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Abstract
Intrinsically disordered regions (IDRs) of proteins often regulate function through interactions with folded domains. Escheri-
chia coli single-stranded DNA binding protein SSB binds and stabilizes single-stranded DNA (ssDNA). The N-terminal of 
SSB contains characteristic OB (oligonucleotide/oligosaccharide-binding) fold which binds ssDNA tightly but non-specif-
ically. SSB also forms complexes with a large number proteins via the C-terminal interaction domain consisting mostly of 
acidic amino acid residues. The amino acid residues located between the OB-fold and C-terminal acidic domain are known 
to constitute an IDR and no functional significance has been attributed to this region. Although SSB is known to bind many 
DNA repair protein, it is not known whether it binds to DNA dealkylation repair protein AlkB. Here, we characterize AlkB 
SSB interaction and demonstrate that SSB binds to AlkB via the IDR. We have established that AlkB-SSB interaction by 
in vitro pull-down and yeast two-hybrid analysis. We mapped the site of contact to be the residues 152–169 of SSB. Unlike 
most of the SSB-binding proteins which utilize C-terminal acidic domain for interaction, IDR of SSB is necessary and suf-
ficient for AlkB interaction.
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Introduction

Escherichia coli SSB is a tetrameric protein consisting of 
four identical subunits. Each SSB monomer is consists of 
178 amino acid residues and has three domains: the N-termi-
nal OB-domain (Oligonucleotide/oligosaccharide Binding) 
[1] that binds ssDNA (residues 1–115), intrinsically disor-
dered linker region (residues 116–169) and [2] C-terminal 

acidic domain (residues 170–178) that binds several pro-
teins involved in DNA metabolism [3]. The IDR of SSB is 
not observable in crystal structures, suggesting that these 
C-terminal tails are intrinsically disordered. Indeed, the IDR 
displayed low sequence complexity and enriched with large 
number of proline, glycine, and glutamine residues, result-
ing highly disordered/unstructured characteristics. Compu-
tational analysis revealed that the IDR is essential for highly 
cooperative binding of SSB to ssDNA [4]. Beside this, no 
other functional importance of IDR is known. C-terminal 
acidic domain of SSB act as protein interaction platform and 
bind various replication and repair proteins including base 
excision repair pathway enzyme uracil DNA glycosylase [5], 
translesion DNA polymerases [6, 7], RecJ [8], recombina-
tion mediator RecO [9], repair protein RadD [10], Exonu-
clease-1 [11, 12] and RecQ helicase [13].

As many DNA repair proteins are known to interact with 
SSB, we wanted to know if DNA dealkylation repair protein 
AlkB also intercts with SSB. AlkB repairs various alkyl-
adducts including N1-methyladenine (N1meA), N3-methylcy-
tosine (N3meC) present in DNA by oxidative demethylation. 
Previous studies showed that AlkB is 2-oxoglutarate (2-OG) 
and iron  (FeII) dependent dioxygenase that preferentially 
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removes alkyl-adducts from ssDNA. Although the molecular 
mechanism of AlkB-mediated catalysis is well-understood, 
it is not clear whether SSB is involved in interaction with 
AlkB. Herein, we present an analysis of the SSB-AlkB inter-
action to address whether SSB can bind to AlkB. For this we 
generated several truncated SSB construct and studied the 
SSB-AlkB interaction by yeast-two hybrid and pull-down 
analysis. We report the surprising result that binding of SSB 
to AlkB involves the IDR of SSB. The C-terminal acidic 
domain of SSB, which is widely involved in protein–protein 
interaction, is dispensable for this interaction.

Materials and methods

Purification of recombinant proteins

Protein expression was performed following published pro-
cedure [14, 15].

In vitro binding assay

For GST pull-down experiments, full-length SSB and dif-
ferent truncated mutants of SSB were expressed as GST-
fusion proteins and AlkB was expressed as His-tag protein. 
100 µg of GST-tagged SSB proteins bound to 50 µl glu-
tathione Sepharose beads (Thermo Scientific) were incu-
bated with approximately 100 µg of free His-tagged AlkB 
in 500 µl binding buffer containing 10 mM Tris–HCl pH 
7.4, 100 mM NaCl and 5% glycerol at room temperature for 
2 h. For ssDNA-dependent interaction, 10 µM of 70-mer 
oligonucleotide was added along with His-tagged AlkB and 
GST-SSB. Protein complexes were then pulled down and 
analyzed by western blot with anti-His antibody as described 
previously [16].

Isothermal titration calorimetry (ITC)

For ITC experiments, synthetic peptide corresponding to 
amino acid residues 152–169 (AQSRPQQSAPAAPSNEP) 
were obtained (GM Research Foundation Pvt. Ltd). All 
the ITC analysis were carried out in Microcal ITC 200 
instrument at 25 °C while stirring at 750 rpm in 20 mM 
Tris–HCl, pH 8.0 containing 100 mM NaCl and 1 mM 
β-Mercaptoethanol. The tag-less AlkB (50µM) protein was 
filled in the cell (280 µL). The syringe was loaded with pep-
tide 250 mM in the same buffer as that of protein. The titrant 
peptides was injected in the cell in 20 successive injections 
of 2 µL each at interval of 180 s. The collected data was 
processed using origin 7.0 software.

CD‑spectroscopy

The CD experiments were conducted on a JASCO J-1500 
instrument. A quartz cell of 1 mm path length was used for 
all the experiments. To examine the effect of NaCl on the 
AlkB and SSB conformation, SSB (20 µM) and AlkB (20 
µM) were dialysed in low salt buffer (20 mM Tris–HCl, pH 
7.4, 0.1 M NaCl) or high salt buffer (20 mM Tris–HCl, pH 
7.4, 1.0 M NaCl). Spectra were obtained at room tempera-
ture. CD spectra of SSB-152–169 peptide (0.25 mM) was 
measured in buffer containing 20 mM Tris–HCl, pH 8.0, 
50 mM NaCl.

Yeast two‑hybrid analysis

The pACT2-AlkB (activation domain) plasmid was co-
transformed with pGBKT7-SSB, pGBKT7-SSB-116-177 
and pGBKT7-SSB-1-115 (binding domain) plas-
mid into yeast strain pJ69-4A [17] to generate strain 
J69RA1 (pACT2-AlkB + pGBKT7-SSB), J69RA2 
(pACT2-AlkB + pGBKT7-SSB-116-177), J69RA3 
(pACT2-AlkB + pGBKT7-SSB-1-115) ,  J69RA4 
(pACT2-AlkB + pGBKT7-SSB-1-169), J69RA5 (pACT2-
AlkB + pGBKT7-SSB-1-151),  J69RA6 (pACT2-
AlkB + pGBKT7-SSB-152-169) and J69RA7 (pACT2-
AlkB + pGBKT7-SSB-170-178). Experiments were carried 
away as described previously [18].

Results and discussion

In order to characterize AlkB-SSB interaction, several dele-
tion constructs were generated (Fig. 1a). First, we separated 
the DNA binding (OB) domain (SSB-1-115) from the dis-
ordered C-terminal domain (SSB-116-177). While charac-
terizing SSB-χ protein interaction, C-terminal 26-residues 
of SSB were shown to be important [19]. Hence, we cre-
ated SSB-1-151 lacking C-terminal 26 residues. However, a 
later crystal structure of the χ-SSB interaction site revealed 
the C-terminal 8 residues of SSB was the true interaction 
domain [20]. Therefore we generated SSB-116–169 which 
retains the entire structurally disordered region except the 
terminal 8 acidic amino acid rich segment and SSB-116–151 
which lacks C-terminal 26 amino acid (Fig. 1a). In order to 
further confirm if SSB actually interacts with via the C-ter-
minal 8 amino acids or the remaining 18 residues, we have 
also created SSB-170–178 and SSB-152–169, respectively 
(Fig. 1a).

To assess whether AlkB can directly interact with SSB 
without the involvement of any intermediate proteins, yeast 
two-hybrid analysis was performed. E. coli ssb and alkB 
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genes were cloned into vectors pGBKT7 (TRP1 marker) and 
pACT2 (LEU2 marker) rendering SSB fusion with DNA 
binding domain and AlkB fusion with transcription activa-
tion domains of the Gal4 transcription factor. The direct 
interactions of fusion partners were investigated by expres-
sion of all the reporter genes (HIS3, and lacZ). PJ69-4A cells 
carrying plasmid pair pACT2-AlkB/pGBKT7-SSB grew on 
media lacking leucine, tryptophan and histidine and showed 
a blue colour on media supplemented with X-gal, suggesting 
direct AlkB-SSB interaction (Fig. 1b). This result indicated 
that AlkB and SSB directly interact with each other in the 
cellular context. We were also curious to know if the N-ter-
minal DNA binding OB domain or the C-terminal domain 
of SSB interacts with SSB. To address this, SSB-116–178 
and SSB-1–115 constructs were expressed. As shown in 
Fig. 1b, only pACT2-AlkB/pGBKT7-SSB-116–178 grew 
well on media lacking histidine and showed a blue colour 
on media containing X-gal, suggesting AlkB interaction 
domain is located within the 116–178 amino acid residues of 
SSB and not within the N-terminal OB domain. Within this 
C-terminal half of SSB, there are two domains, (1) IDR (res-
idues 116–169) and (2) acidic region (residues 170–178). 
If the acidic domain is involved in binding AlkB, then a 
truncated form of SSB without these residues will not be 
able to interact with SSB. PJ69-4A cells expressing AlkB 
and SSB-1–169 which lacks the last 9 amino acids grew on 
media lacking histidine, suggesting that the acidic region is 
not involved in binding. However, SSB-1–151 which lacks 
the last 27 amino acids failed to grow on media lacking his-
tidine, suggesting that the region involved in binding must be 
located between the amino acid 152 and 169. To confirm this 
interaction domain more precisely, we examined the growth 
of pACT2-AlkB/SSB-152–169 on media lacking histidine. 

We observed that SSB-152–169 supported the growth, sug-
gesting that the 18 amino acid residues, corresponding to 
amino acid residues 152–169 and located in the IDR, could 
be involved in the interaction.

To independently verify the SSB-AlkB direct interaction 
in vitro, the GST-pull down assay was performed. In this 
experiment, AlkB protein was expressed with His-tag and 
SSB protein was produced as a GST-fusion, which could 
be pulled down using glutathione-Sepharose beads. The 
in vitro pull down results shows that his-tagged AlkB pro-
tein was bound to GST-SSB (Fig. 2a, lane 2), but not to 
GST alone (Fig. 2a, lane 3). These results suggest that AlkB 
and SSB made direct contact in vitro. Having established 

Fig. 1  Yeast two hybrid analysis 
of SSB AlkB interaction. a 
Schematic diagram of SSB 
deletion constructs. b SSB-
AlkB interaction analysis by 
yeast two-hybrid system. Yeast 
cells carrying plasmid pACT2, 
pACT2-AlkB, pGBKT7, 
pGBKT7-SSB, and other SSB 
deletion constructs were spot-
ted on plates with appropriate 
media. Positive interactions are 
indicated by growth on media 
lacking histidine and expression 
of β-galactosidase
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in vitro interaction of SSB with AlkB, we wanted to know 
which part of the unstructured C-terminal region of SSB 
is involved in interaction. We expressed the entire C-ter-
minal disordered domain (SSB-116–177), or the same 
domain lacking C-terminal 8 amino acids (SSB-116–169) 
or 26 amino acids (SSB-116–151) as GST-fusion protein. 
We have also generated a SSB containing only DNA bind-
ing OB domain (SSB-1–115) (Fig. 2c). To study in vitro 
interaction, purified his-tagged AlkB was mixed with GST-
SSB-116–169, GST-SSB-116–151, and GST-SSB-115 and 
pull-down experiments were performed as before. Western 
blot analysis revealed that AlkB could indeed bind to GST-
SSB-116–177 and GST-SSB-116–169 (Fig. 2c, lane 2 and 
3, respectively) but not with GST-SSB-116–151 and SSB-
1–115 (Fig. 2c, lane 4 and 5, respectively). Based on this 
in vitro interaction result together with the yeast two-hybrid 
data, we were able to map the residues 152–169 of SSB as 
the AlkB-interacting region.

We have also examined the strength of SSB-AlkB inter-
action by performing pull-down experiment in the presence 
of increasing concentration of NaCl. As shown in Fig. 3a 
the association of AlkB with SSB was not salt-stable and 
NaCl interrupted the binding. However, when ssDNA was 
included in the interaction mixture, SSB-AlkB interaction 

was more stable (Fig. 3b). SSB-AlkB interaction remained 
intact at 0.5 M NaCl suggesting that ssDNA may render the 
complex more resistant to high salt washes.

We have also examined the effect of NaCl on the con-
formation of AlkB and SSB by using CD spectroscopy. As 
shown in Fig. 3c, the CD spectra of SSB remained almost 
unchanged in the presence 1.0 M NaCl. This result is in 
agreement with earlier report suggesting that tetrameric SSB 
is resistant to NaCl-dependent conformational changes [21]. 
We have also analyzed conformation of AlkB protein using 
CD spectroscopy. E. coli AlkB CD spectrum was reported 
to have characteristic negative peak at 214 nm [22]. We have 
also observed this negative peak at 100 mM NaCl (Fig. 3d). 
However, at higher salt concentration (1.0 M NaCl) this 
negative peak was absent indicating some conformational 
changes in the AlkB structure (Fig. 3d). Taken together, 
these results suggest that SSB-AlkB interaction is facilitated 
by the presence of ssDNA in low ionic strength condition.

To further characterize the strength of the interaction 
between residues 152–169 of SSB and AlkB, ITC was used. 
First, we confirmed the intrinsically disordered nature of 
the peptide by CD analysis. The peptide corresponding to 
residues 152–169 peptide exhibited a negative minimum 
close to 200 nm and a relatively low ellipticity above 210 nm 

Fig. 3  Effect of increasing 
ionic strength on SSB-AlkB 
interaction. a GST pull-down 
experiments with His-tag AlkB 
and GST-tagged SSB proteins 
were carried out in the presence 
of increasing concentration of 
NaCl. b Effect of ssDNA on 
SSB-AlkB interaction moni-
tored by pull-down experiment 
as described in a. Top: western 
blot with anti-His antibody. 
Bottom: ponceau-S staining. 
c Circular dichroism (CD) 
analysis of SSB in the presence 
of low (0.1 M) and high (1.0 M) 
concentration of NaCl. d CD 
analysis of AlkB in the presence 
of low (0.1 M) and high (1.0 M) 
concentration of NaCl
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(Fig. 4a), a typical observation for disordered proteins [23, 
24]. Subsequently, ITC experiment was performed with 
this SSB peptide (residues 152–169) and AlkB. The best fit 
obtained with a two-site binding model, suggesting a high-
affinity site  (Kd = 0.15 µM) and a very low-affinity site  (Kd 
= 0.45 mM) (Fig. 4b). This result demonstrates that AlkB 
binds to SSB-152–169 peptide, albeit weakly.

In conclusion, this study identifies a new binding site and 
a new binding partner for E. coli SSB protein. We showed 
that an 18 amino acids (152–169) region of SSB located 
within IDR is involved in the AlkB interaction. The role of 
C-terminal acidic domain of SSB as a platform for recruit-
ment of DNA repair and recombination proteins is well 
established. Considering the site of AlkB-SSB interaction 
being at IDR of SSB, we speculate that C-terminal acidic 
domain of SSB would remain free for other protein–protein 
interaction. Identification of IDR of SSB as protein interac-
tion site opens up the possibility that many other proteins 
might also interact with SSB via this site.
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