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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 b y stac king nuc leotides
in a f or ce-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- � 21C) 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. 
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GRAPHICAL ABSTRACT 

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,
r ecombination, and r epair ( 3–6 ). Structurally, most SSBs
consist of an oligonucleotide binding f old (OB-f old) and
a C-terminal tail ( 7 ). Ensemble biochemical studies have
demonstra ted tha t 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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s well as template tension ( 13 ) have been shown to affect
he binding mode or affinity of SSB. Furthermore, the co- 
eplicational binding, i.e. during the gradual generation of 
sDNA during replication, has been shown to select the 
inding mode of SSB to ssDNA ( 14 ). In the cell, after bind-

ng and acting on ssDNA, the SSB–ssDNA complexes must 
e bypassed ( 15 ), dislodged ( 15–17 ) or reorganised ( 18 )
long the template to complete DNA metabolism. Thus, the 
inding dynamics of SSB to ssDNA must be tightly regu- 

ated not only to pre v ent indiscriminate binding and road- 
locks but also to define the context-dependent role of the 
SB. 
Among the SSBs, T7 gp2.5, the SSB pr otein fr om the T7 

acteriophage replisome, has a relati v ely small molecular 
ize ( ∼25 kDa) and has a monomer binding mode to ss- 
NA ( 7 ). Yet, it features many structural and mechanistic- 

athway similarities with higher organisms and thus, it rep- 
esents an ideal model protein to elucidate the molecular 
egulation mechanism. T7 gp2.5 has demonstrated that the 
B-fold domain is the binding site to ssDNA, thereby pro- 

ecting bound DNA from degradation by nucleases. An- 
ther structural moiety, the T7 gp2.5 acidic C-terminal 
ail ( 19–21 ), has been reported to physically interact with 

ther replication proteins and with the primer-template, 
ontributing to the coordination of leading and lagging 

trand synthesis at the replication fork ( 22–28 ). T7 gp2.5 C- 
erminal tails are also shown to be essential for DN A reco g-
ition and binding ( 29 , 30 ), which competiti v ely e xclude the
sDNA from re-annealing ( 31 ). Previous studies demon- 
tra te tha t T7 gp2.5 is a stable homodimer in solution, sta- 
ilised by interactions between the acidic C-terminal tails 
 21 , 32–35 ). Yet, it is belie v ed that T7 gp2.5 binds to ssDNA
s a monomer, requiring dimers to disrupt prior to binding 

 21 , 33 ). Moreov er, se v eral studies using the dsDNA desta-
ilising method and ensemble measurements have reported 

hat T7 gp2.5 has a pr efer ential affinity for ssDNA ranging 

rom ∼10 

5 to 10 

6 M 

−1 ( 26 , 32 , 34 , 36 , 37 ). 
In the context of r eplication, SSBs ar e r eported to in-

eract with other DNA replicati v e proteins, e.g. helicase 
nd polymerase ( 1 , 2 ). In addition, considering the fast pace 
f DNA replication, the SSBs are accordingly required to 

a pidl y coat and redistribute among the exposed single- 
tranded DN A (ssDN A) of consecuti v e Okazaki fragments. 
sc heric hia coli SSB protein has been recently observed to 

e recycled between successive Okazaki fragments during 

agging strand synthesis ( 19 ), which suggests the efficient 
se of SSB during DNA replication. In the case of T7 repli- 
ation machinery, the binding and unbinding of T7 gp2.5 

ust be efficient to achie v e the high replication rate and fi- 
elity. Recent studies have revealed the effect of DNA repli- 
ation on SSB binding to and release from ssDNA ( 14 , 17 ),
mphasizing the importance of understanding the molecu- 
ar mechanisms underlying these processes. Nonetheless, a 

echanistic understanding of T7 gp2.5 binding dynamics 
riginating from the OB domain and acidic C-terminal tail 

s still lacking; how these binding dynamics ar e r egulated 

y ssDNA conformation and the base sequence from DNA 

olecule r emains unclear. Furthermor e, how the T7 r epli- 
ome efficiently uses gp2.5 spatially and temporally while 
aintaining the full function of DNA metabolism is still 
nclear. M
To better understand the molecular regulation of T7 

p2.5 binding dynamics, we have set out to directly ob- 
erve the binding of fluorescently labelled T7 gp2.5 and 

 deletion mutant lacking 21 C-terminal residues (gp2.5- 
 21C) to ssDNA using corr elated tweezers fluor escence 
icroscop y. Physiological-r elevant tension was applied to 

he ssDNA template to mimic ssDNA conformation. The 
ound T7 gp2.5 is demonstrated to reduce the contour 

ength of ssDNA by stacking 3 nucleotides in a force- 
ependent manner with higher binding stability in GC-rich 

 egions. Mor eover, the T7 gp2.5 binding suppresses the for- 
ation of a secondary structur e. The appar ent differ ence 

n binding dynamics between T7 gp2.5 and gp2.5- � 21C in- 
icates the regulatory role of the C-terminal tail. We fur- 
her re v eal a unique templa te-ca talyzed recycling behaviour 
f T7 gp2.5 that results in an apparent cooperati v e bind- 

ng to ssDNA. This recycling suggests that the rebinding 

f T7 gp2.5 might be accelerated due to the presence of a 

igher local monomer concentration close to the template, 
hich could, in turn, lead to an efficient spatial redistribu- 

ion of T7 gp2.5 during the synthesis of successi v e Okazaki 
ragments. 

ATERIALS AND METHODS 

ample pr epar ation 

he dsDNA substrates were labeled with terminal biotins 
llowing for tension-induced melting to generate ssDNA, 
s described previously by Candelli et al. ( 38 ). Wild type 
7 gp2.5 and gp2.5- � 21C were purified with a procedure 
ased on previous literatures ( 10 ). Purified T7 gp2.5 was la- 
eled with an excess Alexa Fluor ® 555 carboxylic acid suc- 
inimidyl ester (Thermo Fisher Scientific, Waltham, Mas- 
achusetts, USA), following protocols adapted from Etson 

t al. ( 39 ) and Kim et al. ( 32 ). Purified gp2.5- � 21C without
-terminal tail was fluorescently labelled with Atto647N- 
aleimide (ATTO-TEC GmbH) following manufacturer’s 

r otocol. Detailed pr ocedur es on sample pr eparation can 

e found in the Supplementary materials. 

ingle-molecule instrumentation and experiments 

he custom-built experimental setup combines dual optical 
rapping, confocal microscopy, and microfluidics for single- 
olecule assa ys. An in verted microscope with a water- 

mmersion objecti v e and a condenser top lens is employed. 
wo ortho gonall y polarized, independentl y steerable opti- 
al tra ps ca ptur e str eptavidin-coated beads, and their dis- 
lacement is measured using back-focal plane interferome- 
ry. Confocal fluorescence microscopy is performed using 

 single pulsed laser system for excitation, a fast tip / tilt 
iezo mirror for scanning, and fiber-coupled avalanche pho- 
odiodes for photon counting. A 5-channel laminar flow 

ell, assembled on an automated XY-stage, allows effi- 
ient transfer of optically trapped beads through chan- 
els containing molecules of interest. Custom-written soft- 
are packages using Labview control the optical trapping, 
icrofluidics hardware, and confocal fluorescence, DNA 

ulling and retracting cycles, and other experimental proce- 
ures. Data analysis is conducted using Python, Origin, and 
ATLAB. 
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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 ca pturing �-DN A tethers be-
tween opticall y tra pped beads, inducing DN A melting, and
intr oducing pr oteins. 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 comprehensi v e 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 wer e r ecorded 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
quantiti v ely assess the rebinding e v ents 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: i) two consecuti v e T7 gp2.5 traces cannot overlap in
time and two nearby traces cannot overlap in position, ii)
the initial fluorescence intensity of a rebinding e v ent 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 on under our experimen-
tal conditions, iv) only those e v ents conca tena ted in time
will be considered. The analysis showed that about 13% of
the T7 gp2.5 binding e v ents ( N = 493) collected under a
low-bleaching r egime corr espond to r ebinding e v ents, while
only 4% of the binding e v ents ( N = 605) could be associated
with rebinding e v ents under a high-bleaching condition. 

T r acking the fluor escent pr oteins in 1D kymogr aph. The ac-
quired kymo gra phs were anal ysed with a custom-written
tr acking progr am ( 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 e v ents 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, w e follow ed a pro-
tocol adapted from Biebricher et al. ( 43 ). The corrected in-
teraction time was then used in subsequent calculations. 

Calculation of k on and k off values. A novel technique was
proposed for normalizing k on (M 

−1 s −1 Site −1 ) to a single
binding site by examining the on-ra te a t a single site and ex-
trapolating to all binding e v ents. The relationship between
the average binding time and window size was modeled as a
power law, and the single site binding time was calculated.
Err ors were pr opagated into k on using the relationship be-
tween the single site binding time and its error. The of f-ra te
( k off ) 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 e v ents analyzed is indicated in the text or fig-
ure legends. Errors reported in this study represent the ap-
pr oximated standard err or 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 fle xib le C-terminal
tail ( 7 ), which serve as the ssDNA binding pocket and facil-
itate interactions with other protein partners during DNA
metabolism, respecti v ely. 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 1 A. 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 le v el, we used a combination
of high-resolution optical tweezers and confocal fluores-
cence microscopy (Figure 1 B 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
fluor escence microscop y. A typical confocal snapshot (left
panel in Figure 1 D) 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 le v el. The 2D kymo gra ph is shown
here for simplicity (right panel in Figure 1 D). Trajecto-
ries of individual fluorescent proteins from the kymo gra ph



Nucleic Acids Research, 2023, Vol. 51, No. 13 6543 

ssDNA

bead

laser beam

SSB protein

fluorescent 
label

excitation
laser

1
2
3 4

1

2

3

4

A B

C

D E

Binding Duration (s)

Applied force
to melt DNA

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: 5odl). 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 (r ed), wher e 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 opticall y tra pped ( 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–HCl, 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, 
wher e either for ce-distance curves or confocal fluor escence images ar e r ecor ded indi viduall y or concurrentl y ( 4 ). ( D ) A typical confocal scan (left panel) 
and kymo gra ph (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: 2 �m. ( 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-Alexa555 was shown here ( N = 528). 
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ere extracted and analyzed with a home-written MAT- 
AB program (see Materials and Methods and Supplemen- 

ary). Trajectory data with time and position coordinates 
ere then used to calculate the binding duration of the pro- 

ein, from which the dissocia tion ra te k off can be extracted 

see Materials and Method). Figure 1 E shows the distribu- 
ion of binding duration at 6 pN. Moreover, time vs. po- 
ition coordinates were used to calculate the diffusion con- 
tant using the mean-squared displacement (MSD) method. 
t 12 pN, the apparent diffusion constant of T7 gp2.5 is 
3.9 ± 3.5) × 10 

−4 �m 

2 / s (Figure S2A). Thus, the bound 

7 gp2.5 is measur ed r elati v ely immobile on ssDNA but not
ntir ely fix ed under the examined condition. 

echanical effect of T7 gp2.5 binding to ssDNA 

ased on structural similarities among single-stranded 

NA-binding proteins of different species, T7 gp2.5 was 
roposed to bind to ssDNA by stacking nucleotides be- 
ween aromatic residues at the OB-fold ( 21 ). To determine 
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Figure 2. gp2.5 shortens ssDNA by bending it. ( A ) Kymo gra ph 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 
kymo gra ph shown in (A). Red dots r epr esent 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 
gr een r ectangle, in which the coverage stays constant and close to sa tura tion. We fitted the e xtensib le freely jointed chain model (eFJC) to both the uncoated 
and fully T7 gp2.5-coated ssDNA curves (fitting range for bare ssDNA curves: 10 �m and above; fitting range for gp2.5-coated ssDNA curves: 10–22 �m, 
where ∼95% of gp2.5 still bound on ssDNA, N = 4). For bare ssDNA, we obtained a value of contour length L c = 25.9 ± 0.3 �m (mean ± SEM), while 
a decreased L c of 24.4 ± 0.3 �m 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. 
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the binding mode and mechanical effect of T7 gp2.5 to ss-
DN A, continuousl y scanned kymo gra phs and concurrentl y
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 2 A and B). Mechanical ssDNA shortening caused
by T7 gp2.5 association was observed by comparing curves
with and without T7 gp2.5 (Figure 2 B). At higher tensions
( > ∼25pN), both force-distance curv es ov erlap due to few
T7 gp2.5 proteins bound on ssDNA. At a tension of around
25 pN and below howe v er, the force-distance curv e 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 e v ery gi v en tension. 

To determine the shortening and the mechanical effect
of gp2.5 binding to ssDNA, we fitted the e xtensib le 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 �m and above; fitting range for gp2.5-
coated ssDNA curves: 10 �m to 22 �m, where ∼ 95%
of gp2.5 still bound on ssDNA, N = 4) (black solid lines
in Figure 2 B). For bare ssDNA, we obtained values of
persistence length L p = 1.87 ± 0.0032 nm, the stretching
modulus S = 453.11 ± 9.17 pN and the contour length
L c = 25.87 ± 0.015 �m (mean ± SEM), in the range of
values obtained before ( 45 ). In the presence of 100 nM T7
gp2.5, L p (1.87 ± 0.001 nm) and S (450 ± 10 pN) remained
relati v el y unchanged, w hile L c decreased to 24.41 ± 0.012
�m. We have verified that allowing all three parameters ( L p ,
S and L c ) to vary freely in the fitting process, the best fit
is still achie v ed when L p and S remain constant while L c
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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etr action curves r ather than the extension curves because 
he retraction process allows us to start from an ‘empty’ ss- 
NA template without potential secondary structure under 

igh tension ( ∼50 pN) and gradually observe the binding of 
p2.5 to ssDNA. In contrast, during the extension process, 
econdary structur es ar e alr eady pr esent befor e str etching,
hich may interfere with the fitting. 
We then investigated the shortening contribution per 

p2.5 monomer and estimated the footprint of gp2.5 on 

sDNA. Having simultaneous access to the fractional cov- 
rage using fluorescence microscopy, we related the force- 
istance retraction curve to the fractional coverage, to as- 
ess the contribution of each T7 gp2.5 monomer to short- 
ning. To this end, we first quantified the number of bound 

7 gp2.5 monomers in the sa tura tion regime using our in- 
ensity per monomer (Figure S1B). In Figure 2 B, the con- 
our length shortens a pproximatel y 1.46 ± 0.03 �m while 
300 ± 400 monomers are bound, indicating that each T7 

p2.5 shortens ssDNA by 0.6 ± 0.2 nm. The footprint of 
7 gp2.5, defined as the space occupied by the protein on 

NA and how many bases or base-pairs are protected, was 
stimated from the integrated intensity in the confocal flu- 
rescence images using ssDNA sa tura ted with T7 gp2.5. 
We first estimated the T7 gp2.5 footprint on �-phage 
NA under two hypothetical conditions: without any tem- 

late tension, where secondary structures are expected to 

orm, and with moderate tension, where we assumed that all 
econdary structures are resolved. Simulations using UN- 
Fold software ( 46 ), indicate that for �-phage DNA at 

4 

◦C, up to 30.5 knt are folded into secondary structures, 
aking only 17.9 knt accessible for T7 gp2.5 binding. Upon 

ackground subtraction and using both the fluorescence in- 
ensity of a single T7 gp2.5 monomer (Figure S1A), and 

he available number of nucleotides of our DNA construct 
17.9 knt), we obtained a value of 8 ± 1 nt (mean ± s.e.m., 
 = 4 fully coated DNA molecules). In the case that �- 
hage ssDNA was fully stretched (48.5 kb) under moderate 
ension, the space occupied by T7 gp2.5 is one monomer 
 v ery 22 ± 4nt. It is important to note that these conditions 
ere not meant to suggest that gp2.5 has two distinct bind- 

ng modes (i.e. two different footprints), but rather to esti- 
ate the higher and lower range of the footprint. Systematic 

rrors in our estimation, such as the accuracy of secondary 

tructur e per centages under various tensions may have led 

o an underestimation of the lower bound and an overesti- 
ation of the higher bound, resulting in values that might 

e closer to each other. We then compare the estimated foot- 
rint values with the intrinsic site-size of gp2.5. For gp2.5, 
he intrinsic-site size as measured by intrinsic fluorescence 
uenching ( 8 ) is 7–8 nts of ssDNA, matching with the lower 

imit of the footprint determination (i.e. 8 nt). This agrees 
ery well with the crystal structure of the spherical diameter 
f gp2.5 and its closely related Enterobacter phage Enc34 

SB which shows 7–8 nt occluded by the OB-fold ( 25 ). 
Ne xt, we inv estiga ted the force ef fect on T7 gp2.5 bind-

ng to ssDNA by quantifying the coverage at each tension 

or both the extension and retraction traces (Figure 2 C). 
hen extending a T7 gp2.5-coated ssDN A molecule, onl y 

ensions above 25 pN resulted in a progressi v e reduction 

f the coverage and, at a tension of about 50 pN, most of 
he T7 gp2.5 is forced off the ssDNA molecule. In contrast, 
hen relaxing the molecule from a tension of ∼50 pN with 

 same rate, we did not observe T7 gp2.5 binding until the 
ension dropped below 30 pN. In this case, we could only 

 estor e full coverage at a tension of 20 pN and below. This
on-equilibrium hysteretic binding behaviour suggests that 
7 gp2.5 association is more sensiti v e to force compared 

ith T7 gp2.5 dissociation. T7 gp2.5 shortens the ssDNA 

pon binding; such shortening by DNA bending must act 
gainst the applied for ce, ther eby r esulting in the high sen- 
itivity to force we observ ed. Ne v ertheless, once bound, the 
rotein is rather stable on the ssDNA i.e. it is able to resist 
igher forces. 
To investigate the interaction between T7 gp2.5 and ss- 
NA in the presence of coexisting secondary structures, we 

rst collected retraction force-distance curves at a speed of 
70 nm / s and a starting tension that exceeds the presence 
f secondary structures ( 47 ). Subsequently, we introduced 

he ssDNA template to a solution containing 100 nM of T7 

p2.5. Our observations re v ealed that ssDNA coated with 

7 gp2.5 displayed a longer end-to-end distance at low force 
egimes ( < ∼15 pN, see Figure 2 D) in comparison to bare 
sDNA. This finding suggests that T7 gp2.5 may bind to 

sDNA prior to potential secondary structure formation, 
ffecti v ely suppressing secondary structures, such as hair- 
ins (red area in Figure 2 D and inset). It is crucial to high-

ight that the contour length elongation was only signifi- 
ant at higher protein concentr ations, as demonstr ated by 

he retraction curves at higher concentrations intersecting 

hose at low protein concentrations (black arrow, inset Fig- 
re 2 D). 
Conv ersely, e xtension force-distance curves, which were 

btained by starting at low force ( ∼0 pN, where sec- 
ndary structures form before protein binding) and in- 
r easing the for ce to ∼50pN ( ∼70 nm / s), did not exhibit
ontour length elongation at low force regimes. Moreover, 
here was no crossover between high-concentration and 

ow-concentration curves (Figure 2 D, inset). This observa- 
ion indicates that pre-formed secondary structures may not 
e resolved by gp2.5 binding. 

inding and unbinding dynamics of T7 gp2.5 and gp2.5- 
 21C 

he fle xib le C-terminal domain of T7 gp2.5 has been 

eported to interact and coordinate with other DNA- 
ssociated proteins, e.g. DN A pol ymerase and DN A heli- 
ase within a replisome ( 19–21 ). Previous studies also sug- 
ested that C-terminal tail of T7 gp2.5 plays a crucial role in 

tabilizing a homodimer of T7 gp2.5 in the solution which 

a ter dissocia tes into monomer upon binding to ssDNA 

 32–34 , 37 , 47 ). Thus, the C-terminal tail is belie v ed to play
 critical role in regulating the binding and unbinding dy- 
amics of T7 gp2.5. We investigated the effect of C-terminal 
ail on association (on-rate) and dissociation (off-rate) of T7 

p2.5 and gp2.5- � 21C under various template tensions (3, 
, 12 and 18 pN) (Figure 3 A). 

In this single-molecule study, we examined the on-rate at 
 single binding site for a gi v en concentration ( k on , M 

−1 s −1 

ite −1 ) at applied tensions of 3, 6, 12 and 18 pN for both
7 gp2.5 and gp2.5- � 21C. The time interval between the 

tart point of one binding e v ent and the next subsequent 
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Figure 3. Probing the effect of C-terminal tail of gp2.5 on binding and unbinding dynamics under various template tension. ( A ) Kymo gra phs resulting 
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and long) e v ents to non-specific (short) e v ents for T7 gp2.5 and gp2.5- � C21 observed at various template tensions. Dotted lines are a guide to the eyes to 
show the general trend for T7 gp2.5. 
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binding e v ent was analyzed b y v arying the spatial windows
of the kymo gra ph, allowing the capture of a single site’s ky-
mo gra ph 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 k on (14 ± 3 × 10 

3 M 

−1 s −1 site −1 )
than that of the mutant gp2.5- � 21C protein (5.1 ± 0.7 ×
10 

3 M 

−1 s −1 site −1 ), possibly benefiting from the C-terminal
tail assisting in binding with secondary structures. As ten-
sion. increased (6–12 pN), the on-rate k on of the wt T7 gp2.5
protein decreased with tension, while for gp2.5- � 21C, k on
increases with tension up to 12 pN and subsequently de-
clined (Figure 3 B). The observed increase in binding of T7
gp2.5- � C21 within a gi v en 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 e v en higher tension on ssDNA after all
the hairpins are fully opened (18pN), the binding of mu-
tant T7 gp2.5- � C21 also decreased, as anticipated. Sup-
plementary Table 1 and Figure S4 provide a summary of
k on values. The monotonic decrease of T7 gp2.5 is consis-
tent with the aforementioned observa tions, demonstra ting
the force-dependent binding of T7 gp2.5. In comparison,
the wild-typed T7 gp2.5 exhibited a lower final k on value
(5.59 ± 0.04 × 10 

3 M 

−1 s −1 site −1 ) than the truncated T7
gp2.5- � C21 (9.1 ± 0.8 × 10 

3 M 

−1 s −1 site −1 ) at 18pN. This
difference may be due to the wild-type protein’s negati v ely
charged C-terminal tail, which further reduces binding due
to repulsion from the negati v el y charged ssDN A backbone.
Next, we assessed how the C-terminal tail of T7 gp2.5 im-
pacts the unbinding rate ( k off ) under various template ten-
sions. We measured the binding duration of each fluores-
cently labelled pr otein fr om the kymograph (Figure 3 A) and
plotted the distribution of binding durations for all binding
e v ents. 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
k off (1 / aver age-binding-dur ation) value of 6.3( ±0.2) s −1 for
wild-type T7 gp2.5, and k off value of 5.2( ±0.6) s −1 for gp2.5-
� 21C at 6 pN of template tension. The measured longer
aver age life dur ation (1 / k off ) of gp2.5- � 21C on ssDNA in-
dica tes tha t 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 3 C), and the total
binding duration was divided into three components cor-
responding to the terms of the triple exponential fit: 

y = A 1 e −k 1 t + A 2 e −k 2 t + A 3 e −k 3 t , 

where A 1 , A 2 and A 3 correspond to the relati v e weightings
of the different population proportions, and k 1 , k 2 and k 3
correspond to the unbinding rates of the short, intermedi-
ate, and long-li v ed populations. For wt gp2.5 at 6 pN, the
rate constants k 1 , k 2 and k 3 are 5.1 ± 0.1, 1.3 ± 0.1 and
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.22 ± 0.03 s −1 respecti v ely. For gp2.5- � C26 at 6 pN, k 1 ,
 2 and k 3 are 4.3 ± 0.6, 1.1 ± 0.3 and 0.3 ± 0.2 s −1 re-
pecti v ely. Supplementary Tab le 1 and Figure S5 provide a 

ummary of k off values. These rate constants do not show 

ignificant force dependence (Figure 3 D), but the state pro- 
ortions do shift as a function of for ce, wher e higher forces
ecrease the proportion of long-li v ed (specific) e v ents for 
oth wild-typed and mutant protein (Figure 3 E). 
We found that an increasing tension on the ssDNA (from 

 to 18 pN) resulted in a stable unbinding rate ( k off ), within
he fast, intermediate and long-li v ed populations for both 

ild-type T7 gp2.5 and mutant gp2.5- � 21C (Figure 3 D); 
owe v er, the proportion of e v ents that belong to interme-
iate or long-li v ed states decreases with tension (Figure 
 E). This finding supports the model that T7 gp2.5 induces 
ompaction of ssDNA upon binding, which is opposed by 

NA tension. The force dependence of the intermediate- 
nd long-li v ed sta te proportions suggests tha t these both 

epend on DNA tension, and there may be two sequen- 
ial DN A bending steps. Roughl y 1% of binding e v ents last
or intermediate timescales or longer, and ∼0.05% of bind- 
ng e v ents last until long duration. The stoichiometric in- 
uence of the dif ferent popula tions must consider their dif- 
erent rates, in terms of coverage, using the same force le v el
f 6 pN, for T7 gp2.5, 96 ± 10% of coverage is provided by 

he short-li v ed e v ents, 4 ± 1% by intermediate e v ents, and
.7 ± 0.3% by long e v ents. For gp2.5- � 21C at 6pN the cov-
rage is 96 ± 16% short e v ents, 4 ± 2% intermediate e v ents
nd 1 ± 1% long e v ents (Tab le S1). 

equence-dependent binding of T7 gp2.5 

he interaction of proteins with DNA can be influenced by 

he sequence-dependent properties of DNA, such as the for- 
ation of secondary structures and their stability. T4 gp32 

nd E. coli SSB proteins are reported to act through the 
nhibition of refolding ( 48 ). Therefore, sequence-dependent 
ffects on binding dynamics are concei vab le, gi v en the dis- 
inct folding timescales for GC-rich and AT-rich hairpins 
 49 ). Despite this, bulk biochemical results have suggested 

hat SSB binding is sequence independent. In this study, we 
imed to investigate the impact of DNA sequence on T7 

p2.5 binding dynamics at the single-molecule le v el with 

ignificantly improved spatial and temporal resolution. To 

chie v e this, we utilized a ssDNA construct deri v ed from 

-phage DNA, where half of the sequence is relati v ely AT- 
ich, and the other half is relati v el y GC-rich. Kymo gra phs
ere obtained by incubating ssDNA in a buffer containing 

20 nM of T7 gp2.5-Alexa555 at 12 pN (Figure 4 A). 
Following the previously established analysis methodol- 

gy ( 50 ), we determined the orientation of ssDNA and ob- 
erved that more T7 gp2.5 was bound at the GC-rich region 

ather than at the AT-rich region of the ssDNA from the 
ymo gra ph (Figure S6). To quantitati v ely show the effect 
f base sequence on T7 gp2.5 binding, the averaged fluores- 
ence intensity resulting from fluorescent T7 gp2.5 bound 

n ssDNA was plotted as a function of the GC-content of 
-DNA. The fluorescence intensity from kymographs taken 

nder the same conditions as the one in (Figure 4 A, Fig- 
re S6) were averaged ( N = 4) after individually orienting 

hem to the best (anti)correlation with the GC-content plot. 
he GC-content of �-DNA was calculated in 200-nt win- 
ow bins and plotted in solid b lack, b lue (Figure 4 B). The
orrelations for the different conditions are plotted in Fig- 
re 4 C, showing a stable correlation between T7 gp2.5 flu- 
rescence intensity and GC content at forces under 18 pN; 
s a comparison, the mutant gp2.5- � 21C show little or no 

orrelation for at forces 6pN and over. 
The difference in binding affinity between AT and GC- 

ich regions can be determined by pooling the e v ents from 

ither region. We observe differences in the duration distri- 
ution between the AT-rich and GC-rich regions: particu- 

arly the number of e v ents with an intermediate-time scale 
uration appeared larger in the GC-rich region (Figure 4 D). 
ne caveat, this shift occurs in the proportions of inter- 
ediate and long-li v ed states, so the proportion of e v ents

hat last to intermediate or greater timescales is higher for 
C-rich DNA as opposed to AT-rich DNA. This finding is 

lso reflected in the relati v e intermediate population ratio, 
 measure of the relati v e abundance of the states, is greater 
or GC-rich regions, and far more tightly clustered (Figure 
 E). The influence of k on and k off on GC-content were also 

nalyzed and shows a high correla tion coef ficient R 

2 = 0.69 

or k off in GC-rich regions. 

7 gp2.5 displays template-catalyzed recycling and coopera- 
ively binding 

e monitored T7 gp2.5 binding to ssDNA over an ex- 
ended period ( > 500 s) under high photobleaching (inter- 
can interval of 6 ms, Figure 5 A, top panel) and low pho- 
obleaching (inter-scan interval of 1000 ms, Figure 5 A, bot- 
om panel) conditions. The frequency of binding e v ents in- 
reased under low photobleaching conditions (Figure 5 A, 
ottom panel) and was not observed with tailless mutant 
p2.5- � 21C (Figure 5 B). This increased binding rate, un- 
 eported in pr evious short-term studies or high bleaching 

onditions, was observ ed ov er a relati v ely long-time range 
 > 8 min). Analyzing the on-rate and off-rate using methods 
rom Figure 3 B and C re v ealed an increased on-rate (Fig- 
re 5 C, top panel), suggesting T7 gp2.5 efficiently rebinds 
o neighboring sites and supports a templa te-ca talyzed re- 
ycling model (Figure 5 D). Interestingly, a decreased off- 
ate was also observed (Figure 5 C, bottom panel), indicat- 
ng longer-lasting T7 gp2.5 binding as more protein accu- 
 ulates, potentiall y due to longer-li v ed proteins displacing 

horter-li v ed binding e v ents. 
We assessed T7 gp2.5 coverage on ssDNA as a function 

f fluorescently labeled Alexa555-gp2.5 concentration us- 
ng confocal fluorescence micr oscopy. Pr otein binding to ss- 

NA increased with concentra tion, sa tura ting a t ∼50 nM 

Figure 5 E), while binding to dsDNA remained negligible 
 v en at the highest concentration (Figure 5 E). This con- 
rms T7 gp2.5’s pr efer ential binding to ssDNA over ds- 
NA ( 4 , 51 ). 
We fitted the concentration-dependent coverage using 

he McGhee-von Hippel model ( 52 , 53 ) (Figure 5 F), which 

haracterizes protein-DNA binding with three parameters: 
i) equilibrium binding constant K d (M-1), (ii) cooperativ- 
ty factor � , and iii) protein footprint n (number of nu- 
leotides). Fitting the data with two previously obtained 

ootprint values (8 nt and 22 nt) and assuming secondary 
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that is the relati v e proportion of intermediate to total e v ents, for the GC-rich and AT-rich r egions. Ther e is a greater proportion and a lower variance in 
the GC-rich region, possibly owing to sequence dependent effects in binding. ( F ) Plot of k off and k on as a function of GC, content. k on (blue) increases 
with GC content, whereas k off (red) decreases with increasing GC content. 
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structur e in pr esence (i.e. 8 nt), we deri v ed a cooperati vity
factor � 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-cooperati v e model variant
did not fit the data (Figure 5 F, solid lines). 

The McGhee-von Hippel fits yielded binding constants of
1 × 10 

6 M 

−1 , with footprints of 8 nt. These values r epr esent
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 K � for com-
parison, r epr esenting both the binding constant and coop-
erativity factor. Our experiments yielded a K � value of ∼1.1
× 10 

8 M 

−1 . Considering the maximum accessible binding
sites of �-phage DNA (48 knt / 8 nt = 6k sites), the apparent
affinity constant will be ∼1.8 × 10 

4 M 

−1 site −1 (1.1 × 10 

8

M 

−1 / 6k sites), which is very similar to our previously cal-
culated value of (1.3 ± 0.056) × 10 

4 M 

−1 site −1 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- � 21C binding to ssDNA
at the single-molecule le v el. This approach enab led 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- � 21C
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 ( k on value) in comparison to its tailless mutant (Fig-
ures 3 B and 6 A, 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 effecti v e binding at low tensions. As tension
on ssDNA increases (6–12 pN), leading to the suppression
of secondary structure formation, T7 gp2.5- � C21 exhibits
increased binding to ssDNA, attributed to the enhanced
availability of binding sites (Figures 3 B and 6 C). The nega-
ti v e charge of the C-terminal tail presents a barrier to bind-
ing with the negati v el y charged ssDN A backbone, result-
ing in a diminished k on value relati v e to T7 gp2.5- � C21
(Figure 6 D). At high tension ( ∼18 pN), when all hairpins
open, both T7 gp2.5 and mutant T7 gp2.5- � C21 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 6 E, F), as well as
the wild-type protein’s negati v ely charged C-terminal tail,
which further undermines binding due to repulsion from the
negati v el y charged ssDN A backbone. In addition, we iden-
tified three distinct modes of T7 gp2.5 binding to ssDNA:
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gp2.5-Ale xa555, suggesting a cooperati v e binding mechanism (top panel); while k off 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-li v ed material surviving and 
displacing shorter-li v ed binding e v ents. ( D ) Our proposed templa te-ca talyzed recycling of gp2.5 model. When wild type gp2.5 binds to ssDNA, it needs 
first to break the dimer, which is a re v ersib le 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 0nM to 500nM. ( F ) gp2.5 fractional coverage on DNA for 
increasing protein concentrations (mean ± s.d., N ≥ 3). Dashed lines r epr esent the Mc-Ghee-von-Hippel fit to our data and solid lines r epr esent 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 
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apid and unspecific collision (G1 population), intermedi- 
te binding (G2 population), and prolonged binding (G3 

opulation) (Figure 6 G). Our investigation of sequence- 
pecific binding dynamics re v ealed that T7 gp2.5 exhibits 
 pr efer ential binding affinity for GC-rich sequences as op- 
osed to AT-rich sequences (Figure 6 H). 

vidence for T7 gp2.5-induced ssDNA bending and inhibition 

f secondary structure formation 

hen a significant fraction of the ssDNA template was 
oated with T7 gp2.5, we observed a reduction in contour 
ength with negligible alterations in persistence length or 
tr etch modulus (Figur e 2 A, B). A shortening of approxi- 
ately 0.6 nm per bound protein aligns with the model pro- 

osed by Hollis et al. ( 7 ), which suggests T7 gp2.5 stacks nu-
leotide bases between the aromatic residues present in the 
B-fold. These observations support the hypothesis that T7 

p2.5 shortens ssDNA by bending it. Our direct observa- 
ion of T7 gp2.5 also re v eals relati v ely low mobility on ss-
NA, distinguishing it from other diffusi v e SSBs, such as E. 

oli SSB ( 54 ). This static binding may result from the stack- 
ng interaction between base-aromatic residues, which also 

ontributes to the contour length shortening of the DNA 

emplate. 
T7 gp2.5 serves a crucial role in DNA metabolism by 

uppr essing secondary structur es ( 4 ). Two competing hy- 
otheses exist concerning the underlying mechanism: ei- 
her pre v enting secondary structure formation or resolv- 
ng existing structures. Our measurements demonstrate 
hat slow retraction curv es e xhibit longer end-to-end dis- 
ances than bare ssDNA at low force regimes ( < ∼15 pN), 
hile slow extension curves do not. This evidence supports 
 model in which T7 gp2.5 pre v ents ssDNA from fold- 
ng into secondary structures rather than disrupting pre- 
xisting ones (Figure 2 D and inset). Although a weak in- 
eraction between secondary structures and the C-terminal 
ail is suggested by a higher on-rate than its tailless mu- 
ant (Figure 3 B), this characteristic implies that T7 gp2.5 

 ust efficientl y bind to ssDN A to outcompete hairpin 

ormation. 

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

ur single-molecule visualization of the binding of T7 gp2.5 

nd its tailless mutant to ssDNA demonstrates a molecular 
egulation by both the substrate (i.e. template conformation 

nd sequence) and the protein (i.e. the C-terminal tail of 
p2.5). The binding constant of T7 SSB protein arise from 
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Figure 6. Schematics of T7 gp2.5 binding to ssDNA regulated by C-terminal tail, ssDNA conformation, and base sequence (increasing template tension 
from left to right). ( A ) and ( B ) show the binding interaction of wild-type T7 gp2.5 and mutant T7 gp2.5- � C21 to ssDNA under low tension respecti v ely, 
w here ssDN A mostl y 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 k on value at 3 pN (Figure 3 B). ( C ) shows that ssDNA exposes more available binding sites with an increasing template tension applied on 
ssDNA, thus more T7 gp2.5- � C21 binds to ssDNA. ( D )The negati v e charge of the C-terminal tail decreases the binding to the negati v el y charged ssDN A 

backbone, thus showing a decreasing k on value compared with truncated T7 gp2.5- � C21 (Figure 3 B). ( E and F ) With more tension on ssDNA the hairpin 
fully opened and both T7 gp2.5 and mutant T7 gp2.5- � C21 have a decreased binding affinity. ( G ) The binding of T7 gp2.5 shows multiple states: by fast 
and unspecific collision (G1 population), by specific intermediate (G2 population) and by long (G3 population) binding e v ents. ( H ) T7 gp2.5 shows a 
pr eferr ed specific binding to GC-rich sequence over AT-rich sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/13/6540/7186993 by guest on 04 D

ecem
ber 2023
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. Howe v er, a stretched template with
tension applied on the backbone of fully opened ssDNA
suppresses gp2.5 binding, as the association r equir es DNA
backbone bending, which is unfavorable under tension. 

Wild-type T7 gp2.5 has a lower k on than gp2.5- � 21C
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- � 21C demonstrates a longer
aver age life dur ation (1 / k off ) 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 re v eal that T7 gp2.5
exhibits a pr efer ence for binding to GC-rich sequences, as
indicated by a higher binding affinity ( k on ) and a lower off-
rate ( k off ) compared to AT-rich sequences (Figure 4 ). This
pr efer ential 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 k off rates pre-
dominantly occur within intermediate and longer-li v ed
sta tes, suggesting tha t the sequence-dependent binding d y-
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 inher ent differ ences 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 DN A metabolism. Ra pid-binding
e v ents may allow for efficient displacement by the translo-
cating DN A pol ymerase w hile concurrentl y suppressing the
formation of secondary structures. Intermediate e v ents may
function as temporary protection for ssDNA, and long-
binding e v ents provide more stab le protection for longer e x-
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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emplate-catalyzed recycling enables efficient use of T7 

p2.5 

ur study re v eals that T7 gp2.5 demonstrates increased on- 
a tes (Figure 5 C , top panel) and decreased of f-ra tes (Fig-
re 5 C, bottom panel) under low photobleaching condi- 
ions over an extended period. This increase in on-rate sug- 
ests that T7 gp2.5 can efficiently rebind to neighbouring 

ites on the ssDNA, as opposed to binding to the ssDNA- 
p2.5 complex with free proteins from the solution. The de- 
rease in the of f-ra te indica tes tha t T7 gp2.5 bound to the
sDNA remains bound longer as more protein accumulates 
ver time. These observations led us to consider protein re- 
ycling as a possible mechanism instead of the classical co- 
perati v e binding. The recycling model posits that once a T7 

p2.5 monomer dissociates from the ssDNA; it can quickly 

ebind to a nearby site rather than relying on a free-protein 

rom solution to bind to the ssDNA-gp2.5 complex. Addi- 
ionall y, the tailless m utant of T7 gp2.5 binding with higher 
n-rate values under specific tensions (Figure 3 B) further 
upports the recycling model. The tailless mutant lacks the 
-terminal tails, which leads to a reduced energy barrier for 
imer disruption, allowing the mutant to bind more quickly 

o ssDNA. This observation implies that dimer disruption 

s a rate-limiting step for T7 gp2.5 binding, highlighting 

he importance of monomer availability in the rebinding 

rocess. 
The rebinding of T7 gp2.5 could result in apparent coop- 

rativity. T7 gp2.5 is known to bind ssDNA as a monomer, 
hile it exists as a dimer in solution ( 7 , 10 , 55 ). The dimeric

orm of T7 gp2.5 exhibits additional stabilization via inter- 
ctions between two C-terminal tails in trans ( 51 ), leading 

o a higher free energy barrier for tail opening. The tail- 
ess mutant’s higher on-rates under 12pN and 18pN tension 

upport this notion. We propose that the DNA template 
cts as a catalyst to produce monomeric T7 gp2.5, explain- 
ng the increase in T7 gp2.5 binding. 

The observ ed cooperati vity values may be attributed to 

7 gp2.5 homodimers dissociating near the ssDNA tem- 
late, resulting in improved binding affinity in proximity 

o bound SSB. Cooperativity is common among T7 gp2.5 

nalogues from other species ( 56 , 57 ), as ssDNA-binding 

roteins need to interact and ra pidl y coat exposed ssDNA. 
ur study shows that T7 gp2.5 has lower cooperativity than 

nalogues from other species, such as T4 gene 32 protein, 
. coli SSB, or human RPA, consistent with previous find- 

ngs ( 34 , 51 , 56–58 ). Although high cooperativity values have 
een determined before for the T4 bacteriophage gene 32 

rotein ( � ∼ 10 

3 ) ( 56 ), or yeast, y-RPA ( � ∼ 10 

4 –10 

5 ) ( 57 ),
 previous Electron Microscopy study of T7 gp2.5 has re- 
orted much lower coopera tivity ( 4 ). Dif ferences in experi- 
ental conditions, such as DNA templates and salt concen- 

rations, could contribute to the observed discrepancies in 

ooperativity values. 
Our results suggest a recycling mechanism for T7 gp2.5, 
 hich is highl y effecti v e in ra pidl y binding to ne wly e xposed

sDNA regions during Okazaki fragment synthesis. This 
echanism is supported by recent findings on E. coli SSB 

 19 ), which also demonstrate concentration-dependent in- 
ernal recycling. The rapid replication of T7 bacteriophage 
ecessita tes an ef ficient binding mechanism for T7 gp2.5 to 
ope with the fast pace of replication. Recycling allows cov- 
rage without needing to upregulate e xpression le v els for 
SB protein, i.e. it is the most efficient way to ensure repli- 
ation fidelity without needing to ov ere xpress the protein. 
f there is no recycling, then the number of SSBs r equir ed 

ould be proportional to the total length of ssDNA at any 

ime during the replication. With 100% recycling the num- 
er of copies of SSB r equir ed would only need to be enough
o coat the longest individual segment of Okazaki fragment 
NA. This highlights the relevance of the recycling process, 

 v en if its probability of occurrence or detection is low. We 
ypothesize that T7 gp2.5 recycling might be further opti- 
ized through interactions between its C-terminal tail and 

ther replisome proteins or T7 gp2.5 monomers, thereby 

ncreasing local concentration and facilitating redistribu- 
ion near emerging ssDNA during processi v e replication. 
ur findings emphasize the fundamental role of T7 gp2.5 

n replication, contrary to its previous designation as an 

accessory’ protein. 
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