
�������	�*�-�-�'�'�'���
���������	������������������

�������������������������	�
�������������
�����������������������������	���	�������	�
�������������
�������������������������	�����
�������������
��������

�������������������	���
�������������
���
���������������������������������������
���������
�������������	���
�������
������

���������������
�����������������������������������������������������
������������������� �!�"�#

���������$�����!���������������
�������������������������$�����!�������������%�����������&���������������������	���������������
�����	�����%�����������������
�����������%������

�
���'�����
�����������%�����������������������
�����������
�����	�����������������������������������
�������������������������%�����������&

�����������������	�����
�������������
�����������(�)���!�)�#�*���"�+�!�)���"�+�,�!

�������	���*�-�-�
�������������-�!� ���!� �.�,�-�������-���/�&�)�+�(

�0�%�%�����������������������	�
�������������
�����������������������&�������1�
�����������
�����%�����	����������

���������������������%�����������������������'�����/�����%�����������������������������������	�
�������������
���	���	������

�����
���������������������������������������������
����������
�������	�*�-�-�
�������/���������-���������������2�
�����3�
�����*�������*�����*�
���
�*�
���������!�+�!�!�4��



8516…8531Nucleic Acids Research, 2018, Vol. 46, No. 16 Published online 24 July 2018
doi: 10.1093/nar/gky654

The Pif1 signature motif of Pfh1 is necessary for both
protein displacement and helicase unwinding
activities, but is dispensable for strand-annealing
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ABSTRACT

Pfh1, the sole member of the Pif1 helicases in
Schizosaccharomyces pombe , is multifunctional and
essential for maintenance of both the nuclear and mi-
tochondrial genomes. However, we lack mechanis-
tic insights into the functions of Pfh1 and its differ-
ent motifs. This paper is speciÞcally concerned with
the importance of the Pif1 signature motif (SM), a
23 amino acids motif unique to Pif1 helicases, be-
cause a single amino acid substitution in this motif
is associated with increased risk of breast cancer in
humans and inviability in S. pombe . Here we show
that the nuclear isoform of Pfh1 (nPfh1) unwound
RNA/ DNA hybrids more efÞciently than DNA / DNA,
suggesting that Pfh1 resolves RNA / DNA structures
like R-loops in vivo . In addition, nPfh1 displaced pro-
teins from DNA and possessed strand-annealing ac-
tivity. The unwinding and protein displacement ac-
tivities were dependent on the SM because nPfh1
without a large portion of this motif (nPfh1- � 21) or
with the disease / inviability-linked mutation (nPfh1-
L430P) lost these properties. Unexpectedly, both
nPfh1-L430P and nPfh1- � 21 still displayed bind-
ing to G-quadruplex DNA and demonstrated strand-
annealing activity. Misregulated strand annealing
and binding of nPfh1-L430P without unwinding are
perhaps the reasons that cells expressing this allele
are inviable.

INTRODUCTION

Helicases are motor proteins driven by the energy from
nucleoside triphosphate/ deoxynucleoside triphosphate
(NTP/ dNTP) hydrolysis that unwind duplex nucleic acids,
an activity that is crucial for numerous biological processes
such as DNA replication, repair, transcription and trans-

lation. The Pif1 family of 5�-3� helicases belongs to the
superfamily 1B (SF1B) helicases and contains helicases that
are evolutionarily conserved from bacteria to humans (1,2).
The number of Pif1 family members varies in different
organisms, ranging from eight inTrypanosoma bruceito a
single protein in humans andSchizosaccharomyces pombe
(1).

Saccharomyces cerevisiaeencodes two Pif1 helicases.
These are the most extensively studied Pif1 helicases, and
these studies have provided important information on the
functions of the Pif1 family proteins (1). Saccharomyces
cerevisiaePif1 (ScPif1) and Rrm3 (ScRrm3) have both over-
lapping and nonoverlapping functions in the cell. An unan-
swered question is whether in organisms with a single Pif1
helicase member the helicase performs all or a mixture of
the two SCPif1 helicase functions or if it resembles only one
of them. ScPif1 is localized in both the nucleus and mito-
chondria, and it is needed during Okazaki fragment mat-
uration and break-induced replication and is an inhibitor
of telomerase (3…12). So far, ScRrm3 has known func-
tions only in the nucleus, for example, promoting replica-
tion at 1400 genomic regions (13…16). These sites include,
for example, DNA regions that are tightly bound by non-
nucleosomal proteins at ribosomal DNA (rDNA), trans-
fer RNA (tRNA) genes and the mating-type loci (3,13…15).
There are two classes of impediments where fork progres-
sion is dependent on both ScPif1 and ScRrm3……R-loops at
tRNA genes and predicted G-quadruplex (G4) structures
(17…19).

Schizosaccharomyces pombeencodes only a single Pif1
family protein, named Pfh1 (20). Pfh1 is localized in both
the nucleus and the mitochondria (21) where it is essen-
tial for the maintenance of both the nuclear and mitochon-
drial genomes (21), and immunoaf�nity experiments com-
bined with mass spectrometry have shown that Pfh1 in-
teracts with both nuclear and mitochondrial proteins (22).
Pfh1 promotes replication and suppresses DNA damage
at hard-to-replicate genomic sites, including highly tran-
scribed RNA polymerase II and III genes, replication fork
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barriers at rDNA and mating-type loci, telomeres, and pre-
dicted G4 structures (22…26). Although both ScRrm3 and
Pfh1 bind preferentially to highly transcribed RNA poly-
merase II genes (22,23,27), only Pfh1 promotes replication
at these sites (22,23). Pfh1, like ScRrm3, moves with the
replisome (16,22) and, like ScPif1, is needed during Okazaki
fragment maturation (8,9,28).

Mechanistic insights into how the eukaryotic Pif1 heli-
cases perform their functions come mainly from ScPif1 be-
cause other eukaryotic Pif1 helicases are insoluble and/ or
unstable and are therefore dif�cult to purify. Recombi-
nant ScPif1 is more processive on RNA/ DNA hybrids than
DNA / DNA substrates (29,30), unwinds G4 structures very
ef�ciently ( 18,31,32), evicts protein from DNA ( 33…35) and
possesses strand-annealing activity (36). The recombinant
nuclear isoform of Pfh1 (nPfh1) binds and resolves G4
structures derived from G4 motifs fromS. pombetelomeres
and rDNA ( 37), two regions that are enriched in G4 motifs
(25).

To date, only one disease-associated mutation in humans
has been mapped to the Pif1 family helicases (38), and fam-
ilies with this mutation have increased risk of breast can-
cer (38). The mutation is located in the evolutionarily con-
served Pif1 signature motif (SM), and the corresponding
mutation in S. pombeleads to inviable cells (38). The SM
exists only in Pif1 family helicases and is not found in other
SF1B helicases (1). Therefore, some of the speci�cin vivo
functions of the Pif1 family helicases might be connected
to this motif. The SM encompasses 23 amino acid residues
located between the conserved helicase motifs II and III.
In our earlier analysis (1), we de�ned the SM as 21 amino
acid residues; however, because the next two residues are
also highly conserved in Pif1 helicases, we believe that 23
amino acid residues de�ne the SM better. We also reported
that the SM was missing in plants (1), but Pif1 helicases in
plants are quite divergent, and Geronimoet al. have recently
identi�ed a less conserved SM in some plants (see accom-
panying paper by Geronimoet al. (39)).

There are four available crystal structures of Pif1 helicases
(40), including the Bacteroidessp. 2-1-16 Pif1 (BaPif1) (41),
Bacteroidessp. 3-1-23 Pif1 (42), human PIF1 (hPIF1) he-
licase domain (41) and S. cerevisiaetruncated Pif1 (43). It
is predicted that the leucine to proline mutation in the SM
(hPIF1-L319P or the corresponding mutation) found in the
families with increased risk of breast cancer introduces a
kink in an � -helix leading to an impaired fold and loss of
some or all protein functions (41).

To understand the mechanistic role of the SM, we per-
formed side-by-side characterizations of the biochemical
properties of nPfh1 and different nPfh1 SM variants. We ex-
pressed and puri�ed an nPfh1 variant that lacked almost the
entire SM (nPfh1-� 21), and several variants with point mu-
tations at L430, which correspond to the mutation found in
the families with increased risk of breast cancer. In this anal-
ysis, we discovered several new enzymatic activities of nPfh1
that might explain some of its in vivo functions, including
a preference for unwinding RNA/ DNA over DNA / DNA
substrates, the ability to displace proteins from DNA and
the ability to anneal complementary single-stranded nucleic
acids. These data demonstrate that the Pif1 family helicases
share a signi�cant degree of conservation in biochemical

properties. Furthermore, we found that the SM was impor-
tant for nucleic acid unwinding and protein displacement,
activities that are ATPase-dependent. We also found that
the SM is important for binding to some but not all nucleic
acid substrates. However, the SM was dispensable for Pfh1•s
strand-annealing activity, and in the absence of adenosine
triphosphate (ATP) nPfh1-� 21 displayed similar or even
higher strand-annealing activity than nPfh1.

In summary, in addition to new insights into the enzy-
matic properties of nPfh1 and the SM, our �ndings also
suggest that the inviability of S. pombecells with thepfh1-
L430P mutation and perhaps the increased risk of breast
cancer in humans who carry this Pif1 variant might be
caused not only by loss of Pfh1•s/ hPIF1•s biochemical ac-
tivities, but also by the binding of inactive Pfh1/ hPIF1 to its
target sites in a way that precludes the binding of a backup
helicase. Our work on Pfh1•s SM agrees well with data on
ScPif1 in an accompanying paper, where they demonstrate
that SM is needed for ScPif1•s known biological functions
that require ATPase hydrolysis (see accompanying paper by
Geronimo et al. (39)).

MATERIALS AND METHODS

Preparation of the oligonucleotide substrates

To prepare the substrates (Table1 and Supplementary Ta-
ble S1), 1 � l of 2.5 � M single-stranded oligonucleotide
was labeled at the 5� end with � -32P-ATP using 10 units of
T4 polynucleotide kinase (ThermoFisher) and incubated at
37� C for 45 min in a total reaction volume of 20 � l. The
labeled oligonucleotides were subsequently puri�ed on na-
tive polyacrylamide gel electrophoresis (PAGE) gels con-
taining 1× Tris/ Borate/ EDTA (TBE) buffer. The radiola-
beled oligonucleotides were mixed with cold complemen-
tary oligonucleotides at a 1:3 molar ratio in 25� l reactions
containing 10 mM Tris…HCl (pH 7.5) and 50 mM NaCl.
The reaction mixtures were then heated at 95� C for 5 min,
slowly cooled down to room temperature, followed by pu-
ri�cation on native PAGE gels. For the rDNA G4 DNA
structure preparation, which forms an intermolecular G4
structure (37), 50� M of the rDNA G4 oligonucleotide from
S. pombe(MWG-Biotech AG; see Supplementary Table S1)
was heated at 95� C for 5 min in a buffer containing 10 mM
Tris…HCl (pH 7.5) with 1 M NaCl, followed by slow cooling
to room temperature (37). A total of 1 � l of 5 � M annealed
G4 DNA was labeled at the 5� end with � -32P-ATP using
the same conditions as above, followed by puri�cation on
native PAGE gels containing 1× TBE buffer and 10 mM
NaCl.

Expression and puri�cation of nPfh1

The expression and puri�cation of the N- and C-terminally
epitope-tagged nPfh1 and its mutated variants (His6-
Trx-wild-type-FLAG (nPfh1), His6-Trx-K338A-FLAG
(nPfh1-KA), His6-Trx-L430V-FLAG (nPfh1-L430V),
His6-Trx-L430A-FLAG (nPfh1-L430A) and His6-
Trx-nPfh1� 21-FLAG (nPfh1- � 21); deleted region
(428DKLEEVARVIRKDSKPFGGIQ 448)) were performed
as previously published for wild-type nPfh1 (37) with
minor modi�cations. After transforming BL21(DE3)pLysS
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Table 1. Substrates used in this study. * represents32P labeling; open cir-
cles represent biotin; the black dark lines are DNA; the gray straight or
wavy lines are RNA; H is the helicase assay; E is the EMSA; PD is the
protein displacement assay and SA is the strand-annealing assay

competent cells with the plasmid, the cells were grown in
Luria-Bertani (LB) media at 37� C until the OD 600 was
� 0.6. The temperature was then reduced to 20� C, and
protein expression was induced using 0.8 mM Isopropyl
� -D-1-thiogalactopyranoside (IPTG). The cells were
collected after 4 h, resuspended in lysis buffer (25 mM Tris…
HCl (pH 7.5), 500 mM NaCl, 10 mM imidazole, 0.02%
(v/ v) Igepal, 5 mM � -mercaptoethanol, and 10% (v/ v)
glycerol) and stored atŠ80� C. Cell lysis was performed by
sonication followed by centrifugation. The supernatant was
mixed with 0.1 ml cOmplete His-Tag Puri�cation Resin
(Roche) pre-equilibrated with lysis buffer and incubated
under gentle rotation for 1 h at 4� C prior to loading onto
a gravity �ow column. Before elution, the column was
washed with buffer B (25 mM Tris…HCl (pH 7.5), 500 mM
NaCl, 30 mM imidazole, 0.02% (v/ v) Igepal and 10% (v/ v)
glycerol). Elution of the target protein was performed with
buffer B containing 300 mM imidazole, yielding �ve 1 ml
fractions. Pure fractions were pooled and added to anti-
FLAG M2 af�nity resin, and 0.4 ml of FLAG buffer (25
mM Tris (pH 7.5), 500 mM NaCl, 0.02% (v/ v) Igepal and
10% (v/ v) glycerol) containing 0.2 mg/ ml FLAG peptide
(Sigma-Aldrich) was added to the column and incubated
for 30 min at 4� C before collecting the eluate. This elution
procedure was repeated two times. Finally, to eliminate the
co-eluted FLAG peptide, the pure fractions were pooled
together and loaded onto a PD10 column (GE Healthcare).
The eluted protein was concentrated using an Amicon �lter
unit (Millipore) with a molecular weight cut-off of 30 kDa
followed by �ash-freezing in liquid nitrogen before storage
at Š80� C. Protein purity was assessed by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE),
and the protein concentration of nPfh1 was determined by
Bradford assay (Roche Life Science). The concentration
of nPfh1 was then used as a reference to determine the
concentrations of all other nPfh1 variants by quantifying
the nPfh1 and nPfh1 variant from SDS-PAGE protein
bands (the same volume loaded for each protein variant)
using ImageJ.

Due to low expression levels of soluble protein, the
expression procedure was slightly changed for His6-Trx-
L430P-FLAG (nPfh1-L430P) and His6-Trx-� 21-FLAG
(nPfh1-� 21). The transformed cells were grown to an
OD600 � 0.6 at 37� C followed by induction of protein ex-
pression with 0.1 mM IPTG and continued cell growth at
15� C for 18…20 h.

Electrophoretic mobility shift assay (EMSA) and helicase as-
say

The DNA binding reactions were performed in 20� l re-
action mixtures containing 50 mM Tris…HCl (pH 8.5), 2
mM Dithiothreitol (DTT), 0.25 mg / ml bovine serum albu-
min (BSA), 2 mM MgCl 2, 100 mM NaCl, and 4 fmol 32P-
labeled DNA (�nal concentration of 0.2 nM). The reaction
was started by addition of protein (�nal concentrations of
9.6, 96 pM, 0.96 or 9.6 nM for nPfh1 and nPfh1-KA and
0.96 or 9.6 nM for the other mutants) and incubated for 10
min at 30� C. The samples were subjected to electrophoresis
using a 10% native polyacrylamide gel in 1× TBE buffer in
the gel and the running buffer (for the G4 substrate, 10 mM
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NaCl was added in the gel and buffer). The gel was dried,
exposed to a phosphorimager screen (Fuji�lm) overnight
and visualized with a Typhoon 9400 Variable Mode Imager
(Amersham Biosciences/ GE Healthcare).

The procedure to determine the helicase activity of the
nPfh1 protein variants was similar to the electrophoretic
mobility shift assay (EMSA), with the exception of adding
ATP to the reaction mixture. After 10 min incubation at
30� C, the reaction was stopped by adding 4� l of 6× stop
solution (60 mM ethylenediaminetetraacetic acid (EDTA)
(pH 8.0), 40% (w/ v) sucrose, 0.6% SDS, 0.25% bromophe-
nol blue, 20 nM unlabeled oligonucleotide and 0.5 mg/ ml
proteinase K) on ice. To separate intact DNA from un-
wound product, electrophoresis was performed using a 10%
native polyacrylamide gel in 1× TBE buffer (with 10 mM
NaCl in both the gel and running buffer for the G4 sub-
strate). For both the EMSA and helicase assay, the gel
bands were quanti�ed with the ImageQuant software. To
calculate the amount of bound or unwound DNA, the for-
mula [% bound or unwound = 100 × (P/ (P + S))] was
used, where P is unwound or bound DNA and S is the
background-corrected (no protein added) unbound or in-
tact DNA.

Streptavidin displacement assay

The streptavidin displacement assay (44) was carried out
in 20 � l of reaction mixtures containing 50 mM Tris…HCl
(pH 8.5), 2 mM DTT, 0.25 mg/ ml BSA, 2 mM ATP, 2 mM
MgCl 2, 100 mM NaCl, and 4 fmol (�nal concentration of
0.2 nM) 32P-labeled 3� biotin-coupled or 5� biotin-coupled
poly(T)50 oligonucleotides. Streptavidin (1� M) was added
to the reaction mixtures followed by incubation for 5 min
on ice to enable binding of streptavidin to the biotin moi-
ety. The displacement reaction was then initiated by adding
various concentrations of nPfh1 (�nal concentrations of 1,
4, 10 or 25 nM for nPfh1 and nPfh1-KA; 10 or 25 nM for
the other mutants) together with 100� M biotin as a trap
for dissociated streptavidin. The reaction was incubated for
10 min at 30� C and stopped by adding 10� l of 3× stop
solution (75 mM EDTA (pH 8.0), 10% (v/ v) glycerol, 3%
SDS, 0.3% bromophenol blue and 3 mg/ ml proteinase K)
followed by incubation for 15 min at 37� C. The samples
were subjected to electrophoresis on a 10% native polyacry-
lamide gel. To calculate the amount of displaced strepta-
vidin, the formula [% Displacement= 100 × (P/ (P + S))]
was used, where P is the amount of streptavidin-displaced
DNA and S is the amount of background-corrected (no
protein added) streptavidin-bound DNA.

Strand-annealing assay

To determine the strand-annealing capacity of nPfh1, we
used 20� l of reaction mixtures containing 50 mM Tris…HCl
(pH 8.5), 2 mM DTT, 0.25 mg/ ml BSA, 2 mM MgCl 2, 100
mM NaCl, and 4 fmol 32P-labeled DNA (�nal concentra-
tion of 0.2 nM). Each substrate was tested in the presence
and absence of 2 mM ATP. The strand-annealing reaction
was started by adding various concentrations of nPfh1 (�-
nal concentration of 9.6, 96 pM, 0.96 or 9.6 nM for wild-
type nPfh1 and nPfh1-K338A; 0.96 or 9.6 nM for the other

variants) and incubated for 10 min at 30� C. The reactions
were stopped by adding 10� l of 3× stop solution (75 mM
EDTA (pH 8.0), 10% (v/ v) glycerol, 3% SDS, 0.3% bro-
mophenol blue, 100 nM unlabeled oligonucleotide and 3
mg/ ml proteinase K), followed by incubation for 15 min at
37� C. The samples were subjected to electrophoresis using
a 10% native polyacrylamide gel. To calculate the amount
of annealed DNA, the formula [% annealed product= 100
× (P/ (P + S))] was used, where P is the amount of annealed
DNA and S is the is the amount of background-corrected
(no protein added) single-stranded DNA.

ATPase assay

The ATPase assay was carried out using 6 nM nPfh1 and
incubated for 20 min at 30� C in the presence of 100 nM
52 nt single-stranded DNA in a buffer containing 50 mM
Tris…HCl (pH 8.5), 100 mM NaCl, 5 mM MgCl2, 2 mM
DTT and 2 mM ATP in a reaction volume of 50 � l. A to-
tal volume of 100� l of BIOMOL Green reagent (Enzo Life
Sciences) was added to the reaction followed by a 25 min
incubation at room temperature before measuring the ab-
sorbance at 620 nm using an In�nite M200 plate reader
(TECAN). The measurements were performed with the fol-
lowing parameters: 3 s shaking (2 mm amplitude, orbital
mode, 57 rpm frequency), 25 �ashes and 0 ms settle time.
The amount of phosphate released was calculated using the
phosphate standard provided in the kit (Enzo Life Sciences)
according to the manufacturer•s instructions.

Far-UV circular dichroism (CD) spectroscopy

The secondary structures of the wild-type nPfh1, nPfh1-
L430V and nPfh1-L430A proteins were analyzed using a
JASCO J-710 Spectropolarimeter (JASCO) equipped with
a Peltier element for temperature control. To perform the
circular dichroism (CD) measurements, 1� M (nPfh1 and
nPfh1-L430V) or 0.5 � M (nPfh1-L430A) protein was put
into a 1 mm path length quartz cuvette (Hellma), and spec-
tra were collected from 200 to 260 nm at 30� C using the
following parameters: 0.5 nm data pitch, continuous, 50
nm/ min scanning speed, 1 s response, 2 nm bandwidth, 8
spectra accumulations and 100 millidegrees standard sensi-
tivity. The background from the buffer was corrected using
a sample containing no protein.

RESULTS

nPfh1 unwinds RNA/ DNA substrates more ef�ciently than
DNA / DNA substrates

To determine the unwinding substrate speci�city of nPfh1,
we performed helicase assays. For all described assays, we
used32P 5�-end-labeled oligonucleotides (Table1). In all he-
licase assays, the reactions were started by adding differ-
ent concentrations of nPfh1 or helicase-inactive nPfh1-KA.
nPfh1-KA carries a mutation located in the invariant K of
the Walker A box, and this mutation eliminates ATPase ac-
tivity in all tested helicases. For both nPfh1-KA and wild-
type nPfh1, we tested protein concentrations from 9.6 pM
to 9.6 nM. As expected, nPfh1-KA did not unwind any of
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the tested substrates, even at the highest protein concentra-
tion, and this con�rmed that the unwinding properties that
we detected in the nPfh1 reactions were due to nPfh1 and
not to any helicase contaminants in the protein preparation.

We �rst con�rmed that nPfh1 unwinds an rDNA G4
structure very ef�ciently because at 96 pM the unwind-
ing activity was already saturated (Figure1). Thus, our
current recombinant nPfh1 behaved similarly to our pre-
viously puri�ed protein ( 37). Because ScPif1 unwinds an
RNA / DNA partial duplex substrate more ef�ciently than
a DNA / DNA partial duplex substrate (29,30), we deter-
mined whether nPfh1 has similar properties. For these ex-
periments, we annealed 0.2 nM of a 22 nt RNA oligonu-
cleotide to a 34 nt DNA oligonucleotide, where 22 nt of
the DNA oligonucleotide was complementary to the RNA
oligonucleotide. Thus, the substrate had a 12 nt 5� single-
stranded overhang (Table1). Even at 96 pM of nPfh1,
26% of the RNA/ DNA partial duplex substrate was un-
wound, and unwinding was saturated at 0.96 nM (Fig-
ure 1). In side-by-side reactions, we compared the activ-
ity of nPfh1 unwinding of the RNA / DNA substrate to
a DNA / DNA substrate in which a 22 nt DNA oligonu-
cleotide was annealed to the same 34 nt DNA oligonu-
cleotide. At 96 pM, only 6% of the DNA / DNA partial du-
plex substrate was unwound, showing that nPfh1 unwound
an RNA / DNA substrate more ef�ciently than a similar
DNA / DNA substrate (Figure 1). These results show that
nPfh1 ef�ciently removes an RNA oligonucleotide annealed
to a DNA oligonucleotide, suggesting that nPfh1 might re-
move R-loops or other RNA/ DNA substrates in vivo. We
also determined if nPfh1 can unwind a DNA/ DNA par-
tial substrate with a 3� single-stranded overhang or a du-
plex DNA substrate without a �ap, but nPfh1 was unable to
unwind these substrates (Supplementary Figure S1). Thus,
our recombinant nPfh1 only had 5�-3� activity and needed
an oligonucleotide �ap for unwinding.

Replication fork structures are unwound by nPfh1

To con�rm previous observations from the Seo lab that
a different recombinant Pfh1 (NusA-Pfh1) unwinds sub-
strates resembling a Y-fork and an Okazaki fragment (28),
we also examined if our nPfh1 can unwind these substrates.
We prepared a Y-fork substrate with a 22 nt duplex region
with both 5� and 3� 12 nt single-stranded overhangs (Table
1). nPfh1 unwound the Y-fork and showed a higher unwind-
ing activity of the Y-fork substrate compared to the partial
DNA / DNA duplex with only a 5 � single-stranded tail, in-
dicating that a forked structure stimulates the unwinding
activity of nPfh1 more than the partial DNA / DNA du-
plex substrate (Figure1). Thus, as with ScPif1 (11,35) and
NusA-Pfh1 (28), nPfh1 was more active on a forked DNA
structure than on the partial DNA / DNA duplex substrate
(Figure 1).

Next, we determined if nPfh1 can unwind a substrate
that resembles an Okazaki fragment with a 27 nt single-
stranded RNA…DNA chimeric �ap. The 27 nt �ap con-
sisted of 12 nt RNA on the 5� end plus 15 nt DNA (Table
1) (28). nPfh1 removed the RNA…DNA chimeric oligonu-
cleotide very ef�ciently (Figure 1), which suggests that
nPfh1 might be able to remove RNA…DNA �aps during

Okazaki fragment maturation and agrees with earlier ob-
servations made with NusA-Pfh1 recombinant protein (28).
nPfh1 unwound the Okazaki fragment substrate more ef�-
ciently than the Y-fork substrate (Figure1); however, the Y-
fork substrate contained 12 nt single-stranded �aps, while
the Okazaki fragment substrate had a longer 27 nt single-
stranded �ap. To determine if the ef�cient unwinding of
the Okazaki substrate was due to the longer �ap, we used
another Okazaki substrate that contained a 12 nt single-
stranded RNA �ap, which was the same length as the Y-
fork �aps (Table 1). nPfh1 was able to unwind this substrate
as well (Supplementary Figure S2); however, the unwinding
ef�ciency was strongly reduced compared to the Okazaki
fragment with the longer 27 nt �ap (38% compared to 83%
at 9.6 nM protein), suggesting that the length of the �ap
affects the unwinding ef�ciency of nPfh1 and that single-
stranded RNA on the �ap does not hinder unwinding by
nPfh1. Together, our helicase assays indicate that nPfh1 un-
winds the tested substrates with different ef�ciencies: rDNA
G4 (77%)> Okazaki fragment substrate with a 27 nt �ap
(69%)> Y-fork (41%) > RNA / DNA partial duplex (27%)
> DNA / DNA partial duplex (6%) > Okazaki fragment
substrate with a 12 nt �ap (< 5%), where the numbers in
parentheses indicate the percentage of unwound DNA by
96 pM nPfh1 (Figure 1B).

The substrate binding preference of nPfh1 is similar to its sub-
strate unwinding preference

A possible explanation for the hierarchy of ef�ciency of un-
winding of the tested substrates is that the binding af�n-
ity of nPfh1 varies between different substrates. To test this
possibility, we performed EMSA experiments with the same
substrates that were used in the helicase assays. To prevent
nPfh1 from unwinding the substrates, ATP was excluded
from the reactions. Similar to the helicase assays, we incu-
bated 0.2 nM of substrate with different concentrations of
nPfh1 or nPfh1-KA (9.6 pM to 9.6 nM). The binding pref-
erence for nPfh1-KA was similar to nPfh1 for all tested sub-
strates (Figure2). As previously observed, nPfh1 bound to
rDNA G4 as indicated by the induced shift in mobility of
the substrate (Figure2A). The shift was detected even at 96
pM nPfh1, and at 9.6 nM all of the DNA was shifted. These
results con�rmed our previously published data showing
that nPfh1 binds the rDNA G4 structure (Figure 2A) (37).

We observed very faint DNA shifts with both the 5�-
3� DNA / DNA and RNA / DNA partial duplexes, even
at a � 50-fold excess of protein to DNA (lane 5 in the
DNA / DNA and RNA / DNA gel images in Figure 2A).
These results suggest that binding of nPfh1 to both of these
substrates is weak (Figure2A). We did not detect binding to
the 3�-5� partial duplex or to the duplex substrates (Supple-
mentary Figure S3). The extent of nPfh1 binding (9.6 nM
nPfh1) to the Y-fork substrate was� 6-fold higher than to
the 5�-3� partial duplex substrates (20% versus 3% binding)
(Figure 2A).

The unwinding of the Okazaki fragment with the long
�ap by nPfh1 was more ef�cient than observed for the Y-
fork substrate, but less ef�cient than for the rDNA G4 sub-
strate (Figure 1). This hierarchy was also re�ected in the
binding ef�ciency, and nPfh1 induced a shift at about a 5-
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Figure 1. nPfh1 unwinds G4 DNA, RNA / DNA substrates and replication fork structures. (A) Helicase assays were performed with various substrates,
including a partial DNA duplex (5 �-3� DNA / DNA), a partial RNA / DNA duplex (5 �-3� RNA / DNA), intermolecular G4 DNA (rDNA G4), a fork-like
Y-structure (Y-fork) and an Okazaki RNA…DNA chimeric substrate with a longer �ap (Okazaki). The position of each annealed/ folded substrate on the
gel is indicated with an asterisk. We incubated 0.2 nM32P-labeled substrate for 10 min with 9.6, 96 pM, 0.96 or 9.6 nM nPfh1 (WT) or nPfh1-K338A
(KA) and separated the reaction products on 10% native polyacrylamide gels. Lanes 1 and 2 are with DNA in the absence of protein. The substrate in
lane 1 was unboiled (Š), and the substrate in lane 2 was boiled (+) being loaded on the gel. (B) Graph showing quanti�cation of the unwound substrates.
Each experiment was repeated three times, and the mean percentage of unwound product was calculated. Here and hereafter, error bars represent standard
deviations.

fold excess of protein to DNA, which was a lower protein
concentration than that needed to shift the Y-fork substrate
but higher than that needed to shift the rDNA G4 sub-
strate (Figure2A). Together these experiments suggest that
the binding ef�ciency to the substrates examined by EMSA
corresponds well to the unwinding ef�ciency of the sub-
strates by nPfh1. The only exception was the partial duplex
RNA / DNA and DNA / DNA substrates, where very weak
binding was detected by EMSA for both substrates, yet the
unwinding ef�ciency was higher for the RNA/ DNA par-
tial duplex compared to the DNA/ DNA partial duplex sub-
strate (Figures1 and 2). Given that the two substrates were

bound with similar af�nities, the data suggest that nPfh1
displaces an RNA oligonucleotide more ef�ciently than a
DNA oligonucleotide.

To determine if the differences in the binding ef�cien-
cies of nPfh1 were due to the chemical identity of the
nucleic acid (i.e. RNA versus DNA), we examined bind-
ing of nPfh1 to 52 nt substrates of single-stranded DNA
or single-stranded RNA, as well as to the single-stranded
RNA…DNA chimeric oligonucleotide. nPfh1 bound simi-
larly to the single-stranded DNA and single-stranded RNA
oligonucleotides, and had slightly reduced binding to the
single-stranded RNA…DNA chimeric oligonucleotide (Fig-
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Figure 2. G4 DNA and Okazaki fragments are ef�ciently bound by nPfh1. (A) (Top) EMSA was performed on different substrates using 0.2 nM32P-
labeled oligonucleotides. The same substrates as in Figure1 were used, and the position of each annealed/ folded substrate on the gel is indicated with
an asterisk. # indicates protein/ DNA in the wells of the rDNA G4 and Okazaki substrates. Each substrate was treated with 9.6, 96 pM, 0.96 or 9.6 nM
WT or KA and analyzed on 10% native polyacrylamide gels. Lane 1 on each gel is labeled •…• and shows DNA in the absence of protein. (Bottom) For
each DNA substrate, the amount of protein bound to DNA was determined from the bands labeled •complex• in the EMSA gels at the top, and the mean
percentage of bound protein from three independent experiments is shown. (B) (Top) EMSA was run on single-stranded (ss) DNA, RNA and RNA…DNA
and analyzed as in (A). (Bottom) Quanti�cation of the percentage of bound protein to single-stranded DNA/ RNA was performed as in (A).
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ure 2B). We suggest that the differences in Pfh1 binding to
different substrates may be dictated by structures, and prob-
ably not chemical identity, because nPfh1 does not discrim-
inate between the tested single-stranded DNA and single-
stranded RNA oligonucleotides.

nPfh1 removes streptavidin from single-stranded DNA

Pfh1, ScRrm3 and ScPif1 have all been suggested to remove
proteins from the DNA. To determine if nPfh1 can evict
proteins from DNA, we set up a protein displacement assay.
We incubated 0.2 nM biotin labeled single-stranded DNA
with streptavidin, which strongly binds biotin. To determine
if nPfh1 removes streptavidin from DNA, we incubated the
reaction with different amounts of nPfh1 or nPfh1-KA (1…
25 nM) and separated the reaction products on a native
polyacrylamide gel. If streptavidin was displaced, a faster
migrating band should be detected.

First, as a control, only biotin was added without any he-
licase and was compared to a reaction without addition of
biotin (Figure 3A, lanes 1 and 2). In these reactions, we de-
tected a slight increase of the faster migrating band, suggest-
ing that some of the streptavidin molecules were displaced
when adding an excess amount of free biotin to the reac-
tion (Figure 3A, lanes 1 and 2). Next, we added increas-
ing amounts of nPfh1 to the reaction, which resulted in in-
creased amounts of the faster migrating band in the gel (Fig-
ure 3A, lanes 3…6), indicating that nPfh1 removed strepta-
vidin from DNA and suggests that nPfh1 has the ability to
remove proteins from DNA. We did not detect any signif-
icant streptavidin displacement when the biotin was posi-
tioned on the 5� end of the oligonucleotide (Supplementary
Figure S4, lanes 3…6), demonstrating that nPfh1 can only re-
move streptavidin when translocating in the 5�-3� direction.
nPfh1-KA was unable to remove streptavidin from either
of the 5� or 3� biotinylated templates (Figure3A, lanes 7…
10 and Supplementary Figure S4, lanes 7…10), showing that
the ATPase activity is needed for this function.

Complementary DNA strands are annealed by nPfh1 and
nPfh1-KA

Some helicases not only have an unwinding property, but
can also rewind two complementary strands of nucleic
acids (45). For example, both hPIF1 and ScPif1 can rewind
two complementary DNA strands in an ATP-independent
manner (36,46). To determine if nPfh1 has similar strand-
annealing activity, we �rst mixed 0.2 nM of the two single-
stranded complementary substrates from a partial duplex
DNA / DNA substrate (Table 1) to determine if the oligonu-
cleotides could anneal spontaneously. We detected very
small amounts of a band that corresponded to the size of
the annealed product, suggesting that the oligonucleotides
can spontaneously anneal only to a very low extent in the
absence of helicase (Figure3B, lane 1). To promote an-
nealing, we heated the oligonucleotides to 95� C and slowly
cooled them. As expected, the two complementary oligonu-
cleotides annealed ef�ciently (Figure3B, lane 2). To test
if nPfh1 possesses strand-annealing activity, we mixed the
two complementary oligonucleotides and added increasing
amounts of nPfh1 to the reaction (9.6 pM to 9.6 nM). The

reaction was carried out in the absence of ATP to eliminate
the helicase activity of nPfh1. nPfh1 promoted annealing
of the two complementary oligonucleotides, and at 9.6 nM
nPfh1 � 19% of the oligonucleotides were annealed (Fig-
ure 3B and C). To con�rm that the ATPase activity was
unnecessary for nPfh1-promoted annealing, we performed
the same experiment with nPfh1-KA (Figure3B). Because
nPfh1-KA and nPfh1 annealed the oligonucleotides with
the same ef�ciency, hydrolysis of ATP is not necessary for
nPfh1•s strand-annealing activity (Figure3B and C).

To determine the need for ATP in the nPfh1-mediated
annealing in more detail, we performed additional strand-
annealing assays where we either excluded or included ATP.
To prevent nPfh1 from unwinding the annealed product,
we used oligonucleotides from a 3�-5� partial duplex sub-
strate (Table1). First, we determined if nPfh1 and nPfh1-
KA could anneal the complementary oligonucleotides from
the 3�-5� partial duplex substrate in the absence of ATP.
Both nPfh1 and nPfh1-KA annealed the two complemen-
tary oligonucleotides (Figure3B and C), however less ef�-
ciently than with the 5�-3� partial duplex substrate, suggest-
ing that nPfh1 is more ef�cient in annealing a substrate with
a 5� tail compared to a 3� tail. To determine the effect of
ATP, we repeated the same experiment but included ATP.
The presence of ATP signi�cantly (P < 0.002) increased the
amount of annealed 3�-5� partial duplex product in the pres-
ence of nPfh1 (10…21%), but not in the presence of nPfh1-
KA (11…7%). These �ndings demonstrate that while nPfh1
does not require ATP for strand annealing, ATP hydroly-
sis signi�cantly enhances the strand-annealing properties of
nPfh1 (Figure 3B and C).

nPfh1 with a leucine to valine substitution in the SM retains
both helicase and ATPase activity

The SM consists of a 23 amino acid region that is unique
to Pif1 family helicases (Figure4A) (1,47…49). We gener-
ated a mutant in which the �rst 21 amino acids of the SM
were deleted (nPfh1-� 21) (Figure 4A). Because the corre-
sponding L430P mutation in this motif is associated with
increased risk of breast cancer, we also generated three mu-
tations of this residue, nPfh1-L430A, nPfh1-L430V and
nPfh1-L430P (Figure 4A). Each variant was expressed in
Escherichia coliand puri�ed (Figure 4B).

We �rst examined the ability of the SM variants to un-
wind different substrates using our standard helicase con-
ditions but using only helicase concentrations of 0.96 and
9.6 nM. nPfh1-L430V was the most active of the mutant
proteins and was able to unwind all of the tested substrates,
albeit to different extents and in each case to a lesser ex-
tent than nPfh1. For example, at 0.96 nM, nPfh1-L430V
unwound � 58% of the rDNA G4 substrate, while nPfh1
unwound � 84% (Figures1 and 4C and D). Together, this
suggests that nPfh1-L430V still possesses some of the nPfh1
properties, but not to the same extent as wild-type protein.
The other mutated variants displayed no or only very weak
unwinding activity at both concentrations and on all sub-
strates (Figure4C and D).

Next, we asked if a loss of ATPase activity explained the
reduction or absence of helicase activity in the SM variants.
Although the ATPase activity of nPfh1-L430V was similar
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Figure 3. nPfh1 displaces protein from DNA and exhibits strand-annealing activity. (A) (Left image) A streptavidin displacement assay using biotin
conjugated to the 3� end of the DNA was performed. 32P-labeled biotinylated oligonucleotide (0.2 nM) was incubated with streptavidin and different
concentrations (1, 4, 10 and 25 nM) of WT (lanes 3…6) or KA (lanes 7…10). The reaction was started by addition of the helicase and free biotin, run for 10
min at 30� C and analyzed on 10% native polyacrylamide gels. •…• indicates no helicase or biotin added (lane 1), and •B• indicates that biotin was added as a
control, but no helicase (lane 2). The cartoon on the left side of the gel shows a biotinylated oligonucleotide with or without a streptavidin molecule(�lled
gray circle). (Right image) Graph showing the mean percentage of protein displacement from three independent experiments. (B) The strand-annealing
assays were conducted using 0.2 nM of a32P-labeled 30 nt single-stranded DNA (5�-3 DNA / DNA substrate) or a 31 nt DNA oligonucleotide (3 �-5�

DNA / DNA substrate) in the absence (no ATP) or presence of ATP (+ATP). The reactions were started by incubating the single-stranded labeled DNA
oligonucleotide together with different amounts of nPfh1 (WT) or nPfh1-K338A (KA) and the corresponding complementary cold DNA template (55 nt).
In lane 1, in all gels, both the labeled oligonucleotide and the cold oligonucleotide were added without the helicase and incubated at 30� C for 10 min (ua:
unannealed). Lane 2 shows the positive control for an annealed product (a: annealed). (C) Graphs showing the mean proportion of annealed product for
WT (left) or KA (right) for the gels in (B). Each experiment was repeated three times.
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Figure 4. The SM is indispensable for DNA unwinding. (A) Schematic of the wholepfh1+ gene and sequence alignment of the 23 amino acid residues of SM.
The sequence of the SM was aligned from the following organisms using CustalW (47): Schizosaccharomyces pombe(Sp),Homo sapiens(Hs), Saccharomyces
cerevisiae(Sc) andBacteroidessp. 2-1-16 (Ba). Protein sequences were downloaded from PomBase (S. pombe) (48) and NCBI. The alignment was analyzed
using Unipro UGENE ( 49). The numbering on the top and on the sides shows the position of theS. pombeand the other organisms• amino acid residues,
respectively. The consensus sequence is shown above the alignment. •+• indicates two or more residues are equally abundant, and •Š• indicates no conserved
residues. The amino acids are highlighted in dark blue (conserved), blue (identical between four organisms) or light blue (identical between three organisms).
(B) Coomassie blue staining of puri�ed nPfh1 (WT), nPfh1-L430V (LV), nPfh1-L430A (LA), nPfh1-L430P (LP), nPfh1 with deletion of 21 amino acids of
SM (� 21) and helicase-inactive nPfh1-K338A (KA). (C) Helicase assays were performed with the different nPfh1 variants (LV, LA, LP or� 21) described
in (A) using the same substrates as in Figure1. The reactions were incubated with either 0.96 or 9.6 nM of the nPfh1 variants. •*• denotes the position of
the folded/ annealed substrate. (D) The mean percentage of unwound product by LV and LA from the gels in (C) was calculated from three independent
experiments. Quanti�cation data for wild-type nPfh1 are from Figure 1. (E) The mean amount of ATP hydrolyzed at 30� C by 6 nM WT and LV after 20
min incubation in the presence of 100 nM single-stranded 52 nt DNA oligonucleotide from three experiments. The error bars represent standard deviations.
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