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ABSTRACT

Saccharomyces cerevisiae Pif1 (ScPif1) is known
as an ATP-dependent DNA helicase that plays crit-
ical roles in a number of important biological pro-
cesses such as DNA replication, telomere mainte-
nance and genome stability maintenance. Besides
its DNA helicase activity, ScPif1 is also known as
a single-stranded DNA (ssDNA) translocase, while
how ScPif1 translocates on ssDNA is unclear. Here,
by measuring the translocation activity of individual
ScPif1 molecules on ssDNA extended by mechani-
cal force, we identified two distinct types of ssDNA
translocation. In one type, ScPif1 moves along the
ssDNA track with a rate of ~140 nt/s in 100 .M ATP,
whereas in the other type, ScPif1 is immobilized to a
fixed location of ssDNA and generates ssDNA loops
against force. Between the two, the mobile transloca-
tion is the major form at nanomolar ScPif1 concen-
trations although patrolling becomes more frequent
at micromolar concentrations. Together, our results
suggest that ScPif1 translocates on extended ssDNA
in two distinct modes, primarily in a ‘mobile’ manner.

INTRODUCTION

The Pif1 proteins are a group of DNA helicases belonging
to the super family 1B, which have been found in all eu-
karyotes and some prokaryotes and viruses (1). The Pifl
proteins are implicated in a number of crucial chromoso-
mal processes such as regulation of telomere and telom-
erase functions (2-4), resolution of R-loops formed dur-
ing transcription (5), and processing Okazaki fragments
(6). In addition to its DNA duplex unwinding activity that
has been extensively studied (7-12), Pifl proteins have also
been shown able to unwind other nucleic structures such as

DNA-RNA hybrid and DNA G-quadruplexes (11,13-15),
and remove proteins bound on ssDNA (16-18).

The DNA duplex unwinding activity of ScPifl has
been extensively investigated using both bulk and single-
molecule assays on various DNA templates under differ-
ent solution conditions (8,9,12,13). The DNA duplex un-
winding activity implies that ScPifl can likely translocate
from 5’ to 3’ along ssDNA driven by chemical energy from
ATP hydrolysis. Indeed, the ssDNA translocation activity
was inferred in several bulk studies (9,17) and more re-
cently in single-molecule Foster resonance energy transfer
(smFRET) studies (11,18). Based on the high resolution
data from smFRET studies, an ssDNA patrolling activity
of ScPifl was proposed as the mechanism underlying its
translocation on ssDNA. Briefly, ScPif1 is tightly anchored
at an ssDNA /dsDNA junction, while the translocation do-
main of the ScPifl is free to travel along the ssDNA with a
5" to 3’ directionality. The translocation domain dissociates
from the ssDNA track after it reaches the end, but resumes
the patrolling whenever bound on ssDNA again, generat-
ing an ssDNA loop in a repetitive manner (11,18). However,
bulk assays of ScPif1 translocation have used ssDNA tem-
plates which do not contain an ssDNA/dsDNA junction.
Whether ScPif1 patrols on ssDNA and the necessity of an
ssDNA /dsDNA junction for this activity remain unknown.

In order to provide new insights into how ScPifl
translocates on ssDNA, we developed a label-free
single-molecule assay. We specifically addressed a ques-
tion concerning whether ScPifl translocation requires
anchoring/immobilizing itself to an ssDNA/dsDNA junc-
tion, or whether it could move along an ssSDNA track in a
mobile manner. On ssDNA extended by mechanical force,
we observed that (i) ScPifl could translocate along ssDNA
track in a mobile manner, (i1) ScPifl could also patrol
on ssDNA without any ssDNA/dsDNA junction, which
results in generation of ssDNA loops during translocation,
(iii) the patrolling mode of translocation is rare in nM
concentration range of ScPifl, whereas its occurrence
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becomes frequent when the concentration of ScPifl was
increased to .M range.

MATERIALS AND METHODS
Single-molecule magnetic tweezers

A home-built back-illuminated magnetic tweezers setup
(19) was used in this study and bead height was measured
at a spatial resolution of ~2 nm and temporal resolution
of 100 Hz. For a given superparamagnetic bead tethered
to a molecule, the force is solely dependent on the bead-
magnet distance d. A standard force—distance curve Fy(d)
had been generated using multiple test beads over a range
from 1 to 100 pN (19). The force applied to any other bead
placed at the same bead-magnet distance d differs from the
standard curve by a force-independent factor y that varies
from one bead to another (19,20). Therefore, if one can
determine the value of v of a bead, the force applied to
the bead at any other bead-magnet distance d can be cal-
culated by extrapolation using the standard curve, F(d) =
v Fo(d). In this study, the value of -y is determined at a value
of d where force-dependent DNA overstretching transition
in I M NacCl corresponds to 68 4+ 0.9 pN (21). Therefore,
the force calibrated using this method has a relative error
of <2%. Further details of generating the standard force—
distance curve and force calibration can be found in our pre-
vious publications (19,20).

DNA construction

A 630-nt ssDNA was used for the patrolling assay, which
was generated from an original 630-bp dsDNA through
force-dependent strand separation transition at ~65 pN in
100 mM NacCl (22). The 5" and the 3’ ends of the same ss-
DNA strand in the original dsDNA were labelled with bi-
otin and azide respectively. The biotinylated end is tethered
to a streptavidin-coated superparamagnetic bead (Dyn-
abeads M-280, Thermo Fisher Scientific) and the azide-
labelled end was attached to an alkyne-coated coverslip
through click chemistry (23). After the force-dependent
strand separation transition, the unlabeled strand disso-
ciates and diffuses away, leaving the tethered strand un-
der force. The dual-hairpin construct used for the mo-
bile translocation assay was similarly produced by force-
dependent strand separation transition from an original ds-
DNA and tethered through biotin/streptavidin and click
chemistry approach. The original dsDNA contains two
pairs of palindromic sequences; therefore, after conversion
into ssDNA, two hairpins can form at low forces. Further
details of producing these DNA constructs and the click
chemistry can be found in Supplementary Information Text
S1.

Determination of mobile translocation rate

Mobile translocation rate was calculated by dividing An,
the number of nucleotides of ssDNA track exposed when
AT-rich hairpin fully unzipped by force increase, by At,
the time between force increase and unzipping of the GC-
rich hairpin. At was directly measured in experiment, while
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the value An was calculated based on total number of nu-
cleotides in the AT-rich hairpin region subtracting the num-
ber of nucleotides that ScPifl already traveled before the
force increase. Briefly, when the unwinding of the AT-rich
hairpin was observed at ~12 pN, an extension increase of
Ax (shown in Figure 3 A) was recorded. Then force was
jumped to 17 pN to expose the remaining nucleotides in
the AT-rich hairpin, creating an ssDNA track for ScPif1 to
translocate. The number of nucleotides created in the track
An can be estimated by 208 — 0.5 x Ax/x.™, where 208 is
the total number of nucleotides in the 100-bp hairpin plus
the 4-nt end loop and the 4 nt linker between the AT-rich
and GC-rich hairpins. x\" is the force-extension curve of
ssDNA per nucleotide, which was approximated using the
Marko-Siggia formula (33) assuming the worm-like chain
polymer model of ssDNA. The worm-like chain polymer
model has been shown able to fit the ssSDNA force-extension
data obtained over a wide range of solution conditions (32),
which is also confirmed in our reaction solution condition

(Supplementary Figure S1).

Quantification of patrolling activity

Quantification of loop generating activity was performed
semi-automatically via a home-written script on the Igor
Pro 6.0 platform (Wavemetrics). The looping event was
counted only if three criteria were met: (i) the loop size was
larger than 5 nm; (ii) the time span of looping event was
larger than 0.5 second; (iii) the rate of extension decrease
was larger than 0.5 nm/s. Loop sizes and loop rates were
converted to the unit of nt and nt/s, using force-extension
curve of ssDNA in our experimental buffer condition (Sup-
plementary Figure S1).

RESULTS

In order to investigate how ScPifl translocates along ss-
DNA, we designed three different constructs that can be
used to probe mobile translocation and patrolling activities
of ScPifl. Figure 1A shows a double-hairpin construct to
probe mobile translocation. It contains two neighbouring
DNA hairpins, a 5" AT-rich hairpin and a 3’ GC-rich hair-
pin. The principle of the measurement is as follows—when
ScPif1 dependent unwinding of the AT-rich hairpin is de-
tected near the fork entry, force is jumped to a value higher
than the threshold force of unfolding the AT-rich hairpin
but below that of the GC-rich hairpin. This will cause im-
mediate unzipping of the AT rich DNA hairpin, creating
an ssDNA track for the ScPifl molecule to translocate. The
number of nucleotides of the ssDNA track created ahead
of the ScPifl1 can be calculated based on the force-extension
curve of ssDNA (Materials and Methods). When the ScPif1
reaches the fork entry of the GC-rich hairpin, it begins to
unwind the hairpin. The rate of translocation can be calcu-
lated as the number of translocated nucleotides divided by
the time taken for the ScPif1 to reach the GC-rich hairpin.
Figure 1B and C shows constructs used to probe the pa-
trolling of ScPif1. Two possible scenarios are considered: (i)
ScPif1 is immobilized to an ssDNA/dsDNA junction (Fig-
ure 1B) during translocation and (ii) ScPifl is immobilized
to an ssDNA site during translocation (Figure 1C). In both
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Figure 1. Single-molecule assay for translocation of ScPifl. (A) The
schematic illustration of the assay using a double-hairpin construct com-
prising an AT-rich hairpin and a GC-rich hairpin linked by a 4-nt poly-T
linker (A-1). At a low force under which both hairpins are zipped, ScPifl
is loaded at the 5’ end ssDNA handle (A-2), and is activated after excessive
wash and introducing ATP (A-3). After unwinding of the AT-rich hairpin
is observed, the AT-rich hairpin is mechanically unzipped while the GC-
rich hairpin remains zipped, creating an ssDNA track of certain number of
nucleotides, An, for the ScPifl translocates (A-4). The time taken till un-
winding of the GC-rich hairpin, At, is recorded, from which the transloca-
tion rate is calculated by An/At (A-5). (B and C) Designs for probing the
patrolling of ScPifl in the presence (B) or absence (C) of ssDNA/dsDNA
junction.

scenarios, the translocation is expected to generate a down-
stream ssDNA loop.

ScPifl undergoes mobile translocation

Using the double-hairpin construct (Figure 1A), we investi-
gated the translocation speed of ScPifl. Besides the ~630-
nt ssDNA handles at both ends, the construct contains a 5’
100-bp AT-rich hairpin (72% AT) and a 3’ 50-bp GC-rich
hairpin (66% GC), separated by 4-nt poly-T loop. Due to
the big difference in the AT/GC ratio between the two hair-
pins, they unzip at well-separated force ranges in our buffer
solution condition (50 mM KCI, 5 mM MgCl,, 10 mM Tris,
1 mM DTT, pH 7.4) (Figure 2). The AT-rich hairpin can
be instantly unzipped by applying a force of 17.0 + 0.3 pN
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Figure 2. Characterization of the double-hairpin construct. The data show
a representative time trace of the bead height change at four different forces
of 12.04+0.2,15.0£0.2,17.0 £ 0.3 and 19.0 £ 0.3 pN. In our buffer condi-
tion, the critical unzipping forces for the AT-rich and GC-rich hairpins are
around 15 and 19 pN, respectively. At force of 17.0 £ 0.3 pN, the AT-rich
hairpin is completely unzipped while the GC-rich hairpin remains com-
pletely zipped.
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Figure 3. Mobile translocation assay of ScPifl. (A) The panel shows a rep-
resentative time trace of the bead height change of the double-hairpin con-
struct during the action of an ScPifl molecule in 3.3 M ATP. The tether
was initially held at a force of ~12 pN (gray data in the first 45 s). When
unwinding of the AT-rich hairpin was observed (black arrow), force was
jumped to ~17 pN to unzip the AT-rich hairpin. The tether was held at the
force until the unwinding of the GC-rich hairpin was observed (red data
in 45-81 s; unwinding is indicated by red arrow). (B) Scatter dot plot of
the mobile translocation rates of ScPifl (mean and standard deviations)
measured at different ATP concentrations.

at which the GC-rich hairpin remains stable, and it can be
instantly rezipped after jumping back to ~12 pN (Supple-
mentary Figure S2).

After characterization of the double-hairpin construct,
5 nM ScPif1 was introduced in the absence of ATP. ScPif1



can bind the two ssDNA overhangs, but only the one bound
at the 5 overhang adjacent to the AT-rich hairpin can
translocate in 5’ to 3’ direction (Figure 1A). As ScPif1 occu-
pies a minimum size of 6-8 nt ssDNA (25,29), the 4-nt poly-
T loop between the hairpins is expected not to be able to
load ScPifl. After incubating for a few minutes, free ScPifl
was washed away using 300 wL buffer solution (Supplemen-
tary Figure S3), followed by introducing solution contain-
ing various concentrations of ATP. Figure 3A shows a rep-
resentative time trace of the bead height recorded during an
experiment. After observing unwinding activity of the AT-
rich hairpin indicated by an extension increase of Ax (the
first black arrow) at a force of ~12 pN (data in black), the
force was jumped to ~17 pN, which caused immediate un-
zipping of the AT-rich hairpin while keeping the GC-rich
hairpin folded. After the force jump, the new bead height
(data in red) remained at a nearly constant level for Az ~
25 s before unwinding of the GC-rich hairpin was observed
(red arrow). After jumping force back to 12 pN, we found
that the AT-rich hairpin could rezip and the same ScPifl
could remain associated and relocate to the entry of the AT-
rich hairpin (Supplementary Figure S4). This allowed us to
repeat the force-jump procedure to obtain multiple data for
each ScPifl before it completely dissociated or lost the ac-
tivity.

Applying the above assay for more than twenty indepen-
dent tethers (more than three at each ATP concentration),
we obtained the ssDNA translocation rate of ScPifl, which
is the number of nucleotides traveled, in different ATP con-
centrations up to 100 wM, as shown in Figure 3B. The
data show that the translocation rate increases as the ATP
concentration increases, reaching 140 nt per second when
ATP concentration tops at 100 .M. At ATP concentrations
higher than 100 wM, after force-jump to ~17 pN, the time
taken to unwind the GC-rich hairpin (A?) became too short
(<1 s) to be accurately determined using our assay. While
the ATP concentration range does not allow us to measure
the maximal translocation rate at saturating ATP concen-
tration, we tried to estimate it based on fitting the data using
Michaelis—Menten equation Vyransiocation = Vmax[ATP]/(Km
+ [ATP]), where Ky and Viax are the Michaelis—Menten
constant and maximal translocation rate, respectively. Due
to the limited number of data points at each ATP concentra-
tion, and the below-saturation concentration range of ATP
used in these measurements, large statistical uncertainties of
the best-fitting values of Ky and Vi, are expected, which
are estimated based on bootstrap analysis (Supplementary
Figure S5 caption). Such data fitting and statistical analy-
sis led to the following estimated values of Vi = 222.0 &
152.5 nt/s and Ky = 44.3 £+ 53.5 uM (Supplementary Fig-
ure S5).

Together, these results clearly indicate that ScPifl can
translocate along ssDNA track in a mobile manner at fast
rates. We note that once the unwinding activity of the AT-
rich hairpin was observed, there is about 85% of chance (in
67 out of 79 total events) to observe the delayed unwind-
ing of the GC-rich hairpin after the AT-rich hairpin was
mechanically unzipped, indicating that some of the ScPifl
helicases could dissociate before they reached the GC-rich
hairpin.
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ScPifl can also undergo patrolling on ssDNA

Besides the mobile translocation, we also observed pa-
trolling of ScPifl on ssDNA in a similar concentra-
tion range (5-20 nM) where the mobile translocation
was observed. In this mode, on ssDNA without any
ssDNA/dsDNA junction (Figure 1C), repetitive ssDNA
shortening and extending cycles with large amplitude were
observed over a wide range of forces. Each cycle contains
a gradual shortening stage and a following abrupt extend-
ing step (Figure 4A for several representative time traces).
The phenomenon is dependent on ATP hydrolysis, as it was
not observed in 100 wuM ADP or in 100 puM AMP-PNP. In
this ScPif1 concentration range, the occurrence of this mode
of translocation is much rarer than the mobile transloca-
tion mode. However, once repetitive ssSDNA shortening and
extending were observed, it could last for minutes to tens
of minutes after removing free ScPifl in solution (Figure
4B for a representative time trace). Therefore, such phe-
nomenon is not due to binding/unbinding of ScPifl to ss-
DNA.

Such ATP-dependent activity of ScPifl on ssDNA could
be most logically explained by a patrolling mode of ScPif1,
where a domain on ScPifl is anchored to a site on ssDNA
while its motor domain translocates. As schematized in Fig-
ure 1B and C, this mechanism would lead to ssDNA loop-
ing that causes processive extension decrease against force.
In addition, stochastic disengagement of the motor domain
from ssDNA could explain the abrupt extension increase.
Cycles of engagement and disengagement between the mo-
tor domain of the same tightly bound ScPifl and ssDNA
can explain the observed repetitive shortening and extend-
ing of ssDNA in the absence of free ScPif1 in solution.

This ssDNA-looping activity of ScPifl was observed over
a wide range of force up to 50 pN (Figure 4A). The num-
ber of nucleotides absorbed into the ssDNA loop during
each looping activity until the abrupt extending step can
be estimated from the extent of extension decrease based
on the worm-like chain polymer model of ssDNA using
the Marko-Siggia formula (33). Data obtained from three
to six independent tethers at each force are represented us-
ing scatter-dot plot (mean with standard deviation) (Figure
4C, top panel). The results show that the loop size reduces
as force increases. Similarly, the looping rate, which is the
number of nucleotides absorbed into the ssDNA loop per
second, can be converted from the measured speed of exten-
sion decrease during loop formation. The scatter dot plot
representation (Figure 4C, bottom panel) also shows that
the looping rate decreases as force increases.

The observed repetitive ssDNA looping and releasing
phenomenon is much rarer than the mobile translocation.
Within our typical experimental time scale of 2-3 h, in 5-
20 nM ScPif1 solution, such phenomenon was observed in
<10% of total number of independent experiments (more
than 100). In this concentration range, the mobile translo-
cation occurred almost immediately after flowing ScPifl
in the presence of above-uM ATP. Therefore, binding of
ScPifl to ssDNA in the presence of ATP is insufficient for
the patrolling to occur. Experiments were repeated on the
same ssDNA annealed with a 32-nt complementary oligo
at the 5’ end (Figure 1B); however, the occurrence probabil-
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Figure 4. Patrolling activities of ScPifl. (A) Four representative time traces of bead height recorded at different forces up to 50 pN from four independent
tethers in 5-50 nM ScPifl and 100 wM ATP, which show repetitive patrolling signals. (B) The panel shows a representative time trace of the bead height
change recorded at ~30 £ 0.5 pN during patrolling of ScPifl in I mM ATP on a 630-nt ssDNA after removal of free ScPifl. Two zoomed-in regions are
provided to give finer details of the repetitive translocation signals. (C) The looping sizes (left panel) and looping rates (right panel) against three different
stretching forces were summarized in scatter dot plots (mean and standard deviation).

ity was not significantly increased. On the other hand, once
emerged, it could last for up-to-tens-of-minutes even after
removal of free ScPifl (Figure 4B). Together, these results
suggest that the patrolling activity likely results from a rare
species of ScPifl which might bind ssDNA with a low off-
rate and produces long duration of repetitive translocation
activity.

While the nature of this rare species remains obscure, we
consider both an oligomerization state of the ScPifl and a
rare binding mode of ScPif1 to ssDNA as the potential can-
didate. In either case, higher concentration of ScPif1 should
be able to increase the occurrence probability of the pa-
trolling events. Therefore, we increased the concentration of
ScPifl to 1 wM ScPifl at 100 wM ATP. In seven of ten inde-
pendent experiments, within 30 minutes we observed obvi-
ous repetitive shortening and extending behaviors (Figure
5A). These repetitive shortening and extending behaviors
in wM ScPifl were dependent on ATP, as they were not ob-
served in the absence of ATP (Supplementary Figure S6).

Interestingly, the amplitude of the patrolling activity ob-
served in wM ScPif1 is much smaller than that observed at
low ScPif1 concentrations. Such small amplitude also made
it difficult for quantification of the amplitude and looping
rate. We reasoned that the much smaller amplitude of loop-
ing is likely caused by obstacles of abundantly and tightly
bound ScPifl on ssDNA, which restricts the translocation
range of the motor domain of the loop-generating ScPifl
species. It has been shown that nucleotide induces weaker

binding of ScPifl to ssDNA (24). We reasoned that by in-
creasing the turnover rate of ScPif1 at higher ATP concen-
tration, the bound ScPifl may become more dynamic and
thus permit more persistent motion of the loop-generating
ScPifl species. Indeed, in 1 pM concentrations of ScPifl
and | mM ATP, repetitive patrolling behaviours with faster
looping rate and larger amplitude than those in 100 pM
ATP were observed in every experiment of >10 indepen-
dent experiments within 10 min after ScPifl solution was
introduced (Figure 5B for four representative time traces).

Together, these results suggest that there exists a species
of ScPifl that can induce the patrolling mode of transloca-
tion on ssDNA without an ssDNA/dsDNA junction. The
concentration of this species increases as ScPif1 concentra-
tion increases, and its activity on ssDNA is restricted by
the dynamics of other proteins bound on ssDNA. This pa-
trolling mode of translocation on ssDNA was not caused
by ScPif1 non-specifically absorbed on the bead surface at-
tached to the 5’ end of ssDNA, as the same activity was
observed when a long PEG linker was added between the
5" end of the ssDNA and the bead (Supplementary Figure
S7).

DISCUSSION

In summary, in this work we investigated the ssDNA
translocation activity of ScPifl using magnetic tweezers. We
identified two distinct modes of translocation on ssDNA ex-
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tended by mechanical force, which we have referred to as the
mobile translocation and patrolling. In the mobile translo-
cation mode, an ScPifl molecule moves along an ssDNA
track without anchoring itself to a fixed point on the ss-
DNA. In contrast, in the patrolling, a domain on ScPifl
1s anchored to a fixed site on sSDNA, while in the mean-
time the motor domain translocates on ssDNA resulting in
generation of large ssDNA loops.

While the mechanism underlying the two distinct modes
of the ssDNA translocation of ScPifl remains unknown, it
might indicate multiple modes of ScPifl interacting with ss-
DNA. It has been shown that ScPif1 exists as a monomer in
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solution with an molecular weight of ~98 kDa (7). Bound
on ssDNA, on average an ScPifl occupies a size of 6-8 nt
(25,29). However, under excess ratio of ScPifl to available
ssDNA binding sites, strong evidences have suggested that
ScPif1 dimerizes (25) or forms higher order oligomers (9,14)
upon binding to ssDNA. Since the occurrence of the pa-
trolling mode significantly increased when the concentra-
tion of ScPifl was increased from nM range to WM range,
it is likely that the patrolling mode is related to oligomeriza-
tion state of ScPifl, though other possibilities like a unique
binding mode of ScPifl to ssDNA cannot be ruled out.

In the mobile translocation mode, using a novel double-
hairpin assay, the rate of translocation was measured to be
~140 nt/s at 100 pM ATP on ssDNA extended by ~17
pN. This is not the saturated translocation rate, as when
we increased the ATP concentration, the translocation rate
further increased to a level that cannot be quantified ac-
curately by our instrumentation. However, this value is al-
ready higher than the values (typically <100 nt/s) estimated
in previous bulk assays (9,17) and smFRET assays (11,18)
measured at a much higher ATP concentration (> 1 mM
ATP). Based on Michaelis—-Menten fitting to our data ob-
tained up to 100 uM ATP, the maximum translocation rate
of ScPifl at saturating ATP concentration was estimated
based on Michaelis—Menten fitting to be 220.0 £ 152.6 nt/s,
which is generally higher than the value ~80 nt/s reported
by previous bulk and single molecule studies (11,17). Al-
though the cause of the higher translocation rate observed
in our study is unclear, the force applied to the ssDNA in
our single molecule manipulation could play a facilitating
role. In a previous publication from our group, we reported
that at forces below 6 pN, ssDNA tends to collapse into a
compact conformation that could be due to hydrophobic
base-stacking interaction or formation of other secondary
structures (Figure 1 in (26)). In our double-hairpin assay,
the translocation rate was measured at forces ~17 pN where
the ssDNA assumes an extended conformation without sec-
ondary structures formed inside. Therefore, it is likely that
such an extended ssDNA conformation can reduce the ki-
netic barrier against the translocation of ScPifl, resulting
in a faster translocation rate than that measured in previous
bulk or smnFRET assays where the ssDNA was not extended
by force.

The observed repetitive helicase activity of ScPifl in the
double-hairpin assay after buffer washing indicates that the
same ScPif1 could remain bound on the ssDNA and cause
repetitive unwinding of the hairpin. While the mechanism
behind is unclear, it is consistent with a previous single-
molecule study that also reported repetitive unfolding of a
hairpin by a single ScPifl after buffer washing (12). One
possible explanation to the repetitive activity of an ScPifl
helicase can be based on assuming that ScPif1 could ‘slip’
on the ssDNA, causing ScPifl to slide backward (3'-to-5")
driven by the fork movement toward the direction of re-
annealing. Another possibility is that during unwinding an
ScPifl could switch to the opposite strand and run in an
opposite direction. Such ‘slipping’ and ‘strand-switching’
mechanisms have been suggested in previous studies for sev-
eral helicases like Dda (30) and Uvrd (31). Whether these
mechanisms can also be applied to ScPifl helicase activity
warrants further investigations.
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The mobile translocation mode may stand as a mecha-
nism to boost ScPifl’s helicase activity inside the cell. As
shown in our data, this mode of translocation occurs fre-
quently at low (nM range) concentrations, which allows
ScPifl molecules to bind any site of a ssDNA and swiftly
move themselves in a 5'-to-3’ direction to search for obsta-
cle structures such as secondary DNA structures or pro-
teins. The mechanism could lead to efficient enrichment of
ScPifl at the 5’ side of a stable obstacle structure, promot-
ing oligomerization of the ScPifl enzymes. Previous studies
have suggested that ScPif1 oligomerization could lead to a
greater helicase capability that may help resolve the obstacle
structure (9).

In the patrolling activity, we observed ScPifl-induced
repetitive ssDNA shortening-extending dynamics that de-
pends on ATP hydrolysis. The patrolling is surprisingly
powerful. It can work against large forces up to 50 pN ap-
plied to the ssDNA. This force is significantly larger than
the stall forces (typically <40 pN) of DNA polymerases
and RNA polymerases (27,28). In addition, it is highly pro-
cessive as indicated by the large loop sizes that can exceed
100 nt per run at forces above 10 pN. However, in spite of
these interesting characteristics of the patrolling activity, the
probability of its occurrence is much rarer than the mobile
translocation at nM ScPifl concentration. At higher con-
centrations, patrolling became more common. Although it
remains unclear whether this patrolling mode of transloca-
tion plays a functional role in living cells, its powerful ac-
tivity and its independence on anchoring to specific DNA
structures provides it a potential capability of displacing ob-
stacles at any location on ssDNA.

The data obtained in the patrolling mode of translocation
reveal a trend that, the higher the force, the lower the loop-
ing rate as well as the loop size. The lowered looping rate
can be qualitatively understood based on energy utilization
- under force, the energy from ATP hydrolysis is not only
needed for biased directional motion of ScPifl motor do-
main on the ssDNA track, but also needed to compensate
the energy cost of extension shortening against mechanical
force. Thus, increased force is expected to slow down the
translocation of the motor domain in the patrolling translo-
cation mode. The force-dependent decrease in the loop size
could also be understood by reasoning that the force may
speed up the rate of disengagement of the motor domain
from the ssDNA track.

The observed repetitive ssDNA shortening-extending be-
havior in the patrolling activity is similar to the previ-
ously reported ScPifl-dependent cyclic smFRET change of
a DNA construct containing an ssDNA /dsDNA junction.
That experiment has led to a mechanism of ScPifl translo-
cation activity, which assumes that the ScPifl is anchored
at an ssDNA/dsDNA junction, while its translocation do-
main travels along the ssDNA with a 5 to 3’ direction.
However, in our experiment, the patrolling was observed on
ssDNA without any ssDNA/dsDNA junction. Therefore,
the ssDNA/dsDNA junction is not necessary for such pa-
trolling activity on ssDNA extended by mechanical force.
In addition, we found that introducing an ssDNA /dsDNA
junction did not significantly increase the chance to ob-
served the patrolling; thus, the ssDNA/dsDNA junction
seems not a promoting factor either under our experimen-

tal conditions. Whether these observations can be extended
to situation where ssDNA is not extended by force warrants
future investigations.

CONCLUSION

Together, the results from this study provide new insights
into our understanding of the ScPifl translocation activ-
ity on ssDNA. Since the DNA duplex/G-quadruplex un-
winding and protein displacement activities of ScPifl all
rely on the motor domain translocating on ssDNA, the two
translocation modes of ScPif1 also shed light on the molec-
ular mechanism behind these activities.
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