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Abstract

Single-stranded DNA-binding proteins (SSBs) support DNA replication by protecting single-stranded DNA
from nucleolytic attack, preventing intra-strand pairing events and playing many other regulatory roles within
the replisome. Recent developments in single-molecule approaches have led to a revised picture of the
replisome that is much more complex in how it retains or recycles protein components. Here, we visualize
how an in vitro reconstituted Escherichia coli replisome recruits SSB by relying on two different molecular
mechanisms. Not only does it recruit new SSB molecules from solution to coat newly formed single-stranded
DNA on the lagging strand, but it also internally recycles SSB from one Okazaki fragment to the next. We
show that this internal transfer mechanism is balanced against recruitment from solution in a manner that is
concentration dependent. By visualizing SSB dynamics in live cells, we show that both internal transfer and
external exchange mechanisms are physiologically relevant.
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ABSTRACT

Single-stranded DNA-binding proteins (SSBs) sup-
port DNA replication by protecting single-stranded
DNA from nucleolytic attack, preventing intra-strand
pairing events and playing many other regulatory
roles within the replisome. Recent developments in
single-molecule approaches have led to a revised
picture of the replisome that is much more complex
in how it retains or recycles protein components.
Here, we visualize how an in vitro reconstituted Es-
cherichia coli replisome recruits SSB by relying on
two different molecular mechanisms. Not only does
it recruit new SSB molecules from solution to coat
newly formed single-stranded DNA on the lagging
strand, but it also internally recycles SSB from one
Okazaki fragment to the next. We show that this inter-
nal transfer mechanism is balanced against recruit-
ment from solution in a manner that is concentration
dependent. By visualizing SSB dynamics in live cells,
we show that both internal transfer and external ex-
change mechanisms are physiologically relevant.

INTRODUCTION

The majority of processes associated with DNA metabolism
involve the generation of a single-stranded DNA (ssDNA).
As a transient species that ultimately needs to be recon-
verted into more stable double-stranded DNA (dsDNA),
ssDNA acts as a substrate for a large number of pathways.
A key protein in the initial steps of ssDNA processing is
the ssDNA-binding protein (SSB), which coats naked ss-
DNA and thus protects it from nucleolytic attack and pre-
vents intra-strand pairing events such as hairpin forma-
tion. Further, it plays a critical role in the organization
of protein—protein and protein-DNA interactions within

the replisome, the protein machinery responsible for DNA
replication (1-5).

Escherichia coli SSB is a stable homotetramer with each
177 amino acid-subunit separated into two distinct do-
mains (6). The N-terminal domain (112 residues) forms
an oligonucleotide/oligosaccharide-binding (OB) fold re-
sponsible for ssDNA binding (7). The C-terminal domain
is more variable, except for a highly conserved acidic C-
terminal tail, which serves as an interaction site for many
binding partners (2,4,8,9). SSB can bind to ssDNA in dif-
ferent modes depending on the concentration of cations and
the SSB/ssDNA stoichiometry (5,10). The prevalent bind-
ing modes observed in in vitro studies are the SSBgs and
SSB35 modes, corresponding to the binding of 65 and 35 nu-
cleotides to the SSB tetramer, respectively (11). In the SSBgs
mode, favoured at moderately high salt concentrations (12),
all four ssDNA-binding sites are bound to ssDNA (Figure
1B, left). In the SSB;5 binding mode, favoured in low salt
concentrations (13), only two ssDNA-binding sites are oc-
cupied (Figure 1 A, right) (7); the negative cooperativity that
restricts occupancy to two sites in the SSB3;s mode provides
a facile mechanism for transfer of SSB from one ssDNA
molecule to another without its dissociation into solution
(11,14,15).

During DNA replication, ssDNA is produced when the
helicase unwinds the parental dsDNA. On one of the
daughter strands, the leading strand, new DNA is synthe-
sized continuously by a copy of the DNA polymerase I11
(Pol III) core closely tracking and travelling in the same di-
rection as the helicase (Figure 1B) (16), thereby minimizing
the amount of exposed ssDNA. Indeed, uncoupled leading-
strand replication occurs efficiently in the complete absence
of SSB (17). On the other (lagging) strand, DNA is syn-
thesized discontinuously. Due to the opposite polarities of
the two DNA strands and the ability of polymerases to ex-
tend a DNA chain only in the 3’ to 5 direction, the Pol III
core on the lagging strand synthesizes DNA in the direc-

*To whom correspondence should be addressed. Tel: +61 2 4221 4780; Email: vanoijen@uow.edu.au
Correspondence may also be addressed to Nicholas E. Dixon. Tel: +61 2 4221 4346; Email: nickd@uow.edu.au

© The Author(s) 2019. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

610Z AInr 21 uo Jasn BuoBuojjop 10 Alsianiun Aq Z8E0ZES/ L | L1/8/.pioBlISqe-ajoie/ eu/woo dno-olwspese//:sdny WwoJj papeojumoq


http://orcid.org/0000-0002-5511-8757
http://orcid.org/0000-0002-9945-6133
http://orcid.org/0000-0002-5958-6945
http://orcid.org/0000-0002-1794-5161

4112 Nucleic Acids Research, 2019, Vol. 47, No. 8

A 65 mode 35 mode
E ,£ /£ /% + Transfer Free _binding
i i i :E EE % sites
l.-
B Pol Il core
Leading ——

strand
DnaG primase@ ’

Clamp loader
(CLC)

Lagging \\ 83'
/ strand | g?@)\\

RNA primer External exchange

B, 0

Figure 1. SSB strand transfer and the Escherichia coli replisome. (A) Dif-
ferent DNA-binding modes of SSB. In the SSBgs mode, all four OB do-
mains are bound to DNA (left). In the SSB3s5 mode, only two DNA-
binding sites are occupied. The observation of transfer of SSB between
discrete ssDNAs in this mode suggests a possible internal-transfer mecha-
nism. (B) Schematic representation of the organization of the E. coli repli-
cation fork. The DnaB helicase encircles the lagging strand, facilitates un-
winding of dsDNA through ATP hydrolysis and recruits DnaG primase for
the synthesis of RNA primers that initiate the synthesis of 1-2 kb Okazaki
fragments on the lagging strand. The Pol I1I holoenzyme (HE) uses the ss-
DNA of both strands as a template for simultaneous synthesis of a pair of
new DNA duplex molecules. The B, sliding clamp confers high processiv-
ity on the Pol III HE by tethering the aef Pol I1I core onto the DNA. The
clamp loader complex (CLC) assembles the B, clamp onto RNA primer
junctions. Up to three Pol III cores interact with the CLC through its 7
subunits to form the Pol III* complex, with the 7 subunits also binding to
DnaB, thus coupling the Pol IIT HE to the helicase. The ssDNA extruded
from the DnaB helicase is protected by SSB (16,37).

tion opposite to that of the moving fork (18,19). As a result,
stretches of ssSDNA are generated on the lagging strand that
is not converted into dsDNA until the next Okazaki frag-
ment is primed and synthesized. During the period when
these stretches of ssDNA are exposed they are coated with
SSB. As new DNA is synthesized on the lagging strand, SSB
has to be displaced by the advancing polymerase, perhaps
involving an interaction of its C-terminal tail with the x
subunit of the Pol 111 holoenzyme complex (20,21).

In the last decades, ensemble and single-molecule bio-
chemical studies of SSB dynamics have used short oligonu-
cleotides, outside the context of active replisomes. It has
been shown that SSB is able to diffuse along ssDNA (22)
and can be directionally pushed by ssDNA translocases
(23). These studies have led to two different models of the
dynamics of SSB binding to and dissociation from ssDNA
within the replication complex.

In the first model, newly exposed ssDNA is bound by SSB
from the cytosol. It has been shown that SSB binds to free
ssDNA in a diffusion-controlled process (14,24). With the
estimated in vivo SSB concentration of 300 to 600 nM (6,25—
28), such rapid binding would lead to efficient coating of

newly exposed ssDNA within milliseconds. In this model,
subsequent displacement of SSB during filling in of the gap
by the lagging-strand Pol III core will cause the SSB to dif-
fuse back into the cytosol.

In the second model, SSB is effectively recycled within
the replisome through an internal-transfer mechanism. This
mechanism was first demonstrated using stopped-flow ex-
periments that suggested that transfer occurs without pro-
ceeding through a protein intermediate that is free from
DNA (14). Instead, transfer involves a transiently paired in-
termediate during which SSB is ‘handed’ from the first to
the second ssDNA with the system going through a state
in which the tetramer is bound to two strands simultane-
ously (Figure 1A, right). Studies using surface plasmon res-
onance and nano-electrospray ionization mass spectrome-
try verified that the SSB3s mode supports transfer of SSB
tetramers between discrete oligonucleotides (15).

The biochemical studies have been unable to directly vi-
sualize the dynamic behaviour of SSB within the replisome.
As aresult, it is unknown how the replication machinery re-
cruits SSB and whether it may retain it during multiple cy-
cles of Okazaki-fragment synthesis. It is unclear whether the
~500 copies of SSB available within the cell are sufficient to
support rapid coating of all ssDNA during fast growth, with
up to 12 replisomes active simultancously (29), or whether
internal recycling mechanisms are operative that enable a
replisome to maintain its own local pool of SSB molecules.

Here, we directly probe the existence of a process in which
transfer of SSB occurs from in front of the Pol 111 to the
newly exposed ssDNA behind the helicase on the lagging
strand, without its dissociation into the cytosol (Figure 1B).
To access this mechanism experimentally, we use single-
molecule fluorescence imaging to visualize the dynamics of
SSB during active DNA replication, both in vitro in a recon-
stituted replication reaction and inside living bacterial cells.
We rely on the strength of the single-molecule approach to
visualize transient intermediates and acquire detailed ki-
netic information that would otherwise be hidden by the
averaging inherent to ensemble measurements (30-33). Par-
ticularly, we show that SSB is recycled within the replisome
on time scales corresponding to the synthesis of multiple
Okazaki fragments, verifying the existence of an internal-
transfer mechanism. At higher SSB concentrations, how-
ever, we see that this mechanism competes with external ex-
change to and from solution. Using in vivo single-molecule
imaging, we show that both processes occur at the repli-
cation fork. Our observations suggest that the interactions
controlling association and dissociation of SSB within the
replisome provide a balance between plasticity and stabil-
ity, enabling its exchange when available, but ensuring repli-
some stability in its absence from the cellular environment.

MATERIALS AND METHODS
Replication proteins

Escherichia coli DNA replication proteins were produced
from E. coli strains with genes from E. coli MG1655 as de-
scribed previously: the B, sliding clamp (34), SSB (15), the
DnaBg(DnaC)g helicase-loader complex (35), DnaG pri-
mase (36), the Pol I 7388’y x clamp loader (17) and Pol
IIT «eb core (37).
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Expression and purification of SSB-K43C

Plasmid pND539 was constructed by the insertion of a
BamHI-EcoRI fragment of pND73 (15) between the same
sites in the A-promoter phagemid vector pMA200U (38).
Oligonucleotide-directed mutagenesis with single-stranded
pNDS539 was then used to introduce a cysteine codon in
place of the lysine-43 codon of ssb to yield phagemid
pCL547; the mutation was confirmed by nucleotide se-
quence determination. Expression and purification of the
single cysteine mutant of SSB, SSB-K43C were carried out
as previously described for wild-type SSB (15).

Labelling of SSB-K43C

Methods described below were adapted from Kim et al
(39). Three different fluorescent probes were used to la-
bel SSB-K43C: Alexa Fluor 488, 555 and 647 (Invitro-
gen). First, a total of 6.3 mg of SSB-K43C was reduced
with 3 mM tris(2-carboxyethyl)phosphine (pH 7.6) in pre-
cipitation buffer (100 mM sodium phosphate, pH 7.3, 200
mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA),
70% (w/v) ammonium sulphate) at 6°C for 1 h with gen-
tle rotation to yield Fraction 1. Fraction I was centrifuged
(21000 x g; 15 min) at 6°C and the supernatant carefully re-
moved. The precipitate was washed with ice-cold precipita-
tion buffer that had been extensively degassed by sonication
and deoxygenated using Ar gas, then pelleted by centrifuga-
tion (21 000 x g; 15 min) at 6°C and supernatant removed to
yield Fraction III. The labelling reaction was carried out on
Fraction III, now devoid of reducing agent, using 40 wM of
maleimide-conjugated dyes with 84 wM SSB-K43C in 500
wl of deoxygenated and degassed buffer (100 mM sodium
phosphate, pH 7.3, 200 mM NaCl, | mM EDTA). The reac-
tion was allowed to proceed for 3 h at 23°C in the dark. The
reaction was subsequently quenched using 30 mM dithio-
threitol for 1 h at 6°C, yielding Fraction IV. Fraction IV
was applied at 1 ml min~' to a column (1.5 x 10 cm) of
Superdex G-25 (GE-Healthcare) resin equilibrated with gel
filtration buffer (50 mM Tris—-HCI, pH 7.6, 3 mM dithio-
threitol, 1 mM EDTA, 100 mM NaCl). Fractions contain-
ing the labelled SSB-K43C were pooled and dialysed into
storage buffer (50 mM Tris—HCI pH 7.6, 3 mM dithiothre-
itol, | mM EDTA, 100 mM NacCl, 20% (v/v) glycerol). The
degree of labelling was determined by UV /Vis spectroscopy
to be between 1 and 2 fluorescent dyes per SSB tetramer.

Single-stranded DINA-binding assay

Labelled SSB-K43C and wild-type SSB were compared for
ssDNA binding activity. Ten microlitres of 2 nM (final con-
centration) M 13mp18 (Guild Biosciences) ssDNA (7249 nt)
was mixed with an equal volume of wild-type SSB and
labelled SSB-K43C (100-800 nM, final concentration, as
tetramer) in replication buffer (25 mM Tris—HCI, pH 7.9, 50
mM potassium glutamate, 10 mM Mg(OAc),, 40 pg ml~!
bovine serum albumin (BSA), 0.1 mM EDTA and 5 mM
dithiothreitol). After 30 min at room temperature, prod-
ucts were separated by electrophoresis in Tris-acetate (TAE)
buffer in 0.6% (w/v) agarose gels at 60 V for 150 min; gels
were stained with SYBR Gold and visualized under UV
light.

Nucleic Acids Research, 2019, Vol. 47, No. 8 4113

Ensemble Okazaki-fragment length measurements

Coupled leading- and lagging-strand DNA synthesis reac-
tions were set up in replication buffer and contained 1.0-1.5
nM 5'-biotinylated flap-primed 2-kb circular dSDNA tem-
plate, 1 mM ATP, 250 uM CTP, GTP and UTP, and 50
pM dCTP, dGTP, dATP and dTTP, 6.7 nM Pol I11*, 30
nM B35, 300 nM DnaG, 30 nM DnaBg(DnaC)s and SSBy as
specified, in a final volume of 12 pl. Components (except
DNA) were mixed and treated at room temperature, then
cooled in ice for 5 min before addition of DNA. Reactions
were initiated at 30°C, and quenched after 30 min by the
addition of 7 wl of 0.5 M EDTA and 6 pl of DNA loading
dye (6 mM EDTA, 300 mM NaOH, 0.25% (v/v) bromocre-
sol green, 0.25% (v/v) xylene cyanol FF, 30% (v/v) glyc-
erol). The quenched mixtures were loaded into a 0.6% (w/v)
agarose gel in alkaline running buffer (50 mM NaOH, 1
mM EDTA). Products were separated by agarose gel elec-
trophoresis at 14 V for 14 h. The gel was then neutralized in
1 M Tris—HCI, pH 7.6, 1.5 M NaCl and stained with SYBR
Gold. The Okazaki fragment length distribution was cal-
culated by normalizing the intensity as a function of DNA
length.

Single-molecule rolling-circle assay

Construction of the 2030-bp template used for most
rolling-circle assays has been described (40). To construct
the M 13 rolling circle template (41), the 66-mer 5'-biotin-
T3 AATTCGTAATCATGGTCATAGCTGTTTCCT-3¥

(Integrated DNA Technologies) was annealed to M13mp18
ssDNA (New England Biolabs) in TBS buffer (40 mM
Tris—HCI, pH 7.5, 10 mM MgCl,, 50 mM NacCl) at 65°C.
The primed M13 was then extended by adding 64 nM
T7 gp5 polymerase (New England Biolabs) in 40 mM
Tris-HCI, pH 7.6, 50 mM potassium glutamate, 10 mM
MgCl,, 0.1 mg ml~! BSA, 5 mM dithiothreitol and 600
pM dCTP, dGTP, dATP and dTTP at 37°C for 60 min.
The reaction was quenched with 100 mM EDTA and the
DNA was purified using a PCR purification kit (Qiagen).

Microfluidic flow cells were prepared as described (42).
Briefly, a PDMS flow chamber was placed on top of a PEG-
biotin-functionalized microscope coverslip. To help prevent
non-specific interactions of proteins and DNA with the sur-
face, the chamber was blocked with buffer containing 20
mM Tris—HCI, pH 7.5, 2 mM EDTA, 50 mM NacCl, 0.2 mg
ml~! BSA and 0.005% Tween-20. The chamber was placed
on an inverted microscope (Nikon Eclipse Ti-E) with a CFI
Apo TIRF 100x oil-immersion TIRF objective (NA 1.49,
Nikon) and connected to a syringe pump (Adelab Scientific)
for flow of buffer.

Conditions for coupled DNA replication under continu-
ous presence of all proteins were adapted from previously
described methods (17,37,41). All in vitro single-molecule
experiments were performed at least four times. Briefly, 30
nM DnaBg(DnaC)g was incubated with 1.5 nM biotinylated
ds M13 template in replication buffer with 1 mM ATP at
37°C for 30 s. This mixture was loaded into the flow cell at
100 wl min~! for 40 s and then at 10 wl min~!. An imaging
buffer was made with 1 mM UV-aged Trolox, 0.8% (w/v)
glucose, 0.12 mg ml~! glucose oxidase and 0.012 mg ml~!
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catalase (to increase the lifetime of the fluorophores and re-
duce blinking), I mM ATP, 250 wuM CTP, GTP and UTP,
and 50 pM dCTP, dGTP, dATP and dTTP in replication
buffer. Pol IIT* was assembled in situ by incubating 7388 x
(410 nM) and Pol III cores (1.2 wM) in imaging buffer at
37°C for 90 s. Replication was initiated by flowing in the
imaging buffer containing 6.7 nM Pol III*, 30 nM 3,, 300
nM DnaG, 30 nM DnaBg(DnaC)s and SSB4 where spec-
ified at 10 pl min~!. Reactions were carried out at 31°C,
maintained by an electrically heated chamber (Okolab).

Double-stranded DNA was visualized in real time by
staining it with 150 nM SYTOX Orange (Invitrogen) ex-
cited by a 568-nm laser (Coherent, Sapphire 568-200 CW) at
150 wW cm~2. The red labelled SSB was excited at 700 uW
cm™~? with a 647 nm laser (Coherent, Obis 647-100 CW).
For simultaneous imaging of DNA and SSB, the signals
were separated via dichroic mirrors and appropriate filter
sets (Chroma). Imaging was done with an EMCCD cam-
era (Photometics, Evolve 512 Delta). The analysis was done
with ImageJ using in-house built plugins. The rate of repli-
cation of a single molecule was obtained from its trajectory
and calculated for each segment that has a constant slope.

Conditions for the pre-assembly replication reactions for
the Okazaki fragment length measurements were adapted
from published methods (37,43,44). Solution 1 was pre-
pared as 30 nM DnaBg(DnaC)g, 1.5 nM biotinylated ds
M13 substrate and 1 mM ATP in replication buffer. This
was incubated at 37°C for 3 min. Solution 2 contained 60
wM dCTP and dGTP, 6.7 nM Pol 111*, and 74 nM (3, in
replication buffer (without dATP and dTTP). Solution 2
was added to an equal volume of solution 1 and incubated
for 6 min at 37°C. This was then loaded onto the flow cell
at 100 wl min~! for 1 min and then 10 pl min~! for 10 min.
The flow cell was washed with replication buffer containing
60 puM dCTP and dGTP. Replication was finally initiated
by flowing in the imaging buffer containing 50 nM B,, 300
nM DnaG and SSB4 where specified at 10 pl min~".

Conditions for the chase replication reactions omitting
SSB from solution during replication were set up as a nor-
mal continuous flow experiment. Reactions were allowed to
proceed for 1 min before a replication mixture omitting only
SSB was loaded at 10 wl min~'. To visualize the behaviour
of SSB at a concentration of 100 nM, a 1:5 mixture of la-
belled and unlabelled SSB K43C was used.

To obtain the characteristic exchange time 7 from the
FRAP experiments, the data were fit with a FRAP recovery
function, corrected for photobleaching (equation 1, where ¢
is the amplitude of photobleaching, 7}, is the photobleach-
ing time and /j is the number of SSB molecules at the fork
at steady state):

I = axe o 4+ Iox (1 —e*%*') (1)

Escherichia coli strains with fluorescent chromosomal fusions

The strain EAW192 (dnaQ-mKate2) encodes a fusion of
dnaQ with mKate2 (37). JJC5380 (ssb- Y Pet) is MG1655 ssb-
YPet Kan® obtained by P1 co-transduction of the ssb- Y Pet
fusion with the adjacent Kan® marker from the AB1157
ssh-YPet Kan®R strain (45), and was a gift from Bénédicte
Michel. The two-colour strain LMS001 (ssb-Y Pet, dnaQ-

mKate2) was constructed by P1 transduction; JJC5380 cells
(ssb- Y Pet) were infected with P1 grown on EAW 192 (dnaQ-
mKate?2). Transductants were selected for kanamycin resis-
tance. Note that strains JJC5380 and LMS001 both contain
tandem genes encoding both wild-type and labelled SSBs
(Supplementary Figure S1A); this is almost certainly true
of all E. coli strains containing C-terminal chromosomal
ssb gene fusions since extension of the C-terminus of SSB
affects essential interactions with other proteins (4,5). The
strain JJC5945 (dnaX-YPet) is MG1655 dnaX-YPet (46).
Wild-type (MG1655) and dnaQ-mKate2 (EAW192) E. coli
cells were cultured in LB. The ssb-YPet (JIC5380), dnaQ-
mKate2, ssb-YPet (LMS001) and dnaX-YPet (JIC5945)
strains were grown in LB supplemented with 25 pg ml~!
kanamycin.

Growth rates of strains with fluorescent chromosomal fusions

To verify that the C-terminal labelling of SSB does not af-
fect cell growth, we compared growth rates of five E. coli
strains. We compared wild-type E. coli with dnaQ-mKate2,
ssb-YPet, and the doubly labelled dnaQ-mKate2 + ssb-Y Pet
strains. We added the dnaX-Y Pet strain as a control. Single
colonies of wild-type E. coli MG1655 and derivatives con-
taining the C-terminal chromosomal dnaX, dnaQ and ssb
fusions were used to inoculate 5 ml of L broth (with 25 pg
ml~! kanamycin, if required) and grown at 37°C with shak-
ing overnight. L broth (100 ml) was inoculated with 1.0 x
10° cells ml~! from overnight cultures. Subsequent growth
of each strain was monitored at 37°C on a plate reader (PO-
LARstar Omega, BMG Labtech) determining OD7¢ every
20 min for 10 h. The labelled ssb-YPet and dnaQ-mKate2
cells have similar growth rates to wild-type cells (Supple-
mentary Figure S1B), indicating that labelling the SSB and
DnaQ (Pol III €£) components of the replisome does not sig-
nificantly disrupt DNA replication.

In vivo FRAP measurements

The cells were grown at 37°C in EZ rich defined medium
(Teknova) that included 0.2% (w/v) glucose. For imaging,
cells were immobilized on coverslips that were functional-
ized with 3-aminopropyl triethoxysilane (Sigma Aldrich)
(46) and then placed on the heated stage (Pecon) of
the microscope (Olympus I1X81, equipped with UAPON
100XOTIRF). Imaging was done at 37°C. FRAP measure-
ments were performed using an automated fast filter wheel
(Olympus U-FFWO) with a 50 pwm pinhole in the back focal
plane of the microscope. A 514 nm laser (Coherent, Sap-
phire 514-150 CW) was used for visualization and photo-
bleaching. FRAP pulses were 200 ms at 200 W cm™—> with
the pinhole in place. Subsequent visualization without the
pinhole was done at 2 W cm~2. Imaging was done with an
EMCCD camera (Hamamatsu ¢9100-13). The FRAP ex-
periments were performed in triplicate, resulting in a total
of 30 photobleached foci that were used for analysis. The
image processing was done with ImageJ using in-house built
plugins.
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RESULTS
Visualization of SSB in vitro

We use a fluorescence imaging approach to directly vi-
sualize DNA replication in real time to monitor the dy-
namics of SSB at the replication fork in a single-molecule
rolling-circle assay, a method that provides information on
the rate of production of new DNA by individual repli-
somes (41,47) while simultaneously enabling the visualiza-
tion of fluorescently labelled replisome components (37,48).
A 5-flap within a 2.0-kb double-stranded circular DNA
substrate (40) is anchored to the surface of a microfluidic
flow cell (Figure 2A). Replication is initiated by introduc-
ing a laminar flow of buffer containing the minimal set of
12 replication proteins required for coupled leading- and
lagging-strand synthesis (Figure 1B). Replisomes assemble
onto the fork structure within the circle and initiate un-
winding and synthesis (17,41). As replication proceeds, the
newly synthesized leading strand is displaced from the cir-
cle by helicase action to provide the template for lagging-
strand synthesis. The net result of this process is the gen-
eration of a dsDNA tail that is stretched in the buffer flow
and whose growth moves the tethered dsDNA circle away
from the anchor point at a rate determined by the replica-
tion rate (Figure 2A). Replication is visualized by real-time
near-total internal reflection fluorescence (TIRF) imaging
of stained dsDNA (Figure 2B). Quantification of the instan-
taneous rates of individual replisomes resulted in an aver-
age single-molecule rate of 630 & 70 bp s~! (mean &+ SEM)
with a distribution that reflects intrinsic differences among
individual replisomes (Figure 2E). These rates are similar to
those obtained before in ensemble (49) and single-molecule
experiments (37,41,47,50).

To visualize the behaviour of SSB during rolling-circle
replication, we labelled a mutant of SSB containing a single
cysteine (SSB-K43C) with a red fluorophore (AlexaFluor
647; Supplementary Figure S2A). Although K43 does not
make direct contact with DNA in the crystal structure of the
SSB-ssDNA complex (7) (Supplementary Figure S2B), this
residue is protected from acetylation by acetic anhydride
by binding to ssDNA (51); the rate constant was reduced
6.7-fold, consistent with the electrostatic effects of DNA
binding increasing the pK, of K43 by ~0.8 unit. An elec-
trophoretic mobility shift experiment using M13 ssDNA
in replication assay buffer showed no significant effect of
labelling on ssDNA binding in either the SSB3s or SSBgs
modes (Supplementary Figure S2C). The labelled SSB was
also active in leading- and lagging-strand DNA synthesis,
producing Okazaki fragments of size distributions identi-
cal to those obtained with wild-type SSB in an ensemble-
averaging solution-phase reaction (Supplementary Figure
S2D). The labelled protein appears therefore to be function-
ally competent.

We then used the labelled SSB at a concentration of 20
nM (all SSB concentrations are as tetramers) in the rolling-
circle assay. Simultaneous imaging of the stained DNA and
labelled SSB showed that the SSB is located at the tip of
the growing DNA, consistent with the labelled protein be-
ing integrated into active, reconstituted replisomes (Figure
2C). The single-molecule replication rates in the presence of
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Figure 2. Visualization of SSB in the single-molecule rolling-circle assay.
(A) Schematic representation of the experimental design. 5'-Biotinylated
circular DNA is coupled to the passivated surface of a microfluidic flow cell
through a streptavidin linkage. Addition of the E. coli replication proteins
and nucleotides initiates DNA synthesis. The DNA products are elongated
hydrodynamically by flow, labelled with intercalating DNA stain and visu-
alized using fluorescence microscopy while replication takes place (41). The
schematics are not to scale, with the circles resulting in a diffraction-limited
spot in the imaging and the product DNA showing up as long lines. (B) Ky-
mograph of an individual DNA molecule undergoing coupled leading- and
lagging-strand replication. The yellow indicates the fluorescence intensity
of stained DNA. (C) Representative kymograph of simultaneous staining
of double-stranded DNA and fluorescence imaging of labelled SSB (red) in
real time. The kymograph demonstrates that the fluorescent spot corre-
sponding to SSB co-localizes with the tip of the growing DNA product,
at the position of the circle and its replication fork. (D) Kymograph of the
red-labelled SSBs on an individual DNA molecule. The intensity of the
SSB signal does not photobleach but instead remains constant for the du-
ration of the experiment, indicating at least some SSB is exchanged. (E)
Histograms of the rate of replication for wild-type SSB (626 & 73 bp s,
N = 71) and labelled SSB (720 & 55 bp s!, N = 59) fit to Gaussian dis-
tributions. The similarity between these rates shows that the label does not
affect the behaviour of SSB during replication. See also Supplementary
Figure S2.
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the labelled SSB were similar to those using unlabelled wild-
type SSB (Figure 2D and E), in agreement with our ensem-
ble assays. Thus, the label does not affect the behaviour of
SSB in a fully reconstituted DNA-replication reaction sup-
porting simultaneous leading- and lagging-strand synthe-
sis. We have reported previously that under the same condi-
tions, polymerases bind to gaps between Okazaki fragments
behind the replication fork (37). Interestingly, we do not
observe SSB signals at stationary positions on the product
DNA, behaviour that would be expected to result in hor-
izontal lines in the kymographs as observed before for la-
belled Pol IIT* retained at the ends of completed Okazaki
fragments in the absence of their further processing (37).
There has been debate over many years about whether
lagging-strand polymerases may be recycled to new primer
termini before (signalling model) or on Okazaki fragment
completion (collision model), most recently summarized by
Benkovic and Spiering (52). Our observation of the absence
of SSB in gaps does not discriminate between these models
because we are unable to resolve SSB left transiently in the
wake of the replisome from SSB at the fork; the two popu-
lations would have to be separated well beyond the diffrac-
tion limit, or by at least 500 nm (corresponding to ~1800
bp). During the time it takes the replisome to cover this dis-
tance, polymerases recruited from solution will have filled
gaps in any incomplete Okazaki fragments (37). The ab-
sence of SSB spots behind the replisome does suggest that
completion of an Okazaki fragment does not leave a ssDNA
gap sufficiently large (>35 nt) for SSB to bind.

The intensity of the fluorescence signal from the SSB at
the replisome remains essentially constant throughout the
experiment (Figure 2D). If all SSB molecules were inter-
nally recycled and retained in the replisome, the fluores-
cence intensity should decay at the characteristic lifetime of
photobleaching, which is 9.5 + 0.8 s under these conditions
(Supplementary Figure S2E). Therefore, at least some SSB
molecules at the fork are replaced by new ones from solu-
tion. This exchange needs to take place at a rate that is high
enough to keep the steady-state level of unbleached SSB suf-
ficient to be observable.

Dynamic behaviour of SSB in vitro

We next used in vitro single-molecule FRAP (fluorescence
recovery after photobleaching) experiments (37) to quan-
tify the dynamic behaviour of SSB during DNA replication,
using the same rolling-circle reaction (Figure 2A). Instead
of continuous imaging at constant laser power, we period-
ically bleached all SSB in the field of view using 100-fold
higher power (Figure 3A, left). Due to the buffer flow and
high diffusional mobility, bleached SSB that is free in solu-
tion will rapidly move away and be replaced by unbleached,
bright SSB. After the photobleaching pulse, we monitor the
recovery of the fluorescence signal at the replisome as a
readout for the kinetics of introduction of new, unbleached
SSB at the replication fork. This measurement allows us to
distinguish between internal transfer and external exchange
of SSB: if SSBs were transferred internally and retained
at the fork, the fluorescence would not recover after pho-
tobleaching (Figure 3A, top right); if dark, bleached SSB
is exchanged with fluorescent SSB from solution; however,

we should observe recovery of the fluorescence intensity at
the fork. Figure 3B shows a kymograph of a FRAP exper-
iment using 10 nM labelled SSB. The solid vertical lines
correspond to the high-intensity FRAP pulses. After each
pulse, the fluorescence of the SSB spot decreases to zero as
the population is bleached. This bleaching is followed by a
gradual increase in intensity, indicating that SSB from solu-
tion associates at the fork. We determined the intensity after
each FRAP pulse over time by averaging over N = 24 repli-
somes (Figure 3C). At 10 nM SSB, we find the recovery time
(r) to be 10 & 1 s (Figure 3D). We then repeated this mea-
surement for SSB concentrations varying from 2 to 100 nM
(Figure 3D and E). At 2 nM SSB, the fluorescence signal
recovers slowly (t =20 4 7 s, N = 20), while at 100 nM, its
recovery is ~10-fold faster (t =2.9 £ 1.7s, N = 18). These
data show that SSB exchange is concentration dependent,
with faster exchange occurring at higher concentrations.

SSB is recycled for multiple Okazaki fragments

Having obtained information on the time scale of SSB
turnover at the replisome, we then characterized the number
of Okazaki fragment priming and synthesis cycles that oc-
cur during that time window. We did so by determining rates
of replication and the lengths of the Okazaki fragments.
First, we used the single-molecule rolling-circle assay to ob-
tain the DNA replication rates at the different SSB concen-
trations we used in the FRAP experiments. At all concen-
trations of SSB, the replication rate was ~750 bp s~!, with
no statistically significant differences (Supplementary Fig-
ure S3). The observation that SSB recovery times can be as
high as tens of seconds (Figure 3E) suggests that the pro-
tein is recycled within the replisome for a period that cor-
responds to the synthesis of many thousands of base pairs.
With an Okazaki-fragment length of 1-2 kb (53), our ob-
servations suggest that the replisome retains the SSB for
a duration well beyond the time needed to synthesize an
Okazaki fragment. Such a long retention time can only be
explained by a mechanism that allows internal transfer of
SSB from one Okazaki fragment to the next.

To verify this interpretation, we measured the length of
Okazaki fragments generated under our conditions, using
both an ensemble-averaging biochemical approach and di-
rect single-molecule observation. It has previously been re-
ported that the SSB concentration has an effect on Okazaki-
fragment length (54). To recapitulate this concentration ef-
fect, we first performed ensemble rolling-circle replication
experiments. Replication reactions containing all proteins
required to support simultaneous leading- and lagging-
strand synthesis, with SSB at different concentrations, were
allowed to proceed for 30 min. The resulting products were
separated on an alkaline agarose gel and stained with an ss-
DNA stain for visualization (Figure 4A). The intensity dis-
tributions were normalized to correct for the fact that the
intrinsic intensity per mole of product DNA scales linearly
with length. The product length distributions show that the
Okazaki fragments are shorter for lower SSB concentra-
tions (1.4 4+ 0.2 knt at 2 nM versus 2.8 + 1.0 knt at 200
nM), a two-fold difference in product length for a 100-fold
change in SSB concentration.
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Figure 3. Quantification of the SSB exchange time using single-molecule FRAP. (A) Schematic representation of the FRAP experiments. SSB molecules
are initially in a bright state (top). After a high intensity FRAP pulse, all SSBs in the field of view are photobleached. If SSB is internally transferred,
no fluorescence recovery should be observed (i). If SSB is externally exchanged, the fluorescence should recover rapidly (ii). (B) Imaging sequence used
during the FRAP experiments (top panel). A representative kymograph of labelled SSB at the replication fork (bottom panel) in a FRAP experiment. After
each FRAP pulse (indicated by the vertical red line), all SSB molecules have bleached. The fluorescence intensity recovers as unbleached SSB exchanges
into the replisome. (C) The average intensity over time from 20 replisomes with 10 nM SSB in solution. (D) The first three recovery phases in (C) were
averaged again to give the final averaged normalized intensity over time after a FRAP pulse. This curve was then fit to provide a characteristic exchange
time. This procedure was repeated for four concentrations of SSB ranging from 2 to 100 nM. (E) Exchange time as a function of SSB concentration shows

a concentration-dependent exchange time. See also Supplementary Figure S3.

It can be argued that the effect of SSB concentration
on the Okazaki-fragment length may be different when us-
ing the single-molecule assay. In these experiments, SSB is
continuously replenished through the buffer flow, whereas
in an ensemble experiment SSB would be sequestered
from solution if more ssDNAs were generated. To test
whether such a difference exists, we measured the Okazaki-
fragment lengths in our single-molecule assays. However, in
our continuous-flow rolling-circle experiments using DNA
staining, we do not have the spatial resolution to observe the
gaps between Okazaki fragments in the product DNA. Fur-
thermore, as discussed above, DNA polymerases in solution
rapidly fill in the gaps between the Okazaki fragments, mak-
ing them too small for SSB to bind, thus preventing us from
using fluorescent SSB to detect junctions between Okazaki
fragments. To resolve this issue, we use conditions that
prevent free polymerases from filling in Okazaki-fragment
gaps. This is achieved by the use of pre-assembly experi-
ments, in which polymerases are present in solution during
the initial phase of establishing replisomes at the forks, but
left out during the phase in which the pre-assembled repli-
cation complexes produce DNA. Such a design forces the
replisome to retain the polymerase holoenzyme (37) and al-
lows labelled SSB to bind ssDNA gaps between the Okazaki

fragments without being displaced by other DNA poly-
merases (Figure 4B). The distance between the SSB spots
can then be used as a measure of Okazaki-fragment length.
By measuring the distances between many pairs of SSB
spots, we obtained distributions of distances for different
SSB concentrations, which were fit with single-exponential
decay functions to obtain the average Okazaki-fragment
lengths (Supplementary Figure S4A). These lengths are the
same as those measured in the ensemble experiment, show-
ing that the Okazaki-fragment distributions are similar be-
tween the two experiments, with a similar dependence on
SSB concentration (Figure 4C).

We can now use the single-molecule observations of
Okazaki-fragment length for different SSB concentrations
to directly compare the time required for the replisome to
synthesize a single fragment to the time associated with SSB
recovery. Converting the information on Okazaki-fragment
lengths (Figure 4) into times by using the replication rate
(Supplementary Figure S3) and by dividing SSB recovery
times (Figure 3E) by this Okazaki-fragment time, we deter-
mine the number of Okazaki-fragment synthesis cycles that
are supported by the same pool of SSB (Figure 4D). This
analysis shows that at low concentrations, SSB is retained
within the replisome during synthesis of multiple (~10)
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Figure 4. Internal transfer of SSB. (A) Alkaline agarose gel of M13 rolling circles replicated using concentrations of SSB identical to those used in the
FRAP experiments (left panel). The right panel shows the intensity profiles of lanes 2-5. The Okazaki fragment size distributions are centred at 1.4 +
0.2, 1.5+ 0.3,2.0 £ 0.6 and 2.8 &+ 1.0 kb (mean =+ standard deviation) in the presence of 2, 10, 20 and 100 nM SSB, respectively. Intensity profiles have
been corrected for the intrinsic difference in the intensity of different size fragments using the ladder as a size standard. (B) Representative images showing
SSB bound in the gaps between Okazaki fragments. Replication was carried out using a polymerase pre-assembly assay, with different concentrations
of labelled SSB (top: 200 nM; bottom: 2 nM). Since there is no polymerase in solution to fill in the gaps between nascent Okazaki fragments, SSB will
bind there. Therefore, the distance between two SSB spots is a measure for Okazaki-fragment length. All unbound proteins were washed out for imaging.
The scale bar represents 10 kb. (C) Comparison of Okazaki-fragment lengths measured in the ensemble assay described in panel (A) (black) and at the
single-molecule level (red, Supplementary Figure S4). (D) The number of Okazaki-fragment (OF) synthesis cycles that are supported by the same pool of
SSB, as a function of SSB concentration. The numbers were obtained by dividing the SSB recovery times in Figure 3E by the time it takes to synthesize
one Okazaki fragment using the lengths found in (C). (E) Kymograph of the simultaneous imaging of DNA and pre-assembled SSB, in the absence of
SSB in solution. Replication was initiated in the presence of SSB and synthesis was allowed to proceed for 1 min. Then, indicated by 7 = 0, the solution
was exchanged to a buffer containing all replication components, but omitting SSB. Leading- and lagging-strand synthesis continues after the SSB signal
photobleaches, suggesting that SSB is still present at the fork. (F) Representative examples of long DNA products with labelled SSB present at the fork
upon conclusion of an SSB pre-assembly experiment (scale bar is 10 kb). See also Supplementary Figures S4 and S5.

Okazaki fragments. This number decreases as the SSB con-
centration is increased, further suggesting a concentration-
dependent competition between internal transfer and exter-
nal exchange.

As SSB is continuously displaced from the ssDNA by the
lagging-strand polymerase, retention must mean that SSB
molecules are transferred internally to newly exposed ss-
DNA behind the helicase. To see if we could push the equi-
librium between internal transfer and external exchange
completely towards internal transfer, we carried out a pre-
assembly experiment eliminating all free SSBs from solu-
tion. In this assay, replication was initiated in the pres-
ence of labelled SSB and allowed to proceed for 1 min. We
then switched to a buffer containing all replication proteins,
but omitting SSB and thereby preventing any external ex-
change. Simultaneous imaging of the stained product DNA
and the labelled SSB shows that the DNA tail keeps growing

after the SSB signal disappears due to photobleaching of the
dye (Figure 4E). We conclude that under these conditions,
the lifetime of SSB on ssDNA is much longer than the pho-
tobleaching lifetime of ~10 s (Supplementary Figure S2E).
In support of this observation, we next imaged the long
DNA product molecules only after the replication reaction
had finished rather than illuminating continuously, and ob-
served that labelled SSB foci were still present at the tip (Fig-
ure 4F). To calculate the number of SSB tetramers present
on the ends of these product molecules, we measured the
intensity of these spots. When we divide their average in-
tensity by the intensity of a single tetramer (Supplementary
Figure S4B), we find that the average number of SSBs sta-
bly bound at the end of the DNA products corresponds to
35 £ 3 tetramers (Supplementary Figure S4C). This num-
ber of SSB tetramers corresponds to a sSDNA footprint of
slightly more than 1 kb (assuming 35 nt per SSB tetramer),
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the same length scale as an Okazaki fragment. Remarkably,
this observation suggests that upon removal of SSB from
solution, the replisome retains its original complement of
SSB for many tens of kb of synthesis, supporting that inter-
nal transfer can be highly efficient in the absence of SSB in
solution.

As a final control experiment to test if internal transfer
may be even more efficient with wild-type SSB than with the
labelled SSB-K43C mutant protein, we allowed initial repli-
some assembly and 1 min of synthesis in the presence of 10
nM unlabelled wild-type SSB. We then switched to 10 nM
labelled SSB in the buffer flow and monitored the increase
in fluorescence intensity at the fork, as labelled SSBs ex-
change into the replisome (Supplementary Figure S5). The
labelled SSBs exchanged into the replisome on a time scale
that was similar to that measured in Figure 3E. This ob-
servation indicates that the internal-transfer efficiencies of
wild-type and labelled SSB-K43C SSBs are similar.

Dynamic behaviour of SSB in vivo

To extend our in vitro observations, we used in vivo single-
molecule FRAP experiments to study the dynamics of SSB
in live E. coli cells. In vivo FRAP has previously been used
to measure the dynamics of other replisome components in-
cluding the Pol IIT holoenzyme and the DnaB helicase (55).
We used E. coli cells in which the chromosomal ssb gene is
supplemented by a gene that generates a C-terminal fusion
of the protein with a yellow fluorescent protein (YPet) (56).
We verified by PCR that both the wild-type ssb gene and
the ssb- Y Pet fusion gene are present in this strain (Supple-
mentary Figure SIA). On expression in this strain, it is as-
sumed that SSB and SSB-YPet form mixed tetramers. To
confirm that the mixed tetramers are functional, we first
showed that the growth rate of the ssb- Y Pet cells is similar
to that of isogenic wild-type E. coli (Supplementary Figure
S1B). Next, to confirm that the labelled SSB forms part of
active replisomes, we studied co-localization of SSB-YPet
and e-mKate2, producing red-labelled Pol III, in a dual-
colour strain expressing both. We found that as many as
100% and on average 67% of € foci per cell co-localize with
SSB foci (N = 65 cells).

Measurement of the fluorescence recovery of SSB within
cellular foci requires the ability to specifically bleach the flu-
orescence within a single replisome focus without bleach-
ing the SSB in the rest of the cell. To this end, we placed
a pinhole in a motorized filter wheel in the excitation path,
producing a tight, diffraction-limited excitation focus (full
width at half maximum, 500 nm). Using this pinhole and a
high laser power (200 W cm~2), we can bleach a single focus
with high spatial specificity (Figure SA). The subsequent
fluorescence recovery was visualized by lowering the laser
power (to 2 W cm~2) and by moving the pinhole out of the
beam path. Figure 5B shows bleaching and recovery of an
SSB-YPet focus within a single cell (green arrow). The first
frame was acquired before applying the FRAP pulse. The
image acquired immediately after the pulse (¢ = 0 s) shows
that the fluorescence from the single focus has bleached,
while the SSB in the cytosol remains fluorescent. In subse-
quent frames, we see that the fluorescence recovers, indicat-
ing that non-bleached SSB from the cytosol exchange into

Nucleic Acids Research, 2019, Vol. 47, No. 8 4119

the focus. To quantify the exchange time, we measure the
intensity of the foci over time after the bleaching pulse. An
average intensity trajectory (N = 29 foci) shows an initial
recovery of the fluorescence after the photobleaching pulse,
followed by a decay in intensity (Figure 5C) due to pho-
tobleaching of the YPet probe during visualization, even at
the lower imaging intensities after the high-intensity bleach-
ing pulse. To correct for this, we measured the average pho-
tobleaching behaviour of the probe by monitoring the fluo-
rescence from other cells within the same field of view (Fig-
ure 5D). Since these cells were not subject to the high-power
bleaching pulse, their fluorescence signals provide an inter-
nal benchmark for the gradual photobleaching induced by
the lower-power imaging illumination. These photobleach-
ing data were fit with a single-exponential decay function
(magenta line). This fit was then used to correct the FRAP
intensity trajectories, with the corrected trajectory showing
behaviour that is now representative of the recovery of the
pool of unbleached SSB at the replisomal spot (Figure 5E).
By fitting these recovery data (magenta line), we obtain a
recovery time of 2.5 4+ 1.7 s. This value is similar to the time
scale we obtained from the in vitro experiments at high SSB
concentrations, a similarity that was expected since the es-
timated concentration of SSB in vivo is 300-600 nM dur-
ing mid-log growth. Assuming that Okazaki fragments pro-
duced in the cell are 1-2 knt in length (57) and the replica-
tion rate is ~1000 bp/s, such an exchange time would sug-
gest that for every Okazaki fragment cycle, roughly half of
the SSB is internally recycled for the next fragment and the
other half is exchanged with free SSB.

DISCUSSION

Biochemical studies suggest two different mechanisms to
describe how SSB binds to and dissociates from ssDNA
within the replisome. In the external-exchange model, newly
exposed ssDNA is bound by SSB from solution. In an alter-
native model, SSB is recycled within the replisome through
an internal-transfer mechanism. Using an in vitro single-
molecule visualization approach, we show here that SSB
can be recycled within the replisome on time scales corre-
sponding to the synthesis of multiple Okazaki fragments,
thereby verifying the existence of an internal-transfer mech-
anism of SSB molecules at the fork. At higher SSB con-
centrations, however, we observe that this mechanism is in
competition with external exchange of SSB with molecules
present in solution. Using single-molecule imaging of la-
belled SSB in live bacterial cells, we show that both pro-
cesses occur at the replication fork in a cellular context and
that roughly half of the SSB is internally recycled for the
next Okazaki fragment.

We conclude that the E. coli replisome strikes a balance
between internal transfer and external exchange of SSB. In
the absence of SSB in solution, the original population is re-
tained within the replisome and is efficiently recycled from
one Okazaki fragment to the next (Figure 4E). The exis-
tence of such an internal-transfer mechanism has been hy-
pothesized, as it has been shown that SSBs can be trans-
ferred between DNA strands through a transient paired in-
termediate (14,15,28). Internal transfer has, however, not
been shown before in the context of active DNA replication.
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Figure 5. Visualization of SSB dynamics in vivo. (A) Schematic representation of the in vivo FRAP setup. SSB-YPet foci (red) are visualized before FRAP
(left). By placing a pinhole in the beam path, a single focus will be darkened without bleaching cytosolic SSB-YPet (middle). After the FRAP pulse, the
recovery of fluorescence can be monitored. (B) Representative images of in vivo FRAP experiments. At times before 7 = 0, the focus (indicated by the arrow)
is bleached using a high-intensity FRAP pulse. The fluorescence recovers as fluorescent SSB from the cytosol exchanges into the replisome focus. The cell
boundaries are indicated by the yellow line. (C) Averaged normalized FRAP intensity trajectory (N = 29). After initial recovery, the fluorescence intensity
decreases due to photobleaching. (D) Average intensity over time for ssh-YPet cells outside of the FRAP volume (N = 40). These data were fit with a
single-exponential decay function (magenta line) to obtain the photobleaching lifetime. (E) Averaged normalized FRAP intensity trajectory, corrected for
photobleaching. The magenta line represents a fit to the data, from which we obtained the characteristic in vivo exchange time for SSB (r = 2.5 + 1.7 s).

See also Supplementary Figure S1.

We show here that in the absence of competing free SSB in
solution, SSB is recycled by the replisome for many tens of
kb. Estimates of the total concentration of SSB tetramers in
E. coli cells have ranged from 50 to 600 nM (300-600 nM
during mid-log phase), which would be sufficient to coat up
to ~20 knt of ssDNA in the SSB35 binding mode (2,14,25).
The concentration of available SSB within the cytosol could
be significantly lower with SSB bound to the various ss-
DNA substrates within the cell. Moreover, at high growth
rates, the cell could contain up to 12 active replisomes (29),
leaving little free SSB. This lack of readily available SSB may
make its binding from solution too slow to coat the rapidly
produced ssDNA at replication forks, resulting in the ex-
posure of vulnerable ssDNA that can be nucleolytically at-
tacked, form secondary structures or act as a substrate for
ssDNA-binding proteins that trigger undesired pathways
or responses (e.g. RecA). The internal-transfer mechanism
could be a way to ensure rapid SSB coating of newly ex-
posed ssDNA, thereby allowing replication to continue at
normal rates without creating large amounts of naked ss-
DNA.

Furthermore, our observation of internal transfer
strongly suggests that SSB predominantly binds in the
SSB3s mode at the replication fork. This observation is
consistent with recent work that provides evidence that

when human mitochondrial SSB loads onto the newly
formed ssDNA during replication, it preferentially loads in
a low-site-size binding mode, likely in the SSB35 mode (58).
Comparable studies on human RPA also suggest that a
low-site binding mode is utilized during initial loading onto
ssDNA (59,60). While it is not known what proportion of
SSB in vivo is in either of the predominant binding modes
(Figure 1A), internal transfer without equilibration with
SSB in solution presumably requires it to be in the SSBss
mode (14). We further propose that the advancing lagging-
strand polymerase is capable, if necessary, of converting
SSB from the SSB¢s to the SSB3s mode by reducing the
availability of ssDNA, enabling the cooperative transfer of
SSB to ssDNA generated behind the DnaB helicase. The
mechanistic details of how the polymerase does this are yet
to be uncovered.

In the presence of competing SSB in solution, however,
this internal-transfer mechanism competes with external
exchange of SSB at a rate that is dependent on its con-
centration in solution (Figure 3E). Such a concentration-
dependent exchange mechanism has recently been observed
for other proteins that form part of multi-protein complexes
(37,48,61-68), and specifically for SSB (24). Under highly
diluted conditions, these proteins can remain stably bound
within the complex for long periods of time. Yet, rapid
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(sub-second) exchange is observed at nanomolar concen-
trations. Such concentration-dependent dissociation can be
explained (69) and mathematically described (70-73) by a
multi-site exchange mechanism in which a protein is asso-
ciated with a complex via multiple weak binding sites, as
opposed to a single strong one.

A competition between stability and plasticity that de-
pends on concentration seems harder to comprehend for
SSB. Under any circumstance, dilute or not, the SSB-
ssDNA interaction has to be disrupted as new dsDNA is
synthesized on the lagging strand. Therefore, stability, de-
fined as retention within the replisome, cannot be achieved
in the same way as described for other proteins, but in-
stead needs to rely on a mechanism of internal transfer.
The disruption of the SSB-DNA interaction due to lagging-
strand synthesis would be followed by rapid rebinding of
SSB to the next Okazaki-fragment template produced be-
hind the helicase, thereby preventing dissociation of the SSB
from the replisome. If, however, there are competing SSB
molecules in close proximity to the fork, one of these can
bind at the newly exposed ssDNA, thereby blocking that
binding site. Consequently, SSB molecules released from the
lagging strand can no longer rebind and are effectively com-
peted out of the replisome.

Our observations of SSB dynamics in living cells are con-
sistent with the hypothesis that both internal transfer and
external exchange are physiologically relevant pathways ac-
cessible to the replisome during coupled DNA replication.
In our measurements, during mid-log growth (estimated in-
tracellular SSB concentrations of 300 to 600 nM), the bal-
ance seems to be towards external exchange, with relatively
fast exchange times of 2.5 4+ 1.7 s. This time scale is consis-
tent with those we obtained in our in vitro measurements.

A multi-site exchange mechanism confers both stability
and plasticity to the replication machinery, allowing the
replisome to operate under different cellular conditions.
Our work, combined with other recently published stud-
ies, presents a much more dynamic picture of the replisome,
distinctly different from the deterministic models generated
over the last few decades. It is important to point out that
the stochasticity and plasticity observed in recent single-
molecule experiments are all consistent with fundamental
chemical principles and can be readily explained by hierar-
chies of weak and strong intra-replisomal interactions (74).
The apparent generality of the models emerging from these
studies suggests that the behaviours of other complex multi-
protein systems might also be governed by such exchange
processes and might suggest that evolution of complex in-
teraction networks has arrived at an optimal balance be-
tween stability and plasticity.
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