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ABSTRACT

Single-stranded DNA-binding proteins (SSBs) play
crucial roles in DNA replication, recombination and
repair, and serve as key players in the mainte-
nance of genomic stability. While a number of SSBs
bind single-stranded DNA (ssDNA) non-specifically,
the others recognize and bind specific ssDNA se-
quences. The mechanisms underlying this bind-
ing discrepancy, however, are largely unknown.
Here, we present a comparative study of protein-
ssDNA interactions by annotating specific and non-
specific SSBs and comparing structural features
such as DNA-binding propensities and secondary
structure types of residues in SSB—ssDNA interac-
tions, protein-ssDNA hydrogen bonding and =— in-
teractions between specific and non-specific SSBs.
Our results suggest that protein side chain-DNA
base hydrogen bonds are the major contributors to
protein—ssDNA binding specificity, while w— inter-
actions may mainly contribute to binding affinity. We
also found the enrichment of aspartate in the spe-
cific SSBs, a key feature in specific protein—double-
stranded DNA (dsDNA) interactions as reported in
our previous study. In addition, no significant dif-
ferences between specific and non-specific groups
with respect of conformational changes upon ssDNA
binding were found, suggesting that the flexibility of
SSBs plays a lesser role than that of dsDNA-binding
proteins in conferring binding specificity.

INTRODUCTION

In many essential cellular processes such as DNA replica-
tion, recombination and repair, the double-stranded DNA
(dsDNA) is unwound and exists transiently in a single-
stranded form (1,2). Single-stranded DNA (ssDNA) is vul-
nerable to chemical and enzymatic attacks and is prone to
forming secondary structures that can interfere with bio-
logical activity such as DNA replication. As a consequence,
a specific group of proteins, single-stranded DNA-binding

proteins (SSBs), has evolved to bind and stabilize ssDNA.
SSBs are also essential in the maintenance of genomic sta-
bility, playing critical roles in telomere end protection, DNA
damage repair, control of cell cycle checkpoints and the re-
cruitment of partner proteins to regulate DNA metabolism
(3-6). It has been demonstrated that aberrant ssDNA bind-
ing leads to genome instability and tumorigenesis (7,8).
Therefore, knowledge of SSB—ssDNA interactions can help
better understand the mechanisms underlying normal cellu-
lar processes and human malignancies. More importantly, it
can help provide guidance for targeted drug design in ther-
apeutics.

Despite the critical roles of ssDNA-binding proteins
in essential biological processes, investigation of SSB-
ssDNA interactions clearly lags far behind of other types of
protein—nucleic acid interactions, such as protein—-dsDNA
and protein—RNA interactions. Our current understanding
of SSB-ssDNA interactions mainly comes from several ex-
tensively studied individual SSBs, such as bacteriophage T4
gene 32 protein (gp32) (9-12), Escherichia coli SSB (13-19),
replication factor A (RPA) (2,20-25) and human SSB1 and
SSB2 (1,4). The first identified SSB is gp32, which exists
as monomers in solution without DNA substrates (9). The
central region of the gp32 monomer is the ssDNA-binding
domain containing an oligonucleotide/oligosaccharide-
binding fold (OB fold), while the terminal domains par-
ticipate in the cooperative binding of gp32 monomers and
protein—protein interactions (12,26-28). Escherichia coli
SSB functions as a homotetramer with one OB fold in
each subunit and the ssDNA-binding domain is in the N-
terminal (29). gp32 and E. coli SSB are the two most widely
studied SSBs and serve as the prototypes for many SSB
studies in bacteria and higher organisms (5,10,30,31). Gen-
erally thought as a eukaryotic homolog of E. coli SSB, RPA
is a heterotrimeric SSB. RPA is composed of three sub-
units with different molecular weights of 70, 32 and 14 kDa,
named RPA70, RPA32 and RPA14 with four, one and one
OB fold, respectively (2,32,33). One OB fold from each sub-
unit interacts with each other to form a stable trimeriza-
tion core (20,34). Besides studies of individual SSBs, re-
searchers also investigated small groups of SSBs (4,35-37).
Shi et al. compared the biological functions of a novel
SSB derived from Thermococcus kodakarensis KOD1 with
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three known SSB proteins from Thermus thermophilus, E.
coli and Sulfolobus Solfataricus P2 (37). They found all four
SSBs bound to ssDNA and viral RNA, and affected viral
RNA metabolism, but these SSBs showed different levels
of resistance to heat treatment (37). Ashton ef al. reviewed
SSBs in the human genome, including RPA, hSSBI1 and
hSSB2, and their roles in cellular processes for maintaining
genomic stability (35).

Of particular interest in SSB-ssDNA interactions is the
specific SSB—ssDNA recognition, or the binding specificity
between SSBs and ssDNA. Many SSBs bind ssDNA with
high affinity but independent of sequences (36,38). They
exist in different oligomeric states in solution, and present
in stoichiometric quantities with respect to ssDNA sub-
strates in different binding modes (30,39-41). These binding
modes depend mainly on salt concentration and the length
of ssDNA, and the stability of these modes is influenced
by factors such as pH, protein-binding density and tem-
perature (40,42,43). Some SSBs, on the other hand, bind
ssDNA with high sequence specificity. Telomere-end pro-
tection (TEP) proteins, including Potl, Cdcl3 and TEBP
(telomere end-binding protein), specifically bind short, re-
peated GT-rich ssDNA sequences, coordinate end protec-
tion and recruit telomerase at the telomere (44,45). The
binding specificity of TEP proteins varies across different
organisms. For instance, sequence specificity of the human
POT]1 is conferred by both OB folds in the dual-OB fold
DNA-binding domain, while Schizosaccharomyces pombe
Potl1 only relies on the first OB fold to achieve binding speci-
ficity (46,47). The mechanisms underlying this binding dis-
crepancy, however, have not been clearly elucidated.

The binding specificity of SSBs is considered to be con-
tributed by electrostatic, hydrogen-bonding and stacking
interactions between SSBs and ssDNA, as well as the flexi-
bility of SSB and/or ssDNA (36,38). However, the roles of
each of these factors in ssDNA binding specificity seem to
be different in various studies of individual SSBs. Shamoo
suggested that hydrogen-bonding interactions and small
pockets at the protein surface of TEBP contribute to se-
quence specificity, which is supplemented by the gener-
alized stacking and electrostatic interactions (38). How-
ever, Dickey et al. found that despite the apparent base-
specific hydrogen bonds, Pot1pC, one of the two OB folds
in Schizosaccharomyces pombe Potl, was able to bind vari-
ous ssDNA sequences with little to no specificity (48). By
comparing structures of PotlpC in complex with differ-
ent non-cognate ssDNA ligands, they suggested that the
binding promiscuity of PotlpC is achieved by new bind-
ing modes featured by different stacking interactions and
new hydrogen-bonding networks (48). In addition to base-
mediated hydrogen bonding, the binding specificity also re-
lies on the flexibility of protein and/or ssDNA (36). The im-
portance of protein and ssDNA flexibility is supported by
the TEBP:(T4Gy), complex structure, in which the protein
and ssDNA bind in a cofolding mode to induce the forma-
tion of DNA-binding pockets (38,45). An analysis of crys-
tal structures of 10 different non-cognate ssDNA ligands
complexed with the Oxytricha nova telomere end-binding
protein (OnTEBP) revealed that the overall protein confor-
mation in all complexes remained nearly identical to that
of the cognate complex, but the ssDNA exhibited subtle to

dramatic conformational changes (49). Pal and Levy also
found that the ssDNA molecules were more flexible than
the proteins, but they suggested that the sequence specificity
was mostly introduced by the stacking interactions between
aromatic residues and DNA bases (50).

While these studies provide some aspects of protein—
ssDNA interactions, to our knowledge, there are no re-
ports of larger scale structural studies of SSB-ssDNA in-
teractions, especially comparative studies for understanding
structural features in protein—ssDNA binding specificity as
in protein—-dsDNA interactions. DsDNA-binding proteins
(DSBs) recognize their specific target sites with a combina-
tion of two readout mechanisms: base readout and shape
readout (51-53). Comparative studies of DSB-dsDNA
complexes demonstrated that hydrogen bonds between
amino acid side chains and DNA bases, w-interactions be-
tween aromatic residues and DNA bases, and protein flexi-
bility all play important roles in specific DSB-dsDNA bind-
ing (54-57). Compared with dsDNA, ssDNA is more flex-
ible since there is no steric hindrance from a complemen-
tary DNA strand. It is interesting to see if there are differ-
ences between SSB-ssDNA and DSB-dsDNA interactions
in terms of binding specificity.

The current number of available protein—-ssDNA com-
plexes in Protein Data Bank (PDB) is similar to the number
that was used in the initial study of protein—-dsDNA inter-
actions about 20 years ago (58-61). To provide a general
picture of SSB—ssDNA interactions, especially the mecha-
nisms of SSB-ssDNA binding specificity, here we carried
out a comparative analysis of SSB-ssDNA interactions be-
tween specific and non-specific SSB-ssDNA complexes. To
do this, we first collected all protein—ssDNA complex struc-
tures from PDB (58,59) and the Nucleic Acid Database
(NDB) (62,63) and assigned them into specific (SP) and
non-specific (NS) groups. We then compared 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 hydro-
gen bonds and 7w interactions between SSB and ssDNA,
interaction interface, and protein conformational changes
upon ssDNA binding.

MATERIALS AND METHODS
Datasets

SSB-ssDNA complex structures, defined as any structures
containing one or more protein chains and at least one
single-stranded DNA, were collected from the November
2019 release of NDB (62,63) and PDB (58,59). Complex
structures containing false ssDNA and the ones that lack
primary evidence were filtered out first. The major source
of false positive SSB-ssDNA complexes comes from com-
plexes that contain only one strand of the double helix in the
asymmetric unit, such as 4KMF, 3ER8 and 3HZI. These
cases have been successfully annotated by NDB, where the
coordinates for the complete structure have been recon-
structed by applying the transformation matrices provided
in the PDB files (62,63). A dataset of 214 protein—ssDNA
complexes was generated (Supplementary Table S1).

For comparative analyses, only high-quality X-ray struc-
tures of SSB-ssDNA complexes with resolutions better



than 3.0 A and R-values <0.3, and NMR structures were
selected. All ssDNA-contacting protein chains that have at
least one heavy atom within 3.9 A of any heavy atoms of a
nucleotide of the ssDNA were first identified in these com-
plexes as described in protein—dsDNA interaction studies
(54,56,64,65). The atomic distances were calculated with
pdb-tools (66). An ssDNA-contacting protein chain was
filtered out if: (i) the ssDNA has nucleotides other than
AGCT; (i1) the length of ssDNA is shorter than three
nucleotides; (iii) ssSDNA is engineered, such as aptamers;
and (iv) there are mutated residues in the DNA-contacting
chain.

Of these high-quality ssDNA-contacting protein chains,
some only have ssDNA-binding domains, while others
also contain signal-sensing domains or dimerization do-
mains. To avoid any potential comparison biases, we chose
ssDNA-binding domains and their target ssDNA as com-
parison units. CATH, one of the widely used structural
classification databases, was used for protein structural do-
main annotation (67,68). An ssDNA-binding domain was
selected for analysis if there are more than one protein—
ssDNA contacts within 3.9 A and the domain has at least 40
amino acids. A total of 458 ssDNA-binding domains were
identified and used to generate two datasets, Dataset [ and
Dataset II, for comparative analyses (Figure 1).

Dataset I contains non-redundant complexes of SP and
NS ssDNA-binding domains and their corresponding ss-
DNA, representing the specific and non-specific ssSDNA-
binding proteins, respectively. To generate this dataset,
redundant ssDNA-binding domains were removed us-
ing PISCES with a 30% sequence identity cutoff (69).
These non-redundant, domain-based SSB-ssDNA com-
plexes were then assigned into two groups, SP and NS,
based on their binding specificity. The ssDNA binding
specificity was manually annotated by searching the pri-
mary references for these structures and their homologs in
PDB (58,59), as well as relevant information in UniProt
(70). The non-redundant, domain-based Dataset I has 22
SP and 42 NS SSB-ssDNA complexes (Supplementary Ta-
bles S2 and S3). Out of these 64 non-redundant ssDNA-
binding domains, 8 of them have not been classified by
CATH from the V4.3 release. The remaining 56 domains
represent three major classes, 11 different Architectures, 29
Topologies and 35 Homologous Superfamilies (3, 7, 12, 13
and 3, 9, 21, 23 for the specific and non-specific groups, re-
spectively), suggesting a good structural diversity and cov-
erage (Supplementary Tables S2 and S3).

Dataset II includes non-redundant SP and NS ssDNA-
binding domains paired with their corresponding apo struc-
tures. To get the apo structures, all 458 ssDNA-binding do-
mains (holo forms) were searched against PDB using de-
fault settings in the NCBI BLAST Blastp program (71). All
unbound structures (apo forms) that have 100% sequence
identity and at least 80% coverage with the bound protein
domain of the complex structures were selected. Low qual-
ity X-ray structures with resolutions worse than 3.0 A and
R-values >0.3 were filtered out. An NMR apo structure was
used if there were no X-ray apo structures available. Re-
dundant 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
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pairs based on their ssDNA binding specificity annotations.
Dataset II has 14 SP and 29 NS holo-apo ssDNA-binding
domain pairs (Supplementary Table S4).

Structural features of SSB-ssDNA interactions

Comparative analyses of structural features in SSB-ssDNA
interactions include: (i) propensities of amino acids in
contact with ssDNA; (ii) side chain-base hydrogen bonds
and w— interactions between proteins and ssDNA; (iii)
protein-DNA contact area (PDCA) and the number of
residue-base contacts (NRBC) (54,72); and (iv) secondary
structure types of residues involved in protein—ssDNA in-
teractions.

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 A of any heavy atom of a DNA base (54,56). The
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 the dataset (Equation 1),

_Noj
2 Ny

Py = 5t (1)
Yot My

where P,; is the propensity of amino acid @ in dataset j; N,
represents the total number of amino acid « in contact with
DNA in dataset j; M, is the total number of amino acid a
in dataset j. If P,; >1, amino acid « is said to be enriched
in protein—ssDNA contacts in dataset j. If P,; <1, amino
acid a is said to be depleted in protein—ssDNA contacts in
dataset ;. Since the datasets are relatively small, we applied
both bootstrap and jackknife methods to estimate the sam-
pling distributions, and the variances and potential bias of
the data. The bootstrap samplings were repeated 1000 times
with replacement. The mean propensities and £ 2SE (stan-
dard error) were plotted.

When computing the propensity for an amino acid inter-
acting with a specific nucleotide, it is calculated as in Equa-
tion (2),

Nupj
ZZO 1 Zb 1 Napj (2)
M, Ky;
250:1 Myj ’ 22:1 Kj

where P, is the propensity of the interacting pair of amino
acid a and nucleotide b in dataset j; N represents the to-
tal number of amino acid « in contact with nucleotide b in
dataset j; M,; is the total number of amino acid a in dataset
Ji and Kj; is the total number of nucleotide b in dataset j. If
P,y >1, contact between amino acid ¢ and nucleotide b is
said to be enriched in protein—ssDNA contacts in dataset ;.
If P, <1, contact between amino acid a and nucleotide b
is said to be depleted in protein—ssDNA contacts in dataset

Fapj =

Hydrogen bonds between protein and ssDNA were iden-
tified using HBPLUS with default parameters (73). Per-
centages of side chain-base hydrogen bonds in all hydro-
gen bonds formed between protein and ssDNA and those of
Watson—Crick atom-based side chain-base hydrogen bonds
in all side chain-base hydrogen bonds were calculated for
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Figure 1. Flowchart for generation of the 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 holo-apo pairs of ssDNA-binding domains.

each complex to assess if there are any differences between
SP and NS groups.

For m—m interactions, while previous studies used a ver-
tical distance of 3.5 A between DNA base-aromatic residue
pairs, we applied a slightly relaxed distance cutoff of 3.9
A for consistency with protein—ssDNA contact identifica-
tion in this study and manually inspected to verify that
the contact is w—r interaction using PyMOL (The PyMOL
Molecular Graphics System, Version 2.3.2 Schrodinger,
LLC) (74,75). In addition, the interplanar angle (w) be-
tween the aromatic planes was measured with the an-
gle_between_helices command in the PyYMOL psico module.
The geometry of m—r interactions were classified as stacked
(0< » < 20°), inclined (20° < @ < 70°), and T-shaped (70°
< o <90°) as described by Wilson ez al. (76).

PDCA was calculated by subtracting the solvent accessi-
ble surface area (SASA) of a protein-ssDNA complex from
the sum of solvent SASAs of its protein and ssDNA com-
ponents and divided by two since the interface area is calcu-
lated twice from the protein and DNA components (Equa-
tion 3). The solvent accessible surface area was calculated
with FreeSASA (77).

SASAprotein + SASApna — SASAcomplex
2

Protein—ssDNA contacts were defined using a distance
cutoff of 3.9 A 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 de-
pending on the atoms of DNA involved: (i) NRBC for the
number of residue and DNA base contacts that represents
specific interactions between protein and DNA as described

PDCA= 3)

in our previous studies (54,72), and (ii)) 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 ap-
plied to assign residues involved in protein—ssDNA inter-
actions to three general secondary structure types: helix,
strand and coil, where H («a-helix), G (319-helix) and I (-
helix) states from DSSP are assigned as helix type, E (ex-
tended strand) and B (residue in isolated B-bridge) states
from DSSP are classified as strand type, and all the other
states are considered as coil type (55,78-81).

Conformational changes of SSBs upon ssDNA binding
were calculated by comparing both main chain 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 A of any heavy
atoms of DNA. RMSD and IRMSD were calculated using
the PyYMOL 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 respec-
tively (82).

Statistical analysis

For statistical analyses between two groups, Shapiro—Wilk
test was performed first to test the normality of the data. If
the data are normally distributed, a parametric Student’s #-
test was carried out. Otherwise, a non-parametric Wilcoxon
rank-sum test was applied. To test the association of inter-
planar angle distributions of protein—ssDNA m—m interac-
tions between two groups, chi-square test or Fisher’s exact
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Figure 2. Mean propensities and variances (£2SE) of amino acids that bind to ssDNA bases in the SP and NS groups from bootstrap resampling.

test was performed depending on the sample size and ex-
pected values.

RESULTS
Amino acid propensity for protein—-ssDNA interaction

Overall propensity of residues involved in side chain-base con-
tacts. 'The means and variances (2SE) of the amino acid
propensities are shown in Figure 2 for bootstrap resam-
pling and Supplementary Figure S1 for jackknife resam-
pling, respectively. Both resampling methods are consistent
and show very small variances (Figure 2 and Supplemen-
tary Figure S1). Aromatic and positively charged amino
acids phenylalanine (F), histidine (H), tryptophan (W), ty-
rosine (Y), lysine (K) and arginine (R) are enriched in both
SP and NS groups (Figure 2). Of these six residues, his-
tidine, tyrosine and arginine are more enriched in the SP
group than those in the NS group. The aromatic residues
are likely involved in protein—ssDNA m— interactions. The
positively charged lysine and arginine can form hydrogen
bonds with DNA bases and interact electronically with the
negatively charged DNA backbone atoms. Aliphatic amino
acids alanine (A), isoleucine (I), leucine (L) and valine (V),
the negatively charged glutamate (E), and cysteine (C) show
low propensity in both SP and NS groups (Figure 2). Three
amino acids methionine (M), proline (P) and asparagine (N)
are enriched in the NS group, but not in the SP group. The
most interesting one is aspartate (D), a negatively charged
small amino acid. It is enriched in the SP but depleted in
the NS group. A similar pattern was found in the specific
protein—-dsDNA complexes (54), suggesting the importance
of aspartate in both specific protein—ssDNA and protein—
dsDNA interactions.

Propensity of aromatic residues involved in protein—ssDNA
w—x interactions with different nucleotides. While aro-
matic residues in contact with ssDNA are enriched in both
groups (Figure 2), those involved in protein—ssDNA w—r
interactions show different preferences for nucleotides be-
tween the SP and NS groups. Figure 3 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 en-
riched 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 —r interac-
tions between these two groups, we measured the interpla-
nar angle (w) between the aromatic planes of aromatic side
chains and DNA bases. The m— interactions were grouped
into stacked, inclined, and T-shaped types as described in
the ‘Materials and Methods’ section (76). The results are
shown in Supplementary Table S5. Since the expected val-
ues of some cells are less than five, Fisher’s exact tests were
carried out to compare the interplanar angle distributions
between SP and NS groups for individual aromatic residues
as well as group-wise comparisons. No significant differ-
ences were found between these two groups in terms of the
geometry of protein—ssDNA m— interactions (Supplemen-
tary Table S5).

Propensity of residues involved in side chain-base hydro-
gen bonds with different nucleotides. We found two en-
riched residue-nucleotide pairs, aspartate-guanine (propen-
sity = 5.620) and lysine-guanine (propensity = 5.439) in
the SP group but none such pairs in the NS group (Sup-
plementary Figure S2). Of all 11 side chain-base hydrogen
bonds formed between seven aspartate—guanine pairs, six
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Figure 3. Propensities of aromatic amino acids that form protein—ssDNA m—r interactions with different DNA bases in the SP and NS groups.

are bidentate (where two hydrogen bonds formed with a
DNA base via two pairs of hydrogen bond donors and ac-
ceptors) and two are bifurcated (where one hydrogen bond
acceptor/donor is shared by two hydrogen bonds) hydro-
gen bonds formed with the same guanine bases (56). Inter-
estingly, the DNA base atoms involved in these hydrogen
bonding are those that typically form Watson-Crick base
pairs in dsDNA (termed as WC atoms in this study Figure
4A). For instance, OD2 atom (hydrogen bond acceptor) of
ASP223 on chain A of OnTEBP (PDBID: 10TC) forms bi-
furcated hydrogen bonds with two WC atoms, H(N1) and
H(N2) (hydrogen bond donors) of guanine 4 on the sin-
gle strand telomeric DNA (Figure 4B). 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 of guanine 205, re-
spectively, on a human telomeric repeat (PDBID: 1PGZ,
Figure 4C). The second enriched pair 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.

It is not surprising that the number of side chain-base hy-
drogen bonds in the NS group is scarce. For example, there
are only one histidine-guanine, one asparagine—guanine,
one histidine-adenine and two arginine-guanine pairs ob-
served in the NS group even though their propensity values
are quite large (Supplementary Figure S2). Similarly, in the

SP group, the tryptophan—thymine pair only has one case.
Therefore, in these cases, both the raw count and propensity
need to be considered for a fair and meaningful compari-
son.

Protein—ssDNA side chain-base hydrogen bonds

Unlike protein—dsDNA interactions, where the WC atoms
of DNA bases are involved in A-T and C-G base pairing
and are not available for interaction with proteins (Fig-
ure 4A), all base atoms on ssDNA have potential to inter-
act with protein and form hydrogen bonds. To test if there
are any differences between the SP and NS protein—ssDNA
complexes, we compared the percentages of side chain-base
hydrogen bonds among all protein—ssDNA hydrogen bonds
and the percentages of WC atom-based side chain-base hy-
drogen bonds between these two groups (Figure 5). The per-
centages of side chain-base hydrogen bonds in each complex
are shown in Figure 5A for the non-specific group and 5B
for the specific group, with the percentages of side chain-
base hydrogen bonds shown at the bottom in a descending
order. Complexes in the SP group generally show larger con-
tributions of side chain-base hydrogen bonds to the total
number of protein—ssDNA hydrogen bonds. 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 5B). The NS group, on the other hand, only has
~47% (18 of the total 38 complexes that have at least one
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Figure 4. Watson-Crick (WC) atoms (A) and examples of aspartate forming bifurcate (B) and bidentate (C) hydrogen bonds with the same guanine in the
SP group. Hydrogen bonds between atoms are represented by dashed lines. (A) Dashed red boxes indicate WC atoms involved in hydrogen bonds. Arrows
represent atoms that can form hydrogen bonds with proteins: green arrow for hydrogen bond acceptor and blue arrow for hydrogen bond donor. (B) OD2
atom (acceptor) of ASP223 in OnTEBP (PDBID: 10TC; protein chain: A; DNA chain: D) forms bifurcated hydrogen bonds with H(N1) and H(N2) atoms
(donors, WC atoms) of guanine 4. (C) OD1 and OD2 atoms (acceptors) of ASP42 in 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).

protein—-DNA hydrogen 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 5A). Even though the two NS com-
plexes, domains 3kqlA03 and 4j1jA02 (the left two columns
in Figure 5A), have exclusively side chain-base hydrogen
bonds with their bound ssDNA, their raw counts are very
small with only one for each complex. Wilcoxon rank-sum
test shows the difference between these two groups is signif-
icant with a P-value of 0.00023 (Figure 5C).

We also compared the percentages of WC atom-based
hydrogen bonds in all side chain-base hydrogen bonds be-
tween these two groups. Percentages of WC atom-based hy-
drogen bonds in each complex are shown in Figure 5 (D
for the NS group and E for the SP group), with percent-
ages of WC atom-based hydrogen bonds shown at the bot-
tom in a descending order. Overall, complexes in the SP
group show larger percentages of WC atom-based hydrogen
bonds. About 94% (17 of the total 18 complexes that have

side chain-base 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 SE). The NS group
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 5D). Wilcoxon rank-sum
test shows that the percentages of WC atom-based hydro-
gen bonds between the SP and NS groups are significantly
different (P-value = 0.013) (Figure 5F).

Protein—ssDNA interaction interface

There is no significant PDCA difference between the SP and
NS groups (Figure 6A, P-value = 0.22). PDCA represents
the overall interface area with combined contacts among
side chain, base and backbone atoms. When only the num-
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ber of residue-base contacts is considered, the SP complexes
show larger number of NRBC than the NS cases and the
difference is statistically significant (Figure 6B, P-value =
0.012). After the NRBC is normalized with the overall inter-
action interface PDCA, the SP group shows more residue-
base contacts per 1000 A? contact area, suggesting a larger
percentage of specific interactions among all interactions
(Figure 6C, P-value = 0.0032).

Compared with our previous study of protein—-dsDNA
binding specificity (54), the PDCAs between dsDNA-
binding proteins and dsDNA and those between ssDNA-
binding proteins and ssDNA are similar, but SSB-ssDNA
interactions have more contacts between residues and bases,
in terms of both raw and normalized NRBC counts (54).
For instance, the majority of the normalized NRBC counts
in specific ssDNA binding proteins are >10 (Figure 6C),
while most of the normalized NRBC counts in specific
dsDNA-binding proteins are <10 (54). One major differ-
ence between protein—-dsDNA and protein—ssDNA inter-
actions is that in protein-ssDNA complexes, residue—base
contacts dominate the interaction between residues and ss-

DNA (Figure 6D), with median values >55 in non-specific
ssDNA-binding proteins and >75 for the specific ssDNA-
binding proteins, while protein—-dsDNA interactions show
the opposite trends that most of residue-DNA contacts are
formed between residues and DNA backbone, with per-
centages of about 88% and 66% for non-specific and spe-
cific dsDNA-binding proteins, respectively (54). These dif-
ferences are largely due to the increased accessibility of ss-
DNA base atoms compared to dsDNA.

Protein conformational changes upon ssDNA binding

To explore protein conformational changes upon ssDNA
binding, we first calculated all heavy-atom RMSDs be-
tween the ssDNA-binding domains and their correspond-
ing apo conformations. Most ssDNA-binding domains do
not change conformation dramatically upon ssDNA bind-
ing, and majority of the RMSD values are <2 A (Figure
7A). There are a few individual cases that show relatively
large conformational changes. The largest change comes
from a pair in the SP group, domain 3¢2pA07 in Coliphage
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N4 virion-encapsidated RNA polymerase (VRNAP) and its
apo structure 2po4 (RMSD: 6.532 A). Figure 7B shows that
the motif B of N4 vVRNAP rearranges its structure from
a loop (apo form, green) to a short antiparallel B-hairpin
(holo form, magenta). This change and other conforma-
tional changes transit the polymerase from the inactive state
to an active form to accommodate the binding of incoming
DNA (83). Statistical analysis shows no significant RMSD
difference between these two groups (Figure 7A, P-value =
0.37). Similarly, no significant IRMSD difference was found
between these two groups (P-value = 0.89) (Figure 7C).

Secondary structure types of ssDNA interacting residues

We recently compared the secondary structure types of
residues involved in side chain-base hydrogen bonds in dif-
ferent types of dsDNA-binding proteins and found distinct
patterns (55). To investigate the roles of secondary struc-
ture types of amino acids in specific ssDNA-binding pro-
teins, the secondary structure type propensities of amino
acids that are in contact with ssDNA bases were calculated
against the relative frequencies of secondary structure types
of all residues in the respective group of ssDNA-binding do-
mains. SSDNA base-contacting residues in both groups are
enriched in strand conformations with a higher enrichment
in the SP group, while coil secondary structure types are also
preferred in the NS group (Figure 8A).

For residues that form hydrogen bonds between their side
chains and ssDNA bases, we used two different background
distributions to calculate the propensities: one is the sec-
ondary structure type distribution of all base-contacting
residues (Figure 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
8C). A similar trend is found in both cases. Residues in-
volved 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 coil types in the SP group is larger than
that in the NS group (Figure 8B and C). These results sug-
gest that for residues involved in side chain-base hydrogen
bonds, relatively more such residues in the SP group are
adopting coil conformation, which may represent more flex-
ible conformations. However, results in Figure 8B and C
need to be interpreted with caution as the raw counts of sec-
ondary structure types in the NS group are relatively small
(Helix: 6, strand: 13, and coil: 7).

DISCUSSION

We performed a comparative study of SSB-ssDNA inter-
actions with a focus on the binding specificity. Our results
suggest that side chain-base hydrogen bonds play a major
role in protein—ssDNA binding specificity, while protein—
ssDNA m— interactions may mainly contribute to bind-
ing affinity. Without a complementary strand in sSDNA,
atoms normally forming Watson-Crick base pairs in ds-
DNA are available to serve as additional hydrogen bond
donors/acceptors to facilitate binding specificity and/or
affinity. Significantly larger percentages of overall and WC

atom-based side chain-base hydrogen bonds were found in
the SP group than the NS group (Figure 5). Unlike spe-
cific dsSDNA-binding domains, which are more flexible and
undergo larger conformational changes after binding ds-
DNA than non-specific dsDNA-binding domains, there is
no apparent difference between the specific and non-specific
ssDNA-binding domains (54).

Our comparative analyses show that the SP group pro-
teins form more contacts with DNA bases than those in
the NS group (Figure 6), and the propensities of amino
acids that involved in protein—ssDNA contacts show that
both groups prefer aromatic residues and positively charged
residues, but residues H, Y and R are more enriched in
the SP group (Figure 2). These findings are consistent with
previous studies (50,84,85). The enrichment of all aromatic
residues can be attributed to the increased accessibility of
ssDNA. Without the steric hindrance from the comple-
mentary strand, sSDNA can change conformation relatively
easily so that DNA bases become more accessible to aro-
matic residues to engage in w— interactions with aromatic
residues. The distributions of m—m geometry types between
SP and NS groups do not show significant differences (Sup-
plementary Table S5), suggesting that in general protein—
ssDNA m— interactions may mainly contribute to bind-
ing affinity although in individual cases w— interactions
can contribute to specific protein—ssDNA interactions. This
is similar to the role of the minor groove interactions in
specific protein—-dsDNA recognition. Even though minor
groove contacts are generally considered non-specific due to
the lack of discriminative pattern for hydrogen bonds, sev-
eral studies have demonstrated that some minor groove con-
tacts can contribute to protein—-dsDNA binding specificity
through shape readout mechanism (51-54). While there are
no w—m geometry studies in terms of protein-DNA bind-
ing specificity, based on a dataset with 428 protein—-DNA
complexes that include both protein-dsDNA and protein—
ssDNA complexes, Wilson ef al. found that the stacked ori-
entation (58%) is more common than the inclined config-
uration (29%), with the T-shaped interaction as the least
frequent one (13%) (76). For SSB-ssDNA complexes, by
combining the frequencies of each geometric type of w—m
interactions in both NS and SP groups (Supplementary Ta-
ble S5), we found that the stacked orientation represents
39% of protein—ssDNA m—r interactions, similar to the in-
clined configuration (38.1%), with the T-shaped interaction
at 22.9%.

The most interesting structural feature is the enrichment
of amino acid aspartate in the SP group, but not in the
NS group (Figure 2). This difference is more distinct at the
side chain-base hydrogen bond level, 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. Out of three types of contact-
ing nucleotides, the preference of aspartate to guanine is the
most dominant one. Structural inspections show this pref-
erence is achieved via the bidentate and/or bifurcate hy-
drogen bonds between aspartate and WC atoms of DNA
bases of the same guanines (Figure 4). Aspartate was also
enriched in specific protein-dsDNA binding but with dif-
ferent binding characteristics. In protein-dsDNA interac-
tions, aspartate favors cytosine, and most (10 out of total
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19) of aspartate-cytosine side chain-base hydrogen bonds
are bidentate hydrogen bonds formed with two consecutive
cytosines in the major groove (54).

In addition to guanine, aspartate also shows preferences
to cytosine (propensity = 3.042) and thymine (propen-
sity = 1.865). This may explain the critical role of as-
partate in mutagenesis driven by the cytidine deaminase
APOBEC in cancer (86). APOBEC-mediated mutations,
especially those driven by APOBEC3A and APOBEC3B,
are sensitive to cytosines in TpC sites in hairpin (stem-
loop) DNA structures, potential hotspots for mutagenesis,
formed while transiently single-stranded in a sequence spe-
cific manner (7,86,87). Particularly, Shi et al. found aspar-
tate 131 (D131) strongly influenced the preference of the up-
stream nucleotide of the target cytosine at the TpC sites.
A substitution by alanine (D131A) decreased selectivity,
and a glutamate substitution (D131E) converted the pref-
erence to cytosine from thymine, while threonine substitu-
tion (D131T) retained selectivity (86) (Supplementary Fig-
ure S3). Additionally, they found that two neighbor tyrosine
residues (Y130, Y132) were also important in conferring
the selectivity (86) (Supplementary Figure S3). Despite all
three APOBEC3(A/B)-ssDNA complex structures in PDB
(PDBID: 5KEG, SSWW, 5TD5) were excluded in this study
due to different numbers of mutations in the protein, pref-
erences of aspartate to cytosine and thymine only in the SP
group suggest these patterns might be a general feature of
the SP group rather than a unique feature of the APOBEC
family.

Upon ssDNA binding, conformational changes of
ssDNA-binding domains in terms of heavy atom RMSD
between the SP and NS groups, either for all residues
or interface residues only, do not show significant differ-
ences (Figure 7). This indicates that while specific protein—
ssDNA recognition relies on the flexibility of protein
and/or ssDNA in some cases (36), 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
between the cognate OnTEBP-ssDNA complex and com-

plexes with 10 different non-cognate ssDNA molecules
(49). They found that while the protein conformation
in all non-cognate complexes remained nearly identical
to that in the cognate complex, the ssDNA exhibited
dramatic differences in three non-cognate complexes and
subtle conformational changes in the other seven non-
cognate complexes (49). This study revealed the plastic-
ity of the OnTEBP in accommodating non-cognate ss-
DNA sequences, especially via a phenomenon they named
nucleotide shuffling—conformational rearrangements via
shifts in the ssDNA register of various number of nu-
cleotides (49).

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 8 A). The secondary structure type preferences
of specific ssDNA-binding proteins are different from those
of specific dsSDNA-binding proteins, including both highly
specific and multi-specific dSsSDNA-binding proteins, where
highly specific dsDNA-binding proteins prefer coils and
multi-specific dSDNA-binding proteins favor helices (55).
These results are largely in agreement with the conforma-
tional studies in both specific protein-dsDNA and protein—
ssDNA interactions. In protein—ssDNA complexes, there
are less conformational changes after binding DNA that is
consistent with the larger strand propensity, while in spe-
cific protein—-dsDNA interactions, proteins are more flex-
ible and enriched relatively more in coil conformations.
The SP group has a larger propensity of coils than the
NS group (Figure 8B and C), indicating protein flexibility
still plays a role in the binding specificity. Protein flexibil-
ity affects DNA recognition likely via speeding up locat-
ing DNA-binding proteins to their target sites (54,57,88—
91). In addition, it is suggested that the loops/linkers con-
necting ssDNA-binding domains, especially their lengths,
are responsible for binding specificity (36,85,92).

To our knowledge, this is the first comparative struc-
tural study of protein—ssDNA interactions, especially the
mechanisms underlying the binding discrepancy between
ssDNA binding proteins with different degrees of binding
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specificity. We believe findings from this study can help im-
prove SSB-ssDNA binding prediction models (50). More-
over, this study can provide additional information, such
as binding specificity to current databases about protein—
DNA interactions (65).
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