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Abstract

Single-stranded (ssDNA) binding proteins play a key role in DNA metabolism. Many
taxonomically distant bacteria have additional Ssb proteins, which are still largely
unexplored. Given the recent findings on the importance of the C-domain of SSB
protein from E. coli, we investigated here the role of different C-domains on the
function of paralogous Ssb proteins from the multicellular bacterium Streptomyces
coelicolor. Our results revealed that C-domain mutations lead to defects during the
bacterial developmental phase and accelerate or decelerate growth and sporulation.
In addition, we have shown how mutations of C-domains affect the biophysical and
biochemical properties of Ssb proteins, which probably impaired their biological
functions. Dynamic light scattering (DLS) analyzes showed that only SsbA, which is
essential for survival, can form biomolecular condensates, but this was not
dependent on the C-tip, as indicated previously. DLS suggested that C-domains of
SsbA and SsbB occupy more globular conformation and that, despite Mw
differences, both proteins have similar hydrodynamic diameters. The SsbA is more
stable to thermal denaturation than SsbB. The thermodynamic profile of the
unfolding transition for Ssb proteins showed that truncated C-domain increases,
while mutated decreases the molar unfolding enthalpy. Calorimetric titrations
revealed that ssDNA binding causes restrictions in the conformational mobility of
studied proteins. We also found that the acidic C-tip of SsbA (DEPPF) aids in
achieving the best possible conformation for ssDNA binding. Finally, gel-mobility-
shift assays showed that the C-domain is crucial for the cooperative binding of SsbA
and also suggested that the C-domain may have an important role in regulating the

cooperative binding of SsbB.
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Introduction

Single-stranded DNA binding proteins (SSBs) are essential for the maintenance of
genomic integrity in all forms of life[1-8]. SSBs bind, with a high affinity, single-
stranded DNA (ssDNA) intermediates that are transiently formed during DNA
processing. This binding is sequence-unspecific, and it has importance in protecting
ssDNA from nucleolytic degradation and stabilizing ssDNA by preventing its
reannealing and secondary structure formation[2,9-11]. So far, SSB has been found
to interact with 20 proteins (SIPs) involved in DNA metabolism, it mobilizes them to
their place of action and modulates their activities[12—19]. SSB from Escherichia coli
(EcSSB) has been extensively studied for decades and has become a prototype for
investigating the structure and interactions of bacterial SSBs[1,4,7,18,20,21]. EcSSB
functions as a homotetramer[22-24] and with a few exceptions, this structure is
conserved in almost all bacterial SSBs[25]. Each monomer is composed of two
domains: (i) an N-terminal domain of SSB forms a classic oligonucleotide /
oligosaccharide-binding (OB) fold responsible for ssDNA binding, and (ii) a flexible
C-terminal domain (C-domain) composed of the intrinsically disordered linker (IDL)
which ends with a conserved motif, often termed “acidic tip” (C-tip), responsible for
the interaction of SSB with other proteins[13,20,26].

The SSB tetramer can bind ssDNA around OB folds in multiple binding modes,

among which the best studied are (SSB)ss and (SSB)ss. As the subscripts indicate, in



these modes two or four OB folds bind approximately 35 and 65 nucleotides,
respectively.

The preference of the binding mode depends primarily on the concentration and type
of salt as well as on the ratio of protein to ssSDNA[27-29]. Mode (SSB)ss is preferred
at a high salt (HS) concentration (>200 mM NaCl or >10 mM MgClz2) and low SSB to
ssDNA ratio. In this mode, only limited cooperativity between adjacent tetramers
occurs[28,29], where SSB can diffuse along ssDNA, allowing other proteins to bind
to the DNA[30]. However, the highly cooperative binding also occurs in the (SSB)ss
binding mode, even at HS concentrations but in a solution containing glutamate.
Since this is a physiologically relevant anion[31], the obtained result suggests an
important role for this type of binding in vivo[32,33].

The mode (SSB)ss is favored at low salt (20 mM NaCl or <1 mM MgClz) and high
SSB to ssDNA ratio where long protein clusters are formed[34,35] and high
cooperativity occurs[27,36]. In this mode, redistribution of SSBs via direct transfer
occurs rapidly, which is important for SSB recycling during replication[37].

Unlike the ssDNA binding domain (DBD), the IDL region is disordered even when
EcSSB is bound to ssDNA[38]. In contrast to C-tip, the IDL region is significantly less
conserved among bacterial SSBs and varies in amino acid (aa) content and length
(~25-130 aa)[20,39,40]. While at moderate salt concentration, the C-tip inhibits
ssDNA binding affinity[26], the IDL region of EcSSB plays the most prominent role in
the regulation of inter-tetrameric cooperative binding[20]. Noteworthy, the C-tip[20],
as well as additional residues within the DBD that form a "bridging interface"
connecting adjacent SSB tetramers[41] also affect cooperativity, but not to the same
extent as the IDL region. Namely, replacing this region with a highly charged IDL

from Plasmodium falciparum SSB protein or deleting the entire IDL while preserving



the acidic tip completely abolished SSB cooperative binding[20]. Also, IDL has been
proposed to form separate liquid-liquid phase (LLPS) condensates that provide
various functional advantages to cells exposed to stressful growth conditions[42,43].
Detailed analysis of the IDL region identified three proline-rich motifs (PXXP) and
multiple hydrophilic GGX repeats that provide flexibility to this region[44]. The
authors proposed that the PXXP motifs mediate binding to the OB fold of other
SSBs, thus contributing to cooperative binding and that SSB uses the same
mechanism to bind the other SIP proteins[18,39,44]. However, the latest results of
Keck et al.[45], by analyzing the same interacting partners but using different
approaches, showed that PXXP motifs and the length of the IDL region are not
important for RecG/SSB interactions. In addition, removing the IDL region did not
have a major impact on cell growth except for bacteria that were exposed to
stress[20,45,46]. Thus, the IDL regions’ role still remains unclear and further
research is needed to better understand how it contributes to the functionality of
EcSSB especially under unfavorable growth conditions.

Unlike E. coli, which contains one SSB protein, many taxonomically diverse groups
of bacteria carry on their genome additional copies of ssb genes encoding for
paralogous SsbBs[47-50]. Although SsbBs retain the highest similarity with the DBD
of SsbA proteins they might exhibit different ssDNA binding
properties[6,33,47,51,52]. As for the C-terminus of SsbBs, this domain is often
reduced in paralogous proteins[47,49,51,53]. Unlike SsbA proteins which have vital
roles in DNA metabolic processes, SsbBs are not absolutely required for cell
survival. Their biological roles remain largely unexplored and have only been
described in a few bacterial species[47,54-57]. In Actinobacteria, obtained results for

Mycobacteria smegmatis indicated a role of SsbB in recombination repair during



stress[33] while in S. coelicolor, it has been shown that SsbB has a key role in

chromosomal segregation during sporulation[49].

In this study, we examined the influence of the C-terminal domain on the function of
the paralogous proteins SsbA and SsbB in the multicellular bacterium S. coelicolor, a
model for industrially important streptomycetes. Microscopic analysis of mutant strains
producing SsbA with altered C-domains led to changes in bacterial growth, aberrant
chromosome segregation and irregular septation during the reproductive phase, as
previously shown for SsbB. Using a number of different biophysical and biochemical
methods, our results revealed that mutations of the C-terminal domains affected the
biophysical properties of these proteins and altered the ssDNA binding affinity, clearly

indicating the importance of these domains for protein functions.

Results and discussion

SsbA and SsbB from S. coelicolor show the most pronounced differences in

their C-terminal domains

S. coelicolor is a member of the Actinobacteria and a model organism for studying
bacterial differentiation and production of metabolites of medical interest. As the
majority of analyzed bacteria belonging to this phylum[49], S. coelicolor has two SSB
proteins designated, SsbA (199 aa) and SsbB (156 aa). These proteins share an
overall sequence identity of 29%, mostly conserved in their N-terminal domains
(39.5%) consisting of the first ~120 aa forming a common OB-fold responsible for
ssDNA binding. Accordingly, the crystal structures of SsbA and SsbB also showed
significant similarities between their OB folds in monomer units with some

characteristic details that most likely contribute to their stability[49,58,59]. In contrast,



the C-domains of these proteins differ significantly (Figure 1) and thus show low level
of identity (13.8%). However, in both proteins, the C-domain is intrinsically
disordered (IDL) and, as in all solved crystal structures of bacterial SSB proteins, this
domain is not visible in SsbA and SsbB[7,49]. The C-domain of SsbA comprises 80
aa, among which glycine are the most abundant (~56%), indicating its great
flexibility[60], and like EcSSB[13] has an acidic tip (Figure 1). In contrast, the C-
domain of SsbB is much smaller (46 aa), does not have an acidic tip and contains
many prolines (~24%). Proline residue has a unique cyclic structure compared to
other amino acids, which affects the protein structure, it induces a bend into the
amino acid chain and contributes to its rigidity[61,62]. Thus, the increased proline
content can also be predicted to significantly impact on the local structure of the C-

domain of the SsbB protein[39].

SsbA - TSGQGRGGQGGYGGGGGGAGGGGWGGGPGGGQQGGGAPADDPWATGGAPAGGQQGGGGAGGGGWGGGSGGGGGYSDEPPF
SsbAmutC - TSGQGRGGQGGYGGGGGGQGGGGWGGGPGGGQQGGGAPADDPWATAGAPAAIGQQGGIAGQGGLI\_GWGAGSGGGAGYSDEPPF
SsbA162 - TSGQGRGGQGGYGGGGGGAGGGGWGGGPGGGQAGGGAPADDPW ---—mmemmm e (A162-194) --------—---—---—-- DEPPF
SsbA121 =TS (A121-194) DEPPF

SsbAADEPPF - TSGQGRGGQGGYGGGGGGQGGGGWGGGPGGGQQGGGAPADDPWATGGAPAGGOQGGGGQGGGGWGGGSGGGGGYS

SsbB -TAAFRRTARTEASTSPPRPEPNWEVPAGGTPGEPVPEQRPDPVPVG
| | |

SsbBmutC  -TAAFRRTARTEASTSPPRAEPNWEVPAAGTPGEAVPEQRPDPVPVG

SsbB119 -TAAFRRTAR-----—-—-m- - (A119-156)

Figure 1. Protein sequences of SsbA and SsbB C-domains and their mutant
variants. The C-tip (DEPPF) is conserved in the SsbA protein and is shown in red.
The C-domain of SsbA is enriched with GGX motifs, the ones mutated in this study
are marked in grey. Mutations G/A or P/A are underlined in red. The pseudo-PXXP
motifs found in SsbB are marked in yellow. Deleted amino acids are indicated in

parentheses.



The recent identification of PXXP motifs within the IDL regions of ECSSB proteins
and the proposed role of these motifs in mediating SSB interactions[17,18,44,63]
prompted us to inspect in detail the IDL region of SsbA and SsbB proteins.
Interestingly, the C-domains of SsbA and SsbB share a higher identity with the C-
domain of EcCSSB (65 aa) than with each other, 28% and 16.7%, respectively.
Although no variations of the PXXP motifs previously reported for EcCSSB were found
in SsbA[39], there are plenty of GGX repeats identical to EcSSB[44], such as GGG,
GGA, GGQ, and GGW (Figure 1). On the other hand, the C-domain of SsbB has

only a few glycine residues (4/56) but has two pseudo-PXXP motifs (Figure 1).

Partial deletions of Ssb C-terminal domains have profound impact on

Streptomyces development

Previously, we have demonstrated that SsbB has a key role in DNA segregation
during sporulation of S.coelicolor [49]. We have also shown that ssbBAC encoding
SsbB119 cannot suppress the defect in chromosome segregation in a S. coelicolor
strain lacking the wild-type SsbB protein[49]. On the other hand, SsbA was
indispensable for the survival of S. coelicolor. In this study, we constructed SsbA
mutants lacking parts of the C-terminal region. Interestingly, the percentage of
revertants to wild type was much higher than expected (90 %), indicating the
importance of this regions for the cell fithess. Finally, we succeeded in obtaining two
strains, ScSsb162 and ScSsbADEPPF while strain ScSsbB121 producing ssbA
without C-terminal domain (Figure 1) was lost during strain propagations in several
independent experiments which suggests the importance of this domain for SsbA

functionality that is essential for a cell survival. Macroscopic analysis also confirmed



morphological changes during sporulation phase of other S. coelicolor SsbA mutant
strains (Figure S1). Strain ScSsb162 showed slower growth of Ssb162 mutant while
SsbADEPPF mutant exhibited significantly faster sporulation on MS growth media
(Figure S1 A). In addition, mutants grown on rich medium (RS5) also showed changes
in the pigment production (Figure S1 B). Thus, the morphology of mutant strains was
examined in detail by confocal microscopy and compared to wild-type (Figure 2). As
shown, ScSsbAADEPPF and ScSsbA162 strains had similar defects in chromosome
distribution and irregular septation during sporulation phase (Figure 2). This result
clearly showed that only complete C-terminal domain assures biological role of SsbA
protein. Interestingly, deletion of the acidic tip (the last 10 aa) of E. coli SSB, the
model protein for studying bacterial SSB proteins, was lethal for bacterial cells [46].
As far as we know, in addition to our result, it has only been reported for the B.
subtilis that removal of the C-tip of SsbA is not lethal to the bacterium [12]. Unlike E.
coli, B. subtilis and S. coelicolor, have two paralogous proteins, SsbA and SsbB. We
hypothesize that parologous SsbB protein at least partially suppresses defect in
SsbA protein and helps bacteria survive at least under laboratory culture conditions.
Given all above, to better understand the function of the C-domain in S. coelicolor, in
this study we focused on the analyzing the biochemical and biophysical properties of

SsbA and SsbB proteins and their variants with altered C-domains.



Sc SsbAADEPPF Sc SsbA162

Figure 2. Confocal microscopy images of S. coelicolor wild type (A) and
strains expressing SsbA protein with mutated C-terminal domain (B and C), as
indicated. White arrows indicate different abnormalities in DNA distribution and
irregular septation. Upper panels represent merged channels, middle panels DNA
stained with propidium iodide while bottom panel cell wall stained with WGA staining.
Mycelium was grown for 72h and stained as described in Materials and Methods.

Bar= 10 uM, applicable to all images.

The SsbA and its variants with altered C-terminal domain have the potential to

form liquid-liquid phase separation



The EcSSB protein was recently reported to form dynamic liquid-liquid phase
separation (LLPS) condensates (also known as biomolecular condensates or
membrane less organelles) proposed to increase bacterial fitness under varying
physiological conditions[42,43,64]. It was also shown that the EcCSSB-IDL region is
required to form LLPS. Computational analysis performed on a more extensive set of
SSBs (717 sequences from 15 major bacterial phylogenetic groups) using a stringent
threshold predicted LLPS propensity for ~ 70% of SSBs[42], suggesting the
importance of this property for the function of these proteins. The SsbA from S.
coelicolor (UniProt AC, Q9X8U3) was among the analyzed SSBs and scored positive
with both used methods, whereas SsbB (UniProt AC, Q9KY19) was excluded due to
its significantly shorter C-domain. We also performed computational analysis using
three different methods, PLAAC[65], CatGranule[66] and PSscore[67] to examine
the impact of introduced mutations in the IDL region for predicted LLPS propensity of
generated SsbA variants (Figure 1). Three predictors were used for this analysis
since they account for different features of the protein and in combination are very
useful for predicting LLPS propensity[42,68]. Also noteworthy, PLAAC was originally
designed to predict prion-like domains (PrDs), but has been shown to be a good
predictor of LLPS[68] since PrDs can form liquid-liquid phase separations. All three
algorithms consistently detect the IDL region in SsbA and its variants as a region
prone to LLPS formation but also show that targeted mutations affect the propensity
of the LLPS region in each variant, albeit differently. Only SsbA121, which lacks
almost the entire IDL region but retains the C-tip and SsbB protein score zero for

LLPS (PrD) propensity (Figure 3, Figure S2).
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Figure 3. The PrD/LLPS propensity profile for SsbA, its variants and SsbB
protein. The residues (shown in red) above the threshold value zero are those
predicted by PLAAC and the other two algorithms (Figure S2) with a propensity for
PrD/LLPS. The SsbA, and variants marked on the graph show different PrD/LLPS
profiles in accordance with the introduced mutation. The SsbA121 without IDL region

and SsbB score zero for LLPS propensity.

As reported, the EcSSB condensates formed a turbid solution due to the light
scattering on particles with a diameter larger than the wavelength of visible light[42].
Similarly, we observed that SsbA and all variants except SsbA121 at a protein
concentration of ~ 1 mg/mL and in low salt (LS) buffer (30 mM NacCl) at RT formed a
turbid solution. Since only SsbA is essential for survival[49], it is not surprising that it
has the potential to form LLPS condensates that allow bacteria to store increased
amounts of SSB in cells and respond rapidly to DNA damage[43]. In contrast to

EcSSB, SsbA proteins with IDL region also formed turbid solution in HS buffer (300



mM NaCl), but only at 4 °C. Dynamic Light Scattering (DLS) profile of SSbAADEPPF
sample was presented as an example of this phenomenon (Figure 4) since it shows
that the formation of condensates does not depend on the C-tip, as proposed by
Kovacs et al[42] and which is known to make transient contacts with the OB
folds[69], that could contribute to the formation of protein assemblies. This process
was reversible as an increase in temperature resulted in a loss of turbidity. DLS
analysis (Figure 4A) showed that the peak which corresponds the SsbAADEPPF
tetramer (Dn ~12 nm, Table 1) is not visible at 4 °C, while much larger particles were
formed that contributed to the turbidity (Figure 4B). Also, as the temperature rises,
the proportion of tetramers in the solution returns to the initial level (Figure 4A).
Repeated temperature changes eventually lead to the formation of insoluble
aggregates. Altogether, obtained results support the in silico prediction that wild type
SsbA has potential to form LLPS condensates. As stated, a protein lacking IDL
region (SsbA121) showed no turbidity and did not change DLS profiles at different
temperatures (Figure S3), which is in line with results reported for the EcCSSB[42]
and confirms the importance of the entire IDL region for this process. Consistent with

in silico prediction, SsbB did not produce turbidity under all tested conditions.
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Figure 4. The size of protein particles detected by DLS changes depending on

the temperature. A) DLS profiles of the SsSbAADEPPF sample in buffer containing



300 mM NaCl performed at RT, and after cooling and rewarming the sample to RT,

as indicated on the graph. B) DLS profile of SsSbAADEPPF in HS buffer at 4 °C.

Despite their molecular weight differences, SsbA and SsbB show very similar

hydrodynamic diameters

The Stokes radii (Rs or Hydrodynamic radii, R+) of ECSSB and variants with
truncated C-domain, SSBc (A42 aa) and SSBt (A62 aa), determined by size
exclusion chromatography were 3.9 nm, 3.0 nm and 2.7 nm, respectively[70].
Recently analyzed hydrodynamic properties have predicted the globular nature of
EcSSB IDLs and showed that R decreases with decreasing IDL length[20]. We
used the DLS method to assess the hydrodynamic properties of SsbA and SsbB and
their IDL variants (Figure 1). Compared to the Du of the EcSSB protein (7.8 nm in
100 mM NaCl)[70] both SsbA and SsbB, showed a larger D1 measured at a similar
salt concentration (150 mM, Table 1). Given the molecular weight (Mw) of these
proteins (SsbB<EcSSB<SsbA), the differences in their diameters could be attributed
to variability in quaternary structures since the ECSSB has a spheroidal shape, while
SsbA and SsbB are more ellipsoidal[38,49,59]. However, SsbA and SsbB, which
differ in Mw, mostly due to their C-domains, show negligible differences in their Dus
(Table 1). This was unexpected since shortening the length of IDL resulted in
decreasing Du of ECSSB[20]. Thus, we assumed that different properties of aa in the
SsbB IDL region contribute to the size of its Dn. To better understand the
hydrodynamic properties of SsbA and SsbB IDL regions, we measured Dn for all
variants at two different salt concentration (150 and 300 mM NacCl). Only SsbB119,

which lacks a large part of the C-domain (Figure 1), was omitted from further



analyses since it mostly aggregated already during purification (Figure S4). We also
did not perform DLS measurements at LS concentrations because all proteins
showed a tendency to aggregate to a different extent. Nevertheless, our results
clearly show that deletions or mutation of the IDL regions led to a significant
decrease in Dn for all variants, at higher salt concentration (Table 1, Table S1)
following the trend reported for ECSSB[20,70]. However, by reducing the salt
concentration (150 mM NaCl), the decrease in Dn was the most prominent for wild
type Ssb proteins and SsbA121. Considering the structure compaction of the EcCSSB
IDL region at LS[20] and the fact that SsbA and SsbB behave similarly, it can be
concluded that their IDL regions also show a preference to adopt a compact globular
conformation[71]. However, while the IDL variants of the EcSSB showed a similar
trend to their wild type protein in a LS buffer, the opposite was observed for SsbA
and SsbB variants. The Dn of SSbAADEPPF, SsbA162, SsbAmutC and SsbBmutC
at moderate salt concentration remain largely the same (Table 1, Table S1),
indicating disruption of intrinsic interactions between the C-domain and the

tetrameric core as a consequence of the introduced mutations in the IDL region.

Table 1 DLS measurements of hydrodynamic diameters of studied Ssb proteins at
different salt concentrations. Errors are shown as S.D., whereas statistical

significance was confirmed by the t-test (Table S1).

Protein T/°C [NaCll/mM Dx / nm [NaCl}/mM Du / nm
SsbA 25 150 11.08 £ 0.25 300 12.26 £ 0.24
SsbAADEPPF 25 150 11.68 + 0.09 300 11.68 £ 0.21
SsbAmutC 25 150 11.15+£0.17 300 10.75+0.14

SsbA162 25 150 9.96 + 0.38 300 10.13 +0.24



SsbA121 25 150 8.31+£0.02 300 9.53+0.22
SsbB 25 150 10.63 + 0.23 300 12.06 + 0.77

SsbBmutC 25 150 10.50 + 0.26 300 10.62 + 0.17

The DLS also detected the presence of additional particles of larger size (= 100 nm)
in all Ssb protein samples measured at different salt concentrations (Figure S5). As
reported, such particles most likely correspond to “start aggregates” at the initial
stage of aggregation[72]. Aggregation tendency has already been described for
EcSSB protein in numerous cases[4,69,71,73,74]. Accordingly, SsbA showing more
similarity to EcSSB, especially in its C-domain compared to SsbB, is also more

prone to aggregation suggesting that the C-domain contributes to this process.

Thermally stable Ssb proteins differ in the unfolding enthalpy depending on
the size and flexibility of the C-terminal domain

We used differential scanning calorimetry (DSC) to assess the thermal stability of the
two S. coelicolor paralogous Ssb proteins and their corresponding variants (Figure
1). Both proteins form ellipsoidal tetrameric structure, similar to mycobacterial SSB
proteins[50,75—77]. While SsbA has, as in all mycobacterial SSBs, a clamp-like
structure that links two monomers, in SsbB, two S-S bridges were found between
two monomers[49,59]. Nevertheless, the clamp in SsbA and the disulfide bridges in
SsbB have been proposed to contribute to tetramer stability, although we speculated
that the formation of S-S bridges is regulated by oxidative stress in S. coelicolor.
Also, calculations of the free energy of the tetramer dissociation (AGuiss) predicted

higher stability for SsbB tetramer[49]. Despite our predictions, we found that the Tm



of SsbA was 6 °C higher than the Tm of SsbB, needing higher temperatures, more
kinetic energy to unfold/melt. Similar experimental results were obtained for M.
tuberculosis Ssb paralogs[33], where differential scanning fluorimetry was used to
evaluate the thermal unfolding. The unfolding temperature, Tm, of MsSSBa was 9 °C
higher than MsSSBb. Although the Tm was lower, the transition from folded to
unfolded state is a slower and less cooperative process in SsbB. Consequently, the
molar enthalpy of this transition is somewhat higher for SsbB than SsbA. The
deletions (SsbAADEPPF, SsbA162, SsbA121) have not considerably influenced
thermal stability. Their impact on the molar enthalpies of the transition was much
more pronounced, showing higher AH values compared to the wild type SsbA.
Considering that the deletions took part in the IDL regions of SsbA protein, where
intramolecular non-covalent interactions are not evident, both results are expected,
as the Mw of the protein is reduced, while the number of non-covalent bonds, which
need to be broken-down, stays the same. Introduced substitutions (SsbAmutC and
SsbBmutC) similarly had a low impact on thermal stability, but their effect on the
enthalpy of the unfolding is different. Here, the Mw and the number of non-covalent
bonds forming the secondary structure motifs are almost identical. Still, the flexibility
of the IDL region in mutated SsbA and SsbB proteins is likely altered. The
thermodynamic profile of the unfolding transition indicates that the flexibility of the
IDL region is significant for the tertiary structure, and there is some interaction
between the IDL region and OB fold[71] or other parts of the protein, which
diminishes with the loss of flexibility. The absence of this interaction results in lower
AH for mutC variants. Table 2 shows the unfolding temperatures (Tm) and molar
enthalpy changes of the unfolding transitions (AH / kJ mol'), while Figure 5 shows

fitted thermograms.



Table 2 Thermal stability data from DSC scans

Protein Tm/°C AH/kJ mol"
SsbA 69.16 458.3
SsbAmutC 69.48 405.8
SsbAADEPPF 69.35 470.2
SsbA162 70.86 825
SsbA121 69.47 490.7
SsbB 63.12 471.4
SsbBmutC 63.59 452.3

120
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SsbA162
SsbA121
SsbA ADEPPF
— SsbB
SsbBmutC

o5}
o

Baseline subtracted (kJ/mol*K)
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Figure 5. Differential scanning calorimetry thermograms of paralogous Ssb
proteins and their variants.

Loss of conformational dynamics of the IDL region upon ssDNA binding

In a quest for more insight into the nature of Ssb affinity towards ssDNA binding, we

used ITC to assess this interaction to gain information on the binding



thermodynamics. Regardless of the introduced mutations, the affinities of the
proteins remained high. In terms of Kp values they are in the nanomolar range (10-°-
10719 M) in LS (30 mM NaCl) conditions, while in higher ionic strength buffer (300
mM) they exhibit submicromolar (10-7-10- M) affinities. In both conditions, SsbA
paralog binds dT45 ssDNA more profoundly than SsbB. However, SsbB shows higher
affinity with a shorter dTss sequence than SsbA[49] (Table S2) but only at LS. The
titrations in HS with dTss showed affinities bellow the experimental sensitivity
threshold and could not be determined. Thus, all experiments were performed with
dT4s. Since the OB-fold, where ssDNA is bound, remained intact in all the mutated
proteins, significant deviations in binding affinities were not expected. ITC titrations
were used to evaluate small differences in binding caused by changes introduced in
the IDL region of the protein. An intriguing difference can be observed with the
SsbAADEPPF, where in LS conditions protein exhibits the lowest affinity for dT4s
binding, while in HS conditions same mutated protein shows the highest affinity for
the ssDNA. In the HS conditions charged amino acid residues, of the SsbA, SsbB
and their mutated C-domains, with exception of SSbAADEPPF, are saturated with
counterions via salt bridges. Thus, rendering the proteins’ affinity for ssDNA
interaction, somewhat lower than in the case of more neutral end of the variant
lacking the acidic DEPPF tip. In the case of SSbAADEPPF, van der Waals (vdW)
contacts have more influence on the binding thermodynamics[78]. Unlike the EcSSB
ACS8 which at LS shows the same binding affinity as EcSSB[26], SsbAADEPPF
showed lower binding affinity (Table 3) indicating that the electrostatic interactions
are much more prominent in lower ionic strength buffers, where charged tip can
seize the best position to accommodate ssDNA binding. The binding of ssDNA with

all the studied Ssb proteins is totally under enthalpic control (Table 3). Entropic



contribution to the binding thermodynamics is overcompensated with the entropic
penalty due to the proteins’ loss of conformational dynamics. The entropic penalty is
extremely high, indicating considerable conformational mobility and numerous
degrees of freedom[71]. Binding is driven by enthalpic contributions, already
mentioned vdW contacts, hydrogen bonding and electrostatic interactions, which

contribute to the binding free energy (AG).

Table 3 Thermodynamical characteristics, stoichiometry and binding affinities of Ssb

proteins for dTss in LS and HS buffer formulations.

Protein Ic/mM N Ko/M AHIkJ mol'  AG/kJ mol’ -TAS”:J mol
SsbA 30 0.82 4.21E-10 -239.5 -53.6 185.5
SsbAmutC 30 0.71 9.815E-10 -274.5 -51.6 223.0
SsbA162 30 0.75 6.365E-10 -271.0 -52.7 218.5
SsbA121 30 0.71 6.01E-10 -337.0 -52.7 284.0
SsbAADEPPF 30 0.64 1.56E-09 -267.5 -50.4 217.5
SsbB 30 0.72 6.59E-10 -325.0 -52.5 272.0
SsbBmutC 30 0.75 5.63E-10 -330.0 -52.9 277.0
SsbA 300 0.67  1.755E-07 -230 -38.6 191.5
SsbAmutC 300 0.83 1.054E-07 -254 -40.6 213.7
SsbA162 300 0.73 1.33E-07 -226.5 -39.3 187.5
SsbA121 300 0.70 7.08E-07 -140 -35.1 105
SsbAADEPPF 300 0.64 7.06E-08 -207.5 -40.85 166.5
SsbB 300 0.77 6.43E-07 -262 -35.4 227

SsbBmutC 300 0.63 1.74E-07 -285.5 -38.65 246.5




We also used CD spectroscopy, as described in Supplemental Information, to
evaluate the secondary structure of the studied proteins and changes induced by
ssDNA binding. However, only the SsbA162 and SsbA121 show a reliable
correlation between fitted and experimental data (Figure S6, Table S3), confirming
the importance of the full length IDL and its overlap with the OB fold in the 3-D
space. For other proteins, the discrepancies between the model and raw CD spectra

allow a general discussion of trends but offer no confirmations of the structure.

The IDL region of both Ssb proteins regulate their cooperative binding

IDL is crucial for inter-tetramer SSB cooperative binding to ssDNA. It was previously
shown[20] that complete removal of the IDL or significant changes in its amino acid
composition eliminates highly cooperative binding to ssDNA. In this study, we used
the qualitative method, EMSA to assess the contribution of the C-domains of SsbA
and SsbB proteins to cooperative ssDNA binding. Since cooperative ssDNA binding
was also affected by the IDL length and by the C-tip[20], we also examined all Ssb
variants with altered C-domains. Only SsbAADEPPF lack the C-tip, SsbAmutC has a
mutated IDL, while SsbA162 (A 32 aa) and SsbA121 (A 73 aa) have a truncated C-
domain (Figure 1). In addition, we examined SsbB since it naturally has a shorter C-
domain than SsbA, as well as its mutated variant, SsbBmutC. Note that we did not
examine SsbB119 due to the aforementioned problem with aggregation. As shown in
Figure 6 all examined proteins, except for SsbA121 which lacks complete IDL region
but retain C-tip, showed bimodal distribution of ssDNA, characteristic of cooperative
ssDNA binding. This is due to the non-random binding of Ssb proteins to ssDNA,
which leads to the appearance of a population saturated with protein and another

population with little or no protein bound[28]. The EMSA showed that, despite their



quite different C-domains, both proteins, SsbA and SsbB form cooperative
nucloprotein clusters (Figure 6). More globular structure of the IDL region is
important for cooperative binding[7]. Described hydrodynamic properties (Table 1) of
these proteins predicted that IDLs of SsbA and SsbB occupy more globular
conformations. However, in comparison to SsbA, the SsbB shows low to moderate
cooperativity because at a higher protein-to-ssDNA ratio (R 0.06 - 0.09) there is still
a lot of unbound ssDNA together with randomly bound and saturated ssDNA. As
shown, increasing the protein concentration leads to the fast saturation of ssSDNA,
and the appearance of higher molecular mass complexes that migrate more slowly
(Figure 6B). In contrast to the wild-type protein, the SssBmutC protein shows more
cooperative binding, similar to that of the SsbA protein, suggesting that the IDL

region also plays an important role in regulating cooperative binding for this protein.
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Figure 6. Cooperativity of SsbA and SsbB and their variants bound to Phi
X174. EMSAs of SsbA (A) and SsbB (B) complexes formed with Phi X174 ssDNA at
RT and different protein-to-DNA ratios (R) as described in Materials and methods
and indicated above the lanes. Both proteins show a bimodal distribution of bound
ssDNA at various ratios (R). indicating moderate (SsbB) and highly cooperative
(SsbA) binding (Rss is calculated as described in Materials and methods). Except for
SsbA121, which only shows a single band indicating no cooperativity, all other SsbA
variants as well as SsbBmutC show electrophoresis patterns similar to wild type
SsbA. Unbound ssDNA is shown by a white triangle, whereas black triangle

indicates saturated ssDNA.



Conclusions

The analyzes carried out in this study confirmed that very different C-domains of
paralogous SsbA and SsbB proteins participate in regulating their biophysical
properties and, consequently, biological functions in S. coelicolor, a model bacterium
of industrially important streptomycetes. Microscopic analysis showed that strains
producing SsbA protein with truncated C-terminal domain exhibited different
abnormalities in DNA distribution and irregular septation during sporulation. DLS
showed that only SsbA, which is essential for survival, has the potential to form LLPS
condensates and store increased amounts of SSB in cells in membrane-less
organelles. In our study, this phenomenon depended on the C-terminal domain but not
on its acidic C-tip, as previously suggested. Additionally, biophysical analysis showed
hydrodynamic properties of all protein variants, implying that disordered C-domains of
SsbA and SsbB occupy more globular conformation. Despite differences in molecular
weight, SsbA and SsbB have similar DH, likely due to the properties of their aa
composition in Ssb C-domains. With unfolding temperatures around 70 °C, SsbA is
thermally more stable than SsbB, which has 6 °C lower Tm. Shortening the C-domain
increases, while mutation of this domain causes the decrease of the molar unfolding
enthalpy. Although the entropic penalty is huge due to the loss of conformational
mobility, the binding affinity towards ssDNA of all the studied Ssb proteins remains
immense. This tight binding is driven by Van der Waals contacts, hydrogen bonding,
and electrostatic interactions. EMSA showed that the C-domain is crucial for a high
cooperative binding of SsbA and also suggested that the C-domain may have an

important role in regulating the cooperative binding of SsbB.



Materials and methods

Enzymes, Reagents and DNA

All solutions were prepared with reagent grade chemicals and Milli-Q water.
EmeraldAmp GT PCR Master mix was from Takara. Miniprep Kit, Gel Extraction Kit,
PCR Purification Kit and Ni-NTA agarose were from Qiagen. Fast Digest restriction
enzymes (Table S4), T4 DNA ligase, lysozyme and SYBR Gold were from Thermo
Fisher Scientific. Deoxyribonuclease |, agarose, tryptone, yeast extract,
bacteriological agar, ampicillin salt, disodium phosphate (Na2zHPOQO4), monosodium
phosphate (NaH2POs4), Tris-base, Coomassie Brilliant Blue R-250, sodium dodecyl-
sulfate (SDS), 1,4-dithiothreitol (DTT), ethylenediaminetetraacetic acid (EDTA),
glycine, N,N,N’,N'-Tetramethyl ethylenediamine (TEMED), 2-mercaptoethanol and
ethidium bromide (EtBr) were purchased from Sigma-Aldrich. Isopropyl 3-D-1-
thiogalactopyranoside (IPTG) was from Carl Roth. Sodium chloride (NaCl), acetic
acid (CH3COOH), hydrochloric acid (HCI), glycerol and isopropy! alcohol were from
Kemika (CRO). Imidazole, sodium acetate (CHsCOONa) and ammonium persulfate
(APS) were from Merck. 40% Acrylamide/bis solution was from Bio-Rad.

All primers (Table S4) used for cloning experiments and oligonucleotide dT4s in
concentration of 0.2 umol with extinction coefficient e= 396 mL/umol, used in DNA
binding assays were purchased from Macrogen's oligo synthesis service. Phi X174
Virion DNA (5386 nt) in concentration of 1 mg/mL was purchased from New England
BioLabs. All genetic constructs were verified by Sanger sequencing (Macrogen). The
Clustal Omega was used for carrying out pairwise (PSA) or multiple alignments

(MSA) of nucleotide sequences.

Genetic constructs and cloning
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Plasmids, pQE-ssbA and pQE-ssbB containing his-tagged ssb genes from S.
coelicolor (ssbA, SC0O3907 and ssbB, SCO2683) obtained previously[49,53] were
used as a template to generate all ssb variants used for in vitro studies (ssbAmutC,
SSbA162, ssbA121, ssbAADEPPF, ssbBmutC and ssbB119) encoding for SsbA or
SsbB proteins mutated in C-domain. Note that SsbB119 was obtained in previous
study and was designated pQEssbBAC[49]. Genes encoding for ssbA and ssbB
variants were obtained by PCR amplification with SC-A_F and SC-B_F, respectively,
and the corresponding reverse primers. Only ssbAmutC was generated in two steps
as indicated in Table S4. Amplified PCR products were digested with the appropriate
restriction enzymes (Table S4) and ligated into PQE-30 vectors. SsbACt, SsbA162
and SsbADEPPF mutant strains were generated for in vivo studies (Table S5, Table
S6). All positive clones were confirmed by sequencing. Mutants producing SsbA
protein with partial deletions of C-terminal domain were prepared using previously
developed I-Sce meganuclease protocol[79]. Recombinant plJ12738 plasmid
carrying I-Sce recognition site and flanking regions 1500 nt around deletion sites in
SsbA Ct were constructed using standard methods. Flanking regions were amplified
using the primers indicated in Table S4, AmpliTaq GOLD (Applied Biosystems), and
genomic DNA from Streptomyces coelicolor M145. The PCR products of the
upstream and downstream flanking regions were digested with appropriate
restriction enzymes (FastDigest, Thermo Scientific), upstream with Xbal and BamHI
and downstream with BamHI and Kpnl. Obtained fragments were ligated together
with T4 DNA ligase (Thermo Scientific, EL0O01), and in the second step, Xbal/Kpnl-
digested plasmid plJ12738 was added to the reaction. This ligation mixture was
transformed into E. coli XL1 cells. Positive clones carrying desired in-frame deletion

of SsbA Ct were detected by colony PCR and verified by Sanger sequencing.



Positives were transformed into nonmethylating E. coli strain ET12567/pUZ8002 and
conjugated to S. coelicolor according to the protocol described previously[80]. To
select the first crossing-over event, in which the recombinant plasmid was integrated
through flanking regions, plates were overlaid with apramycin and screened by
colony PCR for clones carrying on their genomes wild-type and mutant copies of the
SSbA gene. Selected clones were grown until sporulation, and plasmid plJ12742,
containing the gene encoding I-Sce meganucelase, was introduced by conjugation
with E. coli strain ET12567. Exconjugants were selected with thiostrepton. |-Sce
meganuclease introduced a double-strand break at a I-Sce recognition site within the
integrated plasmid plJ12738. The surviving colonies that either reverted to the wild-
type genotype or had mutant gene copy were analysed by PCR. To induce loss of
plasmid plJ12742, colonies were grown at 37 °C and afterwards verified for loss of
apramycin and thiostrepton resistance. Mutant strains were verified by sequencing.
The presence of shorter protein variant, SsbA162 in strain ScSsbA162 was
additionally confirmed by Western blot using antiSsbA antibiodies and standard

procedures.

Bacterial strains and growth conditions

E. coli XL1-Gold was used for cloning, while E. coli NM522 was used for over-
expression experiments. Both strains were grown on solid Lauria Bertaini (LB) agar
plates or in liquid LB medium supplemented with ampicillin (100 pg/mL) because
plasmid pQE-30 carries the ampR gene. The strains were incubated at 37 °C, and
when the cells were growing in the liquid, the flasks were shaken at 250 rpm. With
one exception, during the over-expression experiment after IPTG induction the

temperature for growing E. coli NM522 was reduced to 16 °C. For confocal



microscopy, S. coelicolor M145, ScCSsbAADEPPF and ScSsbA162 were grown in the
acute angle of sterile coverslips inserted obliquely in MS. After 3 days, the coverslips

were removed, and stained using Schwedock protocol [81]

Protein overexpression and purification

Heterologous overexpression was achieved in E. coli NM522 transformed with pQE
plasmids carrying his-tagged wild type ssb genes or their mutated variants. The cells
were grown at 37 °C to an optical density (ODeoo) 0.5-0.6 and the expression of the
recombinant protein was induced by 1mM of isopropyl-b-D-thiogalactopyranoside
(IPTG) as described previously[49] with following modifications. Bacterial cells were
growing overnight at 16 °C, biomass were centrifuged for 30 min at 4500 rpm and
resuspended in Lysis buffer (50 mM phosphate buffer, pH 7.5, 800 mM NacCl).
Lysozyme (0.3 mg/mL) and Deoxyribonuclease | (0.7 mg/mL) was added and
bacterial suspension was incubated for additional 30 min on ice. After sonication (3 x
30 s), cell lysate was centrifuged for 30 min at 10000 rpm and supernatant was
filtered on 0.22 um filter. Purification of His-tagged proteins from cell-free extract was
achieved by Ni-NTA resin (Qiagen). Column with resin was equilibrated with Lysis
buffer supplemented with 40 mM imidazole before cell lysate was passed through
the column. Wash buffer (50 mM phosphate buffer, pH 7.5, 300 mM NaCl, 50 mM
imidazole) was used to remove unbound or nonspecifically bound proteins and His-
tagged proteins were eluted with Elution buffer (50 mM phosphate buffer, pH 7.5,
300 mM NaCl, 300 mM imidazole). Fractions with purified protein were pooled,
dialyzed against the appropriate buffer, P1 (50 mM phosphate buffer, pH 7.5, 30 mM
NaCl) or P2 (50 mM phosphate buffer pH 7.5, 300 mM NaCl) as needed for further

experiments or stored in P2 buffer, SsbA at RT and SsbB at +8 °C no more than



three weeks. When needed proteins were concentrated on centrifugal filter units with
10 kDa Mw cut-off (Amicon Ultra 4 centrifugal filters). To verify protein purity proteins
were analyzed on a 12% SDS-PAGE. Concentrations were determined by NanoDrop
2000 (Thermo Fisher Scientific, USA) using extinction coefficients and molecular

weight of each protein as shown in Table S7.

Bioinformatics analysis

Protein sequences were aligned in online version of MAFFT v.7
(https://mafft.cbrc.jp/alignment/server/)[82] using the E-INS algorithm which
considers multiple conserved domains and long gaps in target sequences; other
parameters were left at default values. To predict the liquid-liquid phase separation
(LLPS propensity of the SsbA, SsbB and their variants mutated in the IDL region
(Figure 1) we used web servers of three predictors which take into account a
different set of protein features indicative of LLPS. The PLAAC - prion-like amino

acid composition algorithm (http://plaac.wi.mit.edu/) predicts prion-like domains(PrD)

based on sequence composition[65]. The PScore algorithm

(http://abragam.med.utoronto.ca/~JFKlab/Software/psp.htm) predicts protein

propensity for long-range planar pi—pi contacts[67]. The CatGranule algorithm
predicts the propensity of proteins to form granules[66]. Default parameters were

used for all three predictors.

Dynamic light scattering

DLS measurement was performed in Zetasizer Ultra (Malvern Panalytical) with He-

Ne laser in a low-volume quartz batch cuvette (ZEN2112) from three different


http://plaac.wi.mit.edu/
http://abragam.med.utoronto.ca/~JFKlab/Software/psp.htm

angles. The total volume of each sample (40 pL) included the analyzed protein at a
final concentration of 1 mg/mL in P2 buffer and in P3 buffer (50 mM phosphate
buffer, pH 7.5, 150 mM NaCl). Before starting the DLS analysis, all samples were
filtered through a 0.22 pm filter (Merck, Millipore). The measurements were
performed at 25 °C using the automatic mode for identifying the best number of
subruns and measurement time (n = 2). The size of the protein particle
(hydrodynamic diameter, Dn) were calculated from the correlation function using the

ZS XPLORER software (Malvern Panalytical).

Differential scanning calorimetry

Measurements were performed on Nano DSC, Differential Scanning Calorimeter (TA
Instruments). Upon buffer P2 - buffer P2 measurement, used for baseline
subtraction, reference cell was filled with P2 buffer and sample cell with protein (1
mg/mL), prepared in P2 buffer. Buffer and protein solutions were degassed under
reduced pressure (0.64 bar, 10 min), prior to the measurements. Temperature range was
between 20 and 100 °C, with 1 °C/min. Equilibration step was one minute and 6 atm
pressure was applied. Raw data was processed in Nano Analyze software (TA

Instruments).

Isothermal titration calorimetry

ITC was used to measure the thermodynamic parameters of interactions between
different variants of the paralogous Ssb proteins (Figure 1) and ssDNA. Binding

affinity and ratio (Ko and N, respectively), the binding enthalpy (AHr) are directly



derived from the equilibrium titration experiment, while entropy, (ASr) and Gibbs

energy (AGr) are calculated.

Titrations were performed on MicroCal VP-ITC (Malvern Panalytical, UK). The
reference cell was filled with ultrapure water. Experiments were carried out by titrating
1 uM protein substrate solution (SsbA, SsbB and their mutants in P1 or P2 buffer) in
the cell with 25 pM oligonucleotide dTss ligand solution in a buffer P1 or P2 from the
rotating syringe (220 rpm). Aliquots of the dT4s (one aliquot of 2 pL, 18 aliquots of 5
ML and 11 aliquots of 10 uL) were injected into a thermostated cell (25.0 °C)
containing 1.4406 mL of the protein. The spacing between the injections was set to 300-
360 s, with the initial delay of 2000 s in all the experiments. Prior to the titrations, both
solutions were degassed under reduced pressure (0.64 bar, 10 min). Measurements
were performed in triplicate for each protein. Origin 7.5 software, supplied by the ITC
manufacturer was used for data analysis. Protein concentrations were determined by

indirect spectrophotometric methods.

Electrophoretic mobility shift assay

Cooperative binding of SSB proteins to long ssDNA (Phi X-174, 5386 nt) was
assessed by EMSA method as described[28,41], with minor modifications. Al
reactions were prepared in 20 pL of binding buffer (10 mM Tris HCI, pH 7.5, 30 mM
NaCl, 0.1 mM EDTA) with a constant amount of ssDNA (0.3 pg) and increasing
concentrations of SSB protein as shown in Figure 6. Protein to ssDNA ratios (R35)
were calculated [R = n x [SSB (tetramer)/(nucleotide)][28] assuming that the SsbA
and SsbB proteins binding site size (n) is ~ 35 nucleotides, since the structurally

similar Ssb from M. smegmatis has occluded binding site similar to highly



cooperative EcSSB binding[33]. The reaction mixtures were incubated for 20 min at
22 °C, and 4 pL of 50% glycerol was added to each sample before being loaded
onto a 0.3% agarose gel. Electrophoresis was performed at 30 V in a running buffer
(20 mM Tris HCI, pH 7.5, 0.4 mM sodium acetate, 0.1 mM EDTA) at RT for 3.5
hours. The gel was stained for 30 minutes with SYBR Gold dye diluted in a running
buffer (1:20,000). For better visualization of bands, it was necessary to separate
SSB proteins from DNA by soaking the gel in a running buffer supplemented with 1

M NaCl for 45 min.

Confocal microscopy

Bacterial strains used in this study were grown as described above. Samples were
studied using a Dragonfly confocal microscope system, using 100x/1.47NA HC PL
APO oil objective (Leica), iXon Ultra 88 EM-CCD and Sona camera (Andor

Technology, Belfast, UK). Images were processed using FIJI[83].
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