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A monomer of Pifl unwinds double-stranded DNA and it is
regulated by the nature of the non-translocating strand at the 3’-
end

Saurabh P. Singh, Katrina N. Koc, Joseph L. Stodola, and Roberto Galletto?!
Department of Biochemistry and Molecular Biophysics, Washington University School of
Medicine, Saint Louis, MO 63110

Abstract

Using a DNA polymerase-coupled assay and FRET-based helicase assays, in this work we show
that a monomer of S. cerevisiae Pifl can unwind double-stranded DNA. The helicase activity of a
Pifl monomer is modulated by the nature of the 3’-ssDNA tail of the substrate and its effect on a
Pifl-dependent re-winding activity that is coupled to the opening of dsDNA. We propose that in
addition to the ssDNA site on the protein that interacts with the translocating strand, Pifl has a
second site that binds the 3’-ssDNA of the substrate. Interaction of DNA with this site modulates
the degree to which re-winding counteracts unwinding. Depending on the nature of the 3’-tail and
the length of the duplex DNA to be unwound this activity is sufficiently strong to mask the
helicase activity of a monomer. In excess Pifl over the DNA the Pifl-dependent re-winding of the
opened DNA strongly limits unwinding, independent of the 3’-tail. We propose that in this case
binding of DNA to the second site is precluded and modulation of the Pifl-dependent re-winding
activity is largely lost.
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INTRODUCTION

S. cerevisiae Pifl is a 5’ to 3 helicase that belongs to the SF1B family of helicases 14 and it
participates in a wide range of DNA processing steps, both in the nucleus and in
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mitochondria 14-9. In mitochondria Pif1 plays a role in mitochondrial DNA repair and
maintenance 341011 The nuclear form of Pif1 has both telomeric and non-telomeric
functions. Pifl has been proposed to participate in Okazaki fragment processing, where in
conjunction with the Dna2 helicase/nuclease it helps processing long flaps that cannot be
cleaved by the FEN1 nuclease 712-14, Growing experimental evidence also points to a role
of Pifl in preventing genomic instability via destabilization of G4-DNA structures (7.e. G-
quadruplex)15-17, Pif1 binds tightly to G4-DNAs and it unwinds them 1518 Genome wide
analysis showed that Pifl associates with G4 motifs /n vivo and resolution of these
structures by Pifl is proposed to be a means to facilitate progression of replication fork,
thereby preventing replication fork stalling and DNA damage 116, In contrast to this, it has
also been shown that in the absence of Pifl replication fork progression across either G4- or
hairpin-forming DNA sequences is unaffected, rather it has been suggested that Pif1 might
promotes replication fork movement across a DNA protein barrier 19, Recently, it has been
shown that Pif1 has a role in promoting DNA synthesis during break-induced replication 20
and in crossover recombination 20-22, /n vitro Pif1 stimulates extension by DNA polymerase
8 of a Rad51-generated D-loop 20.

Pifl acts also as a negative regulator of telomerase, inhibiting telomere elongation and de
novo telomere addition 8:923-25_|n the absence of Pif1 telomeres are longer 23 and this was
shown to originate from a direct effect of Pifl on the telomerase, due to its displacement
from the telomeric end 2:6:26, In addition to its effect on telomere length, deletion of PIF1
leads to an even more striking effect on the de novo telomere addition pathway to double
stranded DNA breaks 2325, Deletion of PIF1 results in a 200- to 1000-fold increase in gross
chromosomal rearrangements that in turn lead to chromosome instability 2425, The activity
of Pifl on de novo telomere addition is via a direct effect on the telomerase 23 and it requires
phosphorylation of Thr763 and Ser766 in the TLSS motif at the C-terminus of the protein 27,
Phosphorylation of this motif has also been shown to be important for the activity of Pifl in
BIR 22,

While Pifl is a monomer in solution, we showed that Pifl dimerizes upon binding to

DNA 28, DNA-induced dimerization of Pifl is observed on ssDNA as well as with model
tailed- and forked-dsDNA substrates. A dimer of Pifl also forms on DNA unwinding
substrates in the presence of saturating concentrations of non-hydrolyzable ATP analogs 28.
Based on these observations we suggested that a dimeric form of the enzyme might
constitute the pre-initiation complex required for unwinding activity. We also showed that a
monomer of Pifl is a 5’-3/ ssDNA translocase that can displace a protein tightly bound to
ssDNA 29, Moreover, while in excess enzyme Pif1 has unwinding activity 26:39:31 our initial
data showed that a Pifl monomer retains limited unwinding activity even on a forked-
dsDNA substrate with the ssDNA regions comprised of homo-oligodeoxythymine 2°.
Single-molecule work from the Ha group showed that indeed a Pif1 monomer is a
translocase and it cannot unwind a dsDNA region that does not contain a 3’-ssDNA end 18,
However, the single-molecule work also showed that a monomer unwinds RNA-DNA and a
G4 DNA structure 18, indicating that a Pifl monomer has intrinsic unwinding activity that is
strongly influenced by the nature of the substrate. Moreover, recent work from the Raney
group showed that Pifl catalyzes annealing of complementary ssDNA 32. Depending on the
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nature of the substrate, this activity of Pifl could counteract unwinding, leading to an
apparently inefficient helicase.

Starting from the premise that a Pif1 monomer cannot unwind dsDNA 18 or, if it does so,
unwinding is limited to just a few base-pairs 29, in this work we designed a simple
experimental strategy to determine whether a Pifl monomer has any dsDNA unwinding
activity. The assay is based on coupling the activity of Pifl, or lack thereof, to the primer
extension activity of a DNA polymerase that does not catalyze efficient strand displacement
DNA synthesis. Using phage T7 DNA polymerase we show that a monomer of Pifl is
sufficient to stimulate primer extension activity of the polymerase. FRET-based unwinding
experiments performed under multiple- and single-turnover conditions show that stimulation
of primer synthesis originates from the ability of a Pifl monomer to unwind dsDNA.
Surprisingly, we find that dsSDNA unwinding by a Pif1 monomer is strongly influenced by
the nature of the 3’-end of the substrate. We provide evidence strongly suggesting that
interaction of the 3’-end region of the substrate with a Pifl monomer modulates its re-
winding activity. We also show that when Pifl is in excess relative to the substrate its re-
winding activity strongly limits unwinding, independent of the nature of the 3’-tail. The data
show that the re-winding activity does not reside in the N-terminus region of the protein and
that the C-terminus region appears to have a role in modulating both unwinding and re-
winding of dsDNA.

Monomer Pifl stimulates the primer extension activity of phage T7 DNA polymerase

In order to test whether a monomer of Pifl has any dsDNA unwinding activity, we
implemented an assay that couples unwinding activity to the primer extension activity of a
DNA polymerase. The fact that phage T7 DNA polymerase (T7-Pol) does not catalyze
efficient strand displacement DNA synthesis 33 provides a simple means to monitor the
opening a dsDNA downstream by an added helicase as stimulation of primer extension. This
is schematically shown in Figure 1a; provided a 5’-ssDNA flap as an entry point for Pif1, if
the downstream duplex is unwound, the reaction can be monitored by the extension of a
labeled primer by the polymerase.

Consistent with the reported inability of T7-Pol to catalyze significant strand

displacement 33, control experiments indicate that, independent of the flap length (not
shown), the polymerase catalyzes limited strand displacement DNA synthesis into a 23 bp
dsDNA placed downstream of the primer (Figure 1b, lanes 1-4). When the reactions are
performed at a concentration of Pifl that favors a monomer bound to the DNA, stimulation
of primer extension activity of T7-Pol is observed within the first few seconds. Stimulation
of primer extension occurs with both untagged and N-terminus Hisg-tagged full-length Pifl
(Figure 1b, lanes 5-12). It has been shown that the non-conserved N-terminus of Pifl is not
necessary for helicase activity under conditions of excess Pifl over the DNA

concentration 34, Thus, we generated a Pif1 construct missing the first 237 amino acids
(Figure S1a). We note that although at saturating concentration of ATP deletion of the N-
terminus has little effect on the DNA dependent ATPase activity (Figure S1b), the Kagp of
Pif1238-859 js ~ 4-fold higher than for full-length Pif1, indicating that removal of the N-
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terminus affects one or more steps in the binding/hydrolysis cycle (Figure S1c). In the T7-
Pol coupled assay Pif1238-859 stimulates primer extension to the same extent as full-length
Pif1 (Figure 1b, lanes 13-16). However, Pif1238-859/K264A that |acks ATPase activity does
not stimulate primer extension by T7-Pol (Figure 1b, lanes 17-20). This indicates that at the
low Pifl concentration used, binding of the enzyme to the 5’-flap is not sufficient for
stimulation of T7-Pol strand displacement activity (e.g. like a single-stranded DNA binding
protein 3°). Moreover, an active ATPase is required, indicating that either unwinding or
translocation by Pifl are involved (see below for this point). We note that the reactions were
performed in the presence of only dNTPs, thus hydrolysis by Pif1 of dNTPs (dATP only, not
shown) is sufficient for stimulation of primer extension.

Stimulation of the primer extension activity of T7-Pol was observed also with Pifl
concentrations that are well below the concentration of the DNA (Figure 1c). At a
concentration 10-fold lower than the DNA concentration, Pifl is still able to stimulate
primer extension. Under conditions of excess DNA over the enzyme we showed that a
monomer of Pifl binds to the DNA 2829, thus the activity of this species is sufficient for
stimulation of primer extension. In order to provide further evidence that a monomer of Pifl
is indeed sufficient for this reaction, we used a strategy similar to the one recently employed
at the single molecule level to study unwinding by a monomer of Pif118. Pif1 in solution is a
monomer and therefore coupling to a surface will report on the activities of this species. The
scheme of the reaction is shown in Figure 2a. Pifl was first bound via its N-terminus Hisg-
tag to biotinylated penta-His antibody followed by coupling to magnetic streptavidin beads.
After several washing steps to remove unbound Pif1, the resulting supernatant and bead
fractions were tested in a T7-Pol primer extension reaction. Stimulation of primer extension
activity was observed only with the bead fraction containing the bound full-length Pif1 or its
shorter version missing the first 237 amino acids. Also, no stimulation of primer extension
was observed with the Pifl version that has no ATPase activity (K264A), consistent with the
data in solution. These data provide support to the conclusion that the activity of a monomer
of Pifl is sufficient to stimulate the primer extension activity of T7-Pol.

Stimulation of T7-Pol primer extension is due to unwinding of the downstream duplex by

Pifl

The data in the previous sections show that Pifl stimulates T7-Pol activity and this requires
an active ATPase. Moreover, a monomer of Pifl is sufficient for stimulation. However, we
showed that a monomer of Pifl is a 5’-3’ translocase that retains limited unwinding

activity 29, thus the strand displacement activity of the polymerase could be coupled to Pifl
ssDNA translocation in the 5’-3’ direction and trapping of the newly displaced strand.
Alternatively, stimulation of primer extension activity of T7-Pol could originate because of
unwinding of the duplex downstream by Pifl. In this case either Pifl alone can unwind the
entire duplex region or Pifl could unwind just a few base-pairs, with the polymerase
synthesizing behind and trapping the newly opened DNA. In this latter case and in the case
where translocation of Pifl were to be coupled to the strand displacement activity of T7-Pol,
no unwinding should be detected in the absence of the polymerase.
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In order to examine the effect of the polymerase and Pifl independent of each other, we
employed a fluorescence-based assay that uses a substrate that contains a Cy3-Cy5 FRET
pair at a nick at the end of a 23 bp duplex region to be unwound/strand displaced and 5’-dTs
as entry point for Pifl (Figure 2b). Addition of T7-Pol and dNTPs shows no detectable
change in either Cy3 or Cy5 fluorescence, i.e. no FRET change (Figure 2¢). This is
consistent with the primer extension assays showing that T7-Pol catalyzes strand
displacement of only ~ 9-10 bp into the downstream duplex, not sufficient to release sSDNA
and generate a FRET change. Addition of Pifl to the reaction leads to a large increase in
Cy3 fluorescence accompanied by a concomitant decrease in Cy5 fluorescence, i.e. loss of
FRET. Consistent with the gel-based assays, these data show that Pifl stimulates primer
extension by the polymerase. To our surprise a smaller but detectable increase in Cy3 signal
is also observed when Pifl alone and dNTPs are added to the substrate. The same is not true
when the ATPase deficient Pifl is used in the assays. Similar experiments were performed
also with a stopped-flow apparatus using substrates with different lengths of the dsDNA to
be strand displaced/unwound and a 5’-dTyq as entry point for Pifl (Figure S2). These data
and the ones in the previous sections strongly suggest that the unwinding activity of
monomer Pifl rather than its translocation activity leads to opening of the duplex and under
multiple turnovers in the presence of the polymerase, primer extension leads to completion
of the reaction.

Next, we used a single molecule approach similar to the one used by the Ha group to test the
helicase activity of a monomer of Pif118. The experimental strategy used is schematically
shown in Figure 2d and the assay is based on the disappearance of the Cy3 signal upon
unwinding and release of the substrate by Pifl. For these experiments we used substrates
that contain a 5’-dT4q as entry point for Pifl, a 22 nt 3’-ssDNA and a 18 bp duplex region to
be unwound followed by a 18 bp dsDNA with a Cy3 at the 5’-end of a nick. After
immobilization of Pif1238-859 (or the K264A variant) on the surface and binding of the Cy3-
labeled substrate, the Cy3 fluorescence of individual spots on the surface was monitored
over time in the absence and presence of added ATP. The fraction of Cy3 spots remaining on
the surface as a function of time, determined from single photo-bleaching/dissociation
events, is shown in Figure 2d. In the absence of ATP very little dissociation/photo-bleaching
is observed; however, upon addition of ATP the Cy3 signal quickly disappears. Moreover,
when the ATPase inactive Pifl is used in the experiment, little change in the Cy3 signal over
time is observed after addition of ATP. These data, together with the ones in Figure 1c and
Figure 2a, support the conclusion that a monomer of Pifl can unwind dsDNA.

A monomer of Pifl unwinds fork-DNA substrates in multiple turnovers

The findings in the previous are surprising because we showed that under monomer
conditions Pif1 has limited helicase activity 2° and single-molecule work showed that a
monomer of Pif1 could not unwind dsDNA 18, In order to examine this point further, we
used FRET-based assays and performed multiple turnover unwinding experiments under
condition that favor a Pifl monomer bound to DNA and tested whether different regions of
the substrate would affect unwinding. After forming a Pif1-DNA complex (15 nM protein
and 20 nM DNA), the reactions were initiated either by addition of 0.5 mM ATP or 0.5 mM
ATP and a 3.5-fold excess of an unlabeled trap (same as the Cy3-labeled strand) to prevent
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re-annealing of the unwound dsDNA (r.a. TRAP). The fraction of sSDNA formed was
calculated using the signal of ssDNA in the presence of Pifl as a reference for the unwound
state (not shown).

When a primer is annealed to the 3’-tail of the substrate (Figure 3, panels a-a), in the
presence of ATP unwinding is observed for the shorter dsSDNA lengths. However, the
fraction of DNA unwound decreases significantly as the duplex length increases, consistent
with the observations in Figure S2, where unwinding was driven by dNTPs. Moreover, for
the longer duplex lengths addition of the trap to prevent re-annealing together with ATP
stimulates the reaction. Surprisingly, with a substrate containing a 22 nt 3/-ssDNA tail
(rather than a dsDNA) unwinding by Pif1238-859 js observed for all duplex lengths, with
~50% ssDNA formed even with a 40 bp duplex (Figure 3, panels e-/). Under these
conditions, inclusion with ATP of the trap to prevent re-annealing does not stimulate the
reaction further. Rather, some Pifl appears to be trapped by the addition of sSSDNA at a
concentration 3.5-fold higher than the substrate. The same results were also obtained with
full-length Pifl (Figure S3a), showing that the observed behavior does not originate from
having deleted the N-terminus region of the protein. These data differ from the expected
behavior if the annealing activity of Pifl were limiting unwinding 32. Addition of a trap to
prevent re-annealing should stimulate the fraction of DNA being unwound; this is indeed
what is observed for substrates containing a dsDNA region rather than a ssDNA 3'-tail or no
3’ssDNA tail or when Pifl is in excess relative to the DNA (see below). We take this as an
indication that for a monomer Pifl bound to substrates containing a 3’-ssDNA tail of mixed
sequence composition, the unwinding activity of Pifl is not limited by its annealing
activity 32,

Finally, we performed the same experiments using substrates that do not contain a 3’-ssDNA
tail (Figure 3, panels /=/). In this case a small amount of unwinding is detected for the
shorter 18 bp duplex and again unwinding of the longer duplexes is stimulated by the
addition of the trap to prevent re-annealing. These data are consistent with the reported
lower efficiency of unwinding by Pifl of substrates that do not contain a 3’-ssDNA tail 26:30,
The observation that a trap to prevent re-annealing of the unwound strand stimulates the
unwinding of substrates that either lack the 3’-ssDNA end or contain a 3’-dsDNA suggests
that the reported annealing activity of Pifl 32 may have a role in limiting unwinding even for
a Pifl monomer. Yet, with neither of these substrates the trap stimulates unwinding to the
extent observed with substrates containing a 3’-ssDNA tail of mixed sequence composition.

A Pifl monomer unwinds dsDNA in a single turnover

The data presented so far argue that a monomer Pifl has unwinding activity. Next, we
performed stopped-flow experiments, following the large increase in Cy3 fluorescence due
to loss of FRET upon unwind, to determine the rate of unwinding of a Pifl monomer.
Experiments were performed at low DNA concentration (20 nM) with 15 nM pre-bound
Pif1238-859 3 condition where a monomer binds to the DNA. The experiments were started
either by addition of ATP or “ATP + re-annealing trap” or “ATP + re-annealing and protein
traps”. Control experiments show that 100-1000 nM of dTgg is a good protein trap for Pifl
(Figure S3b) 30:31 The fraction unwound was calculated using the maximum fluorescence
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change observed in experiments with T7-DNA polymerase and using substrates with a
primer annealed to the 22 nt 3’-tail (as in Figure S2). In absence of any trap, unwinding of a
substrate containing a 22 nt 3’-ssDNA tail and a 23 bp duplex region is characterized by an
initial lag followed by a large increase reporting on unwinding under multiple turnovers
(Figure 4a). Consistent with the data presented in Figure 3, addition of the trap to prevent re-
annealing (r.a. TRAP) does not increase the extent of unwinding but rather it partly works as
a trap for Pifl (Figure 4a, red), as indicated by its effect on the multiple turnover region of
the progress curve (Figure S3c). Single turnover conditions are achieved when dTgg is
included with ATP (Figure 4a, blue) and even under these condition a Pif1 monomer can
unwind ~ 30% of the substrate. The lag times for experiments performed using different
lengths of the dsDNA to be unwound are shown in Figure 4b and they follow a linear
dependence, as it would be expected for a helicase/translocase 36-39. Moreover, the values of
the lag time is affected little by the presence of the traps, suggesting that for short time
scales multiple turnovers of Pifl do not affect the observed lag time. Thus, the rates of
unwinding determined from the slopes in Figure 4b were averaged yielding a value of 60.4
+ 0.8 bp/sec. Unwinding experiments were also performed at different ATP concentrations
in the presence of either the re-annealing trap (not shown) or re-annealing and protein traps
(Figure 4c). As expected for unwinding driven by the ATPase activity of the helicase, as the
ATP concentration decreases the lag time increases. The unwinding rate as function of ATP
determined from data performed at the different duplex lengths is shown in Figure 4d and
the calculated apparent Kagp is 246 £ 104 uM, consistent with the value determined for the
ssDNA-dependent ATPase activity (Figure S1c).

The same experiments were also performed with full-length Pifl (Figure 4e,f and S3d). The
rate of unwinding as a function of ATP is shown in Figure 4d. For full-length Pifl the
calculated apparent Kap is 66 + 12 pM, ~ four times lower than for Pifl missing the first
237 amino acids, as observed for the ssDNA-dependent ATPase (Figure S1c). This strongly
suggests that during unwinding one or more steps in the ATPase cycle must be different
between the two proteins. Also, at saturating ATP concentration full-length Pif1 has an
unwinding rate faster than Pif1 missing the first 237 amino acids, suggesting that albeit not
necessary for unwinding the N-terminus region contributes to it. In addition, under single
turnover conditions the ATP concentration dependence of the signal amplitude is different
for full-length Pifl and its shorter variant (Figure 4f vs 4c). At saturating ATP concentration
the amplitude of reaction is lower for full-length Pifl compared to Pif1238-859, This is not
simply due to a difference in the fraction of bound enzyme at the beginning of the reaction.
The same behavior is observed also when the experiments are performed at higher DNA
concentration (see Figure 6b). This suggests that full-length Pifl has lower processivity.

The nature of the 3’-tail regulates the ability of a monomer of Pif1 to unwind

The finding that a Pif1 monomer efficiently unwinds substrates with the 22 nt 3’-ssDNA tail
is unexpected. Our previous work examining the translocation and unwinding property of
monomer Pifl showed that although a 3’-ssDNA tail comprised of a homo-oligomer dTg
stimulates unwinding 2°, it appears to do so to a lesser extent than what we observe with
these new substrates. In order to clarify this possible inconsistency in our own data, we
performed FRET-based unwinding experiments with a substrate containing a 30 bp duplex
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and 3’-ssDNA tails containing a different number of thymines. Under identical conditions
where Pif1238-859 ynwinds the substrate with the 22 nt 3'-tail of mixed sequence, unwinding
of a substrate with a dT,, 3’-tail is limited (Figure 5a, panel &). The inability to unwind this
substrate is not due to the lack of Pifl binding, as inclusion with ATP of the trap to prevent
re-annealing clearly stimulates unwinding activity. Moreover, unwinding of substrates that
contain shorter dTqo and dTg 3'-tails is limited as well (Figure 5a, panels b and ¢), indicating
that the lack of unwinding activity does not originate from an inhibitory effect of the length
of the 3’-tail. The observation that on these substrates unwinding by Pifl is stimulated by the
addition of the trap to prevent re-annealing suggests that a 3’-d T, tail does not limit the DNA
re-winding activity of Pifl (see below). This is further corroborated by the observation that
if a 30 nt ssDNA that does not have complementary to the dsSDNA unwound is used as a
trap, the unwinding of the substrate with a 3/-dT tail is not stimulated (Figure 5a, panel 5).

Next, we tested whether the peculiar strong unwinding activity of the substrates with the 22
nt 3’-ssDNA tail was due to our arbitrary choice of the sequence of this ssDNA. FRET-based
unwinding experiments were performed with substrates containing a 30 bp duplex and
shorter 3'-tails, where nucleotides were progressively removed from the 3’-end of the
original 22-mer (Figure 5, panels d-#). For any length of these new 3’-ssDNA tails the
unwinding activity of Pifl is higher than with the oligo-dT 3'-tails. Also, a substrate with a
22 nt 3'-tail with a different mixed sequence composition is unwound to a similar extent as
the original 3’-tail we chose (data not shown). Finally, full-length Pifl shows a similar
sensitivity to the nature of the 3/-ssDNA tail (Figure S4a), indicating that removal of the N-
terminus region in Pif1238-859 js not the reason for the lack of unwinding observed with the
oligo-dT 3'-tail.

One possible explanation for the behavior observed with the dT,, 3/-tails could be that the
formed Pif1-DNA complex is either weaker or not as competent for unwinding as the one
formed with a 3’-tail of mixed composition. If this were the case, in a single-turnover Pifl
should unwind a substrate with a dT,, 3’-tail to a lesser extent than one with a 3’-tail of
mixed composition, even in the presence of a trap to prevent re-annealing. Figures 5b shows
single-turnover stopped-flow unwinding experiments of dsDNA that contain either a 3’-tail
with dT1g or 10 nt of mixed sequence, comparing the effect of adding with ATP the trap to
prevent re-annealing. Pif1238-859 ynwinds the 30 bp dsDNA with the dT;q 3'-tail in a single-
turnover only in the presence of a trap for re-annealing. This shows that in a single turnover
Pif1238-859 js competent for unwinding a substrate with the dT4q 3'-tail, even more so than
the one with the 3’-tail of mixed composition. For this latter substrate the presence of the re-
annealing trap is not required to observe unwinding, albeit it stimulates the reaction and
some Pifl dependent re-rewinding may still occur even with a 3’-tail of mixed sequence
composition. This last point is further supported by the observation that in the absence of the
trap to prevent re-annealing the lag time is slightly longer, as it would be expected if re-
winding were to counteract unwinding. Nonetheless, the data strongly suggest that 3’-tails of
mixed sequence composition interact differently with Pifl and this interaction limits the re-
winding activity of the monomer; oligo-dT 3’-tails do not appear to limit this Pif1-dependent
activity, thus leading to an apparent lack of unwinding unless the trap to prevent re-
annealing is added with ATP. However, the effect of the oligo-dT 3’-tail is not absolute and
Pif1238-859 can unwind in part a shorter 23 bp dsDNA even in the absence of a trap to
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prevent re-annealing (Figure 5b). Similar results were obtained also with full-length Pifl
(Figure S4b). We note that as the dsDNA is shortened, it is possible that few base-pairs at
the end of the duplex are not unwound catalytically by the helicase?%41 and this would result
in an apparent higher unwinding activity when shorter dsSDNAs are used. In order to
determine how many base-pairs Pifl is able to unwind into a 30 bp dsDNA substrate when
the 3’-ssDNA is comprised of oligo-dT, we placed a single 2-aminopurine (2-AP) at
different positions in the dSDNA along the Pifl translocating strand and monitored the
increase in 2-AP fluorescence due to dsDNA opening (Figure S5). When the 3’-tail is
comprised of 10 nt of mixed sequence, in a single turnover Pifl appears to open the 22"d
base-pair, independent of the presence of a trap to prevent re-annealing. This is consistent
with the observation in Figure 5b that with this substrate Pif1 unwinds 30 bp dsDNA even in
the absence of the trap to prevent re-annealing. However, with a 3/-dT tail and in the
absence of a trap to prevent re-annealing Pif1 appears to open the 16t but not the 2214 base-
pair; the 22"d base-pair is opened only when the trap to prevent re-annealing is included.
These data confirm that the effect of the oligo-dT 3’-tail is not absolute and Pifl is able to
unwind 17-21bp into a 30 bp duplex without generating fully unwound product, as
confirmed by the experiments in Figure 5b.

During unwinding the C-terminus region of Pifl stabilizes the enzyme on the substrate

The data in the previous section show that the ability of a Pifl monomer to unwind dsDNA
is modulated by the nature of the 3’-ssDNA tail and how it interacts with Pifl. Moreover, the
observation that both full-length Pifl and the construct missing the N-terminus have a
similar behavior argues that the interaction of the 3’-tail occurs with either the helicase core
or the non-conserved C-terminus region or both. In order to test whether the C-terminus
region has any role in modulating the activities of Pifl we generated a Pifl construct
(Pif1238-780) missing the last 79 amino acids. Deletion of these amino acids does not have
major effects on the DNA-dependent ATPase activity and the Kagp (Figure S1). Similar to
Pif1238-859 under multiple turnover condition a Pif1238-780 monomer unwinds a 30 bp
dsDNA that contains 3’-ssDNA tails of mixed composition (Figure 6a). However, at
difference with Pif1238-859 pjf1238-780 does not unwind substrates with a dT,, 3/-tail even
when the trap to prevent re-annealing is included with ATP. This suggests that removal of the
last 79 amino acids affects the response of Pifl to the different nature of the 3/-ssDNA tail.

The unwinding activity of Pif1238-780 was examined also under single-turnover conditions
using higher DNA concentrations to minimize possible effects due to differences in affinities
for the substrate. Figure 6b shows FRET-based unwinding experiments using a 23 bp
dsDNA with a 3’-tail of 22 nt mixed composition. Similar to what observed at the lower
DNA concentration in Figure 4, full-length Pif1 unwinds at a faster rate than Pif1238-859
(100 vs 63 bp/sec) (Figure 6c¢); however, the amplitude of unwinding is lower, again
suggesting that full-length Pifl has lower processivity despite having a faster rate of
unwinding. Pif1238-780 ynwinds these substrates with a rate similar to Pif1238-859 (50 bp/sec
vs. 63 bp/sec), yet for Pif1238-780 the amplitude of unwinding is much lower for any length
examined. Experiments performed at higher Pif1 concentrations show the same behavior
(not shown), indicating that the lower amplitude of unwinding for Pif1238-780 does not
originate from a lower affinity for the DNA substrate. These data strongly suggests that

J Mol Biol. Author manuscript; available in PMC 2017 March 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al.

Page 10

removal of the last 79 amino acids decreases processivity (i.e. Pif1238-780 has a higher
dissociation rate). Also, we generated Pif1238-859 \ith phosphomimetic changes at two
positions within the TLSS motif at the C-terminus (Figure S1), shown to be important for
the activity of Pif1 in DSB repair and BIR 2227, pjf1238-859/T763D-S766D ,nyyinds with a
similar rate (49 bp/sec) but to a lower extent than Pif1238-859 suggesting that introducing
two negative charges in this region is sufficient to affect the processivity of Pifl.

Under conditions of excess enzyme the Pifl-dependent re-winding activity is not limited by
the nature of the 3’-ssDNA tail

The data in the previous sections show that for a monomer of Pifl the 3’-ssDNA tail of the
substrate modulates its unwinding, with Pif1-dependent re-winding playing a limited role for
3’-tails of mixed sequence. We note that the ability of Pifl to catalyze annealing of
complementary ssDNA has been recently reported for the full-length protein under
conditions of excess enzyme over the DNA 32, Multiple turnover FRET-based unwinding
experiments performed with a 10-fold excess of full-length Pif1 or Pif1238-859 show that for
any length of the duplex the fraction unwound reaches a maximum followed by a gradual
decay in signal (Figure S6). The slow decaying phase is eliminated by the addition with ATP
of the trap to prevent re-annealing. Over these long times ATP is being depleted by the
ATPase activity of Pifl and we ascribe this phase to the spontaneous re-annealing of the
unwound ssDNA. However, for the longer duplex lengths addition of the trap to prevent re-
annealing has a profound effect on the extent of unwinding, largely stimulating the reaction.
Thus, consistent with the recent work from the Raney group 32, under conditions of excess
enzyme the Pifl-dependent re-winding activity limits unwinding, so much so that for the
longer dsDNA lengths this activity appears to dominate. Moreover, in the absence of the trap
to prevent re-annealing the extent of unwinding is limited also for the Pifl construct missing
the first 237 amino acids, strongly arguing that the effect of the Pif1-dependent re-winding
activity cannot originate from N-terminus region of the protein.

Next, we tested whether under conditions of excess Pifl 3’-ssDNA tails of mixed sequence
composition or oligo-dT would affect differently the Pif1-dependent re-rewinding activity, as
observed for a monomer. Multiple turnover unwinding experiments performed with a 10-
fold excess of Pif1238-859 ysing a 30 bp dsDNA with different 3'-tails are shown in Figure
7a. Similar unwinding behavior is observed with 3’-tails of either mixed sequence or oligo-
dT, strongly suggesting that in excess Pifl the re-winding activity is insensitive to the nature
of the 3’-tail. To this point, the left panels in Figure 7b show unwinding experiments
performed with a 10-fold excess of Pif1238-859 ysing substrates that do not contain a 3/-tail.
Addition of the trap to prevent re-annealing stimulates unwinding even on these substrates,
indicating that in excess Pifl re-winding coupled to unwind is independent of the 3'-tail
altogether. Next, we tested whether the C-terminus region of Pifl has any role in this. The
right panels in Figure 7b show the same experiments performed with a 10-fold excess of
Pif1238-780_ To our surprise, in the absence of the trap for re-annealing Pif1238-780 ynwinds
these substrates to a larger extent than Pif1238-859, Moreover, for this Pif1238-780 construct
addition of the trap to prevent re-annealing does not stimulate unwinding.
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DISCUSSION

Ensemble assays to monitor helicase activity are in general based on all-or-none reactions
where the formation of ssDNA product is detected either by the release of radiolabeled
ssDNA or by changes in a fluorescence signal (i.e. FRET). Independent of the signal
monitored, the dsDNA substrate must be fully unwound for the ssDNA product to be
detected. However, at least two scenarios can be thought of where this would be a limitation
to the ability to detect helicase activity. First, if the helicase is able to unwind only a few
base-pairs, the substrate would re-anneal upon dissociation of the enzyme and thus the
reaction would be scored as negative. We recently proposed this possibility to explain the
limited helicase activity of Pifl under monomer conditions 2%, Second, the unwinding
activity of a helicase could be underestimated if the protein can catalyze re-annealing of the
substrate that is being unwound. The ability of Pifl and other helicases to catalyze annealing
of complementary ssDNA has been documented 3242-49, Therefore, we designed an assay
that should bypass these two complications in determining the unwinding ability of a
helicase. The assay is taken directly from a page of phage T7 biochemistry. It has been
shown that T7 DNA polymerase (T7-Pol) does not catalyze efficient strand displacement
DNA synthesis across a duplex DNA bound on the template downstream of the primer 33,
Strand displacement activity by the T7-Pol is strongly stimulated either by binding of a
single-stranded DNA binding protein to a 5’-flap in the duplex to be displaced or by the T7
DNA helicase initiating unwinding from the 5/-flap 35. The assay used in this work is based
on the idea of coupling the unwinding activity of a heterologous helicase with the primer
extension activity of the polymerase. In this work, we employed both a regular primer
extension assay using denaturing polyacrylamide gel electrophoresis to monitor primer
extension (i.e. unwinding) with single base-pair resolution and also FRET-based assays to be
able to monitor the polymerase and helicase activities independent of each other. The T7
polymerase coupled assays and single molecule experiments showed that a monomer of Pifl
has dsDNA unwinding activity independent of the presence of the polymerase, an
unexpected finding based on our previous observations and the ones from the Ha group 1829,

The ability of a Pifl monomer to unwind dsDNA is strongly modulated by the nature of the
non-translocating strand (3’-ssDNA tail) available to form the initial Pif1-DNA complex. In
absence of a 3’-tail unwinding of dsDNA by a Pif1 monomer is inefficient even in multiple
turnovers. We believe that this is not exclusively due to a lower affinity of the Pif1-DNA
complex; unwinding in a single turnover of dsDNA without a 3’-tail remains inefficient even
at relatively high DNA concentrations (Figure S7), where formation of the pre-initiation
complex on DNA should not be limited by the affinity of Pifl. However, consistent with the
single-molecule observations by the Ha group 18, in the absence of a 3’-ssDNA tail a
monomer of Pifl is able to unwinding a RNA-DNA hybrid in a single turnover (Figure S7).
The reason why Pifl can unwind efficiently the RNA-DNA hybrid compared to a dsDNA is
currently unknown. It is possible that a region of Pifl interacts with RNA-DNA hetero-
duplex making the enzyme competent for unwinding. For dsDNA, the data show that
interaction with a 3’-ssDNA tail is needed to poise a monomer of Pifl for unwinding.
However, not all 3’-tails are made equal. The surprising finding in this work is that a Pifl
monomer unwinds dsDNA when the 3’-tail is comprised of ssDNA of mixed sequence
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composition. This effect does not originate from a secondary structure formed by the 3’-tail
or a specific sequence; only five nucleotides are sufficient for stimulating unwinding. Even
when this region of the substrates is in dsSDNA form it allows for a Pifl monomer to unwind
at least a short dSDNA. However, a Pifl monomer does not unwind a 30 bp dsDNA with the
3’-ssDNA tails comprised of homo-oligodeoxythymines (oligo-dT). This explains our
previous observation of limited unwinding activity of a Pifl monomer, where the
experiments were performed in the presence of heparin to trap the protein but in the absence
of a trap to prevent re-annealing 2°. The question then is how a mix sequence or an oligo-dT
3’-tail modulate the unwinding activity of a Pifl monomer.

Multiple turnover experiments where a trap to prevent re-annealing is added together with
ATP show that for the substrates with an oligo-dT 3’-tail addition of the trap strongly
stimulates unwinding, while for a 3’-tail of mixed composition the trap to prevent re-
annealing functions like a partial protein trap. The ability of Pifl to unwind a 30 bp dsDNA
with an oligo-dT 3’-tail only in the presence of the trap to prevent re-annealing is true even
in a single turnover, indicating that a Pif1 monomer is fully competent for unwinding but
this is not accompanied by the net release of product. However, the effect of the trap is not
absolute and Pifl can open at least 17-21 bp. Recent work by the Raney group showed that
under conditions of large excess of protein relative to the DNA Pifl stimulates annealing of
complementary ssDNA 32, while in defect protein a Pifl monomer contributes little to this
activity. However, our data argue that even for a Pifl monomer annealing can strongly
counteract unwinding. We propose that for longer dsDNA and with an oligo-dT 3’-tail Pifl
undergoes multiple cycles of unwinding and re-winding with the net result of no unwound
product being generated. The presence of the trap to prevent re-annealing tips the system
towards full product formation. With a mix sequence composition instead re-annealing does
not counteract unwinding to the same extent and thus there is net product formation. We
note that with the oligo-dT 3’-tail and in the presence of the trap to prevent re-annealing,
unwound product is detected on the same time scale as with a 3’-tail of mixed sequence
composition in the absence of the trap. Thus, the data suggest that with the oligo-dT 3’-tail
and in the absence of the trap Pifl unwinding and re-winding occur on the same time scale.
We would like to point out that unwinding and re-winding by a helicase because a protein-
dependent re-winding activity would lead to the same result as if the helicase were to
partially unwind the dsDNA, switch DNA strand and translocate out of the unwound duplex
thereby leading to re-zipping. Such a mechanism has been shown to occur for different
helicases 2924, Although at this stage we cannot differentiate these possibilities, we note
that the duplex region to be unwound is identical in both substrates and strand switching
followed by translocation on the opposite strand would have to depend on the nature of the
3/-tail.

We do not currently know the mechanism that allows for the 3’-tail to modulate the re-
winding activity of Pifl. However, the data point to the presence on Pifl of a second site that
binds the 3’-ssDNA strand of the substrate. This second DNA binding site must be separate
from the ssDNA site on the protein that interacts with the translocating strand. Interaction of
DNA with this second site modulates the degree to which re-winding counteracts unwinding.
Also, this second DNA binding site on Pifl cannot be within the 237 amino acids at the N-
terminus of the protein, as Pifl missing this region shows sensitivity to the 3’-tail. We note
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that even though Pifl lacking the first 237 amino acids behaves similar to the full-length
protein, deletion of this region has an effect on the unwinding behavior under single
turnover. The full-length protein unwinds at a faster rate although with an apparent lower
processivity. Moreover, the Karp for unwinding is lower for the full-length protein than for
the shorter version. These differences strongly suggest that albeit not necessary for
unwinding, the N-terminus contributes to modulating one or more steps during the cycle of
ATP hydrolysis coupled to unwinding. Also, deletion of the non-conserved C-terminus
region strongly affects the ability of a monomer of Pifl to unwind dsDNA. Removal of this
region leads to lower processivity, possibly by increasing the dissociation of the helicase
during unwinding. This is further confirmed by the observation that introducing two negative
charges within the TLSS motif, that is phosphorylated /n vivo 2227, is sufficient to affect
processivity. We note that the C-terminus of Pifl is highly positively charged (15 Arg+Lys
and 8 Asp+Glu) and it is possible that this region is in part responsible for interaction with
the 3/-ssDNA tail. However, the data suggest that the C-terminus may not be the sole
contributor to the second site on Pifl that interacts with the 3’-ssDNA tail. If the second
DNA site were to reside exclusively within the 79 amino acids at the C-terminus, its deletion
should abrogate interaction with the 3’-tail. Thus, similar to what observed with dsDNA that
does not have a 3'-tail, Pif1238-780 should not unwind substrates containing a 3'-tail. This is
not the case. Albeit with lower processivity, Pif1238-780 ynwinds dsDNA with a 22 nt 3/-tail
of mixed composition even in a single turnover; however, Pif1238-780 has limited unwinding
activity of dsDNA without a 3’-tail, even under multiple turnovers (not shown). This
suggests that when the C-terminus is absent the 3’-tail is still able to interact with Pifl and
the second site has not been fully abrogated. At the same time, we would like to point out
that at difference with Pif1238-859  in multiple turnover conditions Pif1238-780 does not
unwind a dsDNA with a oligo-dT 3’-tails even when a trap to prevent re-annealing is added
together with ATP. This suggests that although the C-terminus might not be the sole
contributor to the second site interacting with the 3’-tail, it has a role in allowing Pifl to
discriminate the nature of this region of the substrate.

Consistent with the observation by the Raney group that under conditions of excess enzyme
relative to DNA Pif1 accelerates annealing of complementary ssDNA 32, our data show that
in excess Pifl re-annealing strongly limits unwinding. At difference with a Pifl monomer,
under these conditions the Pifl-dependent re-winding activity is independent of whether the
3’-tail is an oligo-dT or a sequence of mixed composition. We showed that in excess Pifl
relative to the DNA formation of a dimer of Pif1 is favored on the DNA 28, Thus, we
propose that if a dimer of Pifl forms on the substrate it precludes binding of the 3’-ssDNA
tail to the second site on Pifl and re-annealing cannot be modulated by the 3’-tail. Potential
functional roles of the Pif1-dependent annealing activity have been described 32, In the
context of our observations, we propose a different and simpler view for the role of this
activity. Binding of a Pifl monomer or a DNA-induced Pifl dimer regulates the potential of
Pifl as a dsDNA helicase by modulating the intrinsic Pif1-dependent annealing activity. We
propose that under conditions of excess Pifl the presence of a strong annealing activity
would impose a requirement for a polymerase to catalyzed DNA synthesis on the non-
translocating strand, thereby preventing re-winding of the opened DNA and thus allowing
efficient unwinding. This could in part explain the recent observation that Pifl allows DNA
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polymerase § to synthetize kbps of DNA from a pre-formed D-loop 2. Also, we note that an
annealing activity has been described for human Pifl and it was ascribed to the N-terminus
of the protein 2. Our data for ScPif1 show that the N-terminus region is not involved in its
re-winding activity and argue that if annealing originates from a distinct domain, it must
have moved within the protein from yeast to human. A potential candidate for an “annealing
domain” in ScPifl would be the non-conserved C-terminus that makes Pifl unique among
its family members. Interestingly, removal of the C-terminus of Pifl has an effect on the
annealing activity coupled to unwinding when the reactions are performed in excess
enzyme. In these conditions, Pif1238-780 ynwinds dsDNA to a higher extent when the trap to
prevent re-annealing is not included with ATP. Taken at face value this observation would
suggest that the C-terminus region is responsible for the annealing activity of Pifl. Although
at this stage we cannot exclude that this is indeed the case in conditions of excess enzyme,
the unwinding data in defect Pif1 relative to the DNA suggest the C-terminus might not be
an “annealing domain” in its own right. With a 30 bp dsDNA containing an oligo-dT 3’-tail
and in the absence of a trap to prevent re-annealing the data indicate that a monomer of
Pif1238-859 yndergoes multiple cycles of unwinding and re-winding. Thus, if the C-terminus
were an annealing domain its removal should allow Pifl to unwind these substrates in the
absence of the trap to prevent re-annealing. This is not the case. Rather, in multiple turnovers
Pif1238-780 does not unwind dsDNA with an oligo-dT 3’-tail even when the trap to prevent
re-annealing is present.

In summary, we showed that a monomer of Pifl is a dsDNA helicase and that this activity
strongly depends on the nature of the DNA to be unwound and the initial complex Pif1 can
form on it. The presence of a second DNA binding site on Pifl explains most of our
observations and it provides a working model where interaction of the 3’-ssDNA tail with
this site modulates the Pifl-dependent rewinding activity of a monomer. Under conditions
where a dimer is favored on DNA the second site becomes unavailable and re-annealing
strongly counteracts unwinding. Neither the N-terminus nor the C-terminus of Pifl appear to
be essential for the unwinding activity of a monomer, although they clearly affect it;
moreover, the C-terminus appears to have a complex set of interactions with the rest of the
protein that affect both unwinding and annealing.

MATERIAL AND METHODS

Reagents and Buffers

All chemicals used were reagent grade. All solutions were prepared with distilled and
deionized Milli-Q water. Oligonucleotides were purchased from Integrated DNA
Technology (IDT, Coralville, 1A). The sequences of the oligonucleotides used are listed in
Table S1 and the substrates in Table S2.

Purification of Proteins

Full-length untagged Pif1 was purified as previously described 28. Hisg-tagged Pif1

constructs (full-length and the shorter variants comprising residues 238-859, 238-859K264A,
238-859T763D/S766D anq 238-780) were cloned in pET28b and expressed in £, coliinducing
with 0.7 mM IPTG and grown overnight at 16 °C. The cells were suspended in Buffer L (50
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mM Tris-HCI pH 8.2, 400 mM NaCl, 1 mM EDTA, 0.5 mM DTT, 10% w/v sucrose, 1 mM
PMSF) and following opening with sonication, polymin P was added to 0.3% v/v, the
proteins recovered in the supernatant, Am,SO, added at 0.35 g/ml and the resulting pellet
re-suspended in Buffer T (50 mM Tris-HCI pH 7.8, 1 mM EDTA, 0.5 mM DTT, 20% v/v
glycerol and 0.1 mM PMSF) + 300 mM NaCl. After extensive dialysis Pif1 was loaded on a
High S column (BioRad) and eluted at 700mM NacCl, dialyzed in Buffer T + 200mM NaCl
and loaded on a High Q column (BioRad) and collected in the flow-through. After dialysis
in Buffer P (20 mM sodium phosphate pH 7.8, 400 mM NaCl, 10% v/v glycerol, 5 mM j-
ME, 0.1 mM PMSF), Pifl was loaded on HisPur Ni-NTA superflow agarose (Thermo
Scientific), washed with 30 mM imidazole in Buffer P and eluted with 300 mM imidazole in
Buffer P and dialyzed in storage buffer (50 mM Tris-HCI pH 8, 600 mM NacCl, 1 mM
EDTA, 1 mM DTT, 40% v/v glycerol) and stored at —80 °C. Exonuclease deficient
(gp55a74) phage T7 DNA polymerase (T7-Pol = Pol + Thioredoxin) was a kind gift from
Tom Ellenberger (Washington University School of Medicine, St. Louis).

Strand displacement assay

Primer extension reactions were carried out in Buffer SD (20 mM Hepes pH 7.4, 100 mM
NaCl, 8 mM MgAc,, 1 mM DTT, 0.1 mg/mL BSA). The experiments were performed by
pre-forming a DNA+T7 Pol complex (25 nM final concentration) or DNA+ T7 Pol + 20 nM
Pif1, followed by addition of dNTP mix at a final concentration of 100 UM each. For primer
extension assays with Pifl bound to beads the reactions were performed in Buffer SD with 1
mg/mL of BSA. Hisg-Pifl and PentaHis Biotin Conjugate (Qiagen) (4-fold excess) were
incubated for 10 minutes followed by addition of excess MyOne Dynabead pre-equilibrated
in Buffer SD. The beads were washed 3 times with Buffer SD and then re-suspended in
equal volume of Buffer SD. Following separation, either the supernatant or the bead
fractions were incubated with Cy3 labeled substrate and T7-Pol and the reaction started by
addition of dNTPs, with a final concentration of the components of 25 nM DNA, 25 nM T7-
Pol, 8 nM Pifl on beads and 100 uM dNTPs. At the indicate times the reactions were
stopped by the addition of 80 mM EDTA, 0.08% SDS. After addition of formamide (50%
final), the samples were heated at 95 °C for 2 min and analyzed on a 12% denaturing
polyacrylamide gel, pre-run for 2 hours in 0.5X TBE. The gels were scanned using a
Typhoon 9400 Variable Mode Imager.

Unwinding experiments monitored by FRET

Manual addition experiments were performed with an L-format PC1 spectrofluorimeter
(1SS, Champaign, IL). Cy3 fluorescence time courses were monitored with excitation at 520
nm and emission at 565 nm. The experiments were performed in Buffer S1g¢ (20 mM Hepes
pH 7.4, 8 mM MgAcy, 1 mM DTT, 100mM NacCl) at 20 °C by pre-forming a complex of
DNA with a defect concentration of Pifl (with or without T7-Pol) followed by the addition
of either 1) dNTP mix, or 2) ATP, or 3) ATP + a trap to prevent re-annealing (same as the
strand carrying the Cy3 label) in a 3.5-fold excess relative to the DNA concentration used
(3.5x for short). Single turnover experiments were performed with a SX.20 Applied
Photophysics stopped-flow by mixing a pre-formed DNA-Pifl complex with either ATP or
ATP with different combinations of traps. The Cy3 was excited at 510nm and fluorescence
emission monitored with a 570 nm bandpass filter (Newport).
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Unwinding experiments at the single-molecule level

The experiments were performed using an objective type TIRF microscope (Olympus IX71)
equipped with a 532nm laser system as described previously®®. The flow cells were
assembled from a cover slip (VWR, 24x50 mm N.1) and a pre-drilled slide (VWR, 75x25x1
mm) by heat-curing a parafilm mask to generate a single flow channel. The channel was
coated with a 1:20 mixture of biotin-PEG-SVA (average MW 5000) and mPEG-SVA
(average MW 5000) (Laysan Bio). After binding of neutravidin (Thermo Scientific) to the
surface, excess unbound neutravidin was washed out. Following binding of 50-60 nM
PentaHis Biotin Conjugate (Qiagen) to the gsurface for 15 minutes, unbound antibody was
washed out and 100nM Hisg-Pifl added for 10 minutes and unbound enzyme washed out.
50-100 pM Cy3-labeled DNA was then added to the immobilized Pifl and unbound DNA
washed out. At this stage either image buffer (50mM Tris-HCI pH 8.3, 100mM NaCl, 8mM
MgAcy, 0.1mM DTT, 0.1mg/mL BSA, 2mM Trolox, 0.8% w/v glucose, 165 U/mL glucose
oxidase, 2170 U/mL catalase) or image buffer + ImM ATP were added and fluorescence of
the Pifl - DNA-Cy3 spots on the surface monitored over time. Movies were collected at ~30
fps and analyzed using software packages provided by Taekjip Ha (University of Illinois,
Urbana-Champaign).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

A monomer of Pifl unwinds double-stranded DNA.

The 3’-tail of the DNA substrate regulates the activity of a monomer of Pif1.

A second DNA site within the Pifl monomer interacts with the 3’-tail.

The N- and C-terminus of Pifl contribute to discriminating the 3’-tail and
unwinding.
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Figure 1. Monitoring Pifl activity via a T7 DNA polymerase primer extension assay. a)
Schematic of the assay. b) Extension of a Cy3-labeled primer (P) after forming a complex of

25 nM DNA and 25 nM T7-Pol in the absence or presence of 20 nM of different Pifl
constructs and starting the reaction with 100 uM dNTPs. ¢) Same reactions as in b) but at
lower Pifl concentrations.
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Figure 2. A monomer of Pifl is sufficient to stimulate T7-DNA polymerase activity by unwinding
the downstream dsDNA. a)

Primer extension reactions performed with Pifl immobilized to streptavidin bead via a
biotinylated penta-His antibody. b) Schematic of the FRET-based unwinding assays. ¢)
FRET-based assays using 20 nM DNA and monitoring the strand displacement DNA
synthesis/unwinding by 20 nM T7-Pol (green) or 20 nM T7-Pol and 15 nM Pif1238-859 (re()
or 15 nM Pif1238-859 (b|ue). The same experiments for the ATPase inactive Pifl are shown
in black and gray. The arrow indicates the time of addition of 100 pM dNTPs. d) Schematic
of single molecule approach to detect helicase activity of Pifl monomers immobilized on a
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surface. The graph shows the fraction of Cy3 spots remaining on the surface after addition of
either image buffer or image buffer + ATP. Pif1238-859 or jts ATPase inactive variant K264A
were used in these experiments.
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Figure 3. A monomer of Pifl has helicase activity under multiple turnover conditions
FRET-based unwinding experiments monitoring the increase in Cy3 fluorescence using 20

nM of the indicated substrates in complex with 15 nM Pif1238-859 The reactions were
started by addition of either 0.5 mM ATP (blue) or 0.5 mM ATP and a trap to prevent re-
annealing of the unwound dsDNA in 3.5-fold excess (3.5x) relative to the DNA (r.a. TRAP,

red).
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Figure 4. A monomer of Pifl can unwind dsDNA in a single turnover. a)
Stopped-flow FRET-based unwinding by 15 nM Pif1238-859 of a substrate (20 nM) with a 23

bp dsDNA, a 5’-dT1g and a 22 nt 3’-tail of mixed sequence composition. The reactions were
started by addition of either 0.5 mM ATP (black) or 0.5 mM ATP + 3.5x of the r.a. TRAP
(red) or 0.5 mM ATP + 3.5x of the r.a. TRAP + 250 nM dTgq as protein trap (blue). b) Lag
times as function of dsDNA length for experiments performed in the absence (black) or the
presence of the r.a. TRAP (red) or the r.a TRAP + dTgg (blue). ¢) ATP concentration
dependence (500 uM, black; 250 uM, gray; 125 uM, red; 50 UM, blue) of unwinding by
Pif1238-859 ysing the same substrate as in a). d) Rate of unwinding as a function of ATP
concentration determined using different lengths of the dsDNA for Pif1238-859 (black) and
full-length Pifl (gray). e,f) Same experiments as in a) and c) using full-length Pif1.
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Figure 5. The helicase activity of a monomer of Pifl depends on the nature of the 3’ssDNA tail. a)
FRET-based unwinding experiments under multiple turnover conditions using 15 nM

Pif1238-859 and 20 nM of a substrate with a 30 bp dsDNA and different lengths of the 3/-tail
comprised of either an oligo-dT (panels a—¢) or a mixed sequence (panels a-#). The
reactions were started by addition of either 0.5 mM ATP (blue) or 0.5 mM ATP and 3.5x of
the r.a. TRAP. b) Stopped-flow experiments using Pif1238-859 (40 nM) and substrates (50
nM) containing different lengths of the dsDNA and either a 3’-dT1q (left panels) or 10 nt of
mixed sequence (right panels). The reactions were started by addition of either 0.5 mM ATP
+ 0.5uM dTgq (blue) or 0.5 mM ATP + 0.5 uM dTgp + 3.5x of the r.a. TRAP (red).
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Figure 6. Deletion of the C-terminus of Pifl affects the unwinding activity of the monomer. a)
FRET-based unwinding experiments under multiple turnover conditions using 15 nM

Pif1238-780 and 20 nM of the indicated substrates, starting the reaction by addition of either
0.5 mM ATP (blue) or 0.5 mM ATP and 3.5x of the r.a. TRAP. b) Stopped-flow experiment
comparing the unwinding activity of a monomer of different Pifl constructs (75 nM) using a
substrate (100 nM) with a 23 bp dsDNA, a 5-dT1g and a 22 nt 3’-tail of mixed sequence
composition. ¢) Lag times as a function of dsDNA length obtained at the higher
concentrations used in b). The calculated rate of unwinding of the different Pifl constructs is

shown, with the colors matching the ones in b).
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Figure 7. In excess Pifl unwinding is limited by the Pifl-dependent annealing activity. a)
FRET-based unwinding experiments using 20 nM of the indicated substrates and 200 nM

Pif1238-859 starting the reactions by addition of either 0.5 mM ATP (blue) or 0.5 mM ATP
and 3.5x r.a. TRAP (red). b) Same experiments as in a) comparing the unwinding activity of
Pif1238-859 and Pif1238-780 ysing substrates that do not contain a 3'-tail.
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