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ABSTRACT

Bacteriophage T7 single-stranded DNA-binding pro-
tein (gp2.5) binds to and protects transiently exposed
regions of single-stranded DNA (ssDNA) while dy-
namically interacting with other proteins of the repli-
cation complex. We directly visualize fluorescently
labelled T7 gp2.5 binding to ssDNA at the single-
molecule level. Upon binding, T7 gp2.5 reduces the
contour length of ssDNA by stacking nucleotides
in a force-dependent manner, suggesting T7 gp2.5
suppresses the formation of secondary structure.
Next, we investigate the binding dynamics of T7
gp2.5 and a deletion mutant lacking 21 C-terminal
residues (gp2.5-A21C) under various template ten-
sions. Our results show that the base sequence of the
DNA molecule, ssDNA conformation induced by tem-
plate tension, and the acidic terminal domain from
T7 gp2.5 significantly impact on the DNA binding pa-
rameters of T7 gp2.5. Moreover, we uncover a unique
template-catalyzed recycling behaviour of T7 gp2.5,
resulting in an apparent cooperative binding to ss-
DNA, facilitating efficient spatial redistribution of T7
gp2.5 during the synthesis of successive Okazaki
fragments. Overall, our findings reveal an efficient
binding mechanism that prevents the formation of
secondary structures by enabling T7 gp2.5 to rapidly
rebind to nearby exposed ssDNA regions, during lag-
ging strand DNA synthesis.

GRAPHICAL ABSTRACT
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INTRODUCTION

Central to many genome-maintenance machineries are
single-stranded DNA binding proteins (SSBs), ubiquitous
molecules that have exceptionally high affinity for ssDNA
(1,2). A large class of SSBs are known to interact and coor-
dinate with various proteins crucial for DNA replication,
recombination, and repair (3-6). Structurally, most SSBs
consist of an oligonucleotide binding fold (OB-fold) and
a C-terminal tail (7). Ensemble biochemical studies have
demonstrated that the OB-binding domain from SSB binds
with high affinity to ssDNA, and the C-terminal tail of SSB
plays a crucial role in regulating the other protein partner
activity (1,7,8). Solution conditions such as the salt com-
position and concentration (9,10), protein density (11,12),
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as well as template tension (13) have been shown to affect
the binding mode or affinity of SSB. Furthermore, the co-
replicational binding, i.e. during the gradual generation of
ssDNA during replication, has been shown to select the
binding mode of SSB to ssDNA (14). In the cell, after bind-
ing and acting on ssDNA, the SSB-ssDNA complexes must
be bypassed (15), dislodged (15-17) or reorganised (18)
along the template to complete DNA metabolism. Thus, the
binding dynamics of SSB to ssDNA must be tightly regu-
lated not only to prevent indiscriminate binding and road-
blocks but also to define the context-dependent role of the
SSB.

Among the SSBs, T7 gp2.5, the SSB protein from the T7
bacteriophage replisome, has a relatively small molecular
size (~25 kDa) and has a monomer binding mode to ss-
DNA (7). Yet, it features many structural and mechanistic-
pathway similarities with higher organisms and thus, it rep-
resents an ideal model protein to elucidate the molecular
regulation mechanism. T7 gp2.5 has demonstrated that the
OB-fold domain is the binding site to ssDNA, thereby pro-
tecting bound DNA from degradation by nucleases. An-
other structural moiety, the T7 gp2.5 acidic C-terminal
tail (19-21), has been reported to physically interact with
other replication proteins and with the primer-template,
contributing to the coordination of leading and lagging
strand synthesis at the replication fork (22-28). T7 gp2.5 C-
terminal tails are also shown to be essential for DNA recog-
nition and binding (29,30), which competitively exclude the
ssDNA from re-annealing (31). Previous studies demon-
strate that T7 gp2.5 is a stable homodimer in solution, sta-
bilised by interactions between the acidic C-terminal tails
(21,32-35). Yet, it is believed that T7 gp2.5 binds to ssDNA
as a monomer, requiring dimers to disrupt prior to binding
(21,33). Moreover, several studies using the dsSDNA desta-
bilising method and ensemble measurements have reported
that T7 gp2.5 has a preferential affinity for ssDNA ranging
from ~10° to 10 M~! (26,32,34,36,37).

In the context of replication, SSBs are reported to in-
teract with other DNA replicative proteins, e.g. helicase
and polymerase (1,2). In addition, considering the fast pace
of DNA replication, the SSBs are accordingly required to
rapidly coat and redistribute among the exposed single-
stranded DNA (ssDNA) of consecutive Okazaki fragments.
Escherichia coli SSB protein has been recently observed to
be recycled between successive Okazaki fragments during
lagging strand synthesis (19), which suggests the efficient
use of SSB during DNA replication. In the case of T7 repli-
cation machinery, the binding and unbinding of T7 gp2.5
must be efficient to achieve the high replication rate and fi-
delity. Recent studies have revealed the effect of DNA repli-
cation on SSB binding to and release from ssDNA (14, 17),
emphasizing the importance of understanding the molecu-
lar mechanisms underlying these processes. Nonetheless, a
mechanistic understanding of T7 gp2.5 binding dynamics
originating from the OB domain and acidic C-terminal tail
is still lacking; how these binding dynamics are regulated
by ssDNA conformation and the base sequence from DNA
molecule remains unclear. Furthermore, how the T7 repli-
some efficiently uses gp2.5 spatially and temporally while
maintaining the full function of DNA metabolism is still
unclear.
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To better understand the molecular regulation of T7
gp2.5 binding dynamics, we have set out to directly ob-
serve the binding of fluorescently labelled T7 gp2.5 and
a deletion mutant lacking 21 C-terminal residues (gp2.5-
A21C) to ssDNA using correlated tweezers fluorescence
microscopy. Physiological-relevant tension was applied to
the ssDNA template to mimic ssDNA conformation. The
bound T7 gp2.5 is demonstrated to reduce the contour
length of ssDNA by stacking 3 nucleotides in a force-
dependent manner with higher binding stability in GC-rich
regions. Moreover, the T7 gp2.5 binding suppresses the for-
mation of a secondary structure. The apparent difference
in binding dynamics between T7 gp2.5 and gp2.5-A21C in-
dicates the regulatory role of the C-terminal tail. We fur-
ther reveal a unique template-catalyzed recycling behaviour
of T7 gp2.5 that results in an apparent cooperative bind-
ing to ssDNA. This recycling suggests that the rebinding
of T7 gp2.5 might be accelerated due to the presence of a
higher local monomer concentration close to the template,
which could, in turn, lead to an efficient spatial redistribu-
tion of T7 gp2.5 during the synthesis of successive Okazaki
fragments.

MATERIALS AND METHODS
Sample preparation

The dsDNA substrates were labeled with terminal biotins
allowing for tension-induced melting to generate ssDNA,
as described previously by Candelli ez al. (38). Wild type
T7 gp2.5 and gp2.5-A21C were purified with a procedure
based on previous literatures (10). Purified T7 gp2.5 was la-
beled with an excess Alexa Fluor@®) 555 carboxylic acid suc-
cinimidyl ester (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA), following protocols adapted from Etson
et al. (39) and Kim et al. (32). Purified gp2.5-A21C without
C-terminal tail was fluorescently labelled with Atto647N-
maleimide (ATTO-TEC GmbH) following manufacturer’s
protocol. Detailed procedures on sample preparation can
be found in the Supplementary materials.

Single-molecule instrumentation and experiments

The custom-built experimental setup combines dual optical
trapping, confocal microscopy, and microfluidics for single-
molecule assays. An inverted microscope with a water-
immersion objective and a condenser top lens is employed.
Two orthogonally polarized, independently steerable opti-
cal traps capture streptavidin-coated beads, and their dis-
placement is measured using back-focal plane interferome-
try. Confocal fluorescence microscopy is performed using
a single pulsed laser system for excitation, a fast tip/tilt
piezo mirror for scanning, and fiber-coupled avalanche pho-
todiodes for photon counting. A 5-channel laminar flow
cell, assembled on an automated XY-stage, allows effi-
cient transfer of optically trapped beads through chan-
nels containing molecules of interest. Custom-written soft-
ware packages using Labview control the optical trapping,
microfluidics hardware, and confocal fluorescence, DNA
pulling and retracting cycles, and other experimental proce-
dures. Data analysis is conducted using Python, Origin, and
MATLAB.
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The single-molecule experiments are performed at room
temperature in a 5-channel microfluidic flow cell. Laminar
flow separates channels for capturing N\-DNA tethers be-
tween optically trapped beads, inducing DNA melting, and
introducing proteins. Force-distance curves or confocal flu-
orescence images are recorded individually or concurrently
to study the cooperativity and tension effect of SSB on ss-
DNA binding dynamics.

Data analysis

In this study, we performed a comprehensive analysis of the
data collected from single-molecule experiments. The quan-
tification and statistical analysis methods are documented
in the following subsections, as well as detailed in the sup-
plementary materials available at NAR online.

Quantification of T7 gp2.5 fractional coverage on DNA and
T7 gp2.5 footprint. Confocal fluorescence images of ss-
DNA were recorded to calculate the fractional coverage of
T7 gp2.5 on DNA and its footprint. The average fluores-
cence intensity signal of bound T7 gp2.5 was determined,
and the background intensity was subtracted. The analysis
was performed on at least three molecules for each concen-
tration. The footprint of T7 gp2.5 was determined by con-
sidering the integrated intensity within the ROI and nor-
malizing by the number of nucleotides in the ssDNA con-
struct. The reported footprint value is the average of 4 DNA
molecules incubated with 100 nM of Alexa555-gp2.5.

Mapping the rebinding events of T7 gp2.5. To further
quantitively assess the rebinding events of T7 gp2.5, we in-
vestigated those fluorescence traces that fall in the rebinding
category. The analyzed rebinding traces should meet the cri-
teria: 1) two consecutive T7 gp2.5 traces cannot overlap in
time and two nearby traces cannot overlap in position, ii)
the initial fluorescence intensity of a rebinding event has to
be equal or smaller than the final fluorescence intensity of
its previous trace, iii) the inter-trace binding time is signifi-
cantly smaller than the measured k,, under our experimen-
tal conditions, iv) only those events concatenated in time
will be considered. The analysis showed that about 13% of
the T7 gp2.5 binding events (N = 493) collected under a
low-bleaching regime correspond to rebinding events, while
only 4% of the binding events (N = 605) could be associated
with rebinding events under a high-bleaching condition.

Tracking the fluorescent proteins in 1D kymograph. The ac-
quired kymographs were analysed with a custom-written
tracking program (40) (MATLAB). Briefly, the position of
a fluorescently labelled protein was obtained from a two-
dimensional Gaussian fit to the intensity profile in each
frame (41,42). The obtained positions were connected to
form a trajectory from which the displacement for the dif-
ferent time intervals was determined.

Bleaching correction of the interaction time:. The observed
duration of individual fluorescently labelled T7 gp2.5 bind-
ing events to ssDNA is shorter than the true interaction time
due to photobleaching occurring in our fluorescent experi-
ments. To correct our data for this effect, we followed a pro-

tocol adapted from Biebricher et al. (43). The corrected in-
teraction time was then used in subsequent calculations.

Calculation of k,, and k. values. A novel technique was
proposed for normalizing ko, (M~! s7! Site™!) to a single
binding site by examining the on-rate at a single site and ex-
trapolating to all binding events. The relationship between
the average binding time and window size was modeled as a
power law, and the single site binding time was calculated.
Errors were propagated into ko, using the relationship be-
tween the single site binding time and its error. The off-rate
(kofr) was calculated by measuring the binding duration of
single trajectories and fitting the distribution with a triple
exponential function.

Quantification and statistical analysis. The number of
molecules or events analyzed is indicated in the text or fig-
ure legends. Errors reported in this study represent the ap-
proximated standard error of the mean or was determined
by propagating the errors from the fitting coefficients, as in-
dicated in the text.

RESULTS
Single-molecule filming of T7 gp2.5 binding to ssDNA

T7 gp2.5 is a multifunctional protein with an oligonu-
cleotide binding fold (OB-fold) and a flexible C-terminal
tail (7), which serve as the ssDNA binding pocket and facil-
itate interactions with other protein partners during DNA
metabolism, respectively. Since no structure of T7 gp2.5 in
complex with ssDNA is currently available, we aligned the
known structure of T7 gp2.5 with that of the Enc34 SSB,
which has been solved in complex with ssDNA (PDB ID:
5odl). The predicted crystal structure of T7 gp2.5 (PDB ID:
1je5) in complex with ssDNA is shown in Figure 1A. This
structural alignment suggests that the bases of ssDNA (pur-
ple) are stabilized by a mixture of nonpolar residues within
the DNA binding cleft of T7 gp2.5. This provides insight
into the possible mechanism of T7 gp2.5 binding to ssDNA,
which we further investigate using single-molecule visual-
ization techniques.

To investigate the binding dynamics of T7 gp2.5 to
DNA at the single-molecule level, we used a combination
of high-resolution optical tweezers and confocal fluores-
cence microscopy (Figure 1B and C), together with a cus-
tomized microfluidic flow cell. We first visualized the bind-
ing of T7 gp2.5 to an ssDNA substrate. To this end, an
ssDNA molecule was generated by force-induced melting
of lambda-phage (\) dsDNA (48502 bp) (38) and then in-
cubated in a solution of T7 gp2.5 fluorescently labelled
with Alexa555 (see Materials and Methods and Supplemen-
tary Materials). Successful binding of multiple T7 gp2.5-
Alexa555 proteins to the tethered ssDNA was verified by
fluorescence microscopy. A typical confocal snapshot (left
panel in Figure 1D) shows individual fluorescent T7 gp2.5
bound to ssDNA. Continuously scanned images along ss-
DNA axes over time generated a video tracking the dy-
namic binding picture of fluorescent T7 gp2.5 to ssDNA
at the single-molecule level. The 2D kymograph is shown
here for simplicity (right panel in Figure 1D). Trajecto-
ries of individual fluorescent proteins from the kymograph
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Figure 1. Single-molecule observation of T7 gp2.5 binding on ssDNA. (A) The predicted structure of T7 gp2.5 (PDB ID: 1je5) in complex with ssDNA is
shown in (A). Since no structure of T7 gp2.5 in complex with ssDNA exists, we aligned the T7 gp2.5 structure to the homologous Enc34 SSB(25), which
has been solved in complex with ssDNA (PDB ID: 50dl). The C-terminal tail was not included in the structure. (B) Depiction of the experimental setup
of a combination of high-resolution optical tweezers and confocal fluorescence microscopy. T7 gp2.5 (orange with red tails) coated biotinylated ssDNA
(black) is held between two streptavidin-coated beads (blue) by trapping beams (red), where their position can be manipulated by stretching the DNA. A
confocal scanning laser (green) moves back and forth over the ssDNA, exciting the fluorophores (Alexa555) attached to the T7 gp2.5 molecules, creating a
fluorescent signal. (C) Depiction of the multichannel laminar flow cell. Two beads are optically trapped (1); a single molecule of dsDNA is tethered between
the beads (2); the DNA molecule is transported to a channel containing a low-salt content buffer (10 mM Tris—HCI, ph 7.5) where melting is induced by
tension; solid black arrow indicates the exerted force by optical trapping (3); the originated ssDNA molecule is then moved to a channel containing gp2.5,
where either force-distance curves or confocal fluorescence images are recorded individually or concurrently (4). (D) A typical confocal scan (left panel)
and kymograph (right panel) show fluorescent T7 gp2.5 bound on ssDNA generated as described in (B). DNA bound with gp2.5 were incubated in solution
containing 1, 10, 20, 50, 100 and 500 nM gp2.5-Alexa555 under force of at 3, 6, 12 and 18 pN. As an example, DNA held under 6pN was shown here.
Horizontal scale bar: 50s; Vertical scale bar: 2um. (E) Individual trajectory of fluorescent gp2.5-Alexa555 was extracted with a home-written MATLAB
program (See Methods). Trajectory data with time v.s. position coordinates were further used to calculate binding duration. As an example, DNA held
under 6 pN with 100 nM gp2.5-AlexaS55 was shown here (N = 528).

were extracted and analyzed with a home-written MAT- (3.9 + 3.5) x 107* wm?/s (Figure S2A). Thus, the bound

LAB program (see Materials and Methods and Supplemen-
tary). Trajectory data with time and position coordinates
were then used to calculate the binding duration of the pro-
tein, from which the dissociation rate k. can be extracted
(see Materials and Method). Figure 1E shows the distribu-
tion of binding duration at 6 pN. Moreover, time vs. po-
sition coordinates were used to calculate the diffusion con-
stant using the mean-squared displacement (MSD) method.
At 12 pN, the apparent diffusion constant of T7 gp2.5 is

T7 gp2.5 is measured relatively immobile on ssDNA but not
entirely fixed under the examined condition.

Mechanical effect of T7 gp2.5 binding to ssDNA

Based on structural similarities among single-stranded
DNA-binding proteins of different species, T7 gp2.5 was
proposed to bind to ssDNA by stacking nucleotides be-
tween aromatic residues at the OB-fold (21). To determine
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Figure 2. gp2.5 shortens ssDNA by bending it. (A) Kymograph corresponding to the extension and retraction bead motions for a ssDNA molecule upon
incubation with a solution containing 100 nM gp2.5. The dashed white line indicates the transition between extension and retraction. (B) Typical force—
distance retraction curves of bare ssDNA (light green, N = 4) and ssDNA incubated with 100 nM of gp2.5 (dark green), obtained while recording the
kymograph shown in (A). Red dots represent the fractional gp2.5 coverage on ssDNA at each distance during retraction, calculated from the fluorescence
data. The solid red line is a guide to the eye. Black solid lines are freely jointed chain fits to both force-retraction curves for the region depicted by the light
green rectangle, in which the coverage stays constant and close to saturation. We fitted the extensible freely jointed chain model (eFJC) to both the uncoated
and fully T7 gp2.5-coated ssDNA curves (fitting range for bare ssDNA curves: 10 wm and above; fitting range for gp2.5-coated ssDNA curves: 10-22 pm,
where ~95% of gp2.5 still bound on ssSDNA, N = 4). For bare ssDNA, we obtained a value of contour length L., = 25.9 £+ 0.3 pm (mean £+ SEM), while
a decreased L; of 24.4 £ 0.3 pm in the presence of 100 nM T7 gp2.5. (C) Fractional gp2.5 coverage on ssDNA at each applied tension during extension
(black) and retraction (red) of the molecule. The solid lines are guides to the eye. (D) Typical force—distance extension (dotted lines) and retraction (solid
lines) curves for ssDNA incubated with gp2.5 at concentrations of 0, 100 and 1000 nM. The red rectangle highlights the tension range where protein binding
coexists with the presence of secondary structures on the ssDNA. The black arrow points to the crossing of the retraction curves corresponding to ssDNA
incubated with high gp2.5 concentrations and those incubated with low protein concentrations; this crossing is not observed in the extension curves under
the same protein concentrations. The inset provides a zoomed-in view of the curves within the 0-20 pN tension range for selected graphs. Extension and
retraction curves under other gp2.5 concentrations can be found in Figure S2B.

the binding mode and mechanical effect of T7 gp2.5 to ss-
DNA, continuously scanned kymographs and concurrently
obtained force-distance retraction curves were recorded
during slow extension and retraction of ssDNA molecules
(~70 nm/s) in a solution containing 100 nM of T7 gp2.5
(Figure 2A and B). Mechanical ssDNA shortening caused
by T7 gp2.5 association was observed by comparing curves
with and without T7 gp2.5 (Figure 2B). At higher tensions
(>~25pN), both force-distance curves overlap due to few
T7 gp2.5 proteins bound on ssDNA. At a tension of around
25 pN and below however, the force-distance curve corre-
sponding to ssDNA in the presence of T7 gp2.5 deviated
from the one corresponding to bare ssDNA. In this regime,
T7 gp2.5-coated ssDNA showed a shorter end-to-end dis-
tance for every given tension.

To determine the shortening and the mechanical effect
of gp2.5 binding to ssDNA, we fitted the extensible freely
jointed chain model (eFJC) (44) to both the uncoated and

fully T7 gp2.5-coated ssDNA curves (the default experi-
mental condition with100nM gp2.5; fitting range for bare
ssDNA curves: 10 pm and above; fitting range for gp2.5-
coated ssDNA curves: 10 pm to 22 wm, where ~ 95%
of gp2.5 still bound on ssDNA, N = 4) (black solid lines
in Figure 2B). For bare ssDNA, we obtained values of
persistence length L, = 1.87 £ 0.0032 nm, the stretching
modulus S = 453.11 £+ 9.17 pN and the contour length
L. = 2587 £ 0.015 pm (mean + SEM), in the range of
values obtained before (45). In the presence of 100 nM T7
gp2.5, L, (1.87 £0.001 nm) and S (450 & 10 pN) remained
relatively unchanged, while L. decreased to 24.41 + 0.012
pm. We have verified that allowing all three parameters (Ly,
S and L.) to vary freely in the fitting process, the best fit
is still achieved when L, and S remain constant while L
is the only parameter that changes. This supports the con-
clusion that T7 gp2.5 can shorten ssDNA without signifi-
cantly altering its rigidity. Furthermore, we chose to fit the
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retraction curves rather than the extension curves because
the retraction process allows us to start from an ‘empty’ ss-
DNA template without potential secondary structure under
high tension (~50 pN) and gradually observe the binding of
gp2.5 to ssDNA. In contrast, during the extension process,
secondary structures are already present before stretching,
which may interfere with the fitting.

We then investigated the shortening contribution per
gp2.5 monomer and estimated the footprint of gp2.5 on
ssDNA. Having simultaneous access to the fractional cov-
erage using fluorescence microscopy, we related the force-
distance retraction curve to the fractional coverage, to as-
sess the contribution of each T7 gp2.5 monomer to short-
ening. To this end, we first quantified the number of bound
T7 gp2.5 monomers in the saturation regime using our in-
tensity per monomer (Figure S1B). In Figure 2B, the con-
tour length shortens approximately 1.46 + 0.03 wm while
2300 + 400 monomers are bound, indicating that each T7
gp2.5 shortens ssDNA by 0.6 £ 0.2 nm. The footprint of
T7 gp2.5, defined as the space occupied by the protein on
DNA and how many bases or base-pairs are protected, was
estimated from the integrated intensity in the confocal flu-
orescence images using ssDNA saturated with T7 gp2.5.

We first estimated the T7 gp2.5 footprint on A-phage
DNA under two hypothetical conditions: without any tem-
plate tension, where secondary structures are expected to
form, and with moderate tension, where we assumed that all
secondary structures are resolved. Simulations using UN-
AFold software (46), indicate that for A-phage DNA at
24°C, up to 30.5 knt are folded into secondary structures,
making only 17.9 knt accessible for T7 gp2.5 binding. Upon
background subtraction and using both the fluorescence in-
tensity of a single T7 gp2.5 monomer (Figure S1A), and
the available number of nucleotides of our DNA construct
(17.9 knt), we obtained a value of 8§ + 1 nt (mean + s.e.m.,
N = 4 fully coated DNA molecules). In the case that \-
phage ssDNA was fully stretched (48.5 kb) under moderate
tension, the space occupied by T7 gp2.5 is one monomer
every 22 4 4nt. It is important to note that these conditions
were not meant to suggest that gp2.5 has two distinct bind-
ing modes (i.e. two different footprints), but rather to esti-
mate the higher and lower range of the footprint. Systematic
errors in our estimation, such as the accuracy of secondary
structure percentages under various tensions may have led
to an underestimation of the lower bound and an overesti-
mation of the higher bound, resulting in values that might
be closer to each other. We then compare the estimated foot-
print values with the intrinsic site-size of gp2.5. For gp2.5,
the intrinsic-site size as measured by intrinsic fluorescence
quenching (8) is 7-8 nts of ssDNA, matching with the lower
limit of the footprint determination (i.e. 8 nt). This agrees
very well with the crystal structure of the spherical diameter
of gp2.5 and its closely related Enterobacter phage Enc34
SSB which shows 7-8 nt occluded by the OB-fold (25).

Next, we investigated the force effect on T7 gp2.5 bind-
ing to ssDNA by quantifying the coverage at each tension
for both the extension and retraction traces (Figure 2C).
When extending a T7 gp2.5-coated ssDNA molecule, only
tensions above 25 pN resulted in a progressive reduction
of the coverage and, at a tension of about 50 pN, most of
the T7 gp2.5 is forced off the ssDNA molecule. In contrast,
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when relaxing the molecule from a tension of ~50 pN with
a same rate, we did not observe T7 gp2.5 binding until the
tension dropped below 30 pN. In this case, we could only
restore full coverage at a tension of 20 pN and below. This
non-equilibrium hysteretic binding behaviour suggests that
T7 gp2.5 association is more sensitive to force compared
with T7 gp2.5 dissociation. T7 gp2.5 shortens the ssDNA
upon binding; such shortening by DNA bending must act
against the applied force, thereby resulting in the high sen-
sitivity to force we observed. Nevertheless, once bound, the
protein is rather stable on the ssDNA i.e. it is able to resist
higher forces.

To investigate the interaction between T7 gp2.5 and ss-
DNA in the presence of coexisting secondary structures, we
first collected retraction force-distance curves at a speed of
~70 nm/s and a starting tension that exceeds the presence
of secondary structures (47). Subsequently, we introduced
the ssDNA template to a solution containing 100 nM of T7
gp2.5. Our observations revealed that ssDNA coated with
T7 gp2.5 displayed a longer end-to-end distance at low force
regimes (<~15 pN, see Figure 2D) in comparison to bare
ssDNA. This finding suggests that T7 gp2.5 may bind to
ssDNA prior to potential secondary structure formation,
effectively suppressing secondary structures, such as hair-
pins (red area in Figure 2D and inset). It is crucial to high-
light that the contour length elongation was only signifi-
cant at higher protein concentrations, as demonstrated by
the retraction curves at higher concentrations intersecting
those at low protein concentrations (black arrow, inset Fig-
ure 2D).

Conversely, extension force-distance curves, which were
obtained by starting at low force (~0 pN, where sec-
ondary structures form before protein binding) and in-
creasing the force to ~50pN (~70 nm/s), did not exhibit
contour length elongation at low force regimes. Moreover,
there was no crossover between high-concentration and
low-concentration curves (Figure 2D, inset). This observa-
tion indicates that pre-formed secondary structures may not
be resolved by gp2.5 binding.

Binding and unbinding dynamics of T7 gp2.5 and gp2.5-
A21C

The flexible C-terminal domain of T7 gp2.5 has been
reported to interact and coordinate with other DNA-
associated proteins, e.g. DNA polymerase and DNA heli-
case within a replisome (19-21). Previous studies also sug-
gested that C-terminal tail of T7 gp2.5 plays a crucial role in
stabilizing a homodimer of T7 gp2.5 in the solution which
later dissociates into monomer upon binding to ssDNA
(32-34,37,47). Thus, the C-terminal tail is believed to play
a critical role in regulating the binding and unbinding dy-
namics of T7 gp2.5. We investigated the effect of C-terminal
tail on association (on-rate) and dissociation (off-rate) of T7
gp2.5 and gp2.5-A21C under various template tensions (3,
6, 12 and 18 pN) (Figure 3A).

In this single-molecule study, we examined the on-rate at
a single binding site for a given concentration (koy, M~! 57!
site™!) at applied tensions of 3, 6, 12 and 18 pN for both
T7 gp2.5 and gp2.5-A21C. The time interval between the
start point of one binding event and the next subsequent
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binding event was analyzed by varying the spatial windows
of the kymograph, allowing the capture of a single site’s ky-
mograph width through fitting (see Materials and Methods,
Supplementary Materials, and Figure S3). Initially at low
tension (3—6 pN), T7 gp2.5 protein with a C-terminal tail
shows a higher on-rate ko, (14 £ 3 x 10> M~! s7! site™!)
than that of the mutant gp2.5-A21C protein (5.1 £ 0.7 x
10> M~! s~ !site™!), possibly benefiting from the C-terminal
tail assisting in binding with secondary structures. As ten-
sion. increased (6-12 pN), the on-rate k, of the wt T7 gp2.5
protein decreased with tension, while for gp2.5-A21C, ko,
increases with tension up to 12 pN and subsequently de-
clined (Figure 3B). The observed increase in binding of T7
gp2.5-AC21 within a given observation time window, as ev-
idenced by a higher on-rate, may be attributed to the avail-
ability of more ssDNA binding sites due to tension dis-
rupting secondary structures, which exist at tensions below
~15 pN (47). At even higher tension on ssDNA after all
the hairpins are fully opened (18pN), the binding of mu-
tant T7 gp2.5-AC21 also decreased, as anticipated. Sup-
plementary Table 1 and Figure S4 provide a summary of
kon values. The monotonic decrease of T7 gp2.5 is consis-
tent with the aforementioned observations, demonstrating
the force-dependent binding of T7 gp2.5. In comparison,
the wild-typed T7 gp2.5 exhibited a lower final k,, value
(5.59 £ 0.04 x 10> M~! s7! site™!) than the truncated T7
gp2.5-AC21 (9.1 £ 0.8 x 10> M~! s~ ! site™!) at 18pN. This
difference may be due to the wild-type protein’s negatively
charged C-terminal tail, which further reduces binding due
to repulsion from the negatively charged ssDNA backbone.

Next, we assessed how the C-terminal tail of T7 gp2.5 im-
pacts the unbinding rate (ko) under various template ten-
sions. We measured the binding duration of each fluores-
cently labelled protein from the kymograph (Figure 3A) and
plotted the distribution of binding durations for all binding
events. After correcting for fluorophore photobleaching oc-
curring in our experiments, following the methodology re-
ported previously (43) (see Materials and Methods and Fig-
ure S1 in the Supporting Material), we obtained an average
kofr (1/average-binding-duration) value of 6.3(40.2) s~! for
wild-type T7 gp2.5, and ko value of 5.2(£0.6) s~! for gp2.5-
A21C at 6 pN of template tension. The measured longer
average life duration (1/ko) of gp2.5-A21C on ssDNA in-
dicates that deleting C-terminal tail increases the stability
of T7 gp2.5-ssDNA complex. The flexible negative-charged
C-terminal tail from wt T7 gp2.5 competes with the OB do-
main for this interaction and might enhance the rate of dis-
sociation of T7 gp2.5.

To parse the unbinding rate and capture most of the
unbinding characteristics, the distribution was fitted with
a triple exponential function (Figure 3C), and the total
binding duration was divided into three components cor-
responding to the terms of the triple exponential fit:

y= Are M 4 el 4 Az,

where 4, A; and A5 correspond to the relative weightings
of the different population proportions, and ki, k, and k3
correspond to the unbinding rates of the short, intermedi-
ate, and long-lived populations. For wt gp2.5 at 6 pN, the
rate constants ky, k; and k3 are 5.1 & 0.1, 1.3 & 0.1 and
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0.22 £ 0.03 s~! respectively. For gp2.5-AC26 at 6 pN, ki,
k> and k3 are 4.3 £ 0.6, 1.1 &+ 0.3 and 0.3 &+ 0.2 s7! re-
spectively. Supplementary Table 1 and Figure S5 provide a
summary of ko values. These rate constants do not show
significant force dependence (Figure 3D), but the state pro-
portions do shift as a function of force, where higher forces
decrease the proportion of long-lived (specific) events for
both wild-typed and mutant protein (Figure 3E).

We found that an increasing tension on the ssDNA (from
3 to 18 pN) resulted in a stable unbinding rate (kof), within
the fast, intermediate and long-lived populations for both
wild-type T7 gp2.5 and mutant gp2.5-A21C (Figure 3D);
however, the proportion of events that belong to interme-
diate or long-lived states decreases with tension (Figure
3E). This finding supports the model that T7 gp2.5 induces
compaction of ssDNA upon binding, which is opposed by
DNA tension. The force dependence of the intermediate-
and long-lived state proportions suggests that these both
depend on DNA tension, and there may be two sequen-
tial DNA bending steps. Roughly 1% of binding events last
for intermediate timescales or longer, and ~0.05% of bind-
ing events last until long duration. The stoichiometric in-
fluence of the different populations must consider their dif-
ferent rates, in terms of coverage, using the same force level
of 6 pN, for T7 gp2.5, 96 + 10% of coverage is provided by
the short-lived events, 4 + 1% by intermediate events, and
0.7 £ 0.3% by long events. For gp2.5-A21C at 6pN the cov-
erage is 96 + 16% short events, 4 £ 2% intermediate events
and 1 £ 1% long events (Table S1).

Sequence-dependent binding of T7 gp2.5

The interaction of proteins with DNA can be influenced by
the sequence-dependent properties of DNA, such as the for-
mation of secondary structures and their stability. T4 gp32
and E. coli SSB proteins are reported to act through the
inhibition of refolding (48). Therefore, sequence-dependent
effects on binding dynamics are conceivable, given the dis-
tinct folding timescales for GC-rich and AT-rich hairpins
(49). Despite this, bulk biochemical results have suggested
that SSB binding is sequence independent. In this study, we
aimed to investigate the impact of DNA sequence on T7
gp2.5 binding dynamics at the single-molecule level with
significantly improved spatial and temporal resolution. To
achieve this, we utilized a ssSDNA construct derived from
N-phage DNA, where half of the sequence is relatively AT-
rich, and the other half is relatively GC-rich. Kymographs
were obtained by incubating ssDNA in a buffer containing
~20 nM of T7 gp2.5-Alexa555 at 12 pN (Figure 4A).
Following the previously established analysis methodol-
ogy (50), we determined the orientation of ssDNA and ob-
served that more T7 gp2.5 was bound at the GC-rich region
rather than at the AT-rich region of the ssDNA from the
kymograph (Figure S6). To quantitatively show the effect
of base sequence on T7 gp2.5 binding, the averaged fluores-
cence intensity resulting from fluorescent T7 gp2.5 bound
on ssDNA was plotted as a function of the GC-content of
N-DNA. The fluorescence intensity from kymographs taken
under the same conditions as the one in (Figure 4A, Fig-
ure S6) were averaged (N = 4) after individually orienting
them to the best (anti)correlation with the GC-content plot.
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The GC-content of A-DNA was calculated in 200-nt win-
dow bins and plotted in solid black, blue (Figure 4B). The
correlations for the different conditions are plotted in Fig-
ure 4C, showing a stable correlation between T7 gp2.5 flu-
orescence intensity and GC content at forces under 18 pN;
as a comparison, the mutant gp2.5-A21C show little or no
correlation for at forces 6pN and over.

The difference in binding affinity between AT and GC-
rich regions can be determined by pooling the events from
either region. We observe differences in the duration distri-
bution between the AT-rich and GC-rich regions: particu-
larly the number of events with an intermediate-time scale
duration appeared larger in the GC-rich region (Figure 4D).
One caveat, this shift occurs in the proportions of inter-
mediate and long-lived states, so the proportion of events
that last to intermediate or greater timescales is higher for
GC-rich DNA as opposed to AT-rich DNA. This finding is
also reflected in the relative intermediate population ratio,
a measure of the relative abundance of the states, is greater
for GC-rich regions, and far more tightly clustered (Figure
4E). The influence of k,, and k¢ on GC-content were also
analyzed and shows a high correlation coefficient R> = 0.69
for ko in GC-rich regions.

T7 gp2.5 displays template-catalyzed recycling and coopera-
tively binding

We monitored T7 gp2.5 binding to ssDNA over an ex-
tended period (>500 s) under high photobleaching (inter-
scan interval of 6 ms, Figure 5A, top panel) and low pho-
tobleaching (inter-scan interval of 1000 ms, Figure 5A, bot-
tom panel) conditions. The frequency of binding events in-
creased under low photobleaching conditions (Figure 5A,
bottom panel) and was not observed with tailless mutant
gp2.5-A21C (Figure 5B). This increased binding rate, un-
reported in previous short-term studies or high bleaching
conditions, was observed over a relatively long-time range
(>8 min). Analyzing the on-rate and off-rate using methods
from Figure 3B and C revealed an increased on-rate (Fig-
ure 5C, top panel), suggesting T7 gp2.5 efficiently rebinds
to neighboring sites and supports a template-catalyzed re-
cycling model (Figure 5D). Interestingly, a decreased off-
rate was also observed (Figure 5C, bottom panel), indicat-
ing longer-lasting T7 gp2.5 binding as more protein accu-
mulates, potentially due to longer-lived proteins displacing
shorter-lived binding events.

We assessed T7 gp2.5 coverage on ssDNA as a function
of fluorescently labeled Alexa555-gp2.5 concentration us-
ing confocal fluorescence microscopy. Protein binding to ss-
DNA increased with concentration, saturating at ~50 nM
(Figure 5E), while binding to dsDNA remained negligible
even at the highest concentration (Figure SE). This con-
firms T7 gp2.5’s preferential binding to ssDNA over ds-
DNA (4,51).

We fitted the concentration-dependent coverage using
the McGhee-von Hippel model (52,53) (Figure 5F), which
characterizes protein-DNA binding with three parameters:
(1) equilibrium binding constant K4 (M-1), (ii) cooperativ-
ity factor w, and iii) protein footprint n (number of nu-
cleotides). Fitting the data with two previously obtained
footprint values (8 nt and 22 nt) and assuming secondary
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Figure 4. Sequence-dependent binding of T7 gp2.5. (A) Kymograph resulting from incubating ssDNA in a buffer containing ~20 nM of gp2.5-Alexa555
at 12 pN. (B) AT-content of A-DNA (solid black, green, in 200-nt bins) and, in blue, averaged fluorescence intensity from kymographs taken under the
same conditions as the one in (A), which were previously individually oriented to the best (anti)correlation with the AT-content plot (N = 4). The fainted
blue area represents the SD of the gp2.5-Alexa555 averaged intensity. (C) Boxplot for correlation between intensity and GC content for T7 gp2.5 and
gp2.5-AC21 under various template tensions. Bands are the first and third quartiles, with the mean as the center line. Dotted lines are a guide to the eyes
to show trends for T7 gp2.5 (flat or rising until 12 pN, dropping at 18 pN) and gp2.5-AC21 (Dropping to approximately zero correlation at 6 pN and
over). (D) Probability distribution plot of the duration of binding events observed at the GC region (red, N = 266) and AT-region (orange, N = 221) at
12 pN. Events in each region are fit to a double exponential model (there were insufficient statistics for a triple exponential). A divergence is seen on the
intermediate timescale, where fewer binding events last to intermediate timescale in the AT-rich region. (E) Comparison of intermediate population ratios,
that is the relative proportion of intermediate to total events, for the GC-rich and AT-rich regions. There is a greater proportion and a lower variance in
the GC-rich region, possibly owing to sequence dependent effects in binding. (F) Plot of kot and ko, as a function of GC, content. ko (blue) increases

with GC content, whereas ko (red) decreases with increasing GC content.

structure in presence (i.e. 8 nt), we derived a cooperativity
factor w of 110(£40). This suggests T7 gp2.5 is ~100 times
more likely to bind adjacent to a bound monomer than to
a random ssDNA site. The non-cooperative model variant
did not fit the data (Figure SF, solid lines).

The McGhee-von Hippel fits yielded binding constants of
1 x 105 M~!, with footprints of 8 nt. These values represent
the intrinsic affinity of T7 gp2.5 for ssDNA without consid-
ering its cooperativity. Since previous studies reported ob-
served affinity constants, we used the product Ko for com-
parison, representing both the binding constant and coop-
erativity factor. Our experiments yielded a Kw value of ~1.1
x 108 M~!. Considering the maximum accessible binding
sites of N-phage DNA (48 knt/8 nt = 6k sites), the apparent
affinity constant will be ~1.8 x 10* M~ site™! (1.1 x 10%
M~!/6k sites), which is very similar to our previously cal-
culated value of (1.3 £ 0.056) x 10* M~! site™! at 6 pN
(Supplementary Table 1).

DISCUSSION

In this study, we employed correlated tweezers fluorescence
microscopy to directly visualize fluorescently labelled T7
gp2.5 and its tailless mutant gp2.5-A21C binding to ssDNA
at the single-molecule level. This approach enabled us to in-
vestigate the molecular regulation of T7 gp2.5 binding dy-
namics. Our interpretation of the C-terminal tail, ssDNA
conformation, and base sequence regulating T7 gp2.5 bind-
ing to ssDNA is summarized in Figure 6, which illustrates

the varying binding dynamics of T7 gp2.5 and gp2.5-A21C
to ssDNA as a function of template tension (Figure 6).

T7 gp2.5 binding to ssDNA exhibits a general mono-
tonic decrease trend with tension (Figure 6, left to right).
Under low tension conditions (3-6 pN), where ssDNA is
prone to forming secondary structures, the tail of T7 gp2.5
interacts with ssDNA, resulting in an elevated binding affin-
ity (kon value) in comparison to its tailless mutant (Fig-
ures 3B and 6A, B). The C-terminal tail may engage with
ssDNA secondary structures due to its flexibility and di-
verse molecular interactions, compensating for electrostatic
repulsion between the tail and ssDNA backbone and pro-
moting more effective binding at low tensions. As tension
on ssDNA increases (612 pN), leading to the suppression
of secondary structure formation, T7 gp2.5-AC21 exhibits
increased binding to ssDNA, attributed to the enhanced
availability of binding sites (Figures 3B and 6C). The nega-
tive charge of the C-terminal tail presents a barrier to bind-
ing with the negatively charged ssDNA backbone, result-
ing in a diminished ko, value relative to T7 gp2.5-AC21
(Figure 6D). At high tension (~18 pN), when all hairpins
open, both T7 gp2.5 and mutant T7 gp2.5-AC21 exhibit de-
creased binding affinity. This decrease is likely attributable
to the tension impeding the proper arrangement of bases
within the gp2.5 binding pocket (Figure 6E, F), as well as
the wild-type protein’s negatively charged C-terminal tail,
which further undermines binding due to repulsion from the
negatively charged ssDNA backbone. In addition, we iden-
tified three distinct modes of T7 gp2.5 binding to ssDNA:
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Figure 5. T7 gp2.5 displays template-catalyzed recycling and thus apparent cooperatively binding. (A) Kymographs resulting from incubating ssDNA
in a buffer containing ~20 nM of gp2.5-Alexa555 at 12 pN, using inter-scan interval of 6 ms (top panel, high-photobleaching condition) and 1000 ms
(bottom panel, low-photobleaching condition). (B) Kymographs resulting from incubating ssDNA in a buffer containing ~100 nM of T7 gp2.5-AC21-
Atto647N under 12 pN, using inter-scan interval of 6 ms (top panel, high-photobleaching condition) and 1000 ms (bottom panel, low-photobleaching
condition). Please be noted high-bleaching condition with Atto647N dye would result in extremely fragile ssDNA due to photoirritation and it is quite
challenging to get longer observation. (C). ko, increases with time as more material accumulate on the ssDNA in the low photobleaching condition for T7
gp2.5-Alexa555, suggesting a cooperative binding mechanism (top panel); while ko decreases with time, meaning that any T7 gp2.5 bound to the ssDNA
last longer as time goes on and more material accumulates (bottom panel). This effect can possibly be attributed to longer-lived material surviving and
displacing shorter-lived binding events. (D) Our proposed template-catalyzed recycling of gp2.5 model. When wild type gp2.5 binds to ssDNA, it needs
first to break the dimer, which is a reversible reaction. Once a monomer gp2.5 molecule is bound on ssDNA, it will, after dissociation, be more readily
available to directly rebind than the monomers that need to be formed by dimers falling apart. (E) Confocal fluorescence images of DNA held at 6 pN,
upon incubation with increasing concentrations of fluorescently labeled Alexa555-gp2.5 from OnM to 500nM. (F) gp2.5 fractional coverage on DNA for
increasing protein concentrations (mean =+ s.d., N > 3). Dashed lines represent the Mc-Ghee-von-Hippel fit to our data and solid lines represent a fit to
the version of the model, which assumes no cooperativity of the binding. The models were fit in both cases by using either a footprint of 8 (black dashed

curves) or 22 (red dashed curves) nucleotides.

rapid and unspecific collision (G1 population), intermedi-
ate binding (G2 population), and prolonged binding (G3
population) (Figure 6G). Our investigation of sequence-
specific binding dynamics revealed that T7 gp2.5 exhibits
a preferential binding affinity for GC-rich sequences as op-
posed to AT-rich sequences (Figure 6H).

Evidence for T7 gp2.5-induced ssDNA bending and inhibition
of secondary structure formation

When a significant fraction of the ssDNA template was
coated with T7 gp2.5, we observed a reduction in contour
length with negligible alterations in persistence length or
stretch modulus (Figure 2A, B). A shortening of approxi-
mately 0.6 nm per bound protein aligns with the model pro-
posed by Hollis ez al. (7), which suggests T7 gp2.5 stacks nu-
cleotide bases between the aromatic residues present in the
OB-fold. These observations support the hypothesis that T7
gp2.5 shortens ssDNA by bending it. Our direct observa-
tion of T7 gp2.5 also reveals relatively low mobility on ss-
DNA, distinguishing it from other diffusive SSBs, such as E.
coli SSB (54). This static binding may result from the stack-
ing interaction between base-aromatic residues, which also
contributes to the contour length shortening of the DNA
template.

T7 gp2.5 serves a crucial role in DNA metabolism by
suppressing secondary structures (4). Two competing hy-
potheses exist concerning the underlying mechanism: ei-
ther preventing secondary structure formation or resolv-
ing existing structures. Our measurements demonstrate
that slow retraction curves exhibit longer end-to-end dis-
tances than bare ssDNA at low force regimes (<~15 pN),
while slow extension curves do not. This evidence supports
a model in which T7 gp2.5 prevents ssDNA from fold-
ing into secondary structures rather than disrupting pre-
existing ones (Figure 2D and inset). Although a weak in-
teraction between secondary structures and the C-terminal
tail is suggested by a higher on-rate than its tailless mu-
tant (Figure 3B), this characteristic implies that T7 gp2.5
must efficiently bind to ssDNA to outcompete hairpin
formation.

Regulation of T7 gp2.5 binding dynamics by its C-terminal
tail, template conformation and sequence

Our single-molecule visualization of the binding of T7 gp2.5
and its tailless mutant to ssDNA demonstrates a molecular
regulation by both the substrate (i.e. template conformation
and sequence) and the protein (i.e. the C-terminal tail of
gp2.5). The binding constant of T7 SSB protein arise from
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where ssDNA mostly forms secondary structure (e.g.: hairpin shown here as an example). The tail of T7 gp2.5 assists the binding to ssDNA as indicated
by a higher ko, value at 3 pN (Figure 3B). (C) shows that ssDNA exposes more available binding sites with an increasing template tension applied on
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backbone, thus showing a decreasing ko, value compared with truncated T7 gp2.5-AC21 (Figure 3B). (E and F) With more tension on ssDNA the hairpin
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and unspecific collision (G1 population), by specific intermediate (G2 population) and by long (G3 population) binding events. (H) T7 gp2.5 shows a

preferred specific binding to GC-rich sequence over AT-rich sequence.

the interplay between these factors. Interactions between T7
gp2.5 and different ssDNA conformations are studied un-
der various template tensions. Our findings suggest that a
significant proportion of secondary structure on the tem-
plate could reduce gp2.5 binding due to limited binding
sites. As secondary structures transition to fully ssDNA,
gp2.5 binding affinity increases because of the availability
of more binding sites. However, a stretched template with
tension applied on the backbone of fully opened ssDNA
suppresses gp2.5 binding, as the association requires DNA
backbone bending, which is unfavorable under tension.

Wild-type T7 gp2.5 has a lower ko, than gp2.5-A21C
when secondary structures are fully disrupted (~18 pN).
This may be attributed to the C-terminal tail stabilizing
dimer formation, as supported by previous studies (10). The
local concentration of protein decreases by half upon dimer
formation, reducing T7 gp2.5 binding frequency to ssDNA.
In contrast, the mutant gp2.5-A21C demonstrates a longer
average life duration (1/k.g) than the wild-type protein,
suggesting that deletion of the C-terminal tail also functions
in regulating the unbinding dynamics of T7 gp2.5.

We propose a kinetic model for dimeric T7 gp2.5 interac-
tion with DNA based on the triple exponential parsing of
unbinding dynamics. The model suggests that T7 gp2.5 en-
counters DNA, dissociates into a monomer, binds to, and
bends template through two further proceeding steps. Het-
erogeneous binding durations may be explained by factors
such as the presence of secondary structures and sequence
content near the binding site. Our data reveal that T7 gp2.5
exhibits a preference for binding to GC-rich sequences, as

indicated by a higher binding affinity (ko,) and a lower off-
rate (ko) compared to AT-rich sequences (Figure 4). This
preferential binding may arise from steric interactions be-
tween the amino acids of the gp2.5 binding pocket and the
base pairs of the ssDNA.

The differential dynamics observed in the ko rates pre-
dominantly occur within intermediate and longer-lived
states, suggesting that the sequence-dependent binding dy-
namics are attributable to the bending process. Further-
more, the local sequences in the template, which have the
potential to form secondary structures, may modulate the
binding affinity of gp2.5. The distinct binding abilities of
gp2.5 to GC-rich and AT-rich sequences primarily stem
from the inherent differences in the base pairs and the con-
sequent secondary structures, which subsequently influence
the binding dynamics of gp2.5.

In our investigation, we identified three distinct regimes
of binding duration for gp2.5: rapid, intermediate, and pro-
longed. The biological implications of these distinct bind-
ing populations remain unclear, but we propose that they
may serve specific roles in DNA metabolism. Rapid-binding
events may allow for efficient displacement by the translo-
cating DNA polymerase while concurrently suppressing the
formation of secondary structures. Intermediate events may
function as temporary protection for ssDNA, and long-
binding events provide more stable protection for longer ex-
posed ssDNA regions during lagging strand synthesis. By
adapting its binding dynamics to the local ssDNA environ-
ment, T7 gp2.5 can efficiently protect, stabilize, and manage
ssDNA during DNA replication.
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Template-catalyzed recycling enables efficient use of T7
gp2.5

Our study reveals that T7 gp2.5 demonstrates increased on-
rates (Figure 5C, top panel) and decreased off-rates (Fig-
ure 5C, bottom panel) under low photobleaching condi-
tions over an extended period. This increase in on-rate sug-
gests that T7 gp2.5 can efficiently rebind to neighbouring
sites on the ssDNA, as opposed to binding to the ssDNA-
gp2.5 complex with free proteins from the solution. The de-
crease in the off-rate indicates that T7 gp2.5 bound to the
ssDNA remains bound longer as more protein accumulates
over time. These observations led us to consider protein re-
cycling as a possible mechanism instead of the classical co-
operative binding. The recycling model posits that oncea T7
gp2.5 monomer dissociates from the ssDNA; it can quickly
rebind to a nearby site rather than relying on a free-protein
from solution to bind to the ssDNA-gp2.5 complex. Addi-
tionally, the tailless mutant of T7 gp2.5 binding with higher
on-rate values under specific tensions (Figure 3B) further
supports the recycling model. The tailless mutant lacks the
C-terminal tails, which leads to a reduced energy barrier for
dimer disruption, allowing the mutant to bind more quickly
to ssDNA. This observation implies that dimer disruption
is a rate-limiting step for T7 gp2.5 binding, highlighting
the importance of monomer availability in the rebinding
process.

The rebinding of T7 gp2.5 could result in apparent coop-
erativity. T7 gp2.5 is known to bind ssDNA as a monomer,
while it exists as a dimer in solution (7,10,55). The dimeric
form of T7 gp2.5 exhibits additional stabilization via inter-
actions between two C-terminal tails in trans (51), leading
to a higher free energy barrier for tail opening. The tail-
less mutant’s higher on-rates under 12pN and 18pN tension
support this notion. We propose that the DNA template
acts as a catalyst to produce monomeric T7 gp2.5, explain-
ing the increase in T7 gp2.5 binding.

The observed cooperativity values may be attributed to
T7 gp2.5 homodimers dissociating near the ssDNA tem-
plate, resulting in improved binding affinity in proximity
to bound SSB. Cooperativity is common among T7 gp2.5
analogues from other species (56,57), as ssDNA-binding
proteins need to interact and rapidly coat exposed ssDNA.
Our study shows that T7 gp2.5 has lower cooperativity than
analogues from other species, such as T4 gene 32 protein,
E. coli SSB, or human RPA, consistent with previous find-
ings (34,51,56-58). Although high cooperativity values have
been determined before for the T4 bacteriophage gene 32
protein (w ~ 10%) (56), or yeast, y-RPA (w ~ 10*-10°) (57),
a previous Electron Microscopy study of T7 gp2.5 has re-
ported much lower cooperativity (4). Differences in experi-
mental conditions, such as DNA templates and salt concen-
trations, could contribute to the observed discrepancies in
cooperativity values.

Our results suggest a recycling mechanism for T7 gp2.5,
which is highly effective in rapidly binding to newly exposed
ssDNA regions during Okazaki fragment synthesis. This
mechanism is supported by recent findings on E. coli SSB
(19), which also demonstrate concentration-dependent in-
ternal recycling. The rapid replication of T7 bacteriophage
necessitates an efficient binding mechanism for T7 gp2.5 to
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cope with the fast pace of replication. Recycling allows cov-
erage without needing to upregulate expression levels for
SSB protein, i.e. it is the most efficient way to ensure repli-
cation fidelity without needing to overexpress the protein.
If there is no recycling, then the number of SSBs required
would be proportional to the total length of ssDNA at any
time during the replication. With 100% recycling the num-
ber of copies of SSB required would only need to be enough
to coat the longest individual segment of Okazaki fragment
DNA. This highlights the relevance of the recycling process,
even if its probability of occurrence or detection is low. We
hypothesize that T7 gp2.5 recycling might be further opti-
mized through interactions between its C-terminal tail and
other replisome proteins or T7 gp2.5 monomers, thereby
increasing local concentration and facilitating redistribu-
tion near emerging ssDNA during processive replication.
Our findings emphasize the fundamental role of T7 gp2.5
in replication, contrary to its previous designation as an
‘accessory’ protein.
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