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a b s t r a c t

Single-stranded DNA-binding protein (SSB) is essential to cells as it participates in DNA metabolic pro-
cesses, such as DNA replication, repair, and recombination. Escherichia coli SSB (EcSSB) tetramer coop-
eratively binds and wraps ssDNA in two major binding modes. In this study, we report the complex
crystal structure of Pseudomonas aeruginosa SSB (PaSSB) with ssDNA dT20 at 2.39 Å resolution (PDB entry
6JDG) that revealed a new binding mode, namely, (SSB)3:1. In the (SSB)65 mode revealed by the EcSSB
edC35 complex structure, all four subunits fully participate in the binding to ssDNA. However, only three
subunits in the PaSSB tetramer can participate in wrapping ssDNA in the (SSB)3:1 mode. The bound
ssDNA in the PaSSBessDNA complex adopts an U-shaped conformation rather than a c-shaped
conformation in the (SSB)65 mode possibly due to the disability of Phe60. Phe60 is known to play a
critical role in defining DNA-binding paths and promoting the wrapping of ssDNA around SSB tetramers.
However, it is not important in the (SSB)3:1 mode. The ssDNA binding path revealed by our structural
evidence suggests that ssDNA occupies half of the binding sites of the two subunits and slightly comes
into contact with the ssDNA binding sites of the third subunit. Accordingly, we propose and sketch a
possible wrapping mechanism of SSB via this novel ssDNA-binding mode, (SSB)3:1.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Single-stranded DNA-binding proteins (SSBs) are ubiquitous
within all kingdoms of life and play essential roles in DNA repli-
cation, recombination, repair, and replication restart [1e3]. SSB is
required to maintain the transient unwinding of duplex DNA in a
single-stranded state. SSB exhibits high affinity for ssDNA with no
considerable sequence specificity. Bacterial SSB consists of an N-
terminal ssDNA-binding domain and a flexible C-terminal
proteineprotein interaction domain [4]. The N-terminal domain
consists of an oligosaccharide/oligonucleotide-binding (OB) fold
[5]. SSB binds tomany nucleoproteins and enzymes associated with
DNA metabolism that constitute the SSB interactome [4,6]. SSB
recruits these nucleoproteins, such as PriA [7e9], exonuclease I
iences, Chung Shan Medical
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g).
[10], RecA [11], RecG [12], RecO [13], and RecQ [14], and stimulates
their activities. However, given their inherent differences, some
Gram-positive bacterial SSBs such as Bacillus subtilis SsbA [15],
Staphylococcus aureus SsbA [16], SsbB [17], and SsbC [18], do not
activate PriA helicase. A long glycine-rich hinge known as the
intrinsically disordered linker (IDL) in the C-terminal domain of SSB
is also involved in mediating the binding of partner proteins
[19e21]. The entire C-terminal domain of SSB is disordered even in
the presence of ssDNA [22].

The structure, DNA binding properties, and functions of SSB in
Escherichia coli (EcSSB) have been studied extensively [2e4]. EcSSB
forms a stable homotetramer, which binds and wraps ssDNA
around its subunit [23]. EcSSB tetramer cooperatively binds and
wraps ssDNA in two major binding modes [24]. These two distinct
binding modes are dependent on salt concentration in a solution
[24]. In the (SSB)35 binding mode, which is favored in low salt
concentrations (<10mM NaCl), only two subunits in an EcSSB
tetramer bind 35 nts to form the SSB35 complex. In the (SSB)65
binding mode, which is favored in moderately high salt
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Fig. 1. Structure and binding modes of SSB. (A) The (SSB)65 mode (PDB entry 1EYG). All four subunits of EcSSB (forest) participate in the binding to ssDNA (black). ssDNA that passes
along the backside of the schematic is depicted as a dotted line. OB-fold binding sites are represented with either an open circle, for an unoccupied binding site; a half-closed circled,
for a partially occupied binding site; or a closed circle, for a fully occupied binding site [26]. (B) The (SSB)35 mode. ssDNA (red) comes into full contact with one subunit and only
partially contacts with two other subunits for an average of two OB domains per SSB homotetramer. (C) Crystal structure of PaSSB complexed with ssDNA dT20. Four monomers of
PaSSB (monomers A, B, C, and D) and three ssDNAs (chains E, F, and G) were found in the asymmetric unit. The composite omit map (at 1.0 s) indicated the presence of ssDNA. (D)
The superimposed structures of monomer A, B, and C revealed that the ssDNA binding modes in each monomer are different. (E) Conformational differences between the apo and
dT20-bound form of PaSSB. Relative to their positions in apo-PaSSB (gray), the L12 loop in monomers A (red), B (blue), C (orange), and D (green) in the complex structure of PaSSB
was shifted by angles of 12.6� , 9.2� , 5.8� , and 2.9� and distances of 2.8, 2.1, 1.3, and 0.5 Å, respectively. (F) The ssDNA interaction cavity. The ssDNA interaction cavity created by
residues E19 (b10), R21 (b10), R56 (b3), and R86 (b4) in monomer D (the unbound state) was wider than that in monomers A, B, and C. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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concentrations (>200mM NaCl), all four subunits of EcSSB partic-
ipate in ssDNA binding to form the SSB65 complex. Intermediate
ssDNA binding states of EcSSB are also found via structural changes
between the SSB35 and SSB65 complexes [25]. During the different
stages of DNAmetabolism, different bindingmodes of SSB to ssDNA
may be required for in vivo function [26,27].

Crystallographic studies of SSB boundwith twomolecules of 35-
mer ssDNA determined to a resolution of 2.8 Å suggest a model for
the SSB65 complex [23]. Given that protein crystallization usually
occurs at high salt conditions, the crystal structure for describing
the (SSB)35 mode that is used for the ssDNA binding of SSB at low
salt conditions (<10mM NaCl) is not easily obtained by X-ray
chromatographic analysis. Complexed crystal structures of SSB are
needed to understand how SSB can stably bind ssDNA in different
and intermediate wrapping states.

In this study, we report the complex crystal structure of



Table 1
Data collection and refinement statistics.

Data collection
Crystal PaSSBedT20
Wavelength (Å) 0.975
Resolution (Å) 30e2.39
Space group P31
Cell parameters
a, b, c (Å) 60.04, 60.04, 129.64
a, b, g (o) 90, 90, 120

Completeness (%)a 99 (99.8)*
<I/sI> 20.27 (2.4)
Rsym or Rmerge (%)b 0.049 (0.463)
Redundancy 3.1 (3.2)
Refinement
Resolution (Å) 29.25e2.39
No. reflections 20581
Rwork/Rfree 0.213/0.264
No. atoms
Protein 400
DNA 27
Water 25

Ratio (polypeptide chain: ssDNA) 4:3
R.m.s deviation
Bond lengths (Å) 0.009
Bond angles (�) 0.996

Ramachandran Plot
In preferred regions 369 (97.11%)
In allowed regions 11 (2.89%)
Outliers 0 (0%)
PDB entry 6JDG

a Values in parentheses are for the highest resolution shell.
b Rsym¼ S|I� ‘I’ |/SI, where I is the observed intensity, ‘I’ is the statistically

weighted average intensity of multiple observations of symmetry-related
reflections.
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Pseudomonas aeruginosa SSB (PaSSB) with ssDNA dT20 at 2.39 Å
resolution (PDB entry 6JDG) that revealed a novel binding mode,
namely, (SSB)3:1. Unlike the (SSB)65 mode showing all four subunits
that fully participate in the binding to ssDNA, only three subunits in
the PaSSB tetramer can participate in wrapping ssDNA in the
(SSB)3:1 mode. In addition, we find that the bound ssDNA in the
PaSSBessDNA complex adopts an U-shaped conformation rather
than a c-shaped conformation in the (SSB)65 mode. On the basis of
structural evidence, we propose and sketch a possible wrapping
mechanism of SSB via this novel ssDNA-binding mode, (SSB)3:1.

2. Materials and methods

2.1. Protein expression and purification

Construction of the PaSSB expression plasmid has been reported
[20,28,29]. The recombinant PaSSB protein was purified using the
protocol described previously for SSB-like proteins [8,30]. Briefly,
E. coli BL21(DE3) cells transformed with the expression vector were
grown at 37 �C in LB medium supplemented with 100 mg/mL
ampicillin. PaSSB expressionwas induced by incubating with 1mM
isopropyl thiogalactopyranoside. PaSSB was purified from the sol-
uble supernatant by Ni2þ-affinity chromatography (HiTrap HP; GE
Healthcare Bio-Sciences), eluted with Buffer A (20mM Tris-HCl,
250mM imidazole, and 0.5M NaCl, pH 7.9), and dialyzed against
a dialysis buffer (20mMHEPES and 100mMNaCl, pH 7.0; Buffer B).
Protein purity remained at >97% as determined by SDS-PAGE.

2.2. Crystallography

Before crystallization, PaSSB was concentrated to 20mg/mL in
Buffer B. PaSSB was incubated with dT20 at a 1:4 (PaSSB tetramer/
dT20) ratio. Crystals were grown at room temperature by hanging
drop vapor diffusion in 10% PEG 8000 and 200mM magnesium
acetate. Diffraction data were collected using an ADSC Quantum-
315r CCD area detector at SPXF beamline BL13C1 at NSRRC
(Taiwan). All data integration and scaling were carried out using
HKL-2000 [31]. The crystal structure of PaSSB complexed with
ssDNA dT20 was determined at 2.39 Å resolution with the molec-
ular replacement software Phaser-MR [32] using PaSSB as model
(PDB entry 5YUO) [20]. Four monomers of PaSSB (monomers A, B, C
and D) and three ssDNAs (chains E, F and G) were found per
asymmetric unit. A model was built and refined with PHENIX [33]
and Coot [34]. The final structure was refined to an R-factor of 0.213
and an Rfree of 0.264. Atomic coordinates and related structure
factors have been deposited in the PDB with accession code 6JDG.

3. Results and discussion

3.1. Overall structure of PaSSB tetramer with ssDNA dT20

EcSSB tetramer binds DNA in two major binding modes [24]. In
the (SSB)65 mode (Fig. 1A), as revealed by the EcSSBedC35 complex
structure [23], all four subunits participate in the binding to ssDNA.
In the (SSB)35 mode (Fig. 1B), ssDNA comes into full contact with
one subunit and only partially contacts with two other subunits for
an average of two OB domains per SSB homotetramer [25,26].
However, no such complexed structure is available. In this study,
we solved the crystal structure of PaSSB complexed with ssDNA
dT20 at 2.39 Å resolution (Table 1) and found a new ssDNA inter-
action mode, namely, (SSB)3:1 (Fig. 1C). This mode is similar to but
different from the (SSB)35 mode. Four monomers of PaSSB
(monomers A, B, C, and D) and three ssDNAs (chains E, F, and G)
were found in the asymmetric unit. Similar to the apo-PaSSB
structure [20], the PaSSB monomer in this complex structure has
three pairs of antiparallel b-strands (b10b2, b2b3, b4b5) and folds as
an OB-fold, with the core bearing b-barrel capped by an a-helix
(Fig. 1C). The ssDNA interaction sites in each monomer are different
(Fig. 1D). Through the superimposed structures, conformational
differences between the apo and dT20-bound form of PaSSB were
mainly observed in the L12 and L45 loops (Fig. 1E). Relative to their
positions in apo-PaSSB (gray), the L12 loop in monomers A (red), B
(blue), C (orange), and D (green) in the complex structure of PaSSB
was shifted by angles of 12.6�, 9.2�, 5.8�, and 2.9� and distances of
2.8, 2.1, 1.3, and 0.5 Å, respectively. The ssDNA interaction cavity
created by residues E19 (b10), R21 (b10), R56 (b3), and R86 (b4) in
monomer D (the unbound state) was wider than that in monomers
A, B, and C (Fig. 1F). Compared with the structure of apo-PaSSB [20],
the conformation of monomer D in this complex structure did not
significantly differ in terms of position.

SSBs do not limit the conformation of bound ssDNA [35]; thus,
the largely unstructured ssDNA can slide freely through the ssDNA
binding domain of SSB [36]. Consequently, this high ssDNAmobility
causes the bound DNAs to be disordered and non-visible in the
electron density map [35]. Although we used dT20 for crystal
growth, continuous electron density was observed only for nucle-
otides T7e9 in chain E (3 mers); T4e12 and T15e16 in chain F (11
mers); and T2e12, T15, and T17 in chain G (13 mers). For clarity,
undefined T13 and T14 in chain F and T16 in chain G were modeled
(Fig. 1C). Similar to that of EcSSB [22], the entire C-terminal domain
of PaSSB (aa 116e165) is disordered and disappears even when
bound to ssDNA.
3.2. ssDNA interaction sites

The proteinessDNA interface reveals an extensive network of
interactions that involves the stacking of aromatic side chains with
DNA bases and a number of hydrogen bonds and electrostatic



Fig. 2. ssDNA interaction sites. A detailed view of the PaSSBessDNA interactions for (A) T4e10 in chain F, (B) T11e12 and T15e16 in chain F, (C) T2e7 in chain G, (D) T8e10 in chain
G, (E) T11e12, T15, and T17 in chain G, and (F) T7e9 in chain E is shown. (G) A schematic diagram of the proteinessDNA interactions in the PaSSBedT20 complex.
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interactions between the PaSSB tetramer and the three ssDNA dT20
homopolymers (Fig. 2). Given that ssDNA does not completely
come into contact with all four subunits of PaSSB, the ssDNA
interaction sites in each monomer are different. A detailed view of
the PaSSBessDNA interactions for T4e10 (Fig. 2A), T11e12 (Fig. 2B),
and T15e16 (Fig. 2B) in chain F; T2e7 (Fig. 2C), T8e10 (Fig. 2D),
T11e12 (Fig. 2E), T15 (Fig. 2E), and T17 (Fig. 2E) in chain G; and
T7e9 in chain E (Fig. 2F) is shown. A schematic diagram of the



Fig. 3. Phe60 is not crucial for ssDNA binding. (A) The EcSSBedC35 complex. All four Phe60 of the SSB tetramer on the DNA binding surface make stacking interactions with the
ssDNA and guide ssDNA wrapping for the (SSB)65 mode [23]. (B) The PaSSBedT20 complex. Unlike that in the EcSSBedC35 complex, the location of Phe60 in the PaSSBedT20
complex is too far away for it to interact with ssDNA. (C) The superimposed structures of the EcSSBedC35 and the PaSSBedT20 complex.
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proteinessDNA interactions in the PaSSBedT20 complex is also
shown in Fig. 2G. Structurally, Arg3 (in monomers A, B, and D), Lys7
(B, D), Asn13 (A, B), Gly15 (A, C), Glu19 (B), Arg21 (B), Thr33 (A, B, C),
Ser37 (B), Glu50 (B), Thr52 (A, B, C), Trp54 (A, B, C), Arg56 (B), Arg62
(A, C), Tyr70 (D), Lys73 (B), Arg86 (A), Trp88 (A), Tyr97 (A), Thr98 (A,
B), Ile105 (A), and Asn106 (C, D) were involved in ssDNA binding.
Lys7 and Arg62 are also crucial for interacting with inhibitor myr-
icetin [37].
3.3. Phe60 is not crucial for ssDNA binding

The highly conserved Phe60 is known to play a critical role in
defining DNA binding paths and promoting the wrapping of ssDNA
around SSB tetramers (Fig. 3A) [4,23]. In the EcSSBedC35 complex,
all four Phe60 of the SSB tetramer on the DNA binding surface make
stacking interactions with the ssDNA and guide ssDNA wrapping
for the (SSB)65 mode [23]. In the PaSSBedT20 structure, however,
we did not find any role in the ssDNA binding of any Phe60 in all
four subunits of PaSSB (Fig. 3B and C). Unlike that in the
EcSSBedC35 complex, the location of Phe60 in the PaSSBedT20
complex is too far away for it to interact with ssDNA. The distance
between Phe60 and the nearest ssDNA is 11.2 Å (monomer A and
Fig. 4. Possible wrapping mechanism of SSB via the (SSB)3:1 mode. (A) The symmetry-related
PaSSBedT20 reveals that only three and not all four subunits can participate in wrapping aro
D is not a preferred site for ssDNA binding. The bound ssDNA in the PaSSBessDNA complex a
the disability of Phe60. This ssDNA binding mode (SSB)3:1 revealed by the complex structu
model to show possible wrapping mechanism of SSB via the (SSB)3:1 mode.
chain F), 13.3 Å (monomer B and chain G), and 18.2 Å (monomer C
and chain E). These distances suggest no interaction. Thus, Phe60 is
not crucial for ssDNA binding and does not play a role in part or in
entirety in defining the DNA binding paths of SSB.
3.4. Novel ssDNA binding mode (SSB)3:1

Given that protein crystallization usually occurs at high salt
conditions, the crystal structure for the (SSB)35 mode used for the
ssDNA binding of SSB at low salt conditions cannot be easily ob-
tained by X-ray chromatographic analysis. Although SSB coopera-
tively binds ssDNA [24], our structural evidence for the (SSB)3:1
mode revealed that the ssDNA interaction cavity in monomer D is
not a preferred site for ssDNA binding (Fig. 1C). This situation is
remarkably different from the (SSB)65 mode but somehow similar
to the (SSB)35 mode (Fig. 1B). The clamp in monomer D of PaSSB has
a “closed” conformation (Fig. 1F) and affects the topology of the
DNA binding surface (Fig. 4A). In addition, Phe60, the important
aromatic residue for the ssDNA binding of EcSSB [23], does not
interact with ssDNA in the complex crystal structure of PaSSB
(Fig. 3B). Consequently, these significant differences may explain
why distinct ssDNA binding mechanisms can be used for SSBs.
structures of the PaSSBedT20 complex. (B) A cartoon model. Our complex structure of
und ssDNA in the (SSB)3:1 mode. In addition, the ssDNA interaction cavity in monomer
dopts an U-shaped conformation rather than a c-shaped conformation possibly due to
re differs significantly from (SSB)65. Basing from these results, we proposed a cartoon
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3.5. Possible wrapping mechanism of SSB via the (SSB)3:1 mode

A model for the (SSB)3:1 mode can be postulated on the basis of
the complex structure of PaSSB by using the symmetry-related
complexes generated along the L12 loops. The symmetry-related
complex structures reveal one path by which a long, continuous
stretch of ssDNA can interact with adjacent SSB dimers (monomers
A and B) to form an ssDNA-bound filament of PaSSB (Fig. 4A). Unlike
the bound dC35 in the EcSSBedC35 complex adopting a c-shaped
conformation (Fig. 1A), the bound dT20 in the PaSSBedT20 com-
plex adopts an U-shaped conformation that is majorly defined by
monomers A and B (Fig. 1C). Given the lack of contribution of Phe60
(Fig. 3), ssDNA does not occupy the entire binding sites and are not
fully wrapped around each PaSSB subunit. Thus, the ssDNA binding
path revealed by our in silico experiment suggests that ssDNA oc-
cupies half of the binding sites of two subunits (monomers A and B)
and only slightly contacts the ssDNA binding site of the third sub-
unit (monomer C). Furthermore, ssDNA does not occupy the ssDNA
binding site of the fourth subunit (monomer D). Given the struc-
tural evidence, we propose a possible wrapping mechanism of SSB
tetramers via the (SSB)3:1 mode, as shown in Fig. 4B.

In conclusion, our complex structure of PaSSBedT20 reveals that
only three and not all four subunits, namely, monomers A, B, and C
in the SSB tetramer, can participate in wrapping around ssDNA in
the (SSB)3:1 mode. In addition, the bound ssDNA in the
PaSSBessDNA complex adopts an U-shaped conformation rather
than a c-shaped conformation possibly due to the disability of
Phe60. This ssDNA binding mode (SSB)3:1 revealed by the complex
structure differs significantly from (SSB)65.
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