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Abstract

The E.colisingle stranded DNA binding protein (SSB) is essential to all aspects of DNA
metabolism. Here, it has two seemingly disparate but equally important roles: it binds rapidly and
cooperatively to single stranded DNA (ssDNA) and it binds to partner proteins that constitute the
SSB interactome. These two roles are not disparate but are instead, intimately linked. A model is
presented wherein the intrinsically disordered linker (IDL) is directly responsible for mediating
protein-protein interactions. It does this by binding, via PXXP motifs, to the OB-fold (aka SH3
domain) of a nearby protein. When the nearby protein is another SSB tetramer, this leads to a
highly efficient ssDNA binding reaction that rapidly and cooperatively covers and protects the
exposed nucleic acid from degradation. Alternatively, when the nearby protein is a member of the
SSB interactome, loading of the enzyme onto the DNA takes places.

1. Introduction

The Escherichia coli single stranded DNA binding protein (SSB) is essential to all aspects of
DNA metabolism where it has two essential roles. In the first, it stabilizes single-stranded
DNA (ssDNA) intermediates generated during DNA processing (Chase and Williams, 1986;
Kowalczykowski et al., 1994; Lohman and Ferrari, 1994; Meyer and Laine, 1990; Shereda et
al., 2008). In the second, it mediates binding to as many as fourteen DNA-binding proteins
that constitute the SSB interactome (Costes et al., 2010; Shereda et al., 2008).

The protein, like the majority of eubacterial SSBs, exists as a stable homo-tetramer with a
monomer MW of 18, 843 Da and a pl of 5.44 (Figure 1A B and (Sancar et al., 1981)). Each
178 amino acid length monomer can be divided into two domains defined by proteolytic
cleavage: an N-terminal portion comprising the first 115 residues and a C-terminal domain
that includes residues 116 to 178 (Figure 1A and (Williams et al., 1983)). Sequence
analyses reveal that the first 115 residues are well conserved, with a conservation score of 6
out of 10 and in addition, the pl of this domain is 8.01 (Simossis and Heringa, 2005; Wilkins
etal., 1999). The C-terminal domain can be further subdivided into two sub-domains: a
sequence of approximately 54 amino acids comprising residues 116 to 170, that is known as
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the intrinsically disordered linker (IDL) and, the last 8 residues which are known as the
acidic tip or C-peptide (Kozlov et al., 2015; Shereda et al., 2008). The IDL has a
conservation score of 2.44 and a pl of 9.6 whereas the acidic tip has a score of 9.33 and a pl
of 3.32 (Figure 1A).

The well conserved N-terminal or core domain contains elements critical to tetramer
formation and the oligonucleotide/oligosaccharide binding-fold (OB-fold) critical to the
binding of ssDNA (Raghunathan et al., 2000; Williams et al., 1983). DNA binding by this
domain is non-specific in nature and occurs v/a the wrapping of ssDNA around the SSB
tetramer using an extensive network of electrostatic and base-stacking interactions with the
phosphodiester backbone and nucleotide bases, respectively (Figure 1C and (Chrysogelos
and Griffith, 1982; Kuznetsov et al., 2006; Raghunathan et al., 2000)).

Initially, the C-terminus was proposed to be a non-essential part of the protein, as an ssb
gene containing a deletion of residues 116-167 was able to complement an ssb deletion
(Figure 2A and (Curth et al., 1996)). Subsequently, it was shown that truncated ssb genes
terminating at residues 117 or 152 were unable to complement the same ssb deletion. Later,
in vitro studies showed that deletion of the C-terminal 15-20 residues eliminated interactions
with the psi and chi subunits of the DNA polymerase 111 complex (Kelman et al., 1998;
Witte et al., 2003). More recently, studies both /7 vivo and in vitro using the ssbAC8 gene
and SSBACS protein respectively, have suggested that the last 8 residues are important for
mediating target protein binding (Buss et al., 2008; Cadman and McGlynn, 2004; Pottinger
etal., 2016; Shereda et al., 2007; Tan et al., 2016; Yu et al., 2016). However, and as
explained below, while removal of the last 8 residues of SSB does have a negative impact on
target protein binding, this does not necessarily mean that it is the protein-protein interaction
domain per se.

Early biochemical experiments with C-terminally truncated £. co// SSB led to a model with
the acidic tip bound to the OB-fold in the N-terminal domain (Curth et al., 1996; Kozlov et
al., 2010; Mason et al., 2013; Williams et al., 1983). As ssDNA and C-peptide binding by
the OB-fold are competitive, this model proposed that in solution, the C-termini of SSB are
bound to the tetramer and are released upon ssDNA binding, making them available for
interactions with target proteins. At low pH, the SSB tetramer dissociates into monomers
and this was taken advantage of to show direct binding between the C-peptide and valines 29
and 58 of the OB-fold (Shishmarev et al., 2014). While this region interacts with the N-
terminal domain when SSB is monomeric, this interaction is transient in the tetramer. In fact,
in solution, the acidic tip spends the majority of its time away from the tetramer core making
itself available for protein-protein interactions.(Su et al., 2014). This was confirmed /n vivo
where binding of SSB in the absence of DNA to the fork rescue helicases RecG and PriA
was observed (Yu et al., 2016). Furthermore, binding /7 vivo required the presence of the last
8 residues of SSB, a finding that is consistent with our work and that of others suggesting
that this region of SSB is responsible for mediating interactions with key proteins involved
in DNA metabolism known as the SSB interactome (Buss et al., 2008; Cadman and
McGlynn, 2004; Costes et al., 2010; Genschel et al., 2000; Glover and McHenry, 1998;
Handa et al., 2001; Kantake et al., 2002; Pottinger et al., 2016; Shereda et al., 2007; Suski
and Marians, 2008; Umezu and Kolodner, 1994; Witte et al., 2003). However, this may not
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be correct as removal of the acidic tip has profound effects on SSB. First, removal virtually
eliminates binding to target proteins (Pottinger et al., 2016; Yu et al., 2016). Second, it
affects cooperative binding to sSDNA (Kozlov et al., 2015). Finally, it affects the stability of
the SSB tetramer. /n vitroin 10mM ammonium acetate, SSBACS tetramers exchange
subunits with 1°N-SSBACS tetramers at a rate twice that of wild type (Mason et al., 2013).
Collectively, these studies imply that the last eight residues of the C-terminus have a
regulatory role in SSB function.

If this is correct, how does SSB bind to target proteins? This leaves the least well-studied
region of SSB that is, the intrinsically discorded linker as being responsible. The C-terminus
comprising the IDL and acidic tip or C-peptide, is highly disordered even when the protein
is bound to ssSDNA and could adopt different conformations (Figure 1D and (Matsumoto et
al., 2000; Savvides et al., 2004)). As a result, little interest has been shown in this region of
the protein until recently. The first study from the Lohman group, used a series of deletions
of varying sizes to demonstrate that this region of SSB is critical to the cooperative binding
of single stranded DNA (Figure 2B and (Kozlov et al., 2015)). Cooperativity is critical to
SSB function enabling rapid ssDNA binding resulting in its protection and/or conversion
into a more suitable substrate for subsequent processing (Bianco et al., 1998; Lohman and
Ferrari, 1994). In fact, mutation of a single residue within the conserved N-terminal domain,
W54, results in defects in DNA replication and repair and these defects can be attributed to a
loss of cooperativity (Ferrari et al., 1997). A second study from the Bianco laboratory used
similar deletions of the IDL in an effort to understand how binding to the SSB interactome
partners RecG (76kDa) and RecO (27kDa) occurred (Figure 2C and (Pottinger et al.,
2016)). The results showed that the smallest deletion of the IDL producing SSB1g5 or
SSBA146-167, eliminated binding to the larger RecG. In contrast, larger deletions to
produce SSB133 (SSBA124-167) and SSB125 (SSBA115-167) were required to eliminate
binding to the smaller RecO. Importantly, in both studies, each deletion mutant contained
the acidic tip. Thus the residues comprising the acidic tip cannot be the sole determinant in
protein-protein interactions. Therefore, while the IDL may not have been thought of as
essential to protein function it is essential to two critical aspects of SSB function:
cooperative ssDNA binding and interactions with partner proteins.

In this review, a model is proposed for the mechanism of SSB function. In this model, the
IDL and key components thereof, mediate protein-protein interactions. These interactions
are critical to cooperative binding of ssDNA as well as to SSB interactome function. In
addition, and consistent with the work of others, the model proposes that the acidic tip is not
involved in protein binding per sebut is instead a regulatory element (Mason et al., 2013; Su
etal., 2014).

2. Analysis of the IDL

In alignments of eubacterial SSB sequences, homology is restricted to the N-terminal 1~120
residues and the C-terminal 8-10 amino acids (Kozlov et al., 2015; Shereda et al., 2008).
Little homology is observed in the IDL. Therefore, to begin to understand which
components, if any may be important in protein function, an alignment was done using the
C-termini of 251 Proteobacterial SSB sequences. In this alignment, short ssb genes (e.g.,
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those from Geobacter) and those which do not have the acidic tip at the extreme C-terminus
were excluded. A summary of the alignment beginning at residue 110 (£. co/i numbering) is
shown in Figure 3 and the complete alignment in Supplementary Figure 1.

This analysis shows that for the entire C-terminal domain, sequences are 40% identical. As
expected, the homology is highest within the first seven and last 5 residues and D171,
corresponding to the C-terminal end of the core domain and acidic tip, respectively. Between
these conserved ends, it initially appears that there is little homology with conservation
scores ranging from 0 to 3. However, there are regions of homology which have scores of 4
to 6 out of a possible 10 (green boxes, Fig. 3). These are interrupted by four insertions: the
first after residue 124; the second at position 154, the third after amino acid 165 and the final
one after F172. A summary of the types of insertions observed at each position are indicated
below the E. colisequence. What is evident is that for each insertion there is strong sequence
commonality and for insertion1, the predominant residue inserted is glycine. The same can
be said for insertion 3. In contrast, for insertion 2, the predominant residues are glutamine,
serine and glycine. Finally, insertion 4 varies in length from 1 to 3 residues, with the
insertions containing large hydrophobic or charged residues. Those bacteria the comprise
insertionl are predominantly Bulkholderia sp.

The nature of the residues inserted at each position suggests that for those bacteria, both
longer and more flexible C-termini may be required for optimal SSB function. This may be
reflected in the larger size and greater range in size, of interactome partners to which each
SSB must bind. In addition to the insertions, there are several notable regions that are
reasonably well conserved in some, but not all of the aligned sequences. These include the
PXXP motifs occurring at residues 139, 156 and 161. The first PXXP motif, PQQP, is
invariant in 27% of the 251 sequences. This is particularly evident when the first 23
sequences in the alignment are examined (Supplementary Figure 1). The second, PQQS,
appears less well conserved while motif 111, PAAP has an intermediate level of conservation.
For the latter PXXP sequences, the lower level of homology arises due to insertions and
deletions, relative to the £.coli sequence, resulting in their misalignment as well as to
changes. The second motif, PQQS occurs in 22% of the 251 proteins either as PQQS or
PQQY. Motif 11 is invariant in 10% of sequences and is replaced by PSAP, PQQS, PAAS, or
PAAQ. When taken as a group, all of the motif Il variants occur in 30% of the 251
sequences. Collectively, the presence of these motifs suggests they may play an important
role in the function of SSB protein.

As the £.coli SSB is perhaps the most well-studied protein in this family, a more detailed
analysis of its IDL was undertaken to further understand which elements may be critical for
function (Pottinger et al., 2016). First, an analysis of the primary amino acid sequence of
residues 110-178 shows that this region is over-represented for Gly 24.6%, GIn 17.4%, Pro
14.5%, and to a lesser extent, Ala and Ser (8.7 and 5.8%, respectively; Fig. 4A, residues
highlighted in the yellow box). The presence and spacing of these over-represented residues
in the N-terminal half of this region, ending at residues 148 and 149 (Phe and Ser
respectively), is consistent with the formation of a polyproline 11 helix (PPII) found in
proteins such as collagen (Adzhubei et al., 2013). However, the spacing of the proline
residues in collagen occurs at every fourth position which is not the case for SSB. Instead,
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we observed that glycine, glutamine and arginine occur in those positions in SSB. A recent
study has shown that these amino acids can in fact substitute for proline without disrupting a
model PPII helix (Brown and Zondlo, 2012). As one strand of a collagen fiber is essentially
a PPII helix, we wanted to determine whether this region of SSB could be modeled on a
collagen-like peptide (Biasini et al., 2014; Schwede et al., 2003). Indeed, the SSB sequence
can adopt a PPII helix that superimposes well with the peptide, with an RMSD = 0.8
Angstroms for the backbone atoms (Figure 4B). In contrast, the residues downstream of
F148/S149 could not be modelled on the peptide using the same approach (data not shown).

What then is the significance of the proposed PPII helix? This helix is an unusual structure
with the prolines forming a continuous hydrophaobic strip around the surface of the helix,
while the backbone carbonyls present ideal hydrogen bonding sites, being both
conformationally restricted (and therefore poorly hydrated) and electron-rich (Hongo et al.,
2005; Nagarajan et al., 1998; Okuyama et al., 1981). Consequently, this helix would present
an easily accessible hydrophobic surface, as well as a good hydrogen-bonding site
(Williamson, 1994). The accessibility of PPII helices is greatly enhanced by the fact that
they are frequently found either at the amino- or carboxyl termini of proteins where they
form extended structures that have been described as *sticky arms’ (Adzhubei and Sternberg,
1993; Kay et al., 2000; Matsushima et al., 1990). In addition, PPII-helices are flexible, and
this has been suggested to be the major feature underlying its function in protein interactions
and in fact, these helices are often involved in protein-protein interactions (Adzhubei et al.,
2013; Bochicchio et al., 2004). While the analysis suggests that this region of SSB could
adopt a PPII helix, further experimentation is required to determine whether this is in fact
the case. Regardless, removal of this region of SSB or alteration of its position relative to the
tetramer core eliminates target protein binding (Pottinger et al., 2016; Tan et al., 2016).

Second, and as the gly, pro and gln residues appear in clusters in the SSB C-terminal domain
(Fig. 3 and 4A, lines a and b), we analyzed the entire 69 residue region for repeats using
REPRO, which identifies protein sequence repeats using a graph-based iterative clustering
procedure (George and Heringa, 2000). Eleven of the identified repeats are shown in Figure
4A (lines 1-11; blue box). Some are these are identical (humbers 2 and 4), while the
remaining identified repeats possess a high degree of similarity with one another (quasi-
repeats), e.g., repeats 1 and 10. We also noticed the presence of seven hydrophilic GGX
repeats (line 11). In addition, of the first ten repeats, nine cluster in the N-terminal half of the
IDL sequence upstream of F148. Likewise, six of the seven GGX repeats also occur in this
region of the protein.

Similar repeats containing G, P and Q have been identified in several eukaryotic proteins
such as spider silk, the X-type HMW subunit of wheat gluten and w-protein where they have
been shown to confer important structural features and special functions in addition to
conferring elastomeric properties to that region of the protein (Matsushima et al., 2008). The
over-representation of gly, gln, pro, and ser residues and the presence of the repeats, may
impart similar elastomeric properties to the C-terminus of SSB, enabling it to interact with a
large range of partners of different sizes. In addition, these sequence elements may impart
tensile strength, which may be a key component in cooperative ssDNA binding where
interactions between neighboring SSB tetramers would be critical to rapidly protecting
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exposed DNA. Once bound to the DNA, the strength afforded by interactions between IDLs
of one tetramer with that of a neighbor, would result in a very stable protein-DNA complex
that can resist displacement by many potentially harmful nucleases.

Finally, our analysis also identified PXXP motifs in the C-terminus of SSB, the first one
starting at residue 138 (PQQP), possibly a second starting at residue 156 (PQQS) and a third
at amino acid 161 (PAAP). As alluded to above, they are reasonably well conserved in the
Proteobacterial sequences. How might they contribute to SSB function? PXXP motifs are
most well known for their ability to bind structurally conserved Src homology 3 (SH3)
domains. These domains are ~50 residue modules that are ubiquitous in biological systems
and which often occur in signaling and cytoskeletal proteins in eukaryotes (Dalgarno et al.,
1997; Kay et al., 2000; Ponting et al., 1999; Sudol, 1998). The SH3 domain has a
characteristic fold which consists of five or six beta-strands arranged as two tightly packed
anti-parallel beta sheets. SH3 domains are similar in structure to the OB-fold present in
many single-strand DNA binding proteins including SSB (Agrawal and Kishan, 2001). This
suggests that interactions between either one or more PXXP motifs and the OB-fold (/.e.,
SH3 domain) in the adjacent tetramer, may play a critical role in SSB-ssDNA complex
formation.

To determine whether this could occur, we superimposed an SH3 domain bound to its
peptide ligand onto an SSB tetramer using TM-align (Zhang and Skolnick, 2005). For this
analysis, we selected PDB file 2KXC as the SH3 domain as the ligand contains PXXP
motifs in close juxtaposition similar to that observed for motifs Il and 111 in SSB (Aitio et
al., 2010). Then, we used PDB file 1EYG which contains the N-terminal domain of SSB
bound to ssDNA (Raghunathan et al., 2000). Once the alignment process was complete, we
removed the SH3 domain so that the position of the ligand on SSB relative to the sSDNA
binding site could be readily visualized. The aligned structures are shown in Supplementary
Figure 2 and the SSB-ligand-ssDNA images are presented in Figure 5. The SH3 domain and
OB-fold align with an RMSD = 2.68 angstroms. This alignment positions the ligand in the
ssDNA binding pocket of the OB-fold. When viewed in this way, it suggests that the region
of the IDL of SSB spanning the PXXP motifs could bind to the OB-fold of either another
monomer within the same tetramer or, to that of another tetramer.

3. Mechanism of SSB-ssDNA complex formation

Our model for the mechanism of protein-DNA complex formation by SSB is as follows.
When the protein is in solution, the IDL adopts a variety of conformations with the acidic tip
making only transient interactions with the N-terminal core (Matsumoto et al., 2000;
Savvides et al., 2004; Su et al., 2014). The presence of the acidic tip is critical as it may
prevent an IDL from binding to the tetramer from which it emanates. Once an SSB tetramer
binds to DNA under conditions where cooperative binding is critical (SSB3s mode in low
salt), the IDL from one tetramer interacts with a vacant OB-fold of a monomer within a
nearby SSB. The inherent flexibility in this region of the protein as suggested by our
sequence analysis may then facilitate sliding of the second tetramer relative to the first so
that they occupy immediately adjacent positions on the ssDNA. There is evidence for
tetramer sliding on ssDNA (Su et al., 2014). Continued IDL-OB-fold interactions would
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then facilitate rapid and complete binding of the ssDNA in highly cooperative fashion.
Cooperativity is critical to SSB function enabling rapid single stranded DNA binding
resulting in its protection and/or conversion into a more suitable substrate (Bianco et al.,
1998; Lohman and Bujalowski, 1994).

4. Implications of the model for the SSB interactome

The presence of the PXXP motifs prompted us to more closely examine members of the
SSB interactome for the presence of SH3 domains. Even though SH3 domains are thought
of as playing important roles in eukaryotic systems, they have been identified in several £.
coli proteins, including Exonuclease I, an SSB-interactome partner (Breyer and Matthews,
2000; Genschel et al., 2000). With this information in hand, we examined the structures of
each of the known interactome partners and found OB-folds in each (P. Bianco,
unpublished). The presence of an OB-fold was initially determined by visual examination
and confirmed by submitting the region to the DALI server (Holm and Rosenstrom, 2010).

In the case of RecG a known interactome partner, we overlaid the SH3 domain in PDB file
2KXC onto the OB-fold in the wedge domain of the helicase (Bianco, 2016). Once this
process was complete we removed the SH3 domain only, leaving the ligand in place to
illustrate the potential binding location of the SSB IDL on RecG. Here, the ligand adopts a
position on the wedge domain of RecG that is incompatible with fork binding and places the
OB-folds of the SSB tetramer in a position to bind ssDNA, thereby facilitating the loading of
RecG as shown previously (Sun et al., 2015). This interaction would also provide an
explanation for SSB-mediated remodeling of the helicase, which prevents it from docking at
a fork and instead, facilitating thermal sliding. The interaction between the PXXP-
containing ligand and RecG implies a significant interface for binding which is consistent
with the stability of the RecG-SSB complex, which can be purified through several
chromatography steps (Yu et al., 2016).

5. Summary

The analysis presented herein has led to a model whereby the C-terminal domain of SSB
plays essential roles in the function of the protein. These are the cooperative binding to
ssDNA and also in the interaction with partner proteins of the SSB interactome. In the model
presented herein, the intrinsically disordered linker (IDL) is directly responsible for
mediating protein-protein interactions. These occur between the region spanning the PXXP
motifs and the OB-fold of the partner, either another SSB or an interactome member such as
RecG. In addition, and as we propose that the IDL is responsible for binding, we also
suggest a regulatory role for the acidic tip, rather than a direct role in protein binding.

In our view, this makes sense. The C-peptide is the most highly conserved region of the
protein — each SSB has it, although it is not always positioned at the extreme C-terminus.
When the acidic tip is deleted as in the SSBACS protein, binding to sSDNA as assayed by
site-size and salt dependence is largely the same as that of that of wild type (Liu et al.,
2011). Cooperative DNA binding is however negatively impacted (Kozlov et al., 2015).
Further, a recent study shows that subunit exchange between tetramers is significantly
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enhanced when the acidic tip is removed, consistent with it having a stabilizing function
(Mason et al., 2013). It is clear that the presence of the last 8 residues of SSB are required
for binding to target proteins. When they are removed, binding is essentially eliminated.
This could be interpreted to mean that the acidic tip binds directly to target proteins.
However, a failure of the IDL of SSBACS to interact with the target proteins can also explain
the data. When the C-peptide is present, it prevents the IDL from binding either to itself,
another IDL of the same protein or to an OB-fold of the SSB tetramer from which it
emanates. In its absence, the IDL can bind to any of the sites listed above instead of the
target protein and thereby eliminating complex formation.

As each eubacterial genome is unique and to allow for species specificity, the binding site in
our view, should be unique. When sequence alignments are performed, they reveal that the
IDL, while having common features, is unique to each species. We propose that binding
occurs between a sub-domain within the IDL, spanning the PXXP motifs. These motifs then
direct binding to the OB-fold of the target protein — either another SSB tetramer or a
member of the interactome. The model predicts that if these motifs are mutated, or if OB-
folds in the target protein are deleted, protein-protein interactions would be eliminated.
Preliminary data suggests that this is indeed the case (P.Bianco, in preparation). The model
also predicts that mutation of the PXXP maotifs would have a negative impact on cooperative
ssDNA binding and also on partner protein binding. DNA binding studies are underway and
separately, preliminary data suggests that mutation of the PXXP motifs negatively impacts
interactome partner binding (P.Bianco, in preparation).

6. Conclusion

The IDL of the C-terminus of SSB plays acritical role in the function of the protein. It is
responsible for mediating protein-protein interactions. When these occur between SSB
tetramers, cooperative binding to sSDNA results. When they occur between SSB and an
interactome partner, loading of that partner onto the DNA occurs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Organization of the E. coli SSB protein
(A). The protein is shown in schematic form divided into the N-terminal core and C-terminal

tail regions by proteolytic cleavage. The tail can be further sub-divided into the IDL and
acidic tip, labelled as linker and tip, respectively. The conservation scores for each region
were calculated from alignments using Praline (Simossis and Heringa, 2005). The pl of each
region is shown in red and was calculated using the ProtParam tool of Expasy (Wilkins et
al., 1999). The pl of the intact protein is 5.44. (B). SSB exists as a tetramer. Only the core
domain is clearly visible in the majority of structures due to the disordered C-terminal tail.
The SSB tetramer is presented as a Connolly surface and is coloured according to
hydrophobicity (Connolly, 1983). (C). Single-stranded DNA binding to the N-terminal core
domain of each monomer within the tetramer occurs via wrapping. The protein and DNA are
represented as Connolly surfaces and are coloured according to hydrophobicity and orange
respectively, to enable clear visualization. (D). The C-terminal tail is intrinsically disordered
and could adopt a variety of configurations. Images were generated using BIOVIA
Discovery Studio Visualizer.

Prog Biophys Mol Biol. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Bianco

Page 14

A. 1-115 116-170 _171-178
N Linker Tip
NS “HEEE-C  Complements sssh
N- I | C Fails to complement Assb
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B. I ssDNA binding
SSBA151-166-MLGGRQGGGAPAGGNIGGGQPQGGWGQPQQOPQGGNQFSGG -~ ============= PPMDFDDDIPF Cooperative
SSBA130-166-MLGGRQGGGAPAGGNI ----PPMDFDDDIPF Cooperative
SSBA120-166-MLGGRS ---- PPMDFDDDIPF Cooperative
SSBA113-168-MLGG MDFDDDIPF non-cooperative
C. N,  Partner binding
| EcSSB | MLGGRQGGGAPAGGNIGGGQPQGGWGQPQQPOGGNQF SGGAQSRPQQOSAPAAPSNEPPMDFDDDIPF RecG +; RecO +
| Ec155 | MLGGRQGGGAPAGGNIGGGQPQGGWGQPQQPQGG— -~ —~============—=———— PMDFDDDIPF RecG -; RecO +
| Ec145 | MLGGRQGGGAPAGGNIGGGQPQGG PMDFDDDIPF RecG -; RecO +
| Ec133 | MLGGRQGGGAPA--— - PMDFDDDIPF RecG -; RecO -
|Ec125 |MLGG----—==========————-—————— PMDFDDDIPF RecG -; RecO -

Figure 2. The effects of C-terminal deletions on SSB function
(A). Analysis of the effects of deletions /77 vivo. A schematic of the wild type protein is

shown at the top for comparison and colouring is the same as that in Figure 1A. Details of
the deletions are discussed in the text and are taken from (Curth et al., 1996). (B). Summary
of the effects of IDL deletions on ssDNA binding. These mutant proteins were published in
(Kozlov et al., 2015). (C). Summary of the effects of IDL deletions on interactome partner
binding. These mutants were studied in (Pottinger et al., 2016).
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Figure 3. The IDL is not well conserved
A summary of the alignment of the C-terminal tails of 251 Proteobacterial SSB proteins is

presented with only the £. coli sequence shown. The alignment was done using PRALINE
(Simossis and Heringa, 2005). The numbering above the sequence corresponds to residue
numbering and the values below each amino acid correspond to the alignment score for
residues in that position. The positions of the PXXP motifs are indicated by the thick black
lines just below positions 140, 156 and 162. Immediately below the E. coli sequence, are
representative sequences corresponding to insertions 1-4 (details are in the text). In several
cases, the same sequence appeared more than once. Consequently, only one is shown for
clarity. The complete alignment is available in Supplementary Figure 1.
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Figure 4. The IDL contains sequence elements critical to its function
(A). The IDL contains repetitive elements consisting mainly of glycine, proline and

glutamine. The sequence of the C-terminal 69 residues of £.cofi SSB is presented in the first
line, with the most over-represented residues highlighted in lines a and b. Sequence analysis
of the protein was done using REPRO at http://www.ibi.vu.nl/programs/ to determine the
presence of repetitive elements. Lines 1-11 show a subset of the repeated sequence elements
identified in this analysis (George and Heringa, 2000). The analysis of the IDL sequence
also revealed the presence of three PXXP motifs indicated in the Motif line. (B). The core-
proximal region of SSB can be modelled on a PPII helix. The amino acid sequence indicated
by the black line in panel A (residues 114-147), was modelled onto a single collagen strand
from PDB file 1GAC (Bella et al., 1994). Modelling was done using Swiss-Model at http://
swissmodel.expasy.org/. The superimposed structures are presented with collagen coloured
purple and SSB in green.
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Figure 5. The PXXP motifs of the IDL can bind to the OB-fold in the same position as sSDNA
(A). Position of a PXXP ligand (i.e., the IDL) bound to one subunit of the SSB tetramer. (B)

and (C). The ligand and ssDNA may bind to the same position in the OB-fold. In each panel,
SSB is represented as a ribbon diagram and is coloured blue. sSDNA is shown as a stick
model in green and the PXXP ligand is coloured in red. In panel A, the ligand is represented
as a schematic and in panels B and C as a stick model. The positions of the N- and C-termini
of the ligand are indicated. The image in C is rotated 90° relative to that in B as shown by
the arrow. The PDB files used in this analysis are 1IEYG for SSB and 2KXC for the ligand
(Aitio et al., 2010; Raghunathan et al., 2000). The 2KXC structure was used in this analysis
as the ligand contains tandem PXXP motifs similar to that in the SSB IDL. To generate the
images shown, 2KXC was aligned onto file 1EYG using TM-align (Zhang and Skolnick,
2005). Then, the SH3 domain was removed so that clear visualization of the ligand (IDL)
bound to the OB-fold in one monomer can be made.
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