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ABSTRACT

Pif1 family DNA helicases are conserved from bacte-
ria to humans and have critical and diverse functions
in vivo that promote genome integrity. Pif1 family he-
licases share a 23 amino acid region, called the Pif1
signature motif (SM) that is unique to this family. To
determine the importance of the SM, we did muta-
tional and functional analysis of the SM from the Sac-
charomyces cerevisiae Pif1 (ScPif1). The mutations
deleted portions of the SM, made one or multiple sin-
gle amino acid changes in the SM, replaced the SM
with its counterpart from a bacterial Pif1 family he-
licase and substituted an «-helical domain from an-
other helicase for the part of the SM that forms an «
helix. Mutants were tested for maintenance of mito-
chondrial DNA, inhibition of telomerase at telomeres
and double strand breaks, and promotion of Okazaki
fragment maturation. Although certain single amino
acid changes in the SM can be tolerated, the pres-
ence and sequence of the ScPif1 SM were essential
for all tested in vivo functions. Consistent with the in
vivo analyses, in vitro studies showed that the pres-
ence and sequence of the ScPif1 SM were critical for
ATPase activity but not substrate binding.

INTRODUCTION

RNA and DNA helicases are proteins that perform key
functions in all aspects of nucleic acid biology. Bacteria
and eukaryotes express multiple helicases, often with non-
overlapping functions. For example, Saccharomyces cere-
visiae encodes 134 proteins (1) with the sequence motifs of
helicases. Helicases were first defined by their ability to use
the energy of nucleoside triphosphate (NTP) hydrolysis to
catalyze the unwinding of duplex nucleic acids, but it is now
realized that helicases can have more diverse activities, such

as translocation on single-stranded RNA or DNA and pro-
tein displacement from a nucleic acid substrate (2).

Based on amino acid sequence similarity, helicases are di-
vided into six superfamilies (SF1-6) (3). SF1 helicases have
a conserved helicase core region consisting of two RecA-
like domains (4) and seven helicase motifs (I, Ia, IT, III, TV,
V and VI) (5). The distance between the motifs is also con-
served, although the sequences of these spacers are not (6).
Furthermore, each superfamily can be divided into multi-
ple smaller helicase families, named for its first identified
member. Helicases in the same family have higher sequence
similarity within their helicase motifs and sometimes within
the spacer regions between the motifs than they do with he-
licases in a different family. Pifl-like helicases comprise one
of the three families of SF1 helicases (7).

A search of the NCBI protein database (https://www.
ncbi.nlm.nih.gov/protein) indicates that Pifl family heli-
cases are found in virtually all eukaryotes, many eubacteria,
and some archaea bacteria (8). Most eukaryotes encode a
single Pifl family helicase (e.g. humans and Schizosaccha-
romyces pombe) while some single-celled organisms (e.g. S.
cerevisiae, Candida albicans and Cryptococcus neoformans)
encode two and a few organisms (e.g. Trypanosoma brucei
and Arabidopsis thaliana) contain even more, and in these
cases some of the sequences are quite divergent (8). The
other Pif1 helicase in budding yeast, Rrm3, promotes repli-
cation past stable protein complexes at over 1000 genomic
sites (9), restricts DNA synthesis during replication stress
via its Orc5-binding domain (10) and is important for the re-
pair of replication generated double-strand breaks (DSBs)
(11).

Saccharomyces cerevisiae Pifl (ScPifl), the prototypical
and best-studied helicase in the Pif1 family, has multiple and
diverse in vivo functions (Figure 1) [reviewed in (8,12,13)].
ScPif] was discovered in a screen for genes affecting mito-
chondrial DNA (mtDNA) recombination (14) and is also
critical for the maintenance of mtDNA (15). ScPifl was re-
discovered in a screen for genes affecting telomeres when it
was identified as an inhibitor of telomerase-mediated telom-

*To whom correspondence should be addressed. Tel: +1 609 258 6770; Fax: +1 609 258 3980; Email: vzakian@princeton.edu
Correspondence may also be addressed to Roberto Galletto. Tel: +1 314 362 4368; Fax: +1 314 362 7183; Email: galletto@wustl.edu

© The Author(s) 2018. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

810z Jaqwaydag Gz uo Jasn Aleiqi] auldipaly 1o |0oyos Aysianiun uolbulysepn Aq 06/2650S/2GE8/91/91A01Sqe-9]d11E/leu/w o9 dno ojwapeoe//:sdpy woly papeojumoq



8358 Nucleic Acids Research, 2018, Vol. 46, No. 16

ScPif1
@ﬂ O

Inhibits telomere elongation

Promotes the maintenance

of mitochondrial DNA

and de novo telomere

5 3
8 I I ¥

additions at DSBs <+ ScPif1
ScPif1 Dna2

replication
Generates long flaps during P ;(03'
5

Okazaki fragment processing 5']]]I|]]]I-]I.II§ ,
3
3

Telomerase 3

ScPif1

5
3 2 ,

\\\\f}lll tDNAST?
s

3 Promotes replication

through tRNA genes ScPif1/\

3 5

s T ScPif1
Pol§ 3 3
Stimulates Pols-mediated DNA synthesis \"“ L
during break-induced replication 57,

Maintains RFB

during rDNA ScPif1

RFB &
ScPif1

<Q

S o
N

7

Promotes replication
through centromere
G-quadruplex
C 3

Unwinds G-quadruplex

(G4) structures

Figure 1. Diagram showing the diverse in vivo functions of the ScPifl DNA helicase. Figure is inspired by an earlier depiction of ScPifl functions (12). See

introduction for references for these functions.

ere lengthening (16,17). ScPifl inhibits telomerase proces-
sivity at both telomeres and DSBs by removing the enzyme
from DNA ends (18,19). Its actions at DSBs is regulated
by Mecl-dependent phosphorylation (20). When ScPifl
is unable to remove telomerase from DSBs, the rate of
gross chromosomal rearrangements (GCRs) dramatically
increases due to the formation of terminal deletions (21).
ScPif1’s nuclear functions are not limited to telomeres.
ScPif1 contributes to semi-conservative DNA replication in
multiple ways. It affects Okazaki fragment maturation by
generating long flaps that are cleaved by the nuclease ac-
tivity of Dna2 (22,23). It promotes fork progression and
suppresses DNA damage at several hard to replicate sites,
such as tRNA genes (24,25), G-quadruplex (G4) struc-
tures (26,27), and centromeres (Chen et al., in prepara-
tion). In contrast, ScPifl inhibits fork progression at the
replication fork barrier within ribosomal DNA (rDNA),
which ensures that replication and transcription occur in
the same direction through rDNA repeats (28). ScPif1 stim-
ulates Pol 8-mediated DNA synthesis and bubble migration
during break-induced replication repair of DSBs (29,30).
ScPifl also has multiple in vitro activities. ScPifl exhibits
weak unwinding activity on conventional 5'-tailed duplex
DNA, but robustly unwinds forked DNA (31), G4 struc-
tures (26,32,33) and RNA/DNA hybrids (R-loops) (33-35).
ScPifl also displaces proteins from single-stranded DNA

(ssDNA) (36), enhances the processivity of DNA poly-
merase 9 (29,37) and promotes annealing of complemen-
tary DNA single strands (38). In most cases, it is not clear
which of its in vitro activities is responsible for a specific in
vivo function.

At the structural level, most Pifl family helicases have
three regions: an amino terminus, the ~400-500 amino
acid helicase domain and a carboxyl terminus (Figure 2A).
While the helicase core is highly conserved, the amino and
carboxyl termini diverge both in size and sequence among
Pifl family members. In addition to the seven helicase mo-
tifs, the Pifl helicase domain contains three motifs (A, B
and C) whose functions are unknown which are shared with
the Escherichia coli RecD helicase (39,40). Pifl family he-
licases also contain the Pifl signature motif (SM) that is
located between motifs II and III (Figure 2A) (8). In our
original description of the SM, we said that it was 21 amino
acids in length and was absent from plant Pifl family heli-
cases (8). As more Pifl family helicases were sequenced, it
became clear that the SM is probably better defined as be-
ing 23 amino acids in length, as the next two amino acids are
also highly conserved (LI or LV) (Figure 2B). Also at least
some plant Pif1 family helicases have the SM, although they
tend to be more divergent than those in yeasts and multi-
cellular organisms (C. L. Geronimo, personal observation).
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Figure 2. (A) Schematic of domains of the ScPifl DNA helicase. The helicase core domain is in white. The red bars within the core domain are the
conserved helicase motifs, and the star indicates the position of the Pifl-family Signature Motif (SM), which is located between helicase motifs IT and
II1. The purple and blue domains are the amino and carboxyl regions of ScPifl, respectively, which vary in size and sequence among different Pif1 family
helicases. As indicated, the amino terminus of ScPif1 is 237 amino acids, the helix domain is 508 amino acids and the carboxyl region is 114 amino acids.
(B) Sequence alignment of Pifl-family SM from different organisms (Al, Aspergillus lentulus; Bs; Bacteroides spp; Ca, Candida albicans; Cg, Candida
glabrata; Cl, Canus lupus familiaris; Hs, Homo sapiens; Mm, Mus musculus; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; X1, Xenopus
laevis; Xt, Xenopus tropicalis). Protein sequences were obtained from NCBI (htts://www.ncbi.nlm.nih.gov), aligned using Clustal Omega and analyzed
using Unipro UGENE. The consensus row at the top indicates the most conserved residue at each position or shows a ‘+” when two or more residues are
equally abundant. Residues are colored in accordance to their physiochemical properties: aliphatic/hydrophobic (pink), aromatic (orange), positive charge
(blue), negative charge (red), hydrophilic (green), proline/glycine (magenta) and cysteine (yellow). (C) SM mutations in ScPifl generated and analyzed
in this study. Mutations include alanine substitutions of conserved residues (I), large and small deletions that are represented by dashed lines (II), and
successive amino acid substitutions (I11). (D) Structure of a truncated ScPif1 helicase (PDB ID: 506D, amino acids 237-780) (43) rendered and modified
using Pymol (55). Secondary structures are colored as follows: helix (teal), loop (beige) and sheet (pink). The ScPif1 SM, which is shown in yellow, forms
an a-helix with an extended loop.

The goal of this study is to determine the functional im-
portance of the SM in Pifl family helicases, using the bud-
ding yeast ScPifl as a model. Our analysis was informed
by the crystal structures of bacterial helicases Bacteroides
sp 3-1-23 (BsPif1) (41) and Bacteroides sp 2-1-16 (BaPif1)
(42) and the helicase domains of the human Pifl (hPIF1,
amino acids 200-641) and ScPifl (amino acids 237-780)
(43). The structures in these papers show that the Pifl SM
folds into an a-helix with an extended loop (41-43). Specifi-

cally, the first 10 amino acids (AELLDKLDFIARKI) of the
SM are part of the a-helix (SM residues are in bold and
underlined). The next 11 amino acids of the SM form the
extended loop with a turn (RKNHQPFGGIQ) (Pro367 in
bold represents the first residue in the turn), and the last two
amino acids (L373 and 1374) in the SM are part of an ad-
jacent B-sheet structure. The SM of BaPif1 is suggested to
stabilize the conformation of regions involved in ssDNA-
binding (42). Although a leucine to proline mutation in the
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SM of the hPIF1 helicase (hPIF1-L319P) is associated with
an increased risk of breast cancer (44), the contribution of
the SM to specific in vivo functions of a Pif1 family helicase
has not yet been addressed. By conducting a systematic mu-
tational and functional analysis of the ScPif1 SM, we show
that its presence was critical for all tested in vivo functions of
ScPifl. Moreover, the SM was essential for ATPase activity
in vitro but not for binding to ssDNA. Our in vivo analysis
is consistent with in vitro studies in an accompanying paper
which shows that the SM in the S. pombe Pifl helicase is
critical for most of its diverse in vitro activities (45).

MATERIALS AND METHODS
S. cerevisiae strains and growth conditions

Unless otherwise indicated, strains were derived from W303
(see Supplementary Table S1 for strains and Supplemen-
tary Table S2 for plasmids used herein). To create deletion
strains, polymerase chain reaction amplification of selec-
tive markers and flanking DNA followed by homologous
recombination into the gene of interest was used: PIFI was
deleted with NatM X6 or His3M X6 and DNA2 was deleted
with KanMX6. The strain for the GCR (MBY77) assay
was derived from YPHS500. To generate MBY 77, HTX13 on
Chr V-L was replaced with the Kluyveromyces lactis URA3
gene (32). Mutant alleles of PIFI were marked with TRPI
and introduced on the circular centromere plasmid pCG17
via lithium acetate transformation (100 ng of plasmid DNA
unless specified otherwise) (46). Depending on the experi-
ment, cells were grown in rich medium YPD (1% yeast ex-
tract, 2% peptone and 2% glucose) or synthetic drop-out
medium lacking tryptophan (SD-TRP).

Construction of plasmid-borne Pifl mutant alleles

The PIFI promoter was excised from plasmid pVS102 (16)
by digestion with PspXI and Agel (New England Biolabs,
NEB) and then cloned into plasmid pMB282 (CEN ARS
TRPI1) containing PIFI with a C-terminal 3xFLAG tag
(32). The resulting plasmid referred to as pCG17 was ver-
ified by restriction enzyme digestion and DNA sequencing
and used as the target plasmid for mutagenesis. Mutations
within the conserved Pifl-family SM were generated in
pCG17 using QuikChange Lightning Site-directed Mutage-
nesis (Agilent Technologies), Q5® Site-directed Mutagene-
sis (NEB) or cloned in using gBlocks® gene fragments (In-
tegrated DNA Technologies) and the Gibson Assembly®
method (NEB). Mutations were verified by Notl and Aval
restriction enzyme digestion (NEB) and DNA sequencing.
The SM mutations analyzed in this study are listed in Figure
2C.

Immunoblot analysis

Yeast total protein extracts were prepared using NaOH pre-
cipitation (47). Briefly, 1 ml of mid-log phase cells were pel-
leted, resuspended in 200 pl of 0.1 M NaOH, incubated at
room temperature for 10 min, pelleted, resuspended in 60
wl of sample buffer (2X Laemmli buffer with 1M DTT),
boiled for 5 min and pelleted again. At least 10 pl of the
supernatant was loaded and the proteins were separated

on a 5% (37.5:1 polyacrylamide:bis-acrylamide) sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE). The proteins were transferred to a nitrocellulose
membrane (GE Healthcare) at 4°C and blocked with 5%
non-fat dried milk (Lab Scientific) diluted in Tris-Buffer
Saline Tween-20. Detection of FLAG-tagged Pifl proteins
was done using mouse monoclonal anti-FLAG M2 pri-
mary antibody (Sigma-Aldrich, 1:1000 dilution) and visu-
alized with horseradish peroxidase-conjugated anti-mouse
secondary antibody (Bio-Rad, 1:3000 dilution) and ECL
detection kit reagents (GE Healthcare).

Telomere blot analysis

Plasmid pCG17 containing wild-type (WT) or Pifl mu-
tant alleles or an empty vector control (pMB13) was
transformed into a heterozygous PIF1/pifl A DNA2/dna2 A
diploid W303 strain. After sporulation and tetrad dis-
section, spores were genotyped and haploid DNA2+
pifl::NatM X6 spores carrying the plasmids were selected
by their KanMX5 NatMX®R Trp®™ phenotype. Genomic
DNA was extracted from at least three independent trans-
formants (biological replicates) using MasterPure Yeast
DNA Purification kit (Epicentre) ~100 generations after
sporulation. Genomic DNAs were digested with Xhol re-
striction enzyme (NEB), separated by 1% (w/v) agarose gel
electrophoresis in Tris-borate ethylenediaminetetraacetic
acid (EDTA) and then transferred to a nylon membrane
(GE Healthcare). Telomeres were hybridized with a->>P-
labeled Y’-sub-telomeric probe (48), imaged on a Typhoon
FLA 9500 Phosphorimager system (GE Healthcare) and
quantified using ImageQuant TL software (GE Health-
care).

Assay for mitochondrial function

To assay for mitochondrial function, pifi A cells carrying
plasmid pCG17 bearing either a WT or mutant allele of
PIFI were grown to saturation in 5 ml cultures of SD-TRP
medium. From each culture 1 ml of two ODgg yeast cells
were pelleted, resuspended in sterile water, and 5 .l of 10-
fold serial dilutions were spotted onto SD-TRP medium
containing 2% glucose or 3% glycerol and grown at 30°C
for at least 3 days.

Suppression of dna2 A lethality

Haploid pifi A dna2 A cells were generated from a doubly
heterozygous (PIF1/piflA DNA2/dna2A) diploid strain.
Using 500 ng pCG17 DNA, Pif]l mutant alleles were trans-
formed into the pifi1 A dna2 A haploid, plated onto YPD and
SD-TRP medium and allowed to grow at 30°C for 3-4 days.
Growth on SD-TRP medium indicated that the Pif] mutant
was a null allele in this assay, as it suppressed the dna2 A
lethality. Cells were also plated on YPD to monitor viable
cells.

GCR assay

WT or Pifl mutant alleles were transformed into MBY77
pifl::His3MX6. The GCR assay was performed as previ-
ously described (49). Briefly, three to five 5 ml cultures were
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grown to saturation in SD-TRP medium at 30°C for 72 h.
From each culture 100 w1 of diluted (10~%) cells were plated
onto non-selective medium (SD-TRP), and the plates were
incubated at room temperature for 4 days. In addition, 2
ml of cells were pelleted, resuspended in 300 pl of sterile
water, plated onto selective medium supplemented with 5-
FOA and canavanine sulfate (SD-TRP+FOA+CAN), and
the plates were incubated at 30°C for 4-5 days. GCR rates
were calculated using the Fluctuation Analysis Calculator
(FALCOR) web server and the MMS maximum likelihood
method (50).

Purification of ScPifl mutant variants

Pifl variants harboring mutations or deletions within
the 23 amino acid SM were generated with standard
site-directed mutagenesis protocols. Preliminary expression
tests of ScPifl variants from a pET28b plasmid indicated
that large changes within the SM lead to either low expres-
sion or poorly soluble proteins. Therefore, ScPifl and its
mutant variants with a Hisg-tag (N- or C-terminal) were
re-cloned into a modified pGEX-6p plasmid into which
was introduced a Ncol restriction site after a prescission
protease site. After induction with 0.7 mM Isopropyl B-
D-1-thiogalactopyranoside (IPTG), Rosetta2 (DE3) pLysS
cells were grown overnight at 16°C. Cells were opened in
Buffer L (20 mM sodium phosphate buffer, pH 7.4, 600
mM NacCl, 20% glycerol, 1 mM EDTA, 0.5 mM Phenyl-
methyl sulfonyl fluoride (PMSF) and 1 mM Dithiothreitol
(DTT)) and the clarified supernatant incubated with glu-
tathione Sepharose” 4 Fast Flow (GE Healthcare). Follow-
ing a high salt wash, the bound proteins were eluted with 25
mM glutathione. After cleavage of the GST-tag during dial-
ysis, the proteins were further purified with anion exchange
(HighQ, BioRad), cation exchange (HighS, BioRad) and fi-
nally eluted from Ni-NTA (Qiagen), as described previously
(51). A ScPifl construct missing the first 237 amino acids
and their variants where the 3’ PFGGIQ?”> motif was sub-
stituted for six glycines was overexpressed from a pET28b
plasmid and purified as described (51). ScPifl and its pu-
rified mutant variants were quantified spectrophotometri-
cally (51,52); the concentrations of the mutant variants con-
taminated with the faster migrating band were quantified by
gel densitometry using Pifl WT as a standard.

ATPase and DNA binding assays

The DNA-dependent ATPase activity of ScPifl and its mu-
tant variants were determined spectrophotometrically using
a B-Nicotinamide adenine dinucleotide reduced disodium
salt hydrate (NADH) enzyme-coupled assay as previously
reported (51,52). ATPase activity was measured at 30°C in
Buffer A (10 mM Hepes (pH 7.4), 100 mM NaCl, 8§ mM
Mg-acetate and 1 mM DTT) as a function of the concen-
tration of ssDNA (dTgp) and at a constant concentration of
1 mM ATP. The data were fitted with the equation v = &’y
[DNA]/(K’pna + [DNA]). DNA binding was measured in
Buffer B (50 mM Tris—HCI (pH 8.1), 100 mM NacCl, | mM
Mg-acetate and 1 mM DTT) by monitoring the fluores-
cence quenching of a forked-DNA substrate labeled with 6-
carboxy fluorescein. DNA binding isotherms were analyzed

Nucleic Acids Research, 2018, Vol. 46, No. 16 8361

with a 1:1 binding model, as described in (52). Standard de-
viations are from three to four independent experiments.

RESULTS

Experimental strategy to determine the in vivo functions of
the ScPifl signature motif (SM)

The SM was identified during sequence alignments of Pif1
proteins as a 21 amino acid stretch that is unique to
Pifl family helicases. When the SM consensus sequence
(DKLeXvARaiRKqXkPFGGIQ) was used in a BLAST
search, only Pifl homologues were identified (8). As more
Pifl family helicases were sequenced, it became clear that
the SM is probably better defined as being 23 amino acids
in length, as the next two amino acids are also highly
conserved (LI or LV) (Figure 2B). Although we originally
thought the SM was not present in plant Pifl family heli-
cases, at least some of the plant Pif1 helicases (e.g. Capsella
rubella and Trifolium pratense) have this motif, although
they are often more divergent than those in yeasts and
multi-cellular organisms (C. L. Geronimo, personal obser-
vation).

To determine the function of the SM, we designed a series
of mutations within the SM, introduced the mutant genes
on centromere plasmids into pif1 A cells and determined the
ability of each mutant gene to supply individual Pif1 func-
tions. Our choice of mutations was based in part on struc-
tural studies of bacterial and hPIF1 helicases (see ‘Intro-
duction’). As a control, we used the Sc-pifi-K264A4 allele,
where an invariant lysine in the Walker A box is mutated
to alanine, which generates a helicase-dead allele (17). Mu-
tant and WT proteins were epitope tagged at their carboxyl
termini with three FLAG tags for detection by western blot-
ting.

To determine if the SM is essential for ScPifl functions,
we deleted most of the SM (21 of the 23 amino acids). We
also deleted six amino acids (Pro367 to GIn372) that form
part of the extended loop (Figure 2C, group II). The first
10 amino acids of the SM form part of an a-helix (41—
43). To test the importance of the a-helical portion of the
SM, we replaced the first 15 residues (Asp352 to GIn366)
with 15 alanines, as poly-alanine cannot form an a-helix,
but still provides structural flexibility. To determine if the
a-helical structure or simply the sequence of this region
was important, we replaced the first 15 SM residues with
the SM sequence from the bacterial Bacteroides spp Pifl
(BsPif1), which is different from that of the ScPifl SM at
12 of the 15 positions (although four of the 12 changes are
conservative) (Figure 2B). We also generated a more dras-
tic mutant that replaced the 10 SM amino acids of the a-
helix with a completely different sequence that is nonethe-
less predicted to form an a-helix by the SABLE protein
structure prediction server (53). For this allele, we used the
Lys123 to Ile132 amino acid region from the T4 bacterio-
phage Dda helicase (54). We chose the Dda sequence be-
cause using the Pymol program (55), it aligned well with
the ScPif1 SM a-helix and is located in a similar position as
the SM within the Dda protein; i.e. between helicase motifs
IT and IIT (Supplementary Figure S1). To test the signifi-
cance of the SM loop in the carboxyl-terminal region, sin-
gle alanine substitutions (Figure 2C, group I) or successive
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amino acid substitutions (Figure 2C, group III) were cre-
ated. Single amino acid substitutions were also created at
specific sites within the SM, including a change that corre-
sponds to the hPIF1-L319P mutation (Sc-pif1-L354P) that
is associated with higher breast cancer risk (44) (Figure 2C,
group I).The growth rates of cells expressing each TRPI-
marked mutant allele were determined for cells growing at
30°C in media lacking tryptophan (Supplementary Figure
S2B). Mutations that were functional in the in vivo assays
described below had normal growth rates while cells with
null or near null alleles grew more slowly, a phenotype that
can be explained by their reduced mitochondrial function.

All of the SM alleles except Sc-pif1-L354P produced stable
protein in yeast

After generating pif1 A cells carrying a centromere plasmid
borne copy of a mutant ScPIFI allele, we used western blot
analysis to determine if the mutant proteins were expressed
in vivo. All of the ScPifl SM mutants generated for this
study were expressed, except for ScPif1-L354P, whose ex-
pression was not detectable by western blotting. Therefore,
this mutant was not examined in functional assays. Quan-
tification of the expression of key SM mutants indicated
some variability in protein levels (Supplementary Figure
S2A). However, changes in protein levels did not correlate
with loss of ScPif1 function.

The SM is essential for the mitochondrial functions of ScPifl

ScPifl is critical for the maintenance of mtDNA as loss
of ScPifl rapidly generates respiratory deficient cells (pe-
tites) (15). To test for mitochondrial proficiency we ana-
lyzed growth on glycerol, a non-fermentable carbon source.
Petites are unable to grow with glycerol as the only car-
bon source. Plasmids carrying WT or mutant ScPIFI al-
leles were transformed into a heterozygous diploid strain
(YCGS9, pifiA/WT), and tetrads were dissected. After
spore clones grew up on glucose plates, which allowed for
loss of mtDNA, pifi A cells carrying either WT or a mu-
tant allele of ScPIFI were spotted onto selective medium
containing either glycerol or glucose. Growth was assessed
after ~3 days at 30°C (Figure 3). Cells expressing single ala-
nine substitutions within the SM exhibited WT mitochon-
drial function as shown by robust growth on glycerol plates.
However, deletion of the entire SM, deletion of the loop re-
gion and larger amino acid replacements did not generate
respiratory proficient cells. Thus, the SM of ScPif1 is criti-
cal for maintenance of mtDNA.

The SM is critical for ScPifl to remove telomerase from
telomeres

ScPifl catalytically removes telomerase from telomeres in a
manner that limits telomere lengthening (18). Thus, com-
pared to WT cells, cells lacking ScPifl have long telomeres
(16,18). We used Southern blot analysis to monitor telomere
length in cells expressing each of the mutant alleles (Figure
4). Most of the single alanine substitutions exhibited telom-
ere lengths similar to WT (Figure 4; lanes 1, 2, 7 and 8), indi-
cating that subtle changes in the SM did not disrupt the abil-

ity of ScPif1 to regulate telomere length. Cells expressing al-
leles that deleted the entire SM, the loop region or more sub-
stantial amino acid substitutions resulted in long telomeres
similar in length to telomeres in pif1 A cells (Figure 4; lanes
3-6 and 15-18). However, three of the seven single alanine
substitutions (G369A, G370A and Q372A) exhibited inter-
mediate telomere phenotypes, suggesting that these residues
are required for full inhibition of telomere elongation (Fig-
ure 4; lanes 9-14).

The SM is critical for ScPif1’s role in Okazaki fragment pro-
cessing

Deletion of PIFI suppresses the lethality caused by dele-
tion of DNAZ2, an essential gene whose protein product has
both helicase and nuclease activities (22,23). The basis for
this suppression is that Pif1 is required to generate Okazaki
fragments with long 5 flaps whose resolution is Dna2-
dependent. To assess the importance of the SM for ScPif1’s
role during Okazaki fragment processing, the viability of
pifl A dna2 A cells expressing a plasmid borne allele with
a SM mutant was assessed (Figure 5). Seven mutants each
with a single alanine substitution (e.g. L354A and P367A)
failed to suppress the lethality of a dna2 A mutant indicat-
ing that these alleles were able to generate long-flap Okazaki
fragments. However, deletions and more substantial amino
acid substitutions (e.g. successive alanine changes or «-
helix sequence replacements) generated viable cells, indicat-
ing that the mutant ScPifl suppressed the dna2A lethal-
ity. Therefore, the SM was essential for Pifl function dur-
ing Okazaki fragment processing. Replacement of the SM
with the bacterial BsPifl SM sequence also suppressed the
dna2 A lethality. Thus, as with telomere length regulation
(Figure 4), the bacterial SM was unable to provide the
Okazaki fragment processing activity of WT ScPifl, even
though it did provide its mitochondrial function (Figure 3).
Of the 15 SM mutants tested here, the bacterial SM substi-
tution mutant (BsPif1-SM allele) was the only separation of
function allele we obtained.

The SM is critical for ScPifl to remove telomerase from dou-
ble strand breaks

In addition to regulating the lengths of existing telomeres,
Pif1 removes telomerase from DSBs, thus inhibiting de novo
telomere addition (19). De novo telomere additions were de-
tected by a GCR assay that selects for the simultaneous loss
of two markers on the left arm of chromosome V (Figure
6A) (21). To determine if the SM affects de novo telomere
addition, the rate at which GCR events occurred in strain
MBY77 carrying plasmid borne WT or mutant alleles of
ScPIF1 was calculated (Figure 6B). The GCR rate for cells
expressing WT ScPifl was 1.20 x 107 events per cell di-
vision. The rates for cells expressing pif/-P367A as well as
those for the three alleles that had intermediate telomere
lengths (pifiI-G369A, G370A and Q372A) were similar to
WT cells. In contrast, the GCR rates in cells expressing
an allele lacking part of the SM (SMA6) or with multiple
tandem alanine substitutions (SM6A) were almost 50-fold
higher than in WT cells. Thus, the SM is also essential to
inhibit de novo telomere additions.
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The PFGGIQ region within the ScPifl SM is required for
ATPase activity

Analysis of the in vivo phenotypes of SM mutants (Table 1)
indicated that while no single amino acid was required for
function, the entire 23 amino acid region as well as subsets
of the region were necessary. Within the 23 amino acid SM,
deletion or substitution of the conserved ’PFGGIQ3"?
motif was sufficient to lead to a null phenotype in vivo in-
distinguishable from that of pifiA or the pifi-K264A al-
lele. This observation suggests that the change of this six
amino acid stretch affects one or more of ScPif1’s biochem-
ical functions, e.g. DNA binding, the DNA-dependent AT-
Pase activity or the ATPase-coupled unwinding activity.
To distinguish among these possibilities, we purified ScPif1
variants containing selected SM mutations. Consistent with
a WT phenotype in vivo, the ScPifl constructs harboring
the single-point mutations G370A or I371A retained DNA-
dependent ATPase activity in vitro, the major catalytic ac-
tivity that drives ScPifl functions (Figure 7B). The differ-
ences in the DNA-dependent ATPase activity (both in the
apparent K’'pna and K¢y see table associated with Figure
7B) between WT ScPifl and these single-point mutant vari-
ants did not result in dramatic differences in ScPifl func-
tions in vivo (Table 1). In contrast, the full-length ScPifl
variants harboring a deletion of the *’PFGGIQ?"> motif
(SMAG6) or a substitution of this region with six alanines

(SM6A) did not show ssDNA-dependent ATPase activity,
even at a 10-fold higher concentration of enzyme (Figure
7C). However, both variants co-purified with a contami-
nating band that could not be removed, even with size-
exclusion chromatography (Figure 7A, asterisks). To test
whether the loss of ATPase activity in these mutants was
due to the presence of the contaminating band, we gen-
erated a substitution of the 3"PFGGIQ?*’? motif with six
glycines (SM6G) within a Pifl construct that lacked the
N-terminal region of the helicase (Pif123%%°-SM6G). The
purified protein did not contain detectable amounts of the
contaminating band (Figure 7A), yet, neither ssDNA nor a
forked-DNA substrate (i.e. an unwinding substrate) stim-
ulated ATPase activity, even at an enzyme concentration
that was 10-fold higher than that of its WT counterpart
(Figure 7D). However, the SM6G variant of ScPif123%-3%
retained DNA binding activity, as monitored by quench-
ing of fluorescence intensity of a forked-DNA substrate la-
beled with 6-carboxyfluorescein (Figure 7E). Thus, loss of
DNA-dependent ATPase activity in this mutant was not
due to loss of DNA binding activity. Taken together, the
in vitro results indicate that while large changes within the
3TPFGGIQ3”? motif of the SM did not lead to loss of DNA
binding activity of ScPif1, they eliminated its ATP binding
and/or hydrolysis activities.
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Figure 4. (A) Analysis of telomere lengths in cells expressing different PIFI alleles. Genomic DNA was isolated from three or more independent isolates
from each of the 14 SM mutant strains as well as from WT, pif] A and catalytically dead pif71-K264A cells (in this figure two representative examples are
shown for 9 of the 17 strains examined). DNA was digested with Xhol, separated on 1% agarose gels and analyzed by Southern hybridization using a
radiolabeled sub-telomeric Y’ probe (48). The lanes contain DNA from WT (lanes 1 and 2), SMAG6 (lanes 3 and 4), SM15A (lanes 5 and 6), [371A (lanes 7
and 8), G369A (lanes 9 and 10), G370A (lanes 11 and 12), Q372A (lanes 13 and 14), BsPif1-SM (lanes 15-16) and pif1 A (lanes 17 and 18). (B) Quantitation
of telomere lengths. To obtain the number of base pairs of TG;_3 telomeric DNA, 875 bp, the amount of Y’ DNA in the terminal Xhol restriction fragment
(48) was subtracted from the size of the terminal fragments. The average telomere length was determined for at least three biological isolates per strain.
The white lines represent the peak DNA signal that indicates the average length of the Y’ telomeres. Telomeres were classified in Table 1 as having WT
(320 £ 12 bp), intermediate (357 & 11 bp) or null (441 £ 53 bp) telomere lengths. Error bars are standard deviations. Given that loss of ScPif1 function
results in longer telomeres, a one-tailed student z-test was used to compare the mean telomere lengths between WT and ScPif] mutants to determine if the
increase in telomere lengths observed in the SM mutants was statistically significant; NS, not significant, *P<0.05, **P<0.005.
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Figure 5. Analysis of the ability of ScPifl SM mutants to suppress the lethality of a dna2 A cells. Plasmid-borne WT and SM alleles were introduced into
PIfIA dna2 A cells and analyzed for growth on selective media as indicated in the cartoon. WT alleles are unable to suppress the lethality of dna2 A cells.
Images shown are cells plated on selective media lacking tryptophan; growth indicates null ScPif1 function.
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Figure 6. (A) Schematic of gross chromosomal rearrangement (GCR) assay (49). (B) Bar graph shows GCR rates of WT ScPifl, P367A, SMA6, G369A,
G370A, Q372A and SM6A mutants. The average rate in cells expressing WT ScPifl was 1.20 x 10~ events per cell division and the average rates in mutant
cells expressing single alanine substitutions were similarly low. The GCR rate for cells expressing P367A, an allele that was WT in all in vivo assays, was
6.68 x 1078, The GCR rate for cells expressing G369A, G370A and Q372A, alleles that exhibited an intermediate telomere phenotype, were 5.85 x 1078,
5.79 x 1078 and 5.36 x 1078, respectively. In contrast, the average rates in mutant strains SMA6 and SM6A were almost 50-fold higher compared to WT.
Experiments were done on at least three biological replicates. Error bars show standard deviations.

DISCUSSION

The SM is a unique feature of Pifl family helicases, yet its
importance for the diverse functions of these proteins was
unknown. By making a series of mutations in the SM of
ScPifl, we showed that the SM is critical for ATPase activ-
ity in vitro and for multiple in vivo functions of this multi-
functional DNA helicase. These conclusions agree with and
complement those in an accompanying paper that shows
that the SM in the fission yeast Pfhl, another member of
the Pifl family of DNA helicases, is essential for all of its
in vitro activities, except DNA annealing, including its pref-
erential unwinding of G4 and RNA/DNA hybrids (see ac-
companying paper by Mohammad et al. (45)).

Previous studies have addressed the in vitro functions of
the SM in bacterial helicases (41,42). Mutation of the equiv-
alent amino acid identified in the cancer-variant of hPIF1
resulted in more than 90% reduction of ssDNA binding,
double-stranded DNA (dsDNA) and G4-DNA unwinding
activities of BaPifl (42). Also, a deletion of the conserved
four amino acids PFGG within the loop region of BsPifl
abolishes its unwinding activity (41). In our SM study, we
tested mutations of almost all the residues within the SM
for effects on ScPifl functions in vivo as well as several of
these mutations for their effects in vitro. Although substi-

tution of an alanine residue at seven different highly con-
served residues throughout the SM yielded active protein
in vivo (and for two of these substitutions, in vitro as well),
deletion of most of the 23 amino acid SM (SMA21) was as
defective in vivo as a complete deletion of the PIFI gene or
the catalytically dead K264 A allele (Table 1). Asthe SMA21
allele produced a stable protein, its lack of in vivo function
was not due to its producing an unstable product (Supple-
mental Figure S2A). Likewise, deletion of six amino acids
near the carboxyl end of the SM (SMAG6), one of the most
highly conserved regions within the motif (Figure 2B), was
a null allele in vivo, as was the SM6A and SM6G alleles
where the same six amino acids were replaced with con-
secutive alanines or glycines. The null phenotypes of the
SMAG6 and SM6A alleles in vivo can be explained by our
in vitro data showing their lack of ATPase activity, but not
DNA binding. Thus, although single alanine substitutions
at these positions were WT for several in vivo functions, their
consecutive replacement generated non-functional protein.
In the crystal structure, starting with the proline residue,
which is proposed to create a kink, these six amino acids
form part of an extended loop (41-43). Thus, not only the
presence but also the sequence of this highly conserved six
amino acid portion of the loop (** PFGGIQ?*"?) were essen-
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Figure 7. The SM of ScPif1 is required for DNA dependent ATPase activity in vitro. (A) SDS-PAGE analysis of the purified ScPifl WT and mutant ScPifl
proteins prepared in Escherichia coli. The asterisk indicates a contaminating band that co-purifies with full-length Pif1 variants with mutations within the
SM. (B) DNA-dependent ATPase activity of Pifl (N- and C-terminal Hisg-tagged) and the single-point mutant variants G370A and I371A. (C) Time
course of ATP hydrolysis, monitoring the absorbance of NADH, of Pifl and its SMaa6A and SM6A variants. (D) Time courses of ATP hydrolysis of
Pif1238-859 and its SM6G variant. (E) Forked-DNA binding activity of Pif1233-%% and its SM6G variant.

tial for ScPifl functions in vivo. The Pif1?3%%% SM6G pro-
tein bound a forked-DNA substrate in vitro, although its
affinity was ~2.5x lower than the WT ScPifl (Figure 7E).
Thus, the SM is not essential for substrate binding, but it
may enhance binding as suggested in (42). The SM is situ-
ated between helicase motifs II (Walker B box) and 111, and
these canonical motifs are known to be involved in NTP hy-
drolysis and DNA binding, respectively (4). Given the SM’s
location, we speculate that the conserved loop region may
provide the appropriate spatial configuration required for
the residues from motifs IT and I1I to coordinate and couple
the energy of ATP binding/hydrolysis with DNA unwind-
ing.

To test if the six highly conserved amino acids in the loop
region are sufficient for SM function, we replaced the amino
terminal 15 amino acids of the SM with fifteen alanines
(SM15A). In all tested in vivo functions, SM15A was a null
allele, even though it produced stable protein in vivo. Thus,
the conserved six amino acid portion of the loop region was
necessary but not sufficient for SM function. The amino ter-
minal 10 amino acids are part of an a-helix (41-43). Given
that SM15A was a null allele and contained a poly-alanine
sequence that is unable to form an a-helix, these results sug-
gest that the a-helical structure of this region was also crit-
ical for function. To determine if the presence of an a-helix

plus the loop region were sufficient to supply SM activity,
we replaced the 10 amino acid helix-forming region with
10 amino acids from the bacteriophage dda helicase (Dda
a-helix), which is predicted to form an a-helix. We also re-
placed this region with the comparable part of the Bacteri-
odes spp Pif1 family helicase (BsPif1-SM), which also forms
an a-helix (41,42), but whose sequence is fairly divergent
from that of the equivalent region of ScPif1 (Figure 2B). Al-
though expressed normally, both of these mutant proteins
lacked all (Dda) or some (BsPif1-SM) of the in vivo func-
tions of ScPifl (Supplemental Figure S2A, Table 1) There-
fore, not only the structure but also the sequences of the
a-helix and the loop regions in the SM are essential for in
vivo function.

ScPifl and the S. pombe Pfh1 DNA helicases are multi-
functional in vivo (see introduction and (56)). Unlike Rrm3
(57) or the S. pombe Pfhl (58), ScPifl does not move with
the replisome but is probably recruited to its diverse targets
during or after replication of the sequence (27) (Chen et al.,
in preparation). A long standing interest in our lab is to
identify regions of ScPif1 that might target it to its diverse
in vivo substrates. However, with few exceptions, a given SM
allele was either functional or non-functional for all tested
in vivo functions. The exceptions include three of the single
alanine substitutions (G369A, G370A and Q372A) in the
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Table 1. Summary table showing effects of SM mutations on individual ScPifl functions in vivo. (A) All the SM mutants were tested for effects on
mitochondrial function, telomere length and Okazaki fragment processing. Telomeres were classified as having WT (320 & 12 bp), intermediate (357 £+ 11
bp) or null (441 + 53 bp) telomere lengths. (B) A subset of the SM mutants exhibiting WT and partial loss of function phenotypes was further tested for
effects on de novo telomere addition. The GCR rate for the SM mutants tested was classified as WT or null. Dash in Table 1A indicates that the GCR rate

for that SM mutant was not determined

(A)

ScPif1 allele Mitochondrial function Telomere length De novo telomere addition Okazaki fragment processing
WT WT WT WT WT
piflA Null Null - Null
K264A Null Null - Null
SM amino terminal mutants

SMA21 Null Null - Null
L354A WT WT - WT
SMI15A Null Null - Null
BsPif1-SM WT Null - Null
Dda a-helix Null Null - Null
SM carboxyl terminal mutants

SMA6 Null Null Null Null
P367A WT WT WT WT
F368A WT WT - WT
G369A WT Intermediate WT WT
G370A WT Intermediate WT WT
I371A WT WT - WT
Q372A WT Intermediate WT WT
SM6A Null Null Null Null
SM6G Null Null - Null
(B)

ScPif1 allele Average GCR Rate

(5-FOAR CANR + TRP)

WT 1.20 x 1077
SMA6 5.42 x 107¢
P367A 6.68 x 1078
G369A 5.85 x 1078
G370A 5.79 x 1078
Q372A 5.36 x 1078
SM6A 5.62 x 1076

loop region of the SM. All three had intermediate telom-
ere lengths, longer than WT cells but shorter than telom-
eres in pifl A cells (Figure 4). Small differences in average
telomere lengths are probably easier to detect than simi-
larly small differences in the other in vivo functions exam-
ined in this paper. However, of the 15 SM mutants, these
three were the only ones to have intermediate effects on
telomere length. By both in vivo and in vitro assays, ScPifl
uses its ATPase activity to remove telomerase from DNA
ends, resulting in a less stable telomerase—telomeric DNA
interaction and hence a less processive telomerase (18,19).
In contrast, single-point mutations of residues G370 and
1371 resulted in different effects on the ATPase activity in
vitro, with 1371 A having a negative impact and G370A be-
ing slightly more active than WT ScPifl (Figure 7). The
molecular origin of these differences remain to be deter-
mined, as is the quantitative relationship between the degree
of ATPase activity in vitro and telomere function in vivo. Be-
cause the DNA-dependent ATPase activity of Pif1-G370A
was similar, if not slightly better, to that of the WT enzyme
(Figure 7B), the defect in these telomere-specific partial loss
of function alleles may be manifest only in vivo. For exam-
ple, the intermediate telomere length phenotypes could be
due to partial disruption of a protein—protein interaction
that recruits ScPif1 to telomeres.

The BsPif1-SM allele is our best example of a separation
of function allele. In this allele, the 15 amino acid stretch
that forms part of the a-helix and the first part of the loop
in the ScPifl SM was replaced with the corresponding se-
quence from Bacteroides spp Pifl. The SM sequence in this
allele also contains the six highly conserved amino acids
in the loop region (**? PFGGIQ?"?). The BsPif1-SM allele
had WT mitochondrial function but was a null for three
nuclear functions (Table 1). Because all tested nuclear func-
tions were defective in this mutant, its phenotype is hard
to explain by loss of a protein—protein interaction that tar-
gets ScPifl to a specific substrate. However, loss of nuclear
functions could be explained if the BsPif1-SM protein is de-
ficient in nuclear localization. Translation of ScPif1 can be-
gin at either the first or second methionine in the open read-
ing frame (16,17). Between the first and second methionine
is a mitochondrial localization signal. Thus, if translation
begins at the first methionine, as it commonly does (59), the
translated protein is targeted to mitochondria. If translation
begins at the second methionine, the protein is targeted to
nuclei. From its sequence, the ScPifl SM is unlikely to en-
code a nuclear localization signal (NLS). However, the pro-
tein made by the BsPif1-SM allele might change the presen-
tation of the as yet unidentified NLS, as in the crystal struc-
tures, the BsPifl SM interacts with the 1B domain, which
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folds into an unstructured loop (41), while the 1B domain
of ScPif1 forms an a-helix (43).

In both ScPifl (Figure 7) and the fission yeast Pfhl (see
accompanying paper by Mohammad et al., (45)) the SM
was not needed to bind to ssDNA and/or other DNA sub-
strates in vitro. Moreover, the ScPifl SM was not required
for protein stability as ScPifl and Pfhl variants lacking al-
most the entire SM were stable in vitro (Figure 7) (see ac-
companying paper by Mohammad et al. (45)). Only one
of the 15 ScPifl SM mutants was unstable in vivo, ScPif1-
L354P, the equivalent of the cancer-associated hPIF1 vari-
ant, hPIF1-L319P. In contrast, the equivalent S. pombe
SpPfh1-L430P mutant was stable in vivo and in vitro but in-
active for in vivo and in vitro ATP-dependent activities (44)
(see accompanying paper by Mohammad et al. (45)). Sim-
ilar to the S. pombe Pfhl, analysis of the equivalent Bac-
teriodes spp BaPifl 1118P mutant showed a significant re-
duction in ssDNA binding and dsDNA and G4-unwinding
activities (42).

The analyses here and in the accompanying paper argue
that the SM is essential for all functions that require the AT-
Pase activity of Pifl family DNA helicases. By extension,
ScPifl must act enzymatically for the tested in vivo func-
tions. In contrast, the ability of ScPifl (and Pfhl) to an-
neal complementary DNA strands does not require ATP
hydrolysis (38,45). By using helicase dead alleles, such as
pifl-K264A, all of the tested in vivo activities of ScPifl are
ATPase dependent [see, for examples (17,29,60), Chen et al.,
in preparation]. Thus, as yet, there is no in vivo evidence for
a function for ScPifl- (or Pfh1-) mediated strand anneal-
ing. However, the role of ScPifl in fortifying the replication
fork barrier in the rDNA (28), which has not been tested for
ATPase-dependence, is a candidate for being mediated by
strand annealing. Finally, if ScPifl is recruited to its in vivo
targets by specific protein—protein interactions, these inter-
actions usually do not involve the SM region of ScPifl.

In summary, the combined data here and in the accom-
panying paper show that the SM regions of ScPif1 and fis-
sion yeast Pfh1 were essential for ATPase activity and for
all tested in vivo functions but not for substrate binding or
DNA annealing in vitro. Because we found little evidence
for SM alleles that support only a subset of ScPifl’s in vivo
functions, sequences that define ScPif1 targeting to a spe-
cific genome region likely lie mainly outside the SM. The
demonstration in the accompanying paper that Pfhl, like
ScPifl (34,38), has single strand annealing activity and pref-
erentially unwinds RNA/DNA hybrids provides additional
support that members of the Pifl family of DNA helicases
share not only sequence similarity but also common bio-
chemical properties.
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