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Abstract

Single-stranded DNA binding proteins (SSBs) selectively bind single-stranded DNA (ssDNA) and facilitate
recruitment of additional proteins and enzymes to their sites of action on DNA. SSB can also locally diffuse on
ssDNA, which allows it to quickly reposition itself while remaining bound to ssDNA. In this work, we used a
hybrid instrument that combines single-molecule fluorescence and force spectroscopy to directly visualize
the movement of Escherichia coli SSB on long polymeric ssDNA. Long ssDNA was synthesized without
secondary structure that can hinder quantitative analysis of SSB movement. The apparent diffusion coefficient
of E. coli SSB thus determined ranged from 70,000 to 170,000 nt?/s, which is at least 600 times higher than
that determined from SSB diffusion on short ssDNA oligomers, and is within the range of values reported for
protein diffusion on double-stranded DNA. Our work suggests that SSB can also migrate via a long-range
intersegment transfer on long ssDNA. The force dependence of SSB movement on ssDNA further supports

this interpretation.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

A variety of proteins associate with single-stranded
DNA (ssDNA) and play crucial roles in DNA replica-
tion, recombination, replication restart, and repair
[1-8]. Single-stranded DNA binding proteins (SSBs)
form a class of such proteins. SSB binds selectively
to ssDNA in a sequence-independent manner [4,5]
and protects transiently formed ssDNA from degra-
dation. SSBis also likely to coordinate a multitude of
proteins competing for access to ssDNA during their
functions [2,6—10]. Escherichia coli SSB also has
the ability to diffuse locally along ssDNA, at least up
to ~ 60 nt [11,12]. It has also been inferred from
indirect evidence that the phage T4 SSB protein (gene
32) can diffuse along ssDNA [13,14]. Diffusion of SSB
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might facilitate SSB's recruitment of other proteins to
their sites of action [2].

E. coli SSB is a representative homotetrameric
SSB consisting of 177 amino acids [15]. It forms a
stable homotetramer [16], which binds and wraps
ssDNA around its subunits [17,18], and is essential
for cell viability due to its multiple roles in genome
maintenance [2,5,17]. The N-terminal domain of
E. coli SSB, composed of 112 amino acids, forms
an OB-fold that contains the ssDNA binding sites
[4,15,18], while the C-terminus consists of an unstruc-
tured linker region, the last eight amino acids of which
selectively bind and recruit its partner proteins to
ssDNA [2,10,19]. Thus, the tetramer has four ssDNA
binding domains enabling it to bind ssDNA in a variety
of modes depending on the salt concentration [17,20].
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Fig. 1. Schematic of the experimental setup. One end of an ssDNA construct is immobilized on a polyethylene-glycol-
coated surface, and the other end is attached to a polystyrene bead confined in the optical trap (pink gray). A green
excitation laser selectively illuminates molecules within a few hundred nanometers from the coverslip surface by total

internal reflection.

The (SSB)s5 binding mode, which is favored in low salt
concentrations (<10 mM Na*) and high protein
binding density, uses an average of only two subunits
for ssDNA binding, occludes ~35 nt [21], and binds
ssDNA cooperatively [22,23], whereas the (SSB)gs
binding mode, favored in moderately high salt con-
centrations (=2 mM Mg?* or > 200 mM Na*), uses
all four ssDNA binding sites, occludes ~65 nt, and
binds ssDNA with little cooperativity [17,18]. The two
binding modes and real-time interconversion between
them have also been examined using single-molecule
fluorescence resonance energy transfer [24]. The
diffusional migration along ssDNA of E. coli SSB in its
(SSB)es binding mode was observed and it was found
that SSB diffusion stimulates the elongation of RecA
filaments on DNA that can form secondary structures
by transiently melting DNA hairpin structures and that
SSB migrates on DNA via reptation [11,12].

Using a hybrid instrument that combines single-
molecule fluorescence and optical trapping [25], we
have now visualized the dynamics of E. coli SSB on
long ssDNA molecules that are void of secondary
structure. We found that the apparent diffusion of the
SSB tetramer in its (SSB)gs binding mode follows a
1D (7-dimensional) random walk but with a diffusion
coefficient that is at least 600 times larger than was
estimated on short poly(dT) ssDNA [13], suggesting
that, on long ssDNA, SSB can also reposition itself
via a long-range intersegment transfer mechanism

[26,27]. The force dependence of the apparent dif-
fusion coefficient further supports this interpretation.

Results

Preparation of secondary-structure-free ssDNA
constructs

To quantitatively study the movement of E. coli
SSB on long ssDNA, we reasoned that secondary
structures formed within the ssDNA should be avoided
because melting and rezipping of these structures
could add undesirable noise to the position trajectory
of SSB. Unzipping secondary structures by applying
high forces (> 10 pN) is not a viable option because the
dissociation rate of SSB tetramers in the (SSB)es
binding mode is force dependent, and SSB will dis-
sociate at approximately 10 pN of force applied to the
ends of ssDNA [12].

In this study, we used rolling circle replication (RCR)
to synthesize long ssDNA (10,000—20,000 nt) with
only deoxythymidines and deoxycytidines, thus pre-
venting intramolecular base pairing. In RCR, a user-
defined template is first hybridized to a short oligonu-
cleotide primer in order to circularize the template
strand. The template strand is subsequently ligated to
form a closed circular ssDNA template. Next, a highly
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Fig. 2. Visualization of SSB movement along ssDNA. (a) A kymogram of a single SSB homotetramer moving along
a long ssDNA molecule stretched at 3 pN tension. This SSB travels across large distance over 2000 nm. A scale bar
representing the length of 1000 nt is shown in white. Fluorescence intensity is colorcoded, and the color scale is shown on
the right [minimum intensity: black (bottom); maximum intensity: white (top)]. (b) A kymogram of a single SSB homotetramer
recorded at 4 pN tension. A scale bar in white corresponds to the length of 1000 nt at this tension. (c) A kymogram of a single
SSB homotetramer observed at 5 pN. A scale bar at this tension is shown in white. (b) and (c) share the same color scale for

fluorescence intensity as (a).

processive DNA polymerase capable of strand dis-
placement synthesis is added. During the reaction,
DNA polymerase binds to the 3'-terminus of the primer
and replicates around the circular template for
thousands of cycles, thereby producing long polymeric
ssDNA [28-30]. We generated ssDNA constructs with
only dT and dC by creating a circular template whose
sequence consists of only dA (20 out of 28 nucleo-
tides) and dG (8 out of 28 nucleotides) (Materials and
Methods).

Visualization of E. coli SSB motion on ssDNA

Total internal reflection fluorescence (TIRF) mi-
croscopy combined with a single-beam optical trap
was employed to visualize the dynamic movement of
E. coli SSB tetramers along ssDNA [25] (Fig. 1). The
biotinylated 5’-end of an ssDNA construct is immo-
bilized on the surface via a biotin-neutravidin bond
and is stretched by a laser-trapped bead (antidigox-
igenin coated) attached to the digoxigenin attached
to the 3'-end of the DNA. A stable homotetramer
of E. coli SSB possessing a single cysteine in its
intrinsically disordered C-terminal tail (A122C) was
labeled with ~1 Alexa555 fluorophore per subunit
[11] and was imaged while bound to the ssDNA
construct.

We analyzed the motion of only the first SSB
tetramer that binds DNA because if there are
multiple SSB tetramers bound on the same strand,
it is possible that they might perturb the motion of
each other via collision. In order to prevent simulta-
neous binding of multiple SSB tetramers, we used a
very low concentration (<20 pM) of SSB tetramers.
The salt concentration in the experiment was
500 mM NaCl: under this condition at equilibrium,
the SSB tetramers bind ssDNA exclusively in the
(8SB)es binding mode, allowing us to make com-
parisons to our previous studies performed under the
same condition [11,12]. In addition, the (SSB)gs
binding mode is favored at moderately high salt
(>2 mM Mg?* or > 200 mM Na*) [21,24], and be-
cause both monovalent and divalent cations exist in
the cell, it is likely that the data presented below for
the (8SB)gs mode are physiologically relevant. Prior
to each measurement, all SSB tetramers already
bound to an ssDNA construct were removed by
applying high tension (over 25 pN) for 1 min, taking
advantage of the force-dependent dissociation of
SSB tetramers in the (SSB)gs binding mode (full SSB
dissociation occurs at forces < 13 pN) [12]. This
process ensured that there were no SSB tetramers
bound to the ssDNA constructs before the force is
reduced and data acquisition started. At the force


image of Fig.�2

2416

Ultrafast Redistribution of E. coli SSB.

2,000 4

1,000 4

-1,000 4

Displacement (nt)

-2,000 1

-3,000 1

Time (s)

Fig. 3. Single-molecule position trajectories of several
SSBs at 4.1 pN tension. The position trajectories of different
SSBs are drawn in continuous lines of different colors. A
black broken curve represents the mean displacement of all
trajectories. The displacement was measured in nanome-
ters and then converted into number of nucleotides by using
the extension per nucleotide at the corresponding force
(Fig. S2b).

values used in this experiment (2-5 pN), the wrapping
of ssDNA around an SSB tetramer is partially dis-
rupted due to the tension such that 10-30 nt is un-
raveled [31] as reflected in Fig. 1.
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Figure 2 shows position trajectories, in the form of
kymograms, of individual SSB tetramers along ssDNA
at various forces. The movement along ssDNA is
bidirectional and appears to resemble a random walk.
It should be noted that the range of movement is very
large, such that an SSB tetramer can travel over
2000 nm during a 74-s observation (Fig. 2a). This is
surprising since 2000 nm is a much longer distance
than the expected ~100 nm based on the previously
estimated diffusion coefficient of 270 nt?/s for the
E. coli SSB tetramer at 37 °C [11]. The fluorescence
intensity of the SSB, in general, increases (decreases)
as itapproaches (moves away from) the surface due to
the exponentially decaying excitation profile of TIRF
microscopy [25] (although sometimes, this is not the
case, e.g., ~30 sin Fig. 2a). One possible explanation
is that initially there were two fluorophores on that SSB
tetramer quenching each other until one became
photobleached [32]). For further analysis, we fitted the
fluorescence images to two-dimensional Gaussian
functions and obtained the position trajectory of each
SSB tetramer. The position trajectories (in nanome-
ters) were then converted to the number of nucleotides
using the force—extension curve of the ssDNA
construct. To achieve this, we obtained the average
force—extension curve of multiple ssDNA constructs
from all experiments (total of 62 molecules) (Fig. S2a).
Although the length of each ssDNA construct varies
because the construct was made via the RCR method,
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Fig. 4. Force dependence of SSB diffusion. (a) The time courses of mean squared displacement (MSD) at various
forces. The MSDs are the mean of 80—110 trajectories. In the scatter plot, the MSD at 2.1 pN, 3.1 pN, 4.1 pN, and 5.1 pN
are plotted against elapsed time in red, blue, green, and orange, respectively. All the MSDs are linear in the beginning. The
linear section is fit to a straight line, and the fits are drawn in respective colors. (b) The diffusion coefficients at various
forces. The error bars in x and y represent the standard deviation of applied force among trajectories and the uncertainty in
diffusion coefficients propagated from the uncertainty in the extension per nucleotide (Fig. S2b), respectively. The diffusion

coefficient increases as the applied force is decreased.
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Fig. 5. Comparison to 1D diffusion coefficients of other
proteins. Comparison of the 1D diffusion coefficients reported
for various proteins [11,33-35] (black disc) on dsDNA and
our measurement of the apparent diffusion coefficient of SSB
on ssDNA (red circle). Previously reported diffusion coeffi-
cients of SSB [11] (black circle) are the smallest of all. (These
were converted from units of nt?/s to um?/s, for comparison
using the conversion factor at 2.1 pN. The higher of the two
was an extrapolation to 37 °C, while the lower was measured
at4 °C[11].)

we could still average them because normalized
(fractional) force—extension curves superimpose.
The averaged force—extension curves were fit to the
worm-like chain model to determine the extension per
nucleotide and this was used to calculate the total
extension of ssDNA in terms of nucleotides (Fig. S2b).

Ultrafast migration of E. coli SSB and force
dependence of diffusion

To check if the movement we observe for SSB
follows the expected behavior for 1D diffusion and to
calculate an apparent diffusion coefficient to com-
pare to the previously reported value [11], we collected
many position trajectories of SSB. Figure 3 shows a
subset of the position trajectories collected at the
applied force, 4.1 pN. Only a small number of the 82
position trajectories examined are shown in the figure
so that individual trajectories can be discerned. The
mean of 82 trajectories is shown as a black broken
curve. The mean displacement does not change over
time and is very small compared to the displacements
observed for individual trajectories, which suggests
that the motion along the ssDNA is random and not
biased in either direction. Although we collected 82
trajectories, the fluorescence signal from ~50% of
them was lost after a few seconds (likely due to
photobleaching of the Alexa555 fluorophore on the
SSB). As a result, the number of trajectories contrib-
uting to the average decreased with time, which
makes the mean displacement appear to be more
rugged. We therefore used only data within the first few
seconds for the following analysis.

In Fig. 4a, the mean square displacements (MSDs)
obtained from at least 50 molecules at various forces
are plotted against the elapsed time. For each MSD

curve, the number of trajectories used in calculating
the MSD at a certain time point is shown in Fig. S3a.
The MSD data at four applied forces (2.1 pN, 3.1 pN,
4.1 pN, and 5.1 pN) are shown. For all four forces, the
MSD initially increases linearly with respect to the
elapsed time, suggesting that the motion of SSB along
ssDNA resembles 1D diffusion for the observed time
and length scales. For each applied force, a straight
line was fit to this initial section and an apparent
diffusion coefficient D,p, was determined and plotted
in Fig. 4b. Dypp = 171,000 nt?/s at 2.1 pN, 600 times
higher than the previously reported value of 270 nt?/s
at 37 °C on short (<95 nt) poly(dT) at the same NaCl
concentration but at zero force [11]. Considering that
local diffusion as measured by single-molecule
fluorescence resonance energy transfer is faster at
higher temperature [11] and lower forces [12] and that
our measurement was performed at 25 °C with an
applied force of at least 2 pN, the true difference is
likely to be greater.

Discussion

We visualized the dynamics of E. coli SSB tetramer
movement along ssDNA while bound in its (SSB)gs
binding mode, and SSB exhibited 1D random walk
behavior. We also calculated an apparent diffusion
coefficient to compare to the previously reported 1D
diffusion coefficients of other proteins [11,33-35]
(Fig. 5). Although the comparison is limited to proteins
that diffuse along double-stranded DNA (dsDNA)
since method to probe long-range protein dynamics
on ssDNA has not been available until recently [25],
our estimate is within the range of those values.
However, the apparent diffusion of SSB is ultrafast
compared to the previously reported 1D diffusion
coefficient of SSB on short ssDNA: the coefficients
determined here are at least 600 times larger than the
previously reported value of 270 nt?/s at 37 °C,
determined from SSB diffusion on oligo(dT) with
lengths only slightly longer than the occluded site
size of 65 nt [11]. This large difference in apparent
diffusion coefficients led us to hypothesize that SSB
can migrate along long ssDNA through a mechanism
that cannot occur during local diffusion on short
ssDNA. It has been shown that E. coli SSB tetramers
can undergo a direct transfer between two ssDNA
molecules without an intermediate step of complete
dissociation of the protein from one ssDNA molecule
[26,27]. Since direct transfer is possible between two
separate ssDNA molecules, SSB might also be able
to transfer between two segments within the same
ssDNA molecule when the ssDNA is very long. This
process is termed intersegment transfer [36] and has
been observed for several proteins [26,27,37-39]. A
schematic representation of intersegment transfer of
an SSB tetramer is depicted in Fig. 6. An SSB tetramer
bound to one segment of an ssDNA via one DNA
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Fig. 6. Schematic depicting the concept of intersegment
transfer. In this model, SSB migrates from one location to
the other via a long-range intersegment transfer. An SSB is
bound at a location (red) on a long ssDNA. When the other
segment (green) of the same strand on which the SSB is
bound makes contact to the SSB via random fluctuations,
the SSB then transfers to the new location.

binding site is transferred to another segment of the
same DNA, when the other segment interacts with the
bound SSB at a second DNA binding site on the SSB.
Such a long-range repositioning of the SSB tetramer

i O Experiment
200,000 . +  Simulation
150,000 + ,_%_‘
@ .
N:_EL -
[a] .
100,000 %
50,000
T T T T :
2 3 4 5

Force (pN)

Fig. 7. Comparison of diffusion coefficients at various
forces from experiments and intersegment transfer
simulations. Black circles with X and Y error bars are the
experimental data, whereas the red disks are the result of
the simulations. In the simulations, it was assumed that an
SSB migrates to other segments of ssDNA, when the
segment approaches the SSB within a threshold radius. The
simulation results were obtained using a threshold radius of
5 nm and worm-like chain model with a persistence length of
1.5 nmfor ssDNA. The unknown conversion factor between
one step in the simulation and 1 s was determined as the
value that yields the least square error between the
experiments and the simulations.

would conceivably result in the appearance of an
ultrafast diffusion process.

We also observed that the apparent diffusion
coefficient of the SSB tetramer is dependent on the
force applied to the ends of the ssDNA. The apparent
diffusion becomes faster as the applied tension to the
ssDNA is reduced. To test if this force dependence
can be explained by the intersegment transfer model,
we calculated the apparent diffusion coefficient by
analyzing simulated diffusion trajectories for an SSB
tetramer that can undergo intersegment transfer at
various forces. In these simulations, an SSB bound to
one segment of ssSDNA was allowed to be transferred
to another ssDNA segment whenever the second
segment approached the SSB (to be more precise,
the first segment to which the SSB is bound) within a
certain threshold radius, which was chosentobe 5 nm
because the width and the height of E. coli SSB
tetramer are about 4.4 nm and 7.1 nm in the crystal
structure [40]. We used the probability distribution of
the end-to-end distance of a free ssDNA molecule
[41,42] after modifying it to include the influence of
applied tension. The timescale of the simulation (the
conversion factor that translates one step in the
simulation into seconds) was the only parameter that
was adjusted to fit the simulated diffusion coefficients
to the experimentally determined values. A compari-
son of the force dependence measured experimen-
tally (black circle) to the force dependence from the
simulation (red dots) is shown in Fig. 7. The force
dependence of the diffusion coefficients predicted by
the intersegment transfer mechanism is reasonably
close to the experimental result. These simulations
suggest that the decrease in apparent diffusion coef-
ficient with increasing force is due to the increased
tension and thus lower flexibility of the ssDNA causing
a decrease in the probability of a second segment of
ssDNA folding back and interacting with a bound SSB.

A critical requirement for any protein to undergo an
intersegment transfer process is that it must possess
at least two distinct sites for binding DNA since the
transfer occurs through a doubly DNA ligated protein
intermediate [27]. This is clearly met by SSB since
it contains four ssDNA binding sites (subunits) due
to its homotetrameric nature. Kozlov and Lohman
showed that direct transfer of an SSB tetramer
between two separate ssDNA molecules is much
faster when the SSB is bound in its (SSB)35 binding
mode such that only two of the four subunits are
initially bound to ssDNA, allowing the other two free
subunits to be available to bind a second ssDNA
molecule [27]. When bound in the (SSB)gs binding
mode, where ssDNA occupies all four subunits, the
observed rate of direct transfer is ~ 10°-fold to 10*-fold
slower since transfer can happen only when the
ssDNA becomes partially unwrapped from one of the
subunits, allowing the second ssDNA molecule to bind
transiently [27]. This aspect of the intersegment
transfer of SSB was not included in the model used
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to generate the simulated trajectories analyzed above.
This is the case when the applied force on the ssDNA
is zero; however, in a crowded cellular environment in
which many other proteins bind on the same strand of
ssDNA to which SSB is bound, the force on the ssDNA
may be high enough to partially unravel the DNA [43].
Increasing forces should increase the probability of
partial unwrapping of ssDNA and exposing free SSB
subunits that can interact with another ssDNA
segment. This aspect of the intersegment transfer
reaction would be expected to show the opposite
effect of force, that is, an increase in intersegment
transfer at higher forces. Based on the data in Fig. 6, it
appears that the decrease in ssDNA flexibility with
increasing force dominates the effect of force on SSB
intersegment transfer. More detailed studies as a
function of force will be needed to resolve the balance
between these two effects.

Through the intersegment transfer mechanism,
SSB should be able to be repositioned on long
ssDNA much more efficiently than if it had to diffuse
entirely along the contour length of the DNA. This
mechanism may facilitate the important role of SSB
protein, which is to recruit other partner proteins to
their sites of action and reposition itself for the
function of the partner proteins. As proposed
previously, this mechanism may also allow SSB to
be rapidly transferred and thus recycled between old
and new Okazaki fragments during replication [27].
Of course, this fast mode of repositioning should
occur along with the relatively slower, local mode of
diffusion [11,12] and would complement each other:
the local diffusion could be used to move SSB locally
on ssDNA that is tightly packed with protein to protect
the DNA from degradation and move SSB to allow
access of the partner proteins to the ssDNA. In contrast,
intersegment transfer should be more advantageous
when SSB needs to be redistributed over long
distances. This type of long-range redistribution might
also be useful in order for a translocating enzyme
(e.g., ahelicase) to bypass SSB [44,45]. SSB could be
transferred to a DNA segment behind the helicase via
intersegment transfer, effectively removing the SSB
as a barrier. This mechanism is reminiscent of the
proposed mechanism of histone core transfer from a
location ahead of an RNA polymerase to a location
behind it [46]. Recent technical advances in imaging
individual DNA binding proteins on densely covered
DNA [47] are anticipated to shed light on detailed
mechanisms for how DNA binding proteins move on
crowded DNA during replication and repair.

For long-range movement of SSB via interseg-
mental transfer to occur in vivo, three requirements
need to be satisfied. First, the DNA binding surface
of the SSB tetramer should be partially exposed to
capture the destination DNA segment. Second, the
destination DNA segment should be unoccupied to
receive the incoming SSB tetramer. Third, the
original and destination DNA segment should be

brought close enough to be bridged by an SSB
tetramer. We suggest that all three requirements are
likely satisfied in vivo because our previous studies
have shown that the multivalent interaction between
DNA and SSB is highly dynamic, breaking off and
reforming little by little, and because ssDNA and SSB/
ssDNA complexes are likely to be more dynamic and
compact compared to dsDNA of same length.

Although there have been many studies on
protein—ssDNA interactions at a nanometer level,
direct observation of single protein dynamics on
longer lengths of ssSDNA has been limited. As shown
here in the case of SSB, observations made on
exactly the same biological system but using much
longer ssDNA molecules can reveal a fundamentally
new activity. Our approach enables direct visualiza-
tion of protein dynamics on long ssDNA and should
provide access to biological processes that have not
been observable on shorter DNA molecules.

Materials and Methods

Instrument design details

The optical layout of the experimental setup is outlined in
Fig. S1. The setup is based on an inverted microscope
(Olympus IX71), with slight modification of a condenser and
a mount for a dichroic mirror (D3). A sample is placed on top
of a XYZ piezo nanostage (Mad City Labs) mounted on a
manual stage (Semprex) with 2 um in the XY axis, which is
fixed on top of the microscope. An oil immersion objective
lens (100x/1.40; Olympus) is used for objective-type TIRF
microscopy and optical trapping. A 532-nm diode-pumped
solid state laser (Spectra Physics) and a 1064-nm Nd-YAG
laser (Spectra physics) are used for fluorescence excitation
and optical trapping, respectively. Fluorescence emission
is imaged onto an EMCCD (electron-multiplying charge-
coupled device) camera (Andor iXon) and is recorded at the
frame rate of 50 Hz. Antidigoxigenin-coated polystyrene
beads (Spherotech) are used for optical trapping and
scattered laser light from a trapped bead is collected by
condenser lens and imaged onto a quadrant photodiode
detector (Pacific Sensors).

Preparation of secondary-structure-free ssDNA
constructs

Long ssDNA molecules without secondary structures
were synthesized following the method demonstrated by
Brockman et al. [30]. The following template and primer
oligonucleotide sequences were used: 5'- AGG AGA AAA
AGA AAA AAA GAA AAG AAG G -3’ and 5'-Biotin- TCT
CCT CCT TCT -3'. The 5"-end of the primer oligonucleotide
is labeled with a biotin moiety, for surface immobilization.
The product ssDNA polymers have only pyrimidine nucleo-
bases (thymine and cytosine), which prevents intramolec-
ular base-pairing interactions. To initiate the reaction, we
anneal template oligonucleotide (0.2 uM) to a primer
oligonucleotide (0.2 pM) to form a circular partial duplex
DNA with a nick. During the hybridization reaction, the
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solution is heat treated to 70 °C for 2.5 min and then slowly
cooled to room temperature. Next, 600 units of T4 DNA
ligase (NEB) is used to ligate the nick and to make a
covalently closed circular ssDNA template (5 h at 16 °C).
Replication is initiated by adding 50 nM closed circular
ssDNA template, 25 pM each of dTTP and dCTP, 20 pg
bovine serum albumin, and 5 units phi29 DNA polymerase
(NEB) in 1x phi29 DNA polymerase buffer (NEB). After
incubating the reaction for 12 min, we add digoxigenin-11-
ddUTP (Roche) to quench the reaction and label the 3"-end
of the ssDNA product with digoxigenin to attach anti-
digoxigenin-coated beads. Finally, 200 mM ethylenedi-
aminetetraacetic acid was then added to quench phi29
activity. We determined that these reaction conditions
typically yielded ssDNA products with an average size of
~10,000 nt, as determined by agarose gel electrophore-
sis. phi29 DNA polymerase exhibits superb processivity
and strand displacement activity [48,49] and is able to
generate a very long ssDNA with lengths upwards of
65,000 nt [28].

Experimental solution conditions

All experiments were performed in 20 mM Tris—HCI
(pH 8.3), 500 mM NaCl, and 0.5 mM ethylenediaminetet-
raacetic acid at 24 °C. Preparation and characterization of
Alexab555-labeled SSB was described previously [11]. The
concentration of E. coli SSB tetramers was varied between
10 pM and 20 pM. To enhance the stability and longevity
of Alexabs55 fluorophore on the SSB, we used 3 mM Trolox
(Sigma-Aldrich), 0.8 % dextrose with glucose oxidase
(Sigma-Aldrich), and catalase (Calbiochem) [50,51].
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