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ABSTRACT

In Escherichia coli, the single-stranded DNA-binding
protein (SSB) acts as a genome maintenance or-
ganizational hub by interacting with multiple DNA
metabolism proteins. Many SSB-interacting proteins
(SIPs) form complexes with SSB by docking onto
its carboxy-terminal tip (SSB-Ct). An alternative in-
teraction mode in which SIPs bind to PxxP motifs
within an intrinsically-disordered linker (IDL) in SSB
has been proposed for the RecG DNA helicase and
other SIPs. Here, RecG binding to SSB and SSB pep-
tides was measured in vitro and the RecG/SSB inter-
face was identified. The results show that RecG binds
directly and specifically to the SSB-Ct, and not the
IDL, through an evolutionarily conserved binding site
in the RecG helicase domain. Mutations that block
RecG binding to SSB sensitize E. coli to DNA dam-
aging agents and induce the SOS DNA-damage re-
sponse, indicating formation of the RecG/SSB com-
plex is important in vivo. The broader role of the SSB
IDL is also investigated. E. coli ssb mutant strains
encoding SSB IDL deletion variants lacking all PxxP
motifs retain wildtype growth and DNA repair prop-
erties, demonstrating that the SSB PxxP motifs are
not major contributors to SSB cellular functions.

INTRODUCTION

Single-stranded (ss) DNA is a ubiquitous intermediate in
nearly every genome maintenance pathway in dividing cells.
In bacteria, ssDNA-binding proteins (SSBs) play two es-
sential roles in mediating reactions involving ssSDNA. First,
SSBs bind ssDNA with high af nity, melting secondary
structures to allow polymerases or other proteins access to
the DNA while also protecting ssDNA from degradation.
Second, SSBs interact with a large network of partner pro-
teins, forming genome maintenance hubs at which multiple

DNA replication, recombination, and repair factors assem-
ble on genomic targets (1 3).

The prototypical SSB from  Escherichia coli
contains two structural elements: an N-terminal
oligosaccharide/oligonucleotide binding (OB) domain
and a C-terminal tail (Figure 1A). The OB domain me-
diates homotetramerization of the protein and DNA
binding. Depending upon solution conditions, E. coli SSB
binds between 35 and 65 ssDNA bases per tetramer and
ssDNA binding can be highly cooperative, allowing SSB
to coat ssDNA (4 7). E. coli SSB interacts with a network
of 20 different DNA metabolism proteins via its C-
terminal tail (8 30). The SSB tail is comprised of a poorly
conserved intrinsically-disordered linker (IDL), which
is unresolved in crystal structures (31 34), and a highly
conserved, amphipathic C-terminal tip termed the SSB-Ct
(-Asp-Phe-Asp-Asp-Asp-lle-Pro-Phe) (Supplementary
Figure S1).

Most SSB-interacting proteins (SIPs) studied to date ap-
pear to share a conserved mode of SSB recognition in which
they dock onto the SSB-Ct. Several SIPs have been co-
crystalized with SSB-Ct peptides and their SSB-binding
pockets have been validated in biochemical and/or genetic
studies (10,12,19,20,35). SSB-Ct binding pockets have also
been successfully predicted through computational meth-
ods (36 39). Typical SSB-Ct binding sites contain three
shared features: a hydrophobic pocket, where the side chain
of the C-terminal Phe residue of SSB is buried; a basic lip,
comprised of Arg, Lys and/or His residues that anchor the
alpha-carboxyl group of the SSB C-terminus; and a basic
ridge, where side chains from basic residues interact with
Asp residues of the SSB-Ct. Deletion of the C-terminal-
most Phe residue on SSB (SSB  F) or the entire SSB-Ct mo-
tif (SSB  C8) eliminates interactions between SSB and SIPs
in vitro (8,9,11,12,14,16,18,20,22,27,29,30,40) and is lethal
to E. coli (41,42). Strains carrying the ssb-113 mutation,
which substitutes a Ser for the penultimate Pro of the SSB-
Ct, exhibit DNAA damage hypersensitivity and temperature-
sensitive growth (43 47). The SSB113 protein or peptide has
a greatly reduced af nity for SIPs (8,10,12 14,18 20,29).
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Figure 1. SSB and RecG domain layouts and structures. (A) E. coli SSB domain schematic and crystal structure with the unresolved IDL and SSB-Ct
drawn in (PDB ID: 1SRU) (31). (B) T. maritima and E. coli RecG domain schematics and T. maritima RecG crystal structure (PDB ID: 1GMS5) with
branched DNA and Mg-ADP (shown as sphere-stick) (74). The wedge domain is represented in green and helicase domains (HD) 1 and 2 are represented

in pink and yellow, respectively.

While roles for the SSB OB domain and SSB-Ct have
been well-de ned, investigations into potential roles of the
IDL have been initiated more recently (41,48 51). Unlike
the OB and SSB-Ct elements, the IDL is not well conserved
across bacterial SSBs (Supplementary Figure S1) and its
length varies greatly from species to species (41). In vitro
studies have shown that the IDL is important for coop-
erative sSSDNA binding (41) and for phase separation of
SSB (50,52). However, plasmid complementation experi-
ments have demonstrated that E. coli cell viability is main-
tained even when large segments of the IDL (47 or 51 of 57
residues) are removed from SSB (41,42). Similarly, ssb mu-
tants in which uorescent domains have been inserted into
the IDL retain function in vitro and in vivo (53). These nd-
ings suggest that the SSB IDL is largely dispensable in E.
coli. Nonetheless, direct roles for the IDL in SSB/SIP inter-
actions have been proposed (48,49,51,54 57). These studies
posit that PxxP motifs within the IDL bind to OB domains
in SIPs, including RecG DNA helicase, and that the SSB-
Ct plays an indirect role in SSB/SIP interactions. PxxP mo-
tifs mediate interactions with Src Homology 3 domains in
some eukaryotic systems (58 61), which sets a precedent for
possible PxxP motif protein interactions in bacteria. Evi-
dence to support multiple modes of SSB recognition by SIPs
would greatly impact our understanding of how SSB differ-
entiates among its large network of partner proteins to suc-
cessfully coordinate replication or repair process and recruit
the appropriate genome maintenance enzymes to DNA.

RecG is a superfamily-2 DNA helicase and double-
stranded DNA translocase that has been implicated in sev-
eral DNA repair roles in bacteria (62 69). RecG binds and
unwinds a variety of DNA substrates in vitro but exhibits a
preference for junction DNA (70,71). E. coli strains lacking
recG are sensitive to ultraviolet (UV) light and chemical
DNA damaging agents (72) and are prone to lamentation
and chromosomal partitioning defects (73). Loss of recG
also leads to over-replication of the chromosome in the
terminus region and at sites of double-strand DNA
breaks (67,68). A crystal structure of RecG from

Thermotoga maritima showed that the protein is com-
prised of an N-terminal wedge domain involved in DNA
junction binding/unwinding and two RecA-like helicase
domains (HD1 and HD2) that function together as a
molecular motor (Figure 1B) (74).

A physical interaction between RecG and SSB has been
reported (29). While RecG/SSB complex formation re-
quires an intact SSB-Ct, it has been proposed that PxxP
motifs from the SSB IDL dock onto an OB fold within the
RecG wedge domain and that the SSB-Ct plays an indi-
rect role in the interaction (48,49). Evidence to support this
model primarily comes from experiments in which RecG
and SSB (or variants) simultaneously overexpressed in E.
coli are co-puri ed using an af nity tag present on one of
the two proteins. However, the interaction between RecG
and SSB has not been characterized with puri ed proteins
using methods that directly measure the stability of the com-
plex or that identify interaction sites on RecG and SSB. SSB
can modulate the activity of partner proteins and can recruit
them to sites of action in cells, therefore understanding how
RecG interacts with SSB could provide important insights
into RecG function.

Our study uses biochemical and genetic approaches to
answer several questions about the RecG/SSB complex: (i)
Does puri ed E. coli RecG bind to the SSB-Ct, SSB IDL or
both regions of SSB? (ii) Where is the SSB binding site on
RecG? and (iii) Does destabilization of the RecG/SSB in-
teraction affect RecG activity in vivo? Two different equilib-
rium binding assays using puri ed components show that
RecG binds directly and speci cally to the SSB-Ct with a
dissociation constant of 3 4 M. No binding to an IDL
peptide is detected. Yeast two-hybrid analysis of a putative
SSB-Ct binding site on the RecG HD2 domain predicted
by a model of the complex shows that charge-reversal mu-
tations of any of three residues in the predicted site (Arg474,
Arg467 or Arg614) destabilize the RecG/SSB complex. The
puri ed Arg474Glu RecG variant was unable to bind SSB
in vitro, but it retained wildtype levels of DNA-dependent
ATPase activity, consistent with a speci c role for Arg474 in



complex formation with SSB. In contrast, RecG wedge do-
main variants that had been proposed to bind the IDL PxxP
motifs (48,49) retain interaction with SSB in two-hybrid and
in vitro interaction assays. Mutation of the chromosomal
recG gene in E. coli to encode RecG SSB-binding pocket
variants sensitized the cells to UV light and led to constitu-
tive SOS induction for a subset of the changes. The cumu-
lative results show that RecG is a canonical SIP that inter-
acts directly with the SSB-Ct using a site on the HD2 do-
main to form a complex that is important for RecG function
in vivo.

As an extension of this study, we examined the effects of
deleting large regions of the SSB IDL from the native ssh
gene. Deleting residues 151 166, 139 164 or 130 166 of the
IDL, which remove either two or all three IDL PxxP motifs
in E. coli SSB, has no measurable effect on cell growth or
sensitivity to DNA damaging agents in the mutants. Cells
expressing an SSB IDL deletion variant lacking residues
120 166 have a slight tness defect, which can be reversed
when 10 IDL residues are re-introduced in randomized or-
der. These results suggest that E. coli SSB requires a min-
imal IDL length, but not a speci ¢ sequence, and that the
IDL functions as a spacer between the ssDNA-binding OB
domain and the protein-binding SSB-Ct motif in vivo.

MATERIALS AND METHODS
Strain construction

All bacterial strains used in this study are E. coli K-12
MG1655 or derivatives (Supplementary Table S1). Primers
used for strain construction are listed in Supplementary
Table S2. EAW1515, EAW1516, EAW1517 and EAW1518
chromosomally encode ssb IDL mutations ssb 139 164,
ssb 151 166, ssb 130 166, ssb 120 166, respectively,
which were designed and described previously (41). The
strains were generated by PCR amplifying EAW1169 (53)
with a primer downstream of the FRT-Kan-FRT site and
a primer with 50 bases homologous to the region upstream
of the site of deletion and 18 20 bases downstream of the
site of deletion. PCR products were gel puri ed and inte-
grated onto the chromosome using RED recombination
(75). NJB48 was generated similarly except that EAW1518
was used as the PCR template strain and ampli ed with a
primer containing the bases to be inserted. All mutant con-
structs remain under the control of the native ssb promoter.
Strain genotypes were con rmed by PCR, Sanger sequenc-
ing, and whole genome sequencing.

Additional strains used in growth competition assays
were generated by P1 transduction (76), where EAW214
( araBAD) was transduced with P1 phage grown on
EAW1515, EAW1516, EAW1517, EAW1518 or NJB48.
Strains were con rmed by PCR and Sanger sequencing.

EAW1650, EAW1651, EAW1693 and EAW1707 chro-
mosomally express recG binding pocket mutants recG-
R474E, recG-R467E, recG-R614E and recG-R484E under
the control of the native recG promoter, respectively. Plas-
mids encoding the desired recG mutant were used as the
template in a PCR with recGus and recGdsBam primers.
Another PCR was run with pEAWS507 (carrying a mutant
FRT-KanR-wildtype FRT cassette) as template and rec-
Gend and recGafter primers. The two PCR products have
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42 bp overlapping regions and were digested with Dpnl
and gel puri ed. The gel puri ed PCR products were used
as the template in a second PCR with recGus and rec-
Gafter primers. The resulting PCR product was gel puri-

ed and electroporated into EAW505/pKD46. Strains were
con rmed by PCR and Sanger sequencing.

Protein puri cation

RecG was expressed in STL2669/pT7pol26 (a gift from
Dr Susan Lovett, Brandeis University) with overexpression
plasmid pEAW111 (77). Eight liters of Luria Broth (LB)
culture supplemented with 100 g/ml ampicillin and 40

g/ml kanamycin were induced at an ODgyg nm Of 0.4 by the
additionof IPTG toa nal concentration of 0.4 mM and in-
cubated for 3 h at 37 C. Cells were pelleted and ash frozen
for storage at 80 C. The cell pellet was resuspended in
25% sucrose solution and lysed by lysozyme (0.2 mg/ml) at
room temperature for 15 min, followed by sonication. Am-
monium sulfate was added to 25% saturation to the clari ed
lysate and stirred at 4 C for 3 h. The mixture was pelleted,
and ammonium sulfate was added to bring the supernatant
to 40% saturation and stirred overnight at 4 C. The mixture
was pelleted, and the pellet was resuspended in Buffer A (20
mM Tris HCI,pH7.6,0.1 mM EDTA, 10% glycerol, 1 mM
DTT, 50 mM KCI) and loaded onto a DEAE column. Frac-
tions containing RecG were loaded onto a Source 15Q col-
umn. Fractions containing RecG were loaded onto a Source
15S column and eluted with a gradient from 50 mM KCI to
1 M KCI. Fractions containing RecG were tested for nu-
cleases, and nuclease free fractions were pooled and dia-
lyzed into storage buffer (20 mM Tris HCI, pH 7.6, 0.1
mM EDTA, 20% glycerol,2mM DTT, 500 mM KCI) or dia-
lyzed into buffer for isothermal titration calorimetry (ITC)
experiments. Puri ed RecG appeared as a single band on
SDS-PAGE gels and was quanti ed using monomer extinc-
tion coef cient sg0nm =5.022 10°M lcm 1.

In vivo assembly mutagenesis (78) was used to introduce
the R474E or R95A mutation into RecG overexpression
plasmid pEAW111 to create variant overexpression plas-
mids pNJB3 and pEAW1324, respectively. RecG R474E or
RecG R95A were expressed in STL2669/pT7pol26 and pu-
ri ed using the same puri cation scheme as wildtype RecG.
The puri ed proteins appeared as single bands on SDS-
PAGE gels and were quanti ed using monomer extinction
coef cient ,50nm = 5.022 10* M ! cm 1. The RecG
R95A preparation included a very weak nickase contami-
nant.

SSB and SSB F were puri ed as previously described
(79) and quanti ed using monomer extinction coef cient

280nm = 2.8 10°M lcm ! SSB 120 166 was a kind
gift from Dr Alexander Kozlov and Dr Timothy Lohman.

Fluorescence anisotropy

SSB peptides (sequences listed in Figure 2) were designed
with an N-terminal tryptophan residue for quanti cation
and N-terminal 6-FAM label (Genscript). RecG was incu-
bated with 0.2 M potassium glutamate, 1 mM DTT, 0.1

g/ml BSA, 1 RecA buffer (25 mM Tris-acetate, pH
7.6, 5% w/Vv glycerol, 3 mM potassium glutamate, 10 mM
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magnesium acetate, 1 mM DTT), and 10 nM labeled pep-
tide at room temperature for 30 min. Fluorescence polar-
ization (FP) values were measured at 25 C using a Beacon
2000 Fluorescence Polarization System. Polarization values
were normalized to the FP value measured at 0 nM RecG.
Normalized FP was converted to normalized anisotropy.
Experiments were performed in triplicate, and the data
were t to a one site binding model (Y = Bpnax X
(Kp + X), where X is ligand concentration, Y is normal-
ized anisotropy, Bmax is the maximum anisotropy, and Kp
is the dissociation constant) using GraphPad Prism Soft-
ware. Graphs plot the average normalized anisotropy value
from triplicate experiments with error bars representing one
standard deviation from the mean.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were
performed with a MicroCal/Malvern VP-ITC. SSB and
RecG were dialyzed into the same buffer (20 mM Tris HCI,
pH 8.0, 150 mM NacCl, 10% glycerol, 1 mM EDTA, 1 mM

-mercaptoethanol). SSB peptides (unlabeled, Genscript)
were dissolved in the buffer used for dialysis. ITC experi-
ments were performed at 25 C with stirring (307 rpm). In-
jections were varied involume: 1 1 L7 4 1, ,and 22
to 27 8 I Full-length SSB proteins or peptides were in-
jected into wildtype RecG (7.41 M), RecG R474E (12.9

M), or RecG R95A (6.67 M). All protein concentrations
are expressed as concentration of monomers. To account for
the heat of dilution, wildtype SSB (263 M), SSB F (335

M), SSB-Ct peptide WMDFDDDIPF, 308 M),and F
peptide WMDFDDDIP, 278 M) were injected into buffer
(Supplementary Figure S2) and subtracted from titrations
with RecG. ITC data were analyzed using Origin software
(MicroCal), where data were tto a one-site binding model
to determine the binding stoichiometry, dissociation con-
stantt, H, G andT S for complex formation.

AlphaFold prediction and conservation analysis

AlphaFold2 (80) prediction of a 1:1 RecG:SSB complex was
completed using AlphaFold-Multimer (81). Full-length E.
coli SSB and RecG protein sequences were used as the input,
and the prediction was run using the reduced database data
preset. Images show the predicted complex structure after
Amber relaxation. Resulting models were imported into Py-
MOL to generate gures.

Conservation analysis of 300 of the closest sequences to
E. coli RecG was completed using ConSurf (82,83), with the
protein sequence used as the input. The analysis was run
using the default settings (homolog search algorithm: HM-
MER with 1 iteration and 0.0001 E-value cutoff, protein
database: UNIREF-90, Maximal %ID: 95, Minimal %ID:
35%), and conservation scores were visualized on the RecG
AlphaFold2 model using PyMOL.

Yeast two-hybrid assay

SSB, RecG or RecG variants were N-terminally fused to
the DNA binding domain (pGBD) or activation domain
(pGAD) of the Gal4 transcription factor. Resulting plas-
mids (Supplementary Table S3) were transformed (84) in

pairs into Saccharomyces cerevisiae strain pJ69-4a (85) and
selected for on synthetic dextrose (SD) Leu- and Trp-
de cient plates. Transformants were inoculated into SD
Leu- and Trp-de cient liquid medium and grown at 30 C
overnight rotating. Saturated overnight cultures were di-
luted to an ODggonm Of 1.0 in 2% glucose and serially di-
luted 10-fold in 2% glucose. Dilutions were spotted (10 1)
onto SD His- and Ade-de cient plates and grown at 30 C
for4 5days. Plates were imaged on a Fotodyne gel doc. Site-
directed mutagenesis of RecG in pGBD was performed by
in vivo assembly mutagenesis (78) of pEAW1156.

ATP hydrolysis assay

ATPase rates for wildtype and variant RecG proteins were
determined using a coupled spectrophotometric assay (86).
ATP hydrolysis reactions were conducted with 150 nM
RecGin1 RecA buffer, supplemented with 1 mM DTT,
2.2 mM phosphor(enol)pyruvate, 10 units/ml pyruvate ki-
nase, 10 units/ml lactate dehydrogenase, 2 mM NADH, and
3 mM ATP with varying concentrations of X174 RF |
(New England Biolabs) DNA at 37 C. DNA concentrations
are represented in M nucleotides (nt). Azgonm Measured
the conversion of NADH into NAD*. Measurements were
taken every 20 40 s on a Cary UV-Vis spectrophotometer.
ATP hydrolysis rates were calculated by dividing the slope
of Asgonm Measurements over time over the linear region
by agnm =1.21mM *cm ! for NADH and the cell path
length (1 cm).

Growth curves

Overnight cultures of strains of interest were diluted 1:100
in LB and grown at 37 C with shaking at 200 rpm to an
ODggo nm Of 0.1. Cultures were diluted 1:1 in LB in 96-well
plates, and the ODggo nm Of each well was measured every
10 min over a 24-h incubation at 37 C on a microplate
reader (BioTek Synergy H1). Growth curves plot the aver-
age ODggonm Of biological triplicates over time with error
bars representing one standard deviation from the mean.

Western blots

SSB western blots were carried out and quanti ed as pre-
viously described (53). Brie vy, cultures of MG1655 or ssh
IDL mutant strains were grown at 37 C with shaking to an
ODggg nm 0f 0.2. One ml of each culture was pelleted and re-
suspendedin1l cracking buffer (CB) (0.5 M Tris HCI, pH
6.8, 5% SDS, 1% glycerol, 0.5% -mercaptoethanol, 0.005%
bromophenol blue) so that the volume of CB used for pellet
resuspension resulted in 100 | of each resuspension con-
taining the equivalent of 1 ml of cells at ODgggnm = 1.0.
Puri ed E. coli SSB and SSB 120 166 were also diluted in
1 CBto0.1,0.05 or0.025 M nal concentrations for
western blot quanti cation standards. Samples were dena-
tured for 10 min at 95 C, and 10 | of each sample (undi-
luted or diluted 3-fold) were loaded onto a 15% SDS-PAGE
gel. Proteins were transferred to a nitrocellulose membrane
for 1 h at 50 V. Membranes were blocked in 5% milk,
1 phosphate buffered saline (PBS) (137 mM NacCl, 2.7
mM KCI, 10 mM NayHPO,4, 1.8 mM KH,;PO4, 1 mM



CaCly, 0.5 mM MgCl,), 0.05% Tween (5% Milk PBS-T) for
30 min at room temperature and incubated in 5% Milk PBS-
T with a 1:600 dilution of the primary antibody (polyclonal
anti-SSB from rabbit) for 1.5 h. Membranes were washed
in PBS-T and incubated with 1:3000 secondary antibody
(anti-rabbit-HRP goat from Abcam) in 1 PBS-T for 45
min. Membranes were washed in 1~ PBS and visualized
using SuperSignal West Femto PLUS (Thermo Scienti c).
Blots were imaged on an iBright Imaging System. Quan-
ti cations were performed as previously described (53) in
biological triplicate.

Polyclonal antibodies against E. coli RecG were raised in
rabbit (Labcorp). RecG western blots were preformed simi-
larly to SSB western blots with the following modi cations.
Cultures of MG1655 or strains expressing recG mutants
were pelleted and resuspended in 1 CB so that the vol-
ume of CB used for pellet resuspension resulted in 100 | of
each resuspension containing the equivalent of 1 ml of cells
at ODggonm = 2.0. Ten | of each cell sample were loaded
onto a 4 15% Mini-PROTEAN TGX gel (Bio-Rad). Pro-
teins were transferred to a nitrocellulose membrane for 90
mins at 55 V. After blocking, the membrane was incubated
with a 1:200 dilution of primary antibody at 4 C overnight.

DNA damage sensitivity spot plate assays

MG1655, recG, and ssb IDL mutant strains were tested for
sensitivity to UV light, cipro oxacin, or mitomycin C. A

recA strain (EAW20) was used as a sensitive control in the
ssb IDL experiments. Overnight cultures set in biological
triplicate were used to inoculate fresh LB. Cells were grown
at 37 C with shaking to an ODggg nm Of 0.2 and serially di-
luted 10-foldin1 PBS.Ten |ofeach dilution was spotted
onto square LB agar plates (for UV) or LB plates contain-
ing DNA damaging agents (cipro oxacin or mitomycin C)
poured fresh and kept in the dark. UV sensitivity plates were
exposed to shortwave light (254 nm) using a Spectrolinker
XL-1000 UV crosslinker (Spectronics Corp) and incubated
at 37 C overnight in the dark. Plates were imaged on an iB-
right Imaging System. UV sensitivity was quanti ed as pre-
viously described (87). Brie 'y, dilutions of each strain were
plated onto an LB plate exposed to 0, 50 or 100 J/m?. Plates
were incubated under foil at 37 C overnight, and colonies
were counted to obtain colony forming units (CFU)/ml and
percent relative survival values.

SOS induction assay

To measure the induction of SOS, MG1655, EAW505
(' recG), recG mutant strains and ssb IDL mutant strains
of interest were transformed separately with pQBI63 or
PEAW903. Plasmid pEAW903 contains SuperGlo GFP un-
der the control of the recN promoter. Overnight cultures of
transformants were grown in biological triplicate. Cultures
were diluted 1:100 in LB supplemented with 100 g/ml
ampicillin and grown to an ODggonm Of 0.1. Cultures were
diluted 1:1 in LB with ampicillin in a 96-well plate. The
ODggonm and uorescence at 515 nm (excitation at 488 nm)
were measured for each well every 10 min for 24 h in a
H1 Synergy Biotek plate reader. Transformed recG mutant
strains were also imaged under a microscope as described
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below after 5 h of growth to quantify cell length and SOS
induction.

Growth competition ( tness) assay

Strain tness was evaluated using a modi ed growth com-
petition assay (87,88). Overnight cultures of araBAD
and araBAD™ strains were set in biological triplicate. To
start the assay, equal volumes of saturated araBAD and
araBAD* overnight cultures were mixed. LB was inocu-
lated 1:100 with the mixed culture, followed by growth at
37 C with shaking. Cultures were reinoculated into fresh
medium every 24 h. At 0, 24, 48 and 72 h of incubation,
mixed cultures were serially diluted in 1 PBS and plated
on tetrazolium arabinose plates. Plates were incubated at
37 C overnight before counting white (araBAD™) and red
( araBAD) colonies. Growth competition graphs represent
data collected in biological triplicate for each combination
ofaraBAD* and araBAD strains with the average percent-
age of red and white colonies reported. One standard devi-
ation from the mean is represented as error bars.

Microscopy and image analysis

Saturated overnight cultures of strains of interest were di-
luted 1:100 in LB and grown at 37 C for 5 h. Cells were
pelleted and resuspended in 1 PBS to an ODgyynm Of

1.0 on ice. The cell membrane was stained by addition
of FM4-64 to a nal concentration of 6.6 mM approxi-
mately 15 min before imaging. Cells (2.5 1) were sand-
wiched between a coverslip and a 1.5% agarose pad. Im-
ages were acquired on a Nikon Ti-eclipse N-STORM mi-
croscope and ORCA Flash 4.0 digital CMOS C13440 cam-
era (Hamamatsu) at room temperature with 100x magni -
cation using NIS-Elements software. Bright eld (6.5 V, 100
ms exposure) and uorescence channels were imaged with
lasers (561 nm equipped with Chroma Sedat Quad Iter ET
605/52m and 488 nm equipped with Chroma Sedat Quad

Iter ET 525/36 ms) in epi uorescence con guration. Im-
ages were acquired in the 561 channel (6.5 V, 400 ms ex-
posure). To measure SOS induction in strains transformed
with pPrecN-sfgfp (pEAW903), images were also acquired
in the 488 channel (6.5 V, 100 ms exposure). Imaging was
completed in biological triplicate for each strain on sepa-
rate days.

Images were analyzed using Fiji software (ImageJ) and
the MicrobeJ plugin (89), where processing was done uni-
formly across the entire image. Raw images for each strain
(4 5 per replicate) were concatenated, and the bright eld,
FM, and GFP image stacks were auto-scaled. Hyperstacks
were generated using the bright eld and GFP channel im-
ages. The bright eld stacks were inverted and all processed
the same way to adjust the image contrast using the script
(Bright eld MJ contrast.ijm), and manually re-adjusted by
enhancing the contrast and dividing the signal over the en-
tire eld of view. Unprocessed images of the 488 channel
were used to quantify GFP signal. FM 4 64 adjusted im-
ages or hyperstacks combining the bright eld adjusted im-
ages and GFP channels generated in MicrobeJ were used
for the analysis. Cell outlines were detected in the bright-

eld using the setuprecg2.xml le. Cell outlines were manu-
ally sorted to remove cells with poor outline tting or that
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were out of focus. Cell ID, length, and uorescence intensity
were exported from MicrobeJ as .csv les and plotted with
GraphPad Prism software, where statistical analyses were
generated. Dunns test for multiple comparisons was used
to evaluate statistical signi cance of cell length and mean

uorescence data. A minimum of 2000 cells were analyzed
for each strain.

RESULTS
RecG binds directly and speci cally to the SSB-Ct

Two models explaining how RecG interacts with SSB have
been proposed - RecG could interact with the SSB-Ct (29)
or RecG could interact with the IDL (48,49). To begin
testing each model, we used an equilibrium uorescence
anisotropy assay to measure RecG binding to uorescently
labeled SSB-Ct or IDL peptides (Figure 2). Titration of
RecG with the SSB-Ct peptide led to an increase in uores-
cence anisotropy, which occurs when protein binding slows
the tumbling rate of a labeled peptide (90). The data t well
to a one-site binding model with a dissociation constant
(Kp) of 3.1 — 0.4 M (Table 1). Kp values in the low mi-
cromolar range are typical for SSB/SIP complexes (10,12
14,19,23).

To test the sequence speci city of RecG binding to the
SSB-Ct, we examined binding to two SSB-Ct peptide vari-
ants. Titrations of RecG with an SSB-Ct peptide lacking
the C-terminal Phe residue (SSB  F) revealed greatly weak-
ened binding by RecG (Kp > 30 M). Likewise, changing
the Pro residue in the SSB-Ct motif to a Ser (SSB113) also
weakened the complex (Kp = 23.0 — 3.1 M) (Figure 2A,
Table 1). Similar speci city has been observed with other
SIPs (8,10 14,18 20,43). Thus, RecG binds a uorescently
labeled SSB-Ct peptide with a stability and sequence speci-

city that parallels that observed for other SIPs.

In contrast to the results observed with the SSB-Ct, titra-
tion of RecG with the uorescently labeled IDL peptide
showed no binding, even at the highest concentration tested
(Figure 2A, Table 1). The IDL peptide that was used in-
cluded residues 152 169 of SSB, which has two of the three
PxxP motifs in E. coli SSB. This peptide includes a PxxP
motif that has been reported to be necessary for RecG bind-
ing (49) and it is identical to a peptide that was previously
reported to bind to the AIkB protein (51). These data are
inconsistent with the SSB IDL directly binding to RecG.

We next used I TC to measure the stoichiometry and ther-
modynamic properties of the RecG/SSB interaction. In this
experiment, the heat evolved when full-length SSB or the
SSB-Ct peptide binds RecG was measured and the data
were t to determine the binding stoichiometry, Kp, H ,

G andT S forcomplex formation. Titrations of SSB or
the SSB-Ct peptide with RecG produced remarkably simi-
lar binding isotherms and thermodynamic pro les (Figure
2B and C, Table 1). The data from both titrations t well
to one-site models with stoichiometries very close to 1.0
(0.92 — 0.08 for SSB-Ct peptide, 1.05 — 0.07 for each pro-
tomer in full-length SSB). Remarkably, the G for RecG
binding to full-length SSB (7.9 — 0.3 kcal/mol) was within
the margin of error for RecG binding to the SSB-Ct pep-
tide ( 7.4 — 0.5 kcal/mol). H and T S values were
also nearly indistinguishable for SSB and SSB-Ct binding,

strongly suggesting that the SSB-Ct comprises the com-
plete binding site for RecG and that other elements within
SSB are not involved in complex formation. To examine the
speci city of the interaction, RecG binding to the SSB F
protein variant or the SSB F peptide, both of which lack
the C-terminal-most Phe residue, was measured. No bind-
ing was observed in either case (Figure 2D and E). These re-
sults con rm an interaction between RecG and the SSB-Ct
motif of SSB and indicate that RecG binding to the SSB-Ct
is speci ¢, necessary, and suf cient for RecG/SSB interac-
tion.

Identi cation of the SSB-binding pocket on the HD2 domain
of RecG

To identify potential SSB binding sites on RecG,
AlphaFold-Multimer complex prediction (80,81) was
used to create models of the RecG/SSB complex. In each
of the ve highest-con dence models, the SSB-Ct motif of
SSB docked against the same surface-exposed pocket in
the HD2 domain of RecG (Figure 3A) whereas the SSB
OB domain and IDL are in different positions in each
model. Inspection of the putative SSB-Ct docking site
revealed three Arg residues that appear well-positioned
to interact with the alpha-carboxyl group of the terminal
SSB-Ct Phe residue (R474) or the SSB-Ct Asp side chains
(R467 and R614). This collection of residues is highly
conserved among RecG proteins, and they combine to
form an electrostatic structure that shares similarity with
SSB-binding pockets observed in prior crystal structures of
SIP/SSB-Ct complexes (Figure 3B and C) (10,12,19,20,35).
A fourth Arg residue (R484) was also near the SSB-Ct
docking site in the model but was not predicted to be
directly involved in binding SSB (Figure 3A); this residue
is used as a control in binding studies below. The predicted
SSB binding site in the models does not overlap with the
DNA binding surface of RecG (74) and is distinct from the
proposed PxxP-binding site in the RecG wedge domain,
which includes residues F75, M80, R95 and F97 (49).

To test the validity of the predicted SSB-binding site in
the RecG HD2 domain, Arg-to-Glu charge reversal vari-
ants of RecG residues 474, 467 and 614 were created. A
fourth charge-reversal variant of R484 was also tested as
a control to determine whether an electrostatic change that
is near, but not in, the putative SSB binding site would alter
RecG binding to SSB. A yeast two-hybrid assay was used
as an initial method to screen several RecG variants for
interaction with SSB. In the two-hybrid assay, yeast were
transformed with plasmids encoding SSB and RecG fused
to the Gal4 activation and binding domains, respectively,
and the RecG/SSB interaction was assessed by selecting for
growth on selective medium plates. Cells in which RecG and
SSB interact should grow whereas cells in which the interac-
tion is disrupted by mutation should not. As anticipated, a
strain transformed with plasmids expressing wildtype RecG
and SSB Gal4 hybrids grow on selective medium whereas
strains transformed with empty vector control plasmids do
not (Figure 3D). Control strains transformed with plasmids
that swap the activation and binding domains on RecG and
SSB or where SSB is fused to both the activation and bind-
ing domains also confer growth, indicating that the speci ¢
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Figure 2. RecG binds directly and speci cally to the SSB-Ct. (A) Fluorescence anisotropy binding isotherms for RecG binding to SSB-Ct (black), SSB113
(violet), SSB F (blue), or SSB IDL (green) peptides. Peptide sequences are listed in parentheses with * representing an N-terminal 6-FAM label. Anisotropy
values are normalized to the reading at 0 M RecG. The mean value of experiments performed in triplicate is graphed with error bars representing one
standard deviation from the mean. (B E) ITC analysis of RecG/SSB binding. Thermograms (top) and binding isotherms (bottom) of titrations of (B)
full-length SSB, (C) SSB-Ct peptide, (D) SSB F or (E) SSB F peptide into RecG solutions.

arrangement of Gal4 domains with the bait and prey pro-
teins does not alter the experiment. When plasmids encod-
ing RecG R474E, R467E or R614E variants were substi-
tuted for RecG in the assay, the strains failed to grow, in-
dicating that the mutations disrupted RecG/SSB interac-
tion (Figure 3D). In contrast, growth was maintained in a
strain expressing RecG R484E and SSB, indicating that the
RecG/SSB interaction can tolerate an electrostatic change

in the RecG HD?2 surface that is not targeted to a residue
predicted to directly bind SSB. These results are consistent
with R474, R467 and R614 having roles in binding SSB as
predicted by the AlphaFold models.

Notably, these results are inconsistent with a role for the
RecG wedge domain in binding to SSB PxxP motifs. Such
an interaction mode would have resulted in positive inter-
actions for all of the RecG/SSB pairs since the RecG wedge
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Table 1. FP and ITC derived binding parameters
FP ITC

H G
RecG SSB Kp ( M) Stoichiometry Kp ( M) (kcal/mol) T S (kcal/mol) (kcal/mol)
WT SSB-Ct peptide 3.1—-04 0.92 —0.08 39-—-038 40—0.5 34—0.6 74—05
WT SSB  F peptide >30 ND ND ND ND ND
WT SSB113 peptide 23.0—3.1 - - - - -
WT IDL 152 169 peptide ND - - - - -
WT WT - 1.05—0.07 26—04 3.0-—-03 49—-05 79—-0.3
WT SSB F - ND ND ND ND ND
R474E SSB-Ct peptide >30 ND ND ND ND ND
R474E WT - ND ND ND ND ND
R95A SSB-Ct peptide 18—-04 - - - - -
R95A WT - 1.0* 1.7—0.7 21-0.3 58—0.4 79—0.2

conserved

variable

D Gal4BD Gal4AD  SDHis'/Ade
fusion  fusion  10° 10" 10210°10*
RecG empty
empty RecG

SSB empty
empty SSB

SSB SSB

RecG RecG
SSB RecG
RecG SSB

RecG
variant
R474E | SSB
R467E | SSB
R614E | SSB
R484E SSB

F75A SSB

M80A SSB

R95A SSB

F97D SSB

Figure 3. Prediction and identi cation of the SSB binding pocket on RecG. (A) Overlay of the ve highest-con dence AlphaFold models of the RecG/SSB
complex prediction. RecG is colored as in Figure 1 and the SSB-Ct is colored blue and shown as sticks (left). Zoomed-in views of the predicted wedge
domain residues involved in SSB IDL binding (top right) and the predicted SSB-Ct binding pocket on one AlphaFold model (bottom right). RecG residues
of interest are labeled and represented as sticks. (B) Conservation of residues in candidate binding pocket on RecG. (C) Electrostatic map of candidate
binding pocket on RecG. (D) Yeast two-hybrid screen for interaction between SSB and RecG, RecG charge-reversal variants of conserved Arg residues in

the candidate binding pocket, or RecG wedge domain variants.

domain and SSB IDL are unaltered in all of the two-hybrid
pairs. To directly test RecG wedge domain residues that
have been proposed to interact with SSB, plasmids encoding
RecG F75A, M80A, R95A or F97D variants were substi-
tuted in the assay. Prior results from a co-puri cation assay
suggested that these variants have severely reduced binding
to SSB (49). In contrast with this earlier study, each of the

strains grew on the selective medium, indicating that RecG
wedge domain residues F75, M80, R95, and F97 are not
required for interaction with SSB (Figure 3D).

To more rigorously and quantitatively test the RecG
HD2/SSB-Ct binding model, a RecG variant in which
one of the putative SSB-binding residues is altered (RecG
RA474E) was puri ed and tested for binding to the SSB-Ct
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peptide and to full-length SSB in vitro. This variant was cho-
sen because of the predicted interaction of the R474 side
chain with the alpha-carboxyl group of SSB-Ct C-terminal
Phe (Figure 3A). Analogous interactions have proven to be
essential points of contact in other SIPs (10,19). The Al-
phaFold models and two-hybrid results predict that bind-
ing should be greatly reduced or eliminated by the mu-
tation. Consistent with this prediction, the RecG R474E
variant failed to bind the SSB-Ct peptide in the uores-
cence anisotropy assay (Figure 4A). To rule out the possi-
bility that the R474E sequence change caused misfolding
of the protein that indirectly blocked SSB binding, DNA-
dependent ATPase activity was measured for the RecG
RA474E variant and compared with wildtype RecG. Since
the sequence change is in one of the two essential helicase
domains of RecG, misfolding would result in signi cantly
altered ATPase function. ATPase activity of RecG R474E
was indistinguishable from that of wildtype RecG, with val-

Table 2. ATP hydrolysis kinetics parameters for wildtype and variant
RecG proteins

RecG Kona (M nt) Vimax ( M/min)
wT 47283 379—33
RAT4E 39.9—2.9 363 —13
RI5A 18.5—4.9 127 —11

ues for both maximal ATPase rates and the DNA concen-
trations required for 50% stimulation (Kpna) within error
between the two proteins (Figure 4B and Table 2). Thus,
we concluded that the RecG R474E variant was properly
folded. To further examine the effect of the R474E sequence
change, we also used ITC to measure RecG R474E binding
to either the SSB-Ct or to full-length SSB. Binding was not
detected in either titration (Figure 4C). These data con rm
the predicted SSB binding site on the RecG HD2 domain.



3744 Nucleic Acids Research, 2023, Vol. 51, No. 8

To directly test whether the proposed RecG wedge do-
main IDL binding site is important for interaction with
SSB, we puri ed a RecG R95A variant and measured its
activity in vitro. The R95A variant was selected because it
showed the greatest (24-fold) reduction in co-puri cation
with SSB in a previous study (49). We rst measured bind-
ing to the SSB-Ct. The RecG R95A variant bound the SSB-
Ct peptide in the uorescence anisotropy assay with a Kp of
1.8—0.4 M, which is slightly tighter than wildtype RecG
(3.1—0.4 M) (Figure 4A and Table 1). RecG R95A bind-
ing to the SSB-Ct was expected since our experiments had
shown that the peptide bound at a site in the RecG HD2
domain. Interestingly, the DNA-dependent ATP hydroly-
sis activity of the RecG R95A variant differed from wild-
type RecG, with a maximal ATPase rate of 127 — 11 M
ATP/min, compared to 379 — 33 M ATP/min for wild-
type RecG (Figure 4B and Table 1). This difference could
be due to compromised DNA binding in the R95A variant.
Arg95 is located on the DNA binding surface of the RecG
wedge domain (74), and changing adjacent residues Phe96
or Phe97 to Ala results in drastic reductions in DNA bind-
ing and unwinding activity (91).

Although the RecG R95A wedge domain variant re-
tained SSB-Ct binding and was able to interact with SSB
in a two-hybrid assay, it was possible that the wedge do-
main plays a role in binding to the IDL in full-length SSB.
To test this possibility, we used ITC to measure RecG R95A
binding to full-length SSB (Figure 4C and Table 1). In con-
trast to a possible role for the wedge domain in SSB bind-
ing, titration of SSB with RecG R95A produced a remark-
ably similar binding isotherm to that of wildtype RecG.
The data were t to a one-site model with a xed interac-
tion stoichiometry of 1.0, revealinga G for RecG R95A
binding to full-length SSB ( 7.9 — 0.2 kcal/mol) that was
indistinguishable from that of wildtype RecG ( 7.9 — 0.3
kcal/mol). These data are not consistent with a role for
Arg95, or the proposed IDL binding site (49), in binding
SSB.

Interaction with SSB is critical for RecG function in vivo

To study the effect of disrupting the RecG/SSB interac-
tion, isogenic E. coli MG1655 strains in which the recG
gene was mutated to encode R474E, R467E, or R614E
RecG variants were created using Red recombination (75).
Control strains that deleted recG ( recG) or expressed the
R484E RecG variant that retained interaction with SSB
(recG-R484E) were also created. Western blot analysis of
the strains showed that RecG levels were very similar in each
except for the recG strain where, as expected, no RecG
protein was observed (Supplementary Figure S3). Thus,
changes in cellular activity for the point mutants could not
be due to differences in protein levels.

We rst examined whether the point mutant strains were
sensitive to UV light, which is a DNA-damaging agent to
which  recG cells are sensitive (72). Serial dilutions of the
strains were plated on solid media, exposed to 0, 60 or 100
J/m? UV light, and then grown to assess cell viability. In
the absence of UV treatment, all of the strains plated with
similar ef ciencies, indicating that recG missense or deletion
mutations were tolerated under normal growth conditions

(Figure 5A). In contrast, treatment with 60 or 100 J/m?
UV light led to reduced plating ef ciencies for the recG-
R474E, recG-R614E and recG strains. The recG-R474E
and recG-R614E strains each displayed lower plating ef -
ciencies than MG1655 (recG*), but they were not as sen-
sitive as the recG strain (Figure 5A). UV sensitivity of
the recG-R467E strain was quite similar to MG1655. The
recG-R484E control strain, which retains RecG/SSB bind-
ing, was not sensitized to UV light. Thus, UV sensitization
was speci ¢ to cells harboring mutations that alter R474 or
R614, both of which are involved in SSB-Ct binding. The
result with the R467 variant suggests that this residue may
play a more minor role in binding to SSB than R474 or
R614 in vivo. Other SIPs have similarly displayed variation
in the relative importance of each residue within the SSB-
Ct binding site (10,19). These results indicate that the SSB-
binding pocket in the HD2 domain is important for RecG
DNA repair functions in E. coli.

When DNA damage accumulates in cells, the SOS re-
sponse is initiated, resulting in upregulation of several DNA
repair genes and error prone DNA polymerases (92,93).
Strains lacking recG display constitutive induction of genes
within the DNA-damage response SOS regulon in the ab-
sence of exogenous DNA damaging agents or conditions
(72). To evaluate whether disruption of the RecG/SSB
interaction also led to SOS induction, the recG mutant
strains were transformed with a plasmid encoding Super-
Glo GFP under the control of the recN promoter. recN
expression is induced during the SOS response (94,95),
making GFP expression from the plasmid an indicator
of SOS induction. While all of the strains grew at simi-
lar rates, SOS induction was observed in the recG-R467E,
recG-R474E and recG-R614E strains, with GFP levels well
above those observed for MG1655 or recG-R484E con-
trol strains (Figure 5B). The levels were lower than those
measured for the recG strain, indicating that disrup-
tion of the RecG/SSB interaction does not eliminate all
RecG functions in cells. As with UV sensitivity, SOS in-
duction was less pronounced in the recG-R467E strain com-
pared to the other recG mutant strains, further suggesting
a more modest role for R467 in binding SSB than R474
or R614. These results further highlight the cellular impor-
tance of the RecG SSB-binding pocket for RecG function in
E. coli.

The SOS response can lead to cell lamentation (96),
which has been previously observed in  recG E. coli strains
(73). To evaluate both cell length and individual cell SOS
induction, microscope images of the transformed recG mu-
tants in stationary phase (when differences in SOS induc-
tion are particularly pronounced) were acquired. The mean
cell length measured for MG1655 cells was 2.45 — 0.01

m, which is similar to previously reported values (97).
Filamentation was observed for each of the SSB-binding
pocket mutant strains and the recG strain, as evidenced
by the presence of cells with lengths greater than 10 m
(Figure 5C, D). For recG-R474E and  recG cells, the mean
cell length differed signi cantly from MG1655, whereas the
number of non- lamented cells present in recG-R467E and
recG-R614E strains reduced the signi cance level. Nonethe-
less, a larger number of lamented cells were observed for
the recG-R467E and recG-R614E strains than in MG1655
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Figure 5. An interaction with SSB is important for RecG activity in vivo. (A) Spot plate assay showing growth of 10-fold serially diluted MG1655 (recG*),
recG, or recG binding pocket mutant strains exposed to varying UV doses. (B) Liquid growth curves (center) and uorescence signal (right) of MG1655
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or recG-R484E control strains (Figure 5C (left panel) and
5D). An increase in mean cell uorescence was also ob-
served for the recG, recG-R474E, and recG-R614E strains.
Interestingly, the majority of cells in each strain appear nor-
mal in morphology and are not induced for SOS, indicating
that the absence of recG or loss of the RecG/SSB interaction
does not lead to major defects for cells in every replication
cycle.

Cell expressing large chromosomally-encoded SSB IDL dele-
tion variants are indistinguishable from wildtype E.coli

The simplest model that explains the results thus far is that
RecG is a canonical SIP that binds directly to the SSB-
Ct using a site in its HD2 domain and that neither the
RecG wedge domain nor the SSB IDL are directly involved
in RecG/SSB complex formation. These results led to a
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blot probing for SSB in two dilutions of puri ed SSB and two dilutions of cell lysate samples from strains expressing wildtype ssb, ssb 151 166, ssb 139

164, ssb 130 166, or ssb 120 166. Upper bands present in cell lysate samples are due to antibody cross-reactivity. (C) Growth curves of MG1655 and
ssb IDL deletion strains with the mean value for a set of experiments performed in biological triplicate graphed and error bars representing one standard

deviation from the mean.

more general question what is the cellular role, if any,
for the SSB IDL in E. coli? To answer this question, a
panel of isogenic E. coli MG1655 ssh mutant strains en-
coding SSB variants with large deletions in the IDL region
was constructed (Figure 6A). These strains encoded SSB
variants with deletions of residues 151 166 (ssb 151 166),
139 164 (ssb 139 164), 130 166 (ssb 130 166) or 120
166 (ssb 120 166). The ssb 151 166 mutation removes
two of the three PxxP motifs in the SSB IDL whereas the
three remaining mutations remove all three PxxP motifs.
Similar SSB variants have previously been shown to com-
plement deletion of the essential ssb gene or a lethal ssh
point mutation (41,42), however prior studies relied on SSB
variants that were overexpressed on plasmids that could
mask minor interaction defects with arti cially elevated
SSB protein levels.

We rst used western blots to determine whether the dif-
ferent chromosomally encoded SSB IDL deletion variants
supported viability in E. coli as the sole SSB in each strain.
Possible ssb gene duplication events were a particular con-
cern since prior attempts to fuse uorescent domains into
the C-terminus of ssb resulted in duplication events where a
second ssb gene was added to the genome (98 101). West-
ern blots of whole cell lysates con rmed that each strain en-
coded only the IDL deletion variant SSBs, demonstrating
that removal of all SSB IDL PxxP motifs is tolerated in E.
coli (Figure 6B). Whole-genome sequencing was also car-
ried out for each strain to identify any suppressor mutations

that could be needed to support viability in the ssb deletion
mutants no sequence differences were detected outside of
the ssb IDL deletions.

Strains expressing the SSB IDL deletion variants pro-
duce weaker signals in the western blots (Figure 6B), which
could be due to lower copy numbers for the variants
and/or reduced reactivity with the SSB antibodies. Quan-
titative western blots were used to examine these possi-
bilities by measuring the SSB levels in MG1655 and in
the strain with the largest IDL deletion (ssb 120 166).
Blots included puri ed protein standards to control for
differences in antibody recognition between wildtype SSB
and SSB 120 166. The analysis estimated that there were

19700 — 5600 monomers of SSB per cell in MG1655
and 8800 — 2700 monomers per cell in the ssb 120
166 strain (Supplementary Figure S4). The estimates are
similar to a previous report that measured 14400 SSB
monomers per cell grown in rich media (102) and indi-
cated that SSB 120 166 was present at a 2 3-fold lower
copy number in the ssb 120 166 strain than wildtype SSB
in MG1655.

To examine whether deletion of the SSB IDL impacts
DNA replication and cell growth rates, growth curves of
the different ssb strains were measured and compared with
MG1655 (ssh™). Each of the ssb mutant strains grew with
kinetics that were indistinguishable from MG1655 (Figure
6C), indicating normal cellular function and DNA repli-
cation rates for each ssb mutant. This shows that large






