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Repetitive shuttling of a motor protein
on DNA
Sua Myong1, Ivan Rasnik1, Chirlmin Joo1, Timothy M. Lohman3 & Taekjip Ha1,2

Many helicases modulate recombination, an essential process that needs to be tightly controlled. Mutations in some
human disease helicases cause increased recombination, genome instability and cancer. To elucidate the potential mode of
action of these enzymes, here we developed a single-molecule fluorescence assay that can visualize DNA binding and
translocation of Escherichia coli Rep, a superfamily 1 DNA helicase homologous to Saccharomyces cerevisiae Srs2. Individual
Rep monomers were observed to move on single-stranded (ss)DNA in the 3 0 to 5 0 direction using ATP hydrolysis.
Strikingly, on hitting a blockade, such as duplex DNA or streptavidin, the protein abruptly snapped back close to its initial
position, followed by further cycles of translocation and snapback. This repetitive shuttling is likely to be caused by a
blockade-induced protein conformational change that enhances DNA affinity for the protein’s secondary DNA binding site,
thereby resulting in a transient DNA loop. Repetitive shuttling was also observed on ssDNA bounded by a stalled
replication fork and an Okazaki fragment analogue, and the presence of Rep delayed formation of a filament of
recombination protein RecA on ssDNA. Thus, the binding of a single Rep monomer to a stalled replication fork can lead to
repetitive shuttling along the single-stranded region, possibly keeping the DNA clear of toxic recombination intermediates.

The diverse activities of helicases, such as duplex nucleic acid
unwinding1, protein displacement2,3, and branch migration4, are
powered by a common engine that translocates directionally on
nucleic acids5–7. For example, yeast Srs2 helicase8,9 and its bacterial
homologues10 disrupt recombination intermediates formed around
ssDNA, probably driven by DNA translocation. We investigated the
translocation mechanisms of E. coli Rep, an Srs2 homologue that
functions in replication restart11,12 and replication of certain phages13.

We engineered single-cysteine mutants of Rep that retain activity
in vivo and with and without dye labels in vitro14. Although a Rep
monomer cannot unwind DNA in vitro15–17, it can translocate on
ssDNA in the 3 0 to 5 0 direction using ATP hydrolysis17. The single
cysteine was labelled with a donor fluorophore (Cy3) with 90%
efficiency14 and the movement of a donor-labelled Rep on an
acceptor (Cy5)-labelled DNA was detected by single-molecule
fluorescence resonance energy transfer (FRET)18–20. To optimize the
FRET signal, the donor was attached to the position 333 (‘leading-
edge’21) for an acceptor at the 5 0 end of ssDNA, or to the position 43
(‘trailing-edge’21) for an acceptor at the 3

0
end. Double-stranded

(ds)DNA (18 base pairs, bp) with a 3 0 (dT)n tail (n ¼ 40, 60 or 80)
and a Cy5 attached to the junction was tethered at the duplex end to a
polymer-coated quartz slide via biotin–streptavidin, and single-
molecule data were obtained in the presence of 300 pM of Rep and
1 mM ATP in solution using dual-view wide-field total-internal-
reflection fluorescence microscopy14,16,22 with 15-ms time resolution
(Fig. 1a and Supplementary Fig. S1). Direct excitation of the acceptor
at the donor-excitation wavelength of 532 nm is insignificant and
the polymer coating eliminates nonspecific surface binding of
proteins14,16,23, so single-molecule fluorescence signals are observed
only when the protein binds the DNA.

Blockade-induced repetitive shuttling of a Rep monomer on DNA

When a Rep monomer (Cy3 labelled at position 333) binds the
partial duplex DNA with a (dT)80 tail, the donor fluorescence signal

rises abruptly, combined with a weak acceptor signal (Fig. 1b). This is
followed by a gradual decrease in donor signal and a concomitant
gradual increase in acceptor signal (and corresponding FRET
increase, Fig. 1d), consistent with ssDNA translocation in the 3 0 to
5 0 direction towards the junction. Since Rep cannot unwind duplex
DNA as a monomer in vitro15,16, the junction presents itself as a
blockade at which the protein is expected to stop and dissociate.
Instead of the anticipated dissociation, however, we observed an
instantaneous (within 15 ms) FRET decrease to near the initial value
(Fig. 1b and d) which is followed by further cycles of a gradual FRET
increase and an abrupt FRET decrease. This sawtooth-shaped cycle
was repeated several times until it was finally terminated by protein
dissociation or photobleaching. We interpret the sawtooth pattern as
reflecting repeated cycles of ssDNA translocation followed by the
protein snapback to near its initial binding region (see below) and
will call it ‘repetitive shuttling’ henceforth. Repetitive shuttling was
observed over a wide range of solution conditions (15–100 mM
NaCl, 2.1–10 mM MgCl2, 22–37 8C) and also with DNA containing
ssDNA tails of mixed sequences (Fig. 1c, Supplementary Figs S2, S3
and S5). Typically, more than 80% of binding events resulted in
repetitive shuttling (Supplementary Fig. S2).

Several lines of evidence strongly suggest that the sawtooth pattern
is caused by a single Rep monomer rather than successive binding of
different monomers. (1) Because the labelling efficiency is about
90%, a single monomer can be discerned by the well-defined
fluorescence intensity of a single donor14. (2) Sawtooth patterns are
observed as well-isolated bursts (Fig. 1b and c). (3) When a flow of
buffer devoid of protein was applied during data acquisition to
remove free proteins in solution, the sawtooth patterns persisted.

Figures 1d–f show histograms of the time between two successive
snapbacks, Dt. The peak of the histogram shifts to longer times as the
tail length increases (0.62, 1.0 and 1.23 s for 40, 60 and 80 nucleotide
(nt) tails, respectively), suggesting that the gradual FRET increase
corresponds to ssDNA translocation. Single-molecule FRET time
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traces show that the protein spends longer times in the low FRET
phase for longer ssDNA tails, consistent with this interpretation
(Figs 1d–f). A sawtooth pattern with a 2.7 s period was observed
using a similar DNA with a 182-nt 3 0 tail of mixed sequence
(Supplementary Fig. S3), further supporting our interpretation.
The period of the sawtooth pattern increases at low ATP concen-
trations or when 10–20 mM ATPgS is added to a high concentration
of ATP (Supplementary Fig. S4), strongly implicating ssDNA trans-
location powered by ATP hydrolysis. The closest distance between the
two dyes is about 4–5 nm (FRETefficiency,0.75 andR0 of 5–6.3 nm;
refs 14, 23), consistent with the structure of another superfamily 1
DNA helicase, PcrA of Bacillus stearothermophilus, bound to a partial
duplex junction24. The remarkable regularity of the sawtooth pattern
and narrowly peaked Dt histograms suggest that the site for the
re-initiation of translocation is not random and is likely to be
localized near the 3 0 end. The linear relation between the period
and the tail length further suggests that snapback redirects the
protein primarily to a region near the 3 0 end. The ssDNA transloca-
tion rates estimated from the single-molecule experiments agree with
those obtained from ensemble studies with unmodified Rep when
both are performed under similar conditions (Supplementary
Fig. S5).

We observed similar sawtooth patterns (average period ¼ 1.2 s)
when a ssDNA, (dT)50, is terminated at the 5 0 end by a biotin
bound to a streptavidin (Fig. 1g and h). Because the acceptor is
near the 3 0 end, we observe a gradual FRET decrease during
translocation followed by an abrupt FRET increase. In contrast,
only single translocation events followed by dissociation were
observed when the 3

0
end is attached to a streptavidin and the 5

0

end is free (Fig. 1i and j). These observations suggest that the
encounter of a physical blockade such as duplex DNA junction or
streptavidin may trigger a snapback.

In contrast to the previously observed backward movements of
RecBCD25 and UvrD26, repetitive shuttling of Rep is (1) determinis-
tic, that is, the forward and backward movements are repeated in

regular intervals and are reliably triggered by a blockade, (2) highly
asymmetric so that the backward movement occurs too fast to be
resolved, and (3) observed without applied force.

Physical mechanisms of repetitive shuttling

Rep binds to ssDNA with a rate constant ,20 times slower than the
diffusion-limited value15, so a Rep that dissociates completely from
DNA is much more likely to diffuse away than to rebind to the same
DNA. Therefore, repetitive shuttling is unlikely to be due to complete
dissociation and rebinding of Rep. To remain bound to the DNA
during snapback, the protein either has to slide all the way towards
the 3 0 end in less than 15 ms, or has to make simultaneous contacts
with the junction and the 3

0
end. We favour the latter mechanism, on

the basis of the following studies of DNA conformations during
translocation (Fig. 2a). In the presence of unlabelled Rep and ATP, a
DNAwith a 3 0 (dT)40 tail labelled at the near extremities with a donor
and an acceptor showed mostly low FRET values (,0.4) but with
brief, regular spikes to high FRETefficiency (,0.7; spikes had average
duration 0.17 s) (Fig. 2b). No such spikes were observed from DNA
alone. The average period of this pattern is 0.7 s, very similar to the
period of the sawtooth pattern observed with labelled Rep trans-
locating along a 40-nt tail. We therefore interpret the high FRETspike
as reflecting the simultaneous binding of Rep to both the junction
and the 3 0 end of the ssDNA, resulting in the transient formation of a
DNA loop. This mechanism requires at least two distinct DNA
binding sites on the Rep monomer, the primary binding site as
observed in crystal structures24,27 and the secondary binding site for
the 3 0 end. We suggest that a blockade encounter induces Rep
conformational changes that increase the DNA affinity of the
secondary binding site. The loop formation can follow immediately
because ssDNA is highly flexible and its conformational fluctuations
are much faster than our time resolution28.

We next investigated whether Rep undergoes conformational
changes coupled with repetitive shuttling. Rep is structurally homo-
logous to another superfamily 1 helicase PcrA, and is composed of

Figure 1 | Blockade-induced repetitive shuttling. a, Donor-labelled Rep
binds to a 3 0 ssDNA tail and translocates towards the acceptor.
b, c, Fluorescence intensity traces for a 3 0 (dT)80 tail at 22 8C (b) and 37 8C
(c). d–f, FRET traces for 3 0 tails of 80, 60 and 40 dTs. Histograms of Dt
between snapbacks (arrows) are shown with gaussian fits (solid lines).

g, Donor-labelled Rep moves away from the acceptor towards streptavidin.
h, Repeated cycles of gradual decrease and abrupt increase of FRET.
i, Donor-labelled Rep moves towards the acceptor and away from
streptavidin. j, Only gradual FRET increase was observed. a.u., arbitrary
units.
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four subdomains (1A, 2A, 1B and 2B)24,27. The 2B subdomain of Rep
is dispensable for unwinding29 and ssDNA translocation17. Rep was
crystallized in two forms, open (Fig. 2c) and closed, which differ in
the 2B subdomain orientation27. A PcrA bound to a 3 0 -tailed dsDNA
was crystallized in the closed form (Fig. 2d)24 and Rep bound to a
3 0-tailed dsDNA in solution favours the closed form14. To test
whether the 2B subdomain closes as Rep approaches the junction,
we engineered a double-cysteine mutant of Rep (positions 97 and 473

on the 1B and 2B subdomains, respectively) and labelled it stochas-
tically with Cy3 and Cy5 so that 2B closing would result in a FRET
increase (Fig. 2c and d). Single-molecule measurements could
identify this mutant labelled with one donor and one acceptor30 as
it moves on unlabelled DNA with a 3

0
(dT)80 tail (Fig. 2e). A

representative time trace in Fig. 2f shows several cycles of gradual
FRET increase and an abrupt FRET decrease. The shortest distance
between the donor and acceptor fluorophores on Rep is estimated to

Figure 2 | Physical mechanism of repetitive shuttling. a, Unlabelled Rep
moves on a dual-labelled (dT)40 tail. b, FRET trace shows brief spikes to high
FRET (arrows); the Dt histogram shows a gaussian fit (solid line) c, Crystal
structure of Rep (2B in orange and the rest in blue) bound to ssDNA (grey).
Red and green symbols denote cysteines at residues 473 and 97. d, PcrA
structure bound to a partial duplex DNA. Residues equivalent to residues

473 and 97 of Rep are marked with red and green symbols. e, Dual-labelled
Rep moves on a (dT)80 tail. f, Repeated cycles of gradual FRET increase and
abrupt FRET decrease. The Dt histogram with a gaussian fit (solid line) is
shown. g, Rep undergoes conformational changes upon blockade approach,
transfer to 3 0 end via a DNA loop, and restart of translocation.

Figure 3 | Potential roles of repetitive shuttling. a, Donor-labelled Rep
moves on (dT)56 between a replication fork and an Okazaki fragment
analogue. b, FRET trace shows cycles of gradual decrease/abrupt increase.
The Dt histogram with a gaussian fit (solid line) is shown. c, FRET detection
of RecA filament formation on (dT)40, which may be hindered by Rep.

d, Time-dependent single-molecule FRET histograms of the DNA shown in
c after adding RecA and ATP. Dashed lines denote the FRET values for
the DNA only and the RecA filament. Also shown are the lorenzian fits.
e, Same as in d, except for the inclusion of 1 nM Rep. The shift to higher
FRET is probably due to Rep activity.
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be 4–5 nm (FRET value ,0.75), in agreement with the closed form of
the Rep structure (3-nm Ca distance plus dye linkers). Similar cycles
of FRET changes were observed when the doubly labelled Rep mutant
was moving on a (dT)60 attached to a streptavidin via 5 0 -biotin
(Supplementary Fig. S6). Thus, the 2B subdomain closes gradually as
the protein approaches a blockade, and its complete closing may
correlate with the affinity enhancement of the secondary binding site
towards the 3 0 end of the ssDNA, followed by the snapback and the
restart of translocation (Fig. 2g and Supplementary Fig. S1). Single-
molecule measurements with various ATP analogues suggest that the
2B subdomain opens and closes during each ATP hydrolysis cycle
(our unpublished observations). Although the gradual FRET change
observed here is surprising, it may reflect a rapid equilibration
between the two conformations of the 2B domain whose midpoint
shifts as the blockade is approached.

Potential roles of repetitive shuttling in replication restart

Next, we designed a DNA substrate that is relevant to Rep’s function
in replication restart (Fig. 3a)11,12. Rep binds with high affinity to a
three-way junction with a 5 0 overhang12 that resembles a stalled
replication fork with an incompletely synthesized lagging strand,
suggesting that Rep may recognize a fork ready to be restarted.
However, the role of Rep as a helicase is not clear in this context
because its 3

0
–5

0
translocation/unwinding activity would result in

translocation towards the Okazaki fragment rather than unwinding
the duplexes at the fork. The inability to unwind DNA (the Okazaki
fragment) as a monomer, the high affinity for the fork structure, and
the ability to snap back quickly may combine to allow a Rep
monomer to shuttle back and forth multiple times on the ssDNA
region before dissociation. Indeed, we observed the sawtooth pattern
from such a structure with a ssDNA gap, (dT)56, and an Okazaki
fragment analogue (16 bp) (Fig. 3a and b). The time trace in Fig. 3b
shows clear evidence of repetitive shuttling (period 1.0 s). This also
shows that a free 3

0
end is not the only DNA structure on which a

snapback can be observed. Repetitive shuttling was also observed
when the ssDNA gap was 56 nt of mixed sequence (Supplementary
Fig. S7).

What might be the biological role of repetitive shuttling of Rep?
Rep functions in the restart of stalled replication forks11,12 and in the
replication of certain phages31, but the in vivo functional form
(monomer, dimer, and so on) of this low-copy-number32 protein is
not known. Two other superfamily 1 helicases, yeast Srs2 (refs 8, 9)
and E. coli UvrD10, can displace Rad51 and RecA presynaptic
filaments from ssDNA, respectively. Deletion of both Rep and
UvrD is lethal in E. coli, and it was suggested that Rep prevents the
formation of potentially toxic RecA filaments and that UvrD destroys
the filament in the absence of Rep10. Such a preventative role of Rep is
suggested by Rep’s ability to interfere with RecA filament formation
(Fig. 3d and e). Filament formation by RecA (at [RecA] ¼ 1mM) on
(dT)40 was monitored by FRET (Fig. 3c) and was observed to be
delayed substantially even at Rep concentrations as low as 1 nM.
E. coli remains viable even with the deletion of both Rep and UvrD if
RecFOR machinery is defective33. RecFOR removes SSB from stalled
replication forks and loads RecA34, so the lethality of the double
deletion of Rep and UvrD may indeed arise from uncontrolled
recombination via the RecA filaments. On the basis of the present
results, we propose that repetitive shuttling of Rep may be an effective
means of keeping the ssDNA clear of unwanted proteins. Such a
mode of action does not require the canonical helicase function of
duplex unwinding, and therefore could be carried out by a Rep
monomer. Whether a Rep monomer can indeed perform these
functions in vivo is yet to be determined.

METHODS
Proteins were purified and labelled as described14. A quartz slide was coated with
poly-ethylene glycol (PEG) and streptavidin as described14,16,23. After immobiliz-
ing biotinylated DNA (300 pM), images were obtained in the presence of 300 pM

Rep in solution in a wide-field total-internal-reflection fluorescence micro-
scope14,16,23 with 15-ms time resolution using an electron multiplying charge-
coupled device (CCD) camera (iXon DV 887-BI, Andor Technology) and a
homemade Cþþ program written by S. A. McKinney (available on request). The
Rep concentration used is much lower than the ,300 nM needed for efficient
dimer formation and DNA unwinding in vitro15. All measurements were
performed at 22 8C with the following buffer composition unless mentioned
otherwise: 10 mM Tris-HCl, pH 7.6, 1 mM ATP, 12 mM MgCl2, 15 mM NaCl,
10% glycerol (v/v), and an oxygen scavenger system14 to slow photobleaching.
Snapback events were visually identified and their timings were recorded using a
MATLAB program (available on request). Single-molecule FRET histograms for
RecA experiments were obtained by averaging over 1 s. RecA concentration used
is within the range expected in vivo. FRET values were calculated as the ratio
between the acceptor intensity and the total intensity. DNA sequences,
modifications and annealing procedures are described in the Supplementary
Information.
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Supplementary Materials 

Content: 

DNA sequences and annealing 

Figure S1. A schematic of repetitive shuttling of Rep and its physical mechanism 

Figure S2. Repetitive shuttling of Rep in various solution conditions and for DNA 

of mixed sequence 

Figure S3. Rep translocation on a DNA with a 3’-182 nts tail 

Figure S4. Gradual FRET change is due to ssDNA translocation powered by ATP 

hydrolysis 

Figure S5. Rep translocation rate is highly similar for single molecule 

experiments and bulk kinetic experiments if similar solution conditions are used. 

Figure S6. Gradual 2B closing is also observed when a Rep monomer moves 

toward a 5’ end bound to a streptavidin. 

Figure S7. Repetitive shuttling of Rep was observed from a stalled replication 

analogue with a ssDNA region of mixed sequence 

 

DNA sequences and annealing 

 

DNA strands were purchased from Integrated DNA Technologies (Coralville, IA). 

 

Partial duplex DNAs were prepared by mixing the biotinylated and non-biotinylated 

stand in 1:1.5 ratio at 10 μM concentration in a buffer containing 10mM Tris (pH 8) and 

200mM NaCl.  The non-biotinylated strand was added in excess to minimize the chance 

of having un-annealed biotinylated strand in the measurement.  The annealing mixture 

was heated at 95oC for 2 min and allowed to cool down slowly for 2 hours in the heating 

block. 

 

The replication fork structure (Figure 4) was annealed in the same conditions as 

described above.  Three strands other than the Okazaki strand was mixed in the buffer in 

1:1.5:1.5 following the same logic of adding non-biotinylated strands in excess.  The 



 - 2 - 

16mer ssDNA in the Okazaki fragment analog  was added in 1.5 fold excess to the 

biotinylated strand when the temperature reached 60oC. 

 

The sequences are  

 

partial duplex (dT)80 in Figure 1(c) 

5’  TGG CGA CGG CAG CGA GGC (T)80  3’ 

5’-/Cy5/ GCC TCG CTG CCG TCG CCA /biotin/-3’ 

 

partial duplex (dT)60 in Figure 1(d) 

5’  TGG CGA CGG CAG CGA GGC (T)60  3’ 

5’-/Cy5/ GCC TCG CTG CCG TCG CCA /biotin/-3’ 

 

 

partial duplex (dT)40 in Figure 1(e) 

5’  TGG CGA CGG CAG CGA GGC (T)40  3’ 

5’-/Cy5/ GCC TCG CTG CCG TCG CCA /biotin/-3’ 

 

 

ss(dT)50 in Figure 2(a) 

5’ -/biotin/ (T)50 /Cy5ph/ -3’ 

 

ss(dT)50 in Figure 2(b) 

5’ -/Cy5/ (T)50 /biotin/ -3’ 

 

partial duplex (dT)40 in Figure 3(a) 

5’  TGG CGA CGG CAG CGA GGC (T)40 /Cy3/- 3’ 

5’-/Cy5/ GCC TCG CTG CCG TCG CCA /biotin/-3’ 

 

 

partial duplex (dT)80 in Figure 3(b) 



 - 3 - 

5’  TGG CGA CGG CAG CGA GGC (T)80  3’ 

5’  GCC TCG CTG CCG TCG CCA /biotin/-3’ 

 

Okazaki fragment/stalled replication fork 

Lagging strand in Figure 3(a) 

5’  AAA ACG TGC GAG AAG C  3’ 

5’ GCT TCT CGC ACG TTT T (T)54 CTG GTA GAA TTC GGC AGC GT  3’ 

 

Leading strand in Figure 3(a) 

5’  GGG CAA ACA TGT CCT AGC AAG GC /Cy5ph/- 3’ 

5’  /biotin/ ACG CTG CCG AAT TCT ACC AGT GCC TTG CTA GGA CAT GTT 

TGC CC  3’ 

 

partial duplex (dT)40 in Figure 3(c) is the same DNA as in Figure 2(a) above. 
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Fig. S1. A schematic of repetitive shuttling of Rep and its physical mechanism 

This figure summarizes the major findings and proposed physical mechanism using the 

most commonly used experimental configuration in this study. A duplex DNA with a 3’ 

single stranded tail is attached to a quartz surface coated with poly-ethylene glycol via 

biotin/streptavidin. The acceptor fluorophore (Cy5) is attached to the DNA at the junction 

between the ssDNA tail and the dsDNA but is not detectable in the single molecule 

experiment because its excitation is very weak at the donor excitation wavelength used. 

Donor (Cy3) –labeled Rep monomers are added in solution at subnanomolar 

concentrations with ATP and are not visible because of rapid diffusion until they bind to 

the DNA and appear as localized spots. This is followed by gradual FRET increase 

consistent with 3’-5’ ssDNA translocation, followed by a sudden FRET decrease 

indicating snapback toward the 3’ end. The cycle can repeat several times. Studies using 

different dye labeling configurations shown in the main text suggest that the protein 

undergoes a major conformational change as exemplified by gradual closing of 2B 

domain as the protein approaches the junction. Whether the 2B domain is directly 

involved in contacting the junction is yet to be determined. This conformational change is 

proposed to enhance the affinity of the secondary DNA binding site of the protein, 

resulting in a transient formation of a DNA loop. Then, the protein loses contact with the 

junction and restarts the ssDNA translocation.
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Fig. S2. Repetitive shuttling of Rep in various solution conditions and for DNA of mixed 

sequence 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a-e. Sawtooth patterns were observed from the partial duplex DNA with 3’-(dT)80 (as 

used for data in Fig. 1d) for various NaCl concentrations at the standard condition except 

for temperature (32 ºC). The histograms show the number of translocation cycles per 

binding event of each protein molecule. The number of cycles is limited both by protein 

dissociation and by photobleaching of dyes. 

f. The sawtooth pattern was also observed from a partial duplex DNA with a 3’ 60mer 

tail of mixed sequence at the standard condition except for temperature (32 ºC). The 

histogram shows the number of translocation cycles per binding event of each protein 

molecule. The DNA sequences are: 

5’ TGG CGA CGG CAG CGA GGC CGT GCG AGA ATC ACT TTG CTT AAC TCT 

ACC AGT GCC TTG  CTA GGA CAT  GTT  TGC CCT  ATA 3’ and 

5’-/Cy5/ GCC TCG CTG CCG TCG CCA /biotin/-3’ 
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Fig. S3. Rep translocation on a DNA with a 3’-182 nts tail 

 

 

 

 

 

 

 

 

 

 

The 5’ Cy5 18mer DNA was annealed to 200mer ssDNA prepared separately. 

The 200mer ssDNA was made by ligating two 100mer ssDNA strands using a 34mer 

connector ssDNA.  Their sequences are as follows. 

 

     100mer 1   

         5’-TGG CGA CGG CAG CGA GGC- (T)65 - CGA ATT CTA CCA GTG CC-3’ 

     100mer 2 

         5’-/5Phos/ CTA GGA CAT GTT TGC CC - (T)83-3’ 

      34mer-connector 

         5’-GGG CAA ACA TGT CCT AGG GCA CTG GTA GAA TTC G-3’ 

      Cy5-18mer 

         5’-/Cy5/ GCC TCG CTG CCG TCG CCA /biotin/-3’ 

 

100mer 1 contains 18mer sequence complimentary to the Cy5-18mer, followed by 65 

T’s and 17mer to be annealed to a 34mer-connector.  100mer 2 consists of 17mer 

complimentary to second half of 34mer-connector sequence followed by 83 T’s 

(5’phosphate was added for ligation reaction to be performed later).  34mer-connector is 

composed of 34 bases to be complimentary to the 17mer +17mer sequences in the first 

two strands.  The 100mer 1, 100mer 2 and 34mer-connector strands were annealed in 
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1:1:1.2 respectively, by heating at 95oC for 2 min, and slowly cooled to room temperature 

for 2 hours. 

 

The annealed DNA was ligated to connect the two 100mer DNAs using T4 DNA ligase 

(Invitrogen). The ligation was performed at 4oC over night.  The ligated DNA was run on 

a denaturing PAGE (6%) and single stranded 200mer DNA was extracted.  The annealing 

reaction with Cy5-18mer was carried out in the same manner as previously mentioned.



 - 8 - 

Fig. S4. Gradual FRET change is due to ssDNA translocation powered by ATP 

hydrolysis 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Δt histograms for DNA with a 3’ (dT)80 tail (as used in Fig. 1d) at various concentrations 

of ATP and ATPγS. 
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 Fig. S5. Rep translocation rate is highly similar for single molecule experiments and 

bulk kinetic experiments if similar solution conditions are used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ssDNA translocation rate estimated by dividing the ssDNA tail length by Δt is in the 

range of 60-80 nts/s, significantly lower than 280 nts/s estimated from ensemble stopped-

flow kinetic studies of the wild type Rep under a different set of solution conditions 11. 

Therefore, we repeated the single-molecule experiment using solution conditions similar 

to those used in the ensemble study (10 mM Tris:HCl, 20% glycerol (v/v), pH 7.6, 2.1 

mM MgCl2, 50 mM NaCl, 1.5 mM ATP, 25°C). The only difference in these solution 

conditions was the pH (ensemble data were obtained at pH 6.5, 20 mM MOPS which 

cannot be used in the single molecule experiments since this leads to non-specific 

interaction of DNA with the PEG surface); however, additional ensemble studies indicate 

identical translocation rates at pH 6.5 and pH 7.5 (M. Chesnik and TML, unpublished 

observations). Under these conditions, sawtooth patterns were still observed from DNA 

with a 3’ (dT)80 tail. On the left column are time traces of donor and acceptor 

fluorescence intensities showing approximately 4 translocation events per seconds.  The 

right panel shows a Δt histogram centered at 0.24 sec.  This can be translated to about 
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300nts/sec, which is similar to 280nts/sec obtained in our ensemble kinetic study in the 

same buffer condition except for the pH. Thus, the ssDNA translocation rates estimated 

from the single-molecule experiments agree with those obtained from ensemble studies 

with unmodified Rep when performed under similar conditions of buffer composition and 

temperature. 
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Fig. S6. Gradual 2B closing is also observed when a Rep monomer moves toward a 5’ 
end bound to a streptavidin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DNA sequence: 5’-/biotin/-(dT)60-3’ 
Protein: A double-cysteines mutant of Rep (positions 43 and 473) labeled with Cy3 and 
Cy5 
Condition: standard condition except for temperature (27 ºC). 
 
Gradual FRET increase followed by abrupt decrease was observed as the doubly labeled 
Rep repetitively shuttles on a ssDNA attached to a streptavidin at the 5’ end. The average 
period is 0.83 sec as obtained by fitting the Δt histogram with a Gaussian curve. 
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Fig. S7. Repetitive shuttling of Rep was observed from a stalled replication analogue 
with a ssDNA region of mixed sequence 
 
 
 
 
 
 
 
 
 
 
 
 
Experiments were performed using Rep (labeled at position 43) and a stalled replication 
fork analogue identical to what was used for Fig. 3a except the ssDNA region was 56 mer 
of mixed sequence instead of (dT)56. The DNA sequence of the lagging strand template is 
5’-GCT TCT CGC ACG TTT TTA ACA ATG ACA TGA TAA AGT TCC CCC CTC 
GCG ATT TCC AGA CAT TAA GAC TAT TTT CTG GTA GAA TTC GGC AGC GT-
3’. The sequences of other strands are identical to what were used for Fig. 3a. The 
standard condition was used except for the temperature (32 ºC). The observed sawtooth 
patterns were highly similar to what was obtained using the (dT)56 gap. A Gaussian 
fitting of the Δt histogram gives the average period of 0.96 sec.  
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