A) Protein-DNA contact
area (PDCA); (B) number of residue-base contacts (NRBC); (C) NRBC density,
NRBC normalized to PDCA; and (D) percentage of NRBC in all protein-DNA con-
tacts, the sum of NRBC and NRBbC (number of residue-DNA backbone only con-
tacts). P-values are displayed on top of the boxplots.

protein-ssDNA interactions have more contacts between residues and DNA bases, in

terms of both raw and normalized NRBC counts (detailed information of protein-

dsDNA binding specificity can be found in Figure 4 in [25]). One major difference be-

tween protein-dsDNA and protein-ssDNA interactions is that in protein-ssDNA com-

plexes, residue-base contacts dominate the interaction between residue and ssDNA,

while protein-dsDNA interactions show the opposite trends that most of residue-DNA

contacts are formed between residues and DNA backbone (see Figure 5A in [25] for

information about protein-dsDNA interaction). These differences are largely due to

the increased accessibility of ssDNA base atoms compared to dsDNA.
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3.3.4 Protein conformational changes upon ssDNA binding

To explore protein conformational changes upon ssDNA binding, we first calculated

all heavy-atom RMSD between ssDNA-binding domains and their corresponding apo

conformations. As can be seen in Figure 3.7A, most ssDNA-binding domains do not

change dramatically upon ssDNA binding, and majority of the RMSD values are less

than 2 Å. However, there are a few individual cases that show relatively large con-

formational changes. The largest change comes from a pair in the SP group, domain

3c2pA07 in Coliphage N4 virion-encapsidated RNA polymerase (vRNAP) and its apo

structure 2po4 (RMSD: 6.532 Å). Figure 3.7B shows that the motif B of N4 vRNAP

rearranges its structure from a loop (apo form, green) to a short anti-parallel ↵-

hairpin (holo form, magenta). This change and other conformational changes transit

the polymerase from the inactive state to an active form to accommodate the binding

of incoming DNA [174]. Statistical analysis shows no significant RMSD difference be-

tween these two groups (Figure 3.7A, p-value=0.37). Similarly, no significant IRMSD

difference was found between these two groups (p-value=0.89) (Figures 3.7C).

3.3.5 Secondary structure types of ssDNA interacting residues

ssDNA-binding proteins recognize their target sites with four major structural

topologies: OB folds, K homology (KH) domains, RNA recognition motifs (RRMs),

and whirly domains [93]. The secondary structure types of amino acids involved

in protein-ssDNA interactions, however, have not been investigated extensively. We

first compared the propensities of secondary structure types of amino acids in ssDNA-

binding domains that are in contact with DNA bases, calculated against the relative

frequencies of secondary structure types of all residues in the respective group of

ssDNA-binding domains. DNA base-contacting residues in both groups are enriched

in strand conformations with a higher enrichment in the SP group, while coil sec-

ondary structure types are also preferred in the NS group (Figure 3.8A).
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Figure 3.7: Conformational changes upon ssDNA binding. (A) RMSD of heavy atoms
of all residues between bound (holo) and unbound (apo) structures. (B) Structural
alignment of domain 3c2pA07 (magenta) in Coliphage N4 virion-encapsidated RNA
polymerase (vRNAP) and its apo structure 2po4 (green; overall RMSD: 6.532 Å).
(C) RMSD of heavy atoms of all interface residues (IRMSD) between bound (holo)
and unbound (apo) structures.

For residues that form hydrogen bonds between their side chains and DNA bases,

we used two different background distributions to calculate the propensities: one

is the secondary structure type distribution of all base-contacting residues (Figure

3.8B) and the other is the secondary structure type distribution of all residues that

form hydrogen bonds with DNA including bases and backbone atoms (Figure 3.8C).

A similar trend is seen no matter what background distribution is used: residues

involved in side chain-base hydrogen bonds in both groups are enriched in strand

conformations. However, between these two groups, these residues in the NS group

have higher propensity for strands than those in the SP group. The propensity for



67

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Helix Strand Coil

Pr
op
en
si
ty group

NS

SP

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Helix Strand Coil

Pr
op
en
si
ty group

NS

SP

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Helix Strand Coil
Pr
op
en
si
ty group

NS

SP

Pr
op
en
si
ty

1.8

1.6

1.4
1.2

1.0

0.8

0.6
0.4

0.2
0

Helix Strand Coil

Pr
op
en
si
ty

1.8

1.6

1.4

1.2
1.0

0.8
0.6

0.4
0.2

0

Helix Strand Coil

Pr
op
en
si
ty

1.8

1.6

1.4
1.2

1.0

0.8
0.6

0.4
0.2

0

Helix Strand Coil

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Helix Strand Coil

Pr
op
en
si
ty group

NS

SP

Pr
op
en
si
ty

2.0

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0

1.8

Helix Strand Coil

NS

SP

NS

SP

NS

SP

NS

SP

A B

C D

Figure 3.8: Propensities of secondary structure types in the SP and NS groups. (A)
Propensities of secondary structure types of DNA base-contacting residues. The back-
ground distributions of secondary structure types were calculated using all residues in
the ssDNA-binding domains in each group. Propensities of secondary structure types
of residues involved in side chain-base hydrogen bonds (B, C) and residues involved
in protein-ssDNA ⇡-⇡ interactions (D) with HBPLUS. Propensities were calculated
using either the distribution of secondary structure types of base-contacting residues
(B, D) or all DNA hydrogen-bonding residues (C).

coil types in the SP group is larger than that in the NS group (Figure 3.8B and C).

These results suggest that for residues involved in side chain-base hydrogen bonds,

relatively more such residues in the SP group are adopting coil conformation, which

represents a more flexible conformation. However, we would like to point out that

results in Figure 3.8B and 3.8C need to be interpreted with caution as the raw counts

of secondary structure types in the NS group are relatively small (Helix: 6, strand:

13, and coil: 7).

In addition, we calculated the propensities of residues involved in protein-ssDNA
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⇡-⇡ interactions using the secondary structure type distribution of all base-contacting

residues as the background. Figure 3.8D shows that the SP group prefers strand types,

while both strand and helix conformations are slightly enriched in the NS group.

3.4 Discussion

We presented here the first large-scale comparative study of SSB-ssDNA interac-

tions with a focus on the binding specificity. Our results suggest that side chain-

base hydrogen bonds play the major role in protein-ssDNA binding specificity, while

protein-ssDNA ⇡-⇡ interactions may contribute to binding affinity. Although confor-

mational changes of both ssDNA and protein are important in SSB-ssDNA binding,

our results indicate that conformational changes of ssDNA might play a larger role

than those of protein in specific ssDNA recognition.

Our comparative analyses show that the SP group forms more contacts with DNA

bases than the NS group (Figure 3.6), and propensities of amino acids that involved

in protein-ssDNA contacts show that both groups prefer aromatic residues and posi-

tively charged residues, but H, Y, R are more enriched in the SP group (Figure 3.2).

These findings are consistent with previous studies [110, 175, 176]. The enrichment

of all aromatic residues can be attributed to the increased accessibility of ssDNA.

Without the steric hindrance from the complementary strand, ssDNA can change

conformation relatively easily so that DNA bases become more accessible to aromatic

residues for ⇡-⇡ interactions, which are suggested to be determinants of specific ss-

DNA recognition [110]. The distributions of ⇡-⇡ geometry types between SP and

NS groups, however, do not show significant differences in this comparative analysis

(Table 3.1), suggesting in general protein-ssDNA ⇡-⇡ interactions may mainly con-

tribute to binding affinity though in individual cases ⇡-⇡ interactions can contribute

to specific protein-ssDNA recognition. While there are no ⇡-⇡ geometry studies in

protein-DNA binding specificity, using 428 protein-DNA complexes, Wilson et al.

found that the stacked orientation (58%) is more common than the inclined config-
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uration (29%), with the T-shaped interaction as the least frequent one (13%) [41].

By combining the frequencies of each geometry type of ⇡-⇡ interactions in both NS

and SP groups in Table 3.1, we found that the stacked orientation represents 39%

in protein-ssDNA ⇡-⇡ interactions, similar to the inclined configuration (38.1%) with

the T-shaped interaction at 22.9%.

The most interesting structural feature is the enrichment of aspartate in the SP

group, but not in the NS group (Figure 3.2). This difference is more distinct at the

side chain-base hydrogen bond level comparison, where aspartate forms side chain-

base hydrogen bonds with all nucleotides except for adenine in the SP group but none

such hydrogen bonds were found in the NS group (Figure 3.3B). Out of three types of

contacting nucleotides, the preference of aspartate to guanine is the most dominant

one. Structural inspections show that this preference is achieved via bidentate and/or

bifurcate hydrogen bonds between aspartate and WC atoms of DNA bases of the

same guanines (Figure 3.4). Aspartate was also reported to be enriched in specific

protein-dsDNA binding but with different binding characteristics: in the dsDNA

study, aspartate favoured cytosine, and most (10 out of total 19) of aspartate-cytosine

side chain-base hydrogen bonds were bidentate hydrogen bonds formed with two

consecutive cytosines in the major groove [25].

In addition to guanine, aspartate also shows preferences to cytosine (propen-

sity=3.042) and thymine (propensity=1.865), and this is consistent with the critical

role of aspartate in mutagenesis driven by the cytidine deaminase APOBEC in cancer

[177]. APOBEC mutations, especially those driven by APOBEC3A and APOBEC3B,

are sensitive to cytosines in TpC sites in hairpin (stem-loop) DNA structures formed

while transiently single-stranded in a sequence specific manner [156, 177, 178]. For

instance, Shi et al. solved crystal structures of human APOBEC3A and a chimera

of human APOBEC3B and APOBEC3A in complex with ssDNA to study the struc-

tural basis for targeted DNA cytosine deamination and mutagenesis by APOBEC3A



70

and APOBEC3B [177]. Their results suggested the loop regions of DNA stem-loop

structures may be hotspots for mutagenesis. Particularly, they found aspartate 131

(D131) strongly influenced the preference of the upstream nucleotide of the target cy-

tosine in the TpC sites: substitution by a small non-polar alanine (D131A) decreased

selectivity, and glutamate substitution (D131E) converted the preference to cytosine

from thymine, while threonine substitution (D131T) retained selectivity [177] (Fig-

ure 3.9). This indicates that aspartate could be a potential drug target for treating

APOBEC-mediated mutagenesis. Additionally, they found that two neighboring ty-

rosine residues (Y130, Y132) were also important in conferring the selectivity (78)

(Figure 3.9). These findings might suggest the combination of side chain-base hydro-

gen bonds and protein-ssDNA ⇡-⇡ interactions and thus short oligomers of residues

forming side chain-base hydrogen bonds and/or aromatic residues are likely to be a sig-

nature for conferring ssDNA-binding specificity. Despite all three APOBEC3(A/B)-

ssDNA complex structures in PDB (PDBID: 5KEG, 5SWW, 5TD5) were excluded

in this study due to different numbers of mutations in the protein, preferences of

aspartate to cytosine and thymine only in the SP group suggest these patterns are

likely a general feature of the SP group rather than a unique feature of the APOBEC

family.

The enrichment of aspartate suggests the important role of side chain-base hydro-

gen bonds in protein-ssDNA binding specificity, which is further supported by sig-

nificant larger percentages of overall and WC atom-based side chain-base hydrogen

bonds in the SP group than the NS group (Figure 3.5). Without the complementary

strand in ssDNA, atoms normally forming Watson-Crick base pairs in the dsDNA

offer more hydrogen bond donors/acceptors to facilitate binding specificity and/or

affinity. Comparisons based on interacting aromatic amino acids and protein-ssDNA

⇡-⇡ interactions, on the other hand, do not show significant differences between two

groups. Taken together, our results suggest that side chain-base hydrogen bonds,
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Figure 3.9: Structural example of the involvement of aspartate in the mutagenesis
on hairpin TpC sites driven by APOBEC3A (PDBID: 5SWW). Asp131 and two
neighboring tyrosine residues (TYR130, TYR132) play important role in determining
the preference on the nucleotide (Thymine -1) upstream of the target cytosine (DC-0).
In addition, A second aspartate (ASP133) locates right next to TYR132.

especially bidentate and/or bifurcated hydrogen bonds, are major determinants in

specific protein-ssDNA binding, while protein-ssDNA ⇡-⇡ interactions might mainly

contribute to binding affinity.

Upon ssDNA binding, conformational changes of ssDNA-binding domains between

two groups in terms of heavy atom RMSD of both all residues and interface residues

only, do not show significant differences (Figure 3.7). This indicates that while specific

protein-ssDNA recognition relies on the flexibility of protein and/or ssDNA in some

cases [93], the conformational change of ssDNA may play a larger role than that of pro-

tein. This is consistent with what Theobald and Schultz found from structural and

thermodynamics comparisons of the cognate Oxytricha nova telomere end-binding

protein (OnTEBP)-ssDNA complex with 10 different non-cognate ssDNAs complexed

with the OnTEBP [166]. They found that while protein conformations in all non-

cognate complexes remained nearly identical to that in the cognate complex, the
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ssDNA exhibited dramatic differences in three non-cognate complexes and subtle con-

formational changes in other seven non-cognate complexes [166]. This study revealed

the great plasticity of the OnTEBP in accommodating non-cognate ssDNA sequences,

especially via a phenomenon they named nucleotide shuffling—conformational rear-

rangements via shifts in the ssDNA register of various number of nucleotides [166].

DNA base-contacting residues in specific ssDNA-binding proteins are enriched in

strands while non-specific ssDNA-binding proteins show preferences to strands and

coils (Figure 3.8A). The secondary structure type preferences of specific SSBs are

different from those of specific DSBs, including both highly specific (HS) and multi-

specific (MS) DSBs, where HS DSBs prefer coils and MS DSBs favor helices [123].

These results are largely in agreement with the conformational studies in both specific

protein-dsDNA and protein-ssDNA interactions. In protein-ssDNA complexes, there

is less conformational change after binding DNA that is consistent with the larger

strand propensity while in specific protein-dsDNA interactions, proteins are more

flexible and relatively more coil conformations are enriched. The SP group has a larger

propensity of coils than the NS group (Figure 3.8B), indicating protein flexibility plays

a role in the binding specificity. Protein flexibility impacts DNA recognition likely

via speeding up locating DNA-binding proteins to their target sites [25,56,58,59,147,

148]. In addition, it is suggested that the loops/linkers connecting ssDNA-binding

domains, especially their lengths, are responsible for binding specificity [93,175,179].

For residues involved in protein-ssDNA ⇡-⇡ interactions, the SP group shows higher

level of enrichment in strands than the NS group while the latter also slightly favours

helices. This might indicate that specific ssDNA-binding proteins are more sensitive

to mutations, as helices are more robust to mutations than strands [122].

To our knowledge, this is the first large-scale comparative structural study of

protein-ssDNA interactions. This study expands our knowledge of SSB-ssDNA inter-

actions, especially the mechanisms underlying the binding discrepancy between SSBs
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with different degrees of binding specificity. Findings from this study can also improve

SSB-ssDNA binding prediction models. By incorporating hydrogen bond especially

side chain-base hydrogen bond information, the energy-based coarse-grained model

developed by Pal and Levy may improve prediction accuracy [110]. Moreover, this

study can enrich current databases that analyze protein-DNA interactions. Recently,

DNAproDB has taken SSB-ssDNA interactions into consideration by mainly focus-

ing on individual SSB-ssDNA complexes [111]. While our study is limited by the

relatively small number of currently available protein-ssDNA complexes, we believe

that the trends and general conclusions will not change when more protein-ssDNA

complex structures become available in the future, just as the initial protein-dsDNA

studies and a number of other structural bioinformatics investigations in their early

days.
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APPENDIX A: SUPPLEMENTARY TABLES 
 
 

Table S1: Domain-based non-redundant DNA-binding domains in HS, MS and NS 
groups. (*: DNA-binding domain was updated by excluding dimerization domain; #: 
6on0 superseded 3qws on 2019-05-15; Bold: New HS DNA-binding domains.) 
 
 
Dataset Domain ID Domain definition Domain ID Domain definition 

 
 
 
 
 
 
 
 
 
 

HS 

1az0B00 1az0:B d1yfib_ 1yfi:B 

1bhmA00 1bhm:A 2e52D01* 2e52:D (3-226) 

1d2iB00 1d2i:B h3m7kA0 3m7k:A 

1dc1A01 1dc1:A (5-38,127-323) h3oqgA0 3oqg:A 

1dc1A02 1dc1:A (39-126) m2fl3A0 2fl3:A 

1eriA00 1eri:A m2oaaA0 2oaa:A 

1iawA01 1iaw:A (10-176) m3c25A0 3c25:A 

1iawA02 1iaw:A (177-309) m3fc3B1 3fc3:B (2-107) 

1kc6B00 1kc6:B m3goxB2 3gox:B (108-189) 

1pviA00 1pvi:A m3imbD0 3imb:D 

1vrrA00 1vrr:A m3ndhA0 3ndh:A 

1wteA01 1wte:A (1-87, 212-272) m4rdmB0 4rdm:B 

1wteA02 1wte:A (88-211) m2vlaA0 2vla:A 
3dvoD00 3dvo:D m4zsfA1 4zsf:A(70-272) 
3hqfA00 3hqf:A m5dwaA0 5dwa:A 
4abtA00 4abt:A m6ekoA0 6eko:A 

 
 
 
 
 

MS 

1b3tA00 1b3t:A 1nkpD00 1nkp:D 

1bdtD00 1bdt:D 1owrP01 1owr:P (397-569) 

1bl0A01 1bl0:A (9-64) 1pnrA01 1pnr:A (3-59) 

1bl0A02 1bl0:A (65-124) 1qn3B01 1qn3:B (19-29, 116-197) 

1cf7A00 1cf7:A 1qn6A02 1qn6:A (30-115) 

1cmaA00 1cma:A 1qpiA01 1qpi:A (4-66) 

1ea4G00 1ea4:G 1r8dA00 1r8d:A 

1exjA02 1exj:A (3-75) 1rioH00 1rio:H 
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Table S1: Domain-based non-redundant DNA-binding domains in HS, MS and NS 
groups (Continued). (*: DNA-binding domain was updated by excluding dimerization 
domain; #: 6on0 superseded 3qws on 2019-05-15; Bold: New HS DNA-binding 
domains.)  
 
 
Dataset Domain ID Domain definition Domain ID Domain definition 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MS 
 

1fzpB00 1fzp:B 1saxA01 1sax:A (9-72) 

1gd2E00 1gd2:E 1sknP00 1skn:P 

1gxpE00 1gxp:E 1t2kB01 1t2k:B (7-110) 

1h6fA00 1h6f:A 1xpxA00 1xpx:A 

1hjbB00 1hjb:B 1zreA02 1zre:A (138-207) 

1hjbC00 1hjb:C 1zs4A00 1zs4:A 

1ic8A01 1ic8:A (87-180) 2ac0C00 2ac0:C 

1ic8A02 1ic8:A (203-276) 2bopA00 2bop:A 

1jfiA00 1jfi:A 2e1cA01 2e1c:A (24-76) 

1jfiB00 1jfi:B 2h27A00 2h27:A 

1k78A01 1k78:A (19-84) 2h7hA00 2h7h:A 

1k78B00 1k78:B 2i9tB02 2i9t:B (546-650) 

1kb2A00 1kb2:A 2p5lC00 2p5l:C 

1le5F01 1le5:F (38-241) 2r5yB00 2r5y:B 

1lmb300 1lmb:3 2wt7A00 2wt7:A 

1lq1B00 1lq1:B 2yvhD00 2yvh:D 

1mdmA02 1mdm:A (85-139) 2zhgA00 2zhg:A 

1mhdA00 1mhd:A 3a01A00 3a01:A 

3coaC00 3coa:C h3mlpE0 3mlp:E 

3dfxB00 3dfx:B h3vebA0 3veb:A 

3dnvB00 3dnv:B h3w3cA0 3w3c:A 

3g97A00 3g97:A h3zplF0 3zpl:F 

3hddB00 3hdd:B h4gclD0 4gcl:D 

3iagC01 3iag:C (53-200, 359-380) h4h10A0 4h10:A 

3iagC02 3iag:C (201-358) h4hf1A0 4hf1:A 

3iktA01 3ikt:A (0-73) h4ihtC0 4iht:C 

3jtgA01 3jtg:A (273-357) h4ix7A0 4ix7:A 
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Table S1: Domain-based non-redundant DNA-binding domains in HS, MS and NS 
groups (Continued). (*: DNA-binding domain was updated by excluding dimerization 
domain; #: 6on0 superseded 3qws on 2019-05-15; Bold: New HS DNA-binding 
domains.) 
 
 
Dataset Domain ID Domain definition Domain ID Domain definition 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

MS 

3jxdR00 3jxd:R h4jl3A0 4jl3:A 

3o9xA02 3o9x:A (59-131) m3fdqA0 3fdq:A 

3p57B01 3p57:B (13-91) m3h0dB1 3h0d:B (3-75) 

3pvvB00 3pvv:B m3n7qA0 3n7q:A 

6on0A00# 6on0:A m3u3wA1 3u3w:A (3-58) 

3s8qA00 3s8q:A m3w6vA0 3w6v:A 

3u2bC00 3u2b:C m3zqlA0 3zql:A 

3zkcB00 3zkc:B m4g92A0 4g92:A 

4fthA00 4fth:A m4g92C0 4g92:C 

4g92B00 4g92:B m4jcyB0 4jcy:B 

6croA00 6cro:A m4knyA2 4kny:A (124-225) 

d1odha_ 1odh:A m4l62P1 4l62:P (7-49) 

d2iszd1 2isz:D (1-64) m4ldxB2 4ldx:B (121-229) 

d2xsdc1 2xsd:C (247-319) m4llnA0 4lln:A 

d2xsdc2 2xsd:C (343-397) m4lmgD0 4lmg:D 

d3coqa1 3coq:A (8-48) m4mteB1 4mte:B (3-72) 

d3e6cc1 3e6c:C (148-233) m4nnuA1 4nnu:A (44-122) 

h2er8C0 2er8:C m4nnuA3 4nnu:A (153-236) 

h2vy1A0 2vy1:A m4on0B0 4on0:B 

h3a5tA0 3a5t:A m4qtkA0 4qtk:A 

h3gnaA0 3gna:A m4u0yB0 4u0y:B 

h3igmA0 3igm:A m4ux5A0 4ux5:A 

h3lsrA01* 3lsr:A(4-53)   

 
 
 

NS 

1cezA01 1cez:A (8-325) 1ya6B01 1ya6:B (998-1176, 1387-
1400) 

1f66C00 1f66:C 2bzfA00 2bzf:A 

1jeyA02 1jey:A (251-278, 342-
439) 

2dnjA00 2dnj:A 

1jeyA03 1jey:A (279-341) 2pi4A05 2pi4:A (554-784) 
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Table S1: Domain-based non-redundant DNA-binding domains in HS, MS and NS 
groups (Continued). (*: DNA-binding domain was updated by excluding dimerization 
domain; #: 6on0 superseded 3qws on 2019-05-15; Bold: New HS DNA-binding 
domains.) 
 
 
Dataset Domain ID Domain definition Domain ID Domain definition 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NS 
 

1jeyB02 1jey:B (243-443) 2voaA00 2voa:A 

1rztA03 1rzt:A (386-508) 2wtfA04 2wtf:A (393-509) 

1rztI04 1rzt:I (509-575) 3aafA00 3aaf:A 

1skrA03 1skr:A (415-477, 590-
704) 

3av2A00 3av2:A 

1sxqA02 1sxq:A (167-332) 3cwsC02 3cws:C (113-230) 

1x9wA02 1x9w:A (233-414) 3gv5B04 3gv5:B (299-414) 

1xslA02 1xsl:A (332-385) 3l4jA01 3l4j:A (429-561, 609-691) 

3l4jA03 3l4j:A (692-860, 974-988) h4o0iA 4o0i:A (491-605) 

3l4jA04 3l4j:A (872-973) h4o5eA3 4o5e:A (149-335) 

3n4mB00 3n4m:B h4oinD0 4oin:D 

3uiqA02 3uiq:A (109-339) m2o8bA3 2o8b:A (321-855) 

3uiqA06 3uiq:A (775-866) m2o8bB1 2o8b:B (362-518) 

4eyhB01 4eyh:B (26-36, 99-221) m2o8bB3 2o8b:B (728-1335) 

d3jxya_ 3jxy:A m3f2bA0 3f2b:A 

d4klua1 4klu:A (11-91) m3l2pA1 3l2p:A (168-336) 

d9icka3 9ick:A (92-148) m4c2uA4 4c2u:A (384-561) 

h1s9fA4 1s9f:A (244-341) m4dl4A4 4dl4:A (313-432) 

h2wwyA0 2wwy:A m4ir1F1 4ir1:F (0-10, 74-165) 

h3kxtA0 3kxt:A m4ir1F4 4ir1:F (236-341) 

h3raxB3 3rax:B (1167-1233) m4o3mA3 4o3m:A (1072-1194) 

h4eluA2 4elu:A (423-832) m4plbB1 4plb:B (417-1033) 

h4g0vB0 4g0v:B m4plbB2 4plb:B (1034-1376, 1461-
1491) 
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