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Abstract

Helicases are ubiquitous enzymes found in all organisms that are necessary for all (or virtually all)
aspects of nucleic acid metabolism. The Pifl helicase family is a group of 5'—3’ directed, ATP-
dependent, super-family IB helicases found in nearly all eukaryotes. Here, we review the discovery,
evolution, and what is currently known about these enzymes in Saccharomyces cerevisiae (ScPifl
and ScRrm3), Schizosaccharomyces pombe (SpPfh1), Trypanosoma brucei (TbPIF1, 2, 5, and 8),
mice (mPifl), and humans (hPif1). Pifl helicases variously affect telomeric, ribosomal, and
mitochondrial DNA replication, as well as Okazaki fragment maturation, and in at least some cases
affect these processes by using their helicase activity to disrupt stable nucleoprotein complexes.
While the functions of these enzymes vary within and between organisms, it is evident that Pifl
family helicases are crucial for both nuclear and mitochondrial genome maintenance.
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1. Introduction

Since the isolation of the Saccharomyces cerevisiae PIF1 gene more than 25 years ago [1] and
the eventual characterization of the S. cerevisiae Pifl protein (ScPifl) as a helicase [2], work
on the Pifl family of helicases has begun to elucidate the roles of these enzymes in both nuclear
and mitochondrial genome stability. ScPifl and its homologs have been studied in yeasts,
parasites, and mammals. The goal of this review is to summarize what is known about the Pifl
helicases, compare their activities in different model systems, and cast an eye towards the future
of Pifl research.

2. History and evolution of the Pifl helicases

The S. cerevisiae PIF1 gene was isolated in a genetic screen for genes that affect the frequency
of mitochondrial DNA (mtDNA) recombination between wild type and cytoplasmic petite
mutant strains (i.e., petite integration frequency) [1]. A decade later, the same group succeeded
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in partially purifying ScPifl from mitochondria and demonstrated that it possesses single-
stranded DNA (ssDNA)-dependent ATPase and 5'—3' directed helicase activities [2]. Soon
after, the study of Pifl helicases as proteins affecting the nuclear genome began with the
“rediscovery” of ScPifl as an enzyme that inhibits telomere elongation and de novo telomere
formation [3] (see Section 3 for an in-depth discussion of ScPifl).

Asecond PIF1-like gene, now called RRM3, was found in S. cerevisiae by two different groups.
In one case, the gene was identified by searching the database for genes with similarity to
ScPIF1 [4]. In the second, it was identified in a screen for ribosomal DNA (rDNA)
recombination mutants [5], where it was named SCRRM3 [5]. As more genome data became
available, it became apparent that ScPifl was the founding member of a family of helicases
conserved in essentially all eukaryotes (Figure 1). However, while several fungal genomes,
such as Candida albicans and Cryptococcus neoformans, are like S. cerevisiae in encoding
two Pifl family helicases, most higher eukaryotes and all metazoans contain only one. Two
notable exceptions to this rule are Arabidopsis thaliana with three Pifs (Figure 1) and
kinetoplastid parasites with seven to eight Pifl helicases (see Section 7). Regardless of the
number of Pifl-like proteins in an organism's genome, all of the Pifl family proteins are
comprised of a conserved 400-500 amino acid ATPase/helicase domain but have divergent N-
and C-termini (Figure 2).

Originally, proteins with high similarity to Pifl helicases were found only in eukaryotes,
although BLAST searching [6] for homologues of ScPifl revealed that it is distantly related
(16.4% identity) to the Escherichia coli RecD helicase [7,8]. A current search of the NCBI
protein database (http://www.ncbi.nlm.nih.gov/sites/entrez?db=Protein&itool=toolbar)
reveals that several putative prokaryotic proteins are annotated as Rrm3-/Pifl-like (see Figure
1 and legend). To determine if these sequences are evolutionarily related or simply related by
being ATPases/helicases, we constructed a phylogenetic tree of prokaryotic RecD (and Rrm3-/
Pifl-like) proteins and eukaryotic Pifl and Rrm3 proteins. As shown in Figure 1, the
prokaryotic Bdellovibrio bacteriovorus, Campylobacter jejuni, and Clostridium sporogenes
Rrm3/Pifl proteins do cluster with eukaryotic Pifl family members as opposed to RecD
proteins. It should be noted, however, that these Rrm3-/Pif1-like sequences are grouped with
some of the most divergent eukaryotic Pifl family helicases (e.g., C. sporogenes Rrm3/Pifl
forms a clade with the Pif8 homologues from parasites, which are believed to have lost their
helicase activities (see Section 7.4). Also, the Agrobacterium radiobacter RecD appears to be
closely related to the Pifl helicases from plants. In all, these results suggest that RecD, Rrm3,
and Pifl may have evolved from a common proto-helicase.

Regardless of ancestry, the evolution of Pifl helicases is intriguing. At some point in the past,
there existed a single progenitor helicase that evolved into two helicases with distinct functions
in fungi (and seven or more in parasites), the most-widely characterized duo being ScPifl and
ScRrma3 (it should be noted that the presence of two Pifl helicases does not appear to be due
to the ancient genome duplication that occurred in S. cerevisiae (J. Bessler, unpublished)).
Then, in most eukaryotes, one of these enzymes was lost, resulting in the single Pifl family
helicase found in metazoans. The current situation leaves us with several questions, including
whether ScCRrm3 or ScPifl is more closely related to the ancestral form and if metazoan Pifl
helicases are more similar to ScPifl or ScCRrm3. Based on the phylogeny presented in Figure
1, itis difficult to address either of these questions definitively, but the branch lengths of the
fungal Pifl and Rrm3 clades indicate that SCRrm3 may have evolved first.

Questions of evolution aside, the Pifl family belongs to the super-family IB helicases, which
are comprised of mostly monomeric, 5'—3’ directed, P-loop (a conserved nucleotide binding
motif, also known as “the Walker A box™ or “motif 1”) helicases [9]. This view comes from

an analysis of Pifl sequence alignments (Figure 2) that shows the seven conserved SFI motifs
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(1, 1a, I, 11, 1V, V, and V1) and the three motifs shared with E. coli RecD (A, B, and C). There
is also a putative 21-residue Pifl family signature sequence located between motifs Il and I11.
This motif is highly conserved in 24 of the 33 (72.7%) eukaryotic Pifl family proteins used to
generate the phylogenetic tree in Figure 1 (M. Bochman, observations) but is degenerate or
absent in the plant Pif1 helicases and the parasitic Pif1, 2, 4, and 8 homologues, which are the
most divergent sequences in the Pifl family alignment. This motif is also absent in RecD
homologues. Finally, using the consensus sequence for this motif
(DKLeXvARaiRkgXkPFGGIQ) to query the NCBI protein database via BLAST searching
[6] returns only Pifl homologues (M. Bochman, observations).

As mentioned above, the founding member of the Pifl family helicases, ScPifl, was first
discovered in a genetic screen as a gene affecting mitochondrial DNA [1]. This study identified
ScPIF1 as a gene whose mutation results in reduced recombination between the mtDNA of
certain rho™ (respiratory deficient) and rho* (respiration proficient) strains [1].

ScPIF1 was rediscovered in a screen for mutations that affect telomeres [3], suggesting that
ScPifl also functions in the nucleus. Both the mitochondrial and nuclear isoforms are expressed
from the single ScPIF1 open reading frame but use different translational start sites. A
mitochondrial targeting signal (MTS) is located between the first and the second translational
start site [10], and translation from the first start site targets ScPifl to mitochondria (Figure 3).
Two isoforms are detected by western blot analysis: a larger isoform, corresponding to the
nuclear isoform; and a slightly smaller isoform, corresponding to the mitochondrial isoform,
due to the cleavage at the MTS site upon import into the mitochondria [11]. By altering the
first (pifl-m1) or the second (pifl-m2) AUG site in the ScPIF1 open reading frame, the
functions of the mitochondrial ScPifl or nuclear ScPifl can be distinguished [3]. Cells mutated
for the second AUG (pif1-m2) express an intact mitochondrial isoform of ScPifl but not the
nuclear isoform. Although pif1-m2 cells are mitochondrial proficient, like pifl4 cells, they
display several telomere defects, as described in Section 3.1 below. However, the telomere
phenotypes are more severe in pifl4 than in pifl-m2 cells [3], suggesting that a fraction of the
mitochondrial ScPifl leaks into the nucleus. Below, both the nuclear and mitochondrial
functions of ScPifl are discussed.

3.1 Nuclear function

3.1.1. Adding telomeric repeats to double strand breaks—One critical function of
telomeres is to enable the cell to distinguish true ends (i.e., telomeres) from double strand
breaks (DSBs). Broken chromosomes are most often repaired by one of several recombination
pathways. However, telomerase can hinder DSB repair by adding telomeric repeats to a broken
chromosome [12], which prevents the break from engaging in recombination. Adding a
telomere to a DSB generates a terminally deleting chromosome that lacks the genetic
information from the site of the break to the normal end of the chromosome. Thus, telomerase-
mediated repair of DSB is normally deleterious because it generates a partially aneuploid cell.
In yeast, telomere addition to DSBs is rare, largely because ScPifl inhibits these events. Thus,
the most dramatic telomere defect in pifl4 and pifl-m2 cells is an increase of up to 1000-fold
in telomere addition to DSBs [3,12,13], and this inhibition is telomerase dependent [12].

In addition to the effects of ScPifl at DSBs, Pifl-depleted cells have longer telomeres than
wild type cells [3]. The telomere lengthening in pifl-m2 and pifl4 cells is also telomerase-
dependent [11], showing that ScPifl regulates telomerase at both telomeres and at DSBs.
Finally, the C-terminus of ScPifl is post-translationally phosphorylated in response to DNA
damage [14]. Phosphorylation of ScPifl is required for its inhibition of de novo telomere
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addition at DSBs but not for addition of telomeric repeats at telomeres by telomerase [14],
suggesting that ScPifl can distinguish between telomeres and DSBs.

3.1.2. Inhibition of telomerase—Lengthening of telomeres occurs through two different
pathways, recombination-dependent elongation (called alternative lengthening of telomeres),
which is RAD52 dependent, or the major pathway, which is telomerase-dependent [15]. In the
absence of ScPifl, telomeres are at least ~100 bp longer; when ScPifl is overexpressed,
telomeres are modestly shorter [11]. pifl rad52 cells also have longer telomeres, suggesting
that ScPifl does not inhibit the recombinational pathway of telomere lengthening [11].
Lengthening does not occur in a pifl strain that is also telomerase deficient. Thus, genetic
analysis indicates that ScPifl acts on the telomerase pathway. Since chromatin
immunoprecipitation (ChlP) shows that ScPifl is enriched at chromosome ends, the helicase
likely acts directly to inhibit telomerase [11,14]. This interpretation is supported by the isolation
of mutations in the catalytic subunit of telomerase in which telomere length is no longer
sensitive to ScPifl [16].

Biochemical assays also show that ScPifl uses its helicase activity to reduce telomerase
processivity by releasing it from telomeric DNA [17]. Consistent with the biochemical data,
ChlIP assays demonstrate that overexpression of ScPifl decreases the association of the
telomerase subunits, Estl and Est2, with telomeric DNA without affecting the binding of
telomere structural proteins [17]. In addition, western blot analysis shows that the abundance
of nuclear ScPifl is cell cycle regulated, peaking in late S/G, phase. This cell cycle regulation
of ScPifl is dependent on the anaphase promoting complex (APC) [18]. Since yeast telomerase
lengthens telomeres only in late S/G2 phase [19,20], ScPifl is maximally expressed at the same
time in the cell cycle that telomerase acts [18]

These data support a model in which negative regulation of telomere length by ScPifl occurs
by removal of telomerase from telomeres, either by releasing the telomerase RNA from the
telomere ends (which would abolish the association of the telomerase holoenzyme from the
telomeres [21]) or by disrupting Est2 from the telomeric ends. The fact that ScPifl
preferentially unwinds forked RNA-DNA hybrids in vitro [22] makes the first model attractive.

3.1.3. G-quadruplex forming DNA—In almost all eukaryotes, telomeric DNA is G-rich
and repetitive. G-rich oligonucleotides, including but not limited to telomeric repeats, can form
G-quadruplex structures by self-assembly of four guanine bases into a four stranded DNA
structure stabilized by monovalent cations [23]. Genome-wide sequence analysis to identify
naturally occurring tracts with the potential to form G-quadruplex structures have been
conducted in both prokaryotic and eukaryotic genomes [24,25]. Apart from telomeres, these
sequences are also found at promoters [23], suggesting a role for these structures in
transcriptional regulation. In addition, in S. cerevisiae, such sequences are enriched at sites of
spontaneous DSBs (T. Capra, K. Paeschke, M.Singh, and V.A. Z., manuscript under review).
G-quadruplex structures are very stable, and both their folding and unfolding may need
assistance in vivo.

Inactivation of nuclear ScPifl causes frequent rearrangements in the G-rich human
minisatellite CEB1 when it is inserted into the yeast genome [26]. However, mutation of other
helicases does not affect the stability of the CEB1 sequence. These rearrangements are
dependent on homologous recombination [26]. The same study reported that the CEB sequence
forms G-quadruplex structures in vitro. Moreover, recombinant ScPif1 can unwind the CEB1
G-quadruplex structure, and this unwinding occurs with a faster rate than the unwinding of
other dsDNA substrates [26]. The helicase activity of ScPifl is required for unwinding, as
purified ScPifl with a point mutation in motif | of the helicase domain (pif1-K264A) is unable
to unwind the CEB1 G-quadruplex structure [26].
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This study was the first evidence that ScPif1 participates in resolving G-quadruplex structures.
Other helicases, such as the human RecQ family helicases (WRN and BLM) and the S.
cerevisiae RecQ helicase Sgs1, also unwind G-quadruplex structures in vitro [27-29]. Although
G-quadruplex structures may have important functions, they are also likely to be an obstacle
for the replication machinery if they are present during DNA replication. A possible model is
that G-quadruplex formation during S phase stalls the replication fork, and ScPif is recruited
to the paused forks to resolve these structures, allowing fork progression. In fact, in contrast
to ScCRrm3, which is a component of the replisome (see Section 4.1.1 for details), ScPifl does
not travel with the replication fork but rather is recruited to a subset of genomic loci [30] (K.
Paeschke and V.A. Z., unpublished results)

3.1.4. Okazaki fragment maturation—Nuclear ScPifl is implicated in processing
Okazaki fragments during semi-conservative DNA replication. Deletion of ScPifl suppresses
the lethal effects of dna2 cells [31]. Dna2 has both helicase and endonuclease activities and
functions in removal of long flaps (~30 bp) bound by the ssDNA binding protein RPA during
the maturation of Okazaki fragments. In S. cerevisiae, during semi-conservative DNA
replication, the lagging strand DNA polymerase & (Pol 8) [32] produces around 100,000
Okazaki fragments. DNA polymerase o (Pola), a low fidelity DNA polymerase, uses its
associated RNA primase activity to initiate and then elongate each Okazaki fragment, which
are then extended by the high fidelity Pol 3. To produce a continuous DNA strand on the lagging
strand, each of the Pol o generated RNA-DNA segments is displaced and filled in by Pol 3. In
vitro experiments demonstrate very efficient strand displacement by Pol & and the flap
endonuclease FEN1. When Pol & arrives at the 5’ end of the downstream Okazaki fragment, it
displace 2-3 nt of the downstream primer at a time, and by the action of FEN1, these flaps are
cleaved, eventually leaving a ligatable nick for DNA ligase | [33]. However, in some cases,
during lagging strand synthesis, longer flaps are generated. These flaps are bound by RPA,
which inhibits FEN1 cleavage but promotes cleavage by Dna2 [34]. The discovery that the
lethal effects of dna2 are suppressed by pifl, suggests a model in which ScPifl is involved in
the creation of these long flaps [31]. Long flaps are believed to cause chromosomal instability.
By deleting POL32 (the smallest subunit of Pol 8) in dna2 pifl cells, these cells survive even
better at permissive temperatures than a dna2 pifl double mutant [31]. These genetic results
are also supported by elegant biochemical experiments [35,36].

In summary, genetic and biochemical studies suggest that ScPifl and Pol 5 together create a
long flap, which requires cleavage by Dna2. The occurrence and processing of long flaps may
occur only during the replication of a subset of the genome. In these cases, ScPifl could be
recruited to the lagging strand to facilitate Pol & displacement of the downstream Okazaki
fragment. Perhaps the G-rich repetitive sequences that are capable of forming G-quadruplex
DNA structures are particularly prone to forming long flaps (see Section 3.1.3 for details).

3.1.5. Blocking the replication of rDNA—A replication fork barrier (RFB) is found at
every rDNA repeat in S. cerevisiae, where it acts as a polar barrier to replication fork
progression. By blocking the movement of replication forks in a directional manner, the RFB
ensures that replication moves through the rDNA in the same direction as transcription. Thus,
the RFB prevents collision of the transcription and replication machineries. Using two-
dimensional (2D) gel electrophoresis, the absence of ScPifl results in less efficient arrest of
replication forks at the RFB compared to wild type cells, suggesting that full RFB function
requires ScPifl [4]. Since, by the criterion of ChIP, ScPifl is RFB-associated, it likely affects
rDNA replication directly. The absence of ScCRrm3 (see Section 4) leads to the opposite result,
suggesting that these homologous helicases affect rDNA replication in opposite ways: ScPifl
inhibits and ScRrm3 promotes fork progression at the RFB.
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3.2. Mitochondrial function

Although ScPIF1 was first discovered in a genetic screen for mutations affecting
recombination between mutant mtDNA genomes, it also has an important role in the
maintenance of wild type mtDNA [37-41]. In S. cerevisiae pifl4 or pifl-m1 cells, mtDNA is
lost more quickly than in wild type cells, and this effect is exacerbated at high temperatures
[3,38]. Aging and several human diseases are correlated with mutations in the mitochondrial
genome. Endogenous reactive oxygen species, which are the by-product of respiration, cause
oxidative DNA damage and are likely acommon mtDNA damaging agent. ScPifl is suggested
to be involved in mtDNA recombination and replication [37]. In addition, ScPif1 is likely also
involved in a recombination-independent pathway affecting mtDNA [39]. Investigation of
replication fork progression by 2D gels shows that pifl deletion causes mtDNA breakage,
suggesting a role for ScPifl in the repair or prevention of mtDNA breakage [41]. ChIP assays
indicate that ScPifl binds throughout the mtDNA genome, suggesting that it may be part of
the mitochondrial replisome [41].

ScRrm3 deletion suppresses, to some degree, the respiratory deficiencies (petite induction
phenotype) of pif1A cells [40]. Indeed, by examining replication fork progression by 2D gels,
mtDNA replication forks are maintained in pifl rrm3 cells, suggesting a role for ScPifl in
sustaining the integrity of mtDNA that is counteracted by ScRrm3. However, a synergistic
effect of increased point mutations in the genome was also detected [40]. Over-expression of
Ribonucleotide Reductase 1 (Rnrl), the large subunit of the RNR enzyme that catalyzes de
novo synthesis of dNTPs, also rescues the mtDNA maintenance phenotypes of pifl cells and
does so to the same degree as an rrm3 deletion [40]. This result suggests that ScCRrm3 and
ScPifl are both involved in mtDNA repair or maintenance, but they act by two different
pathways. In addition, ScCRrm3 may be involved in a pathway that involves the elevation of
dNTP pools during DNA damage. Elevation of dNTP pools in the absence of ScCRrm3 would
explain detection of increased point mutations in mtDNA in these cells. In fact, in the presence
of nuclear DNA damage, dNTP pools are elevated, resulting in an improved tolerance to DNA
damage in the nucleus but at the cost of increased mutations [42]. For example, primer
extension assays have shown that elevated dNTP pools engage the leading strand DNA
polymerase € [43] to bypass the oxidative base damage, 8-0x0G by inserting dATP opposite
the damaged base [44]. When piflA cells are grown in ethidium bromide (EtBr), especially in
the presence of a nonfermentable carbon source such as glycerol [41], their mtDNA is
fragmented and eventually lost [41]. Deletion of SCRRM3 does not rescue the mtDNA
instability of piflA EtBr-treated cells [45], as it does under non-genotoxic conditions [40].

3.3. Biochemical experiments

ScPifl has a molecular weight of ~ 98kDa and unwinds DNA with 5'—3’ polarity in an ATP-
and Mg?*-dependent manner [11,46]. The ScPif1 used in biochemical studies has been purified
from various sources, including baculovirus infected Sf9 insect cells [11], E. coli [22] or yeast
mitochondrial membranes from cells overexpressing the protein [46]. Unlike other Pif1 family
helicases, ScPifl is soluble and fairly easy to purify [47].

Purified nuclear ScPifl unwinds RNA-DNA substrates at rates at least 2-fold higher than its
unwinding of DNA-DNA substrates. It also prefers unwinding forked DNA-DNA substrates,
and these two preferences are synergistic [22]. Preference for forked DNA-DNA substrates is
also seen with the mitochondrial ScPifl isoform [46]. In addition, nuclear ScPifl has higher
unwinding activity on G-quadruplex structures compared to random double stranded DNA
[26]. Glycerol gradient analysis suggests that both the nuclear and mitochondrial isoforms are
monomers in solution [22,46]. Finally, recombinant nuclear ScPifl reduces the processivity
of telomerase in a primer extension telomerase assay by its ability to release telomerase from
telomeric oligonucleotides. Telomerase release, which requires the helicase activity of ScPifl,
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is not due to competition between ScPifl and telomerase for binding to telomeric
oligonucleotides [17].

S. cerevisiae RRM3 was first identified in a screen to identify genes that affect the
recombination of rDNA [5]. Mutation of SCRRM3 results in the stimulation of mitotic
recombination not only in the rDNA but also at other (but not all) tandemly repeated loci (i.e.,
CUP1 genes but not Ty elements). However, mutation of SCRRM3 was later found to increase
Ty1 mobility >100-fold when the element is located upstream of a tRNA gene [48]. At the
time, the reason for this selectivity was not known, but recent research suggests that this
phenomenon is due to specific, stable protein complexes that affect fork progression (see
Section 4.1.2) [5]. The known roles and activities of SCRrm3 are reviewed below.

4.1. Role in nuclear genome stability

4.1.1. ScRrm3 as a component of the replisome—There has been some debate over
whether ScRrm3 is a component of the replisome (the protein super-complex found at all
eukaryotic replication forks). A ChlP study dissecting the molecular anatomy of stable, paused
replisomes concluded that ScRrm3 is not a member of the replisome but rather is specifically
recruited to paused replication forks [49]. However, our lab found that ScCRrm3 moves with
replication forks globally and interacts with Pol2, the catalytic subunit of DNA Pol ¢ (a
replisome component) [30]. These data suggest that ScCRrm3 is a stable component of the
replisome.

The discrepancy between these two reports could be due to the different experimental systems
used and the fact that there may be two pools of SCRrm3 in the nucleus. In the initial study
[49], the authors used two ectopic Fob1/RFB blocks on Chromosome I1 to induce fork pausing,
while the second monitored ScRrm3 via ChlIP on unmodified chromosomes [30]. If there are
two pools of ScRrm3, one associated with replisomes and one free in the nucleus, then the free
ScRrm3 may be heavily recruited to exceptionally strong sites of fork pausing such as the RFB.
According to this scenario, the amount of ScCRrm3 recruited to the ectopic RFB sites likely
swamped out the replisome-level ScRrm3 signal associated with unperturbed forks [49]. This
interpretation is also supported by ChIP experiments showing higher levels of ScRrm3 binding
at natural rDNA repeats than at other genomic sites [50]. Two different pools of ScPifl have
recently been discovered that affect telomeres and DSBs, respectively, that are differentiated
by C-terminal phosphorylation [14]. However, post-translationally modified forms of ScCRrm3
have not been reported.

Other data also suggest that ScCRrm3 is a replisome component. By yeast two-hybrid analysis,
ScRrma3 interacts with Orc5 [51], a subunit of the origin recognition complex. This interaction
may mediate the loading of ScCRrm3 into replisomes at origins of replication. In fact, by ChiP,
ScRrm3 binds origins early in S phase, but not in G1 phase, an origin binding pattern similar
to that of other replisomal components but different from that of ORC itself [30]. Further,
ScRrm3 contains a proliferating cell nuclear antigen (PCNA) interaction motif (i.e., a PIP-box)
at its extreme N-terminus [52,53], and ScRrm3 physically interacts with PCNA in vitro [53].
PCNA is the eukaryotic sliding clamp that functions as a processivity factor for DNA
polymerases and as a “tool belt” for the attachment of various other replication factors [54].
Perhaps an interaction with PCNA tethers ScCRrm3 to the replisome.

4.1.2. The disruption of protein-DNA complexes—The major nuclear function of
ScRrm3 appears to be the disruption of particularly stable non-nucleosomal protein-DNA
complexes at what are referred to as Rrm3-sensitive sites. These sites are defined as loci where
replication forks pause (or where pausing is exacerbated) in the absence of ScCRrm3. These
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pause sites were first identified in S. cerevisiae by 2D gel analysis of replication fork
intermediates [55] and later by microarray studies that monitored DNA Pol2 association
genome-wide in rrm34 cells [56]. Together, these studies suggest that there are ~1400 Rrm3-
sensitve sites in the S. cerevisiae genome, including telomeres [57], rDNA [4], tRNA genes,
centromeres, inactive replication origins, and transcriptional silencers [58]. For example, in
the absence of ScRrm3, fork pausing dramatically increases at tRNA genes (e.g., ~180-fold at
tRNAY in rrm3A cells relative to wild type; see Figure 4) [58]. However, when the non-
nucleosomal protein-DNA complexes at Rrm3-sensitive loci are artificially disassembled
(e.g., at the RFB by deleting FOB1 [59]), fork progression in rrm3 cells largely mirrors that
of wild type S. cerevisiae cells.

Recently, using a ChlP-on-chip approach, the sites of fork pausing in wild type and rrm3 S.
cerevisiae cells were mapped genome-wide [60], confirming the existence of the same classes
of pause sites [58] as seen earlier by 2D gels in rrm3 cells. The data also demonstrate that
previously identified pause sites have a major impact on Pol2 occupancy only in the absence
of ScRrm3. In addition, the ORFs of highly transcribed RNA Pol Il genes are impediments to
fork progression in wild type cells, but this slowing of replication is not exacerbated in the
absence of ScRrm3 [60]. Essentially, these data indicate that most natural pause sites are likely
due to molecular traffic jams between the replication and transcription machinery, and only in
the absence of ScRrm3 does one encounter significant fork pausing at Rrm3-sensitive sites.

Since replication fork progression at Rrm3-sensitive sites is also slowed in helicase-dead
rrm3 alleles, ScRrm3 likely uses its catalytic activity to promote fork movement. However,
even in regions like the rDNA, which is particularly dependent on ScRrm3 during DNA
replication [50], the Mcm2-7 complex, which is the replicative helicase in eukaryotes [61], is
still required for fork progression (J. Bessler and VAZ, unpublished results). These data suggest
that ScCRrm3 is an accessory helicase that acts by disrupting stable protein-DNA complexes at
the replication fork that would otherwise slow the translocation of the ScMcm2-7 complex.
Such an activity was recently demonstrated for the Rep helicase in E. coli [62]. In addition,
the actions of SCRrm3 at stable protein complexes is reminiscent of ScPifl's ability to remove
telomerase from telomeres in vitro [17]. Indeed, perhaps a defining characteristic of the non-
processive Pifl family helicases is their ability to generate considerable force while
translocating over short stretches of DNA.

4.1.3. The function of ScRrm3 at telomeres—In the absence of ScRrm3, telomeres show
modest lengthening, less than in pifl cells, as well as a very modest decrease in telomeric
silencing [57]. Using ChIP, ScRrm3 is associated with telomeric DNA in vivo, and by the
criteria of 2D gel analysis, it is also necessary for normal rates of replication through
subtelomeric and telomeric DNA. Two-dimensional gel electrophoresis and microarray studies
show that, even in wild type cells, replication forks slow as they near telomeres, and this pausing
is increased in the absence of ScCRrm3 [57,60]. Further, the catalytic activity of the helicase is
necessary for efficient replication fork progression, because cells encoding a helicase-dead
ScRrm3 (K260—>A) display the same replication pauses by 2D gel analysis as rrm3A cells.
Fork slowing is not due to the altered chromatin structure associated with telomeric
transcriptional silencing because deleting SIR genes, whose products are required for silencing,
does not eliminate fork pausing [63]. Likewise, Rif proteins are not required for replication
fork pausing within telomeric DNA [64]. The effects of telomeric DNA on fork progression
also do not require that the repeats be positioned at a telomere since internal stretches of yeast
telomeric DNA also cause fork pausing in wild type cells. As at telomeres, pausing at internal
tracts of telomeric DNA is exacerbated in rrm34 cells [55]. These findings suggest that SCRrm3
uses its disruption activity (see Section 4.1.2) to dissociate proteins that are bound to telomeric
DNA [64]. This finding was the first demonstration that the semi-conservative replication of
telomeric DNA, not just replication of the very end of chromosomes, is also a problem for the
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replication machinery. More recently, telomeric DNA was also shown to impede fork
progression in S. pombe [65] and human [66] cells.

4.2. Role in mitochondrial genome stability

Like many of the Pif1 family helicases discussed in this review, SCRRM3 is predicted to encode
both nuclear and mitochondrial isoforms [10]. Indeed, an analysis of the S. cerevisiae
mitochondrial proteome suggests that SCRrm3 is present in mitochondria [67], and deletion of
RRM3 partially rescues the mitochondrial defects of piflA yeast [40,45,68]. This partial rescue
may be related to the increase of ANTPs in vivo [40] caused by activation of the intra-S-phase
checkpoint [68], which results from increased replication fork pausing in rrm3A cells [58].
While these facts may account for the partial rescue, the absence of ScRrm3 has no effect on
EtBr-induced mtDNA damage in piflA cells [45]. It remains to be determined if ScCRrm3 has
a direct effect on mtDNA replication.

4.3. ScRrm3 biochemistry

Regrettably, the in vitro examination of ScRrm3 has lagged behind in vivo studies, largely due
to difficulties in purifying the protein. Full-length ScRrm3 expresses poorly and/or forms
insoluble aggregates in E. coli, yeast, and baculovirus infected Sf9 insect cells ([57]; M.
Bochman and V. Zakian, unpublished data). At least one explanation for these problems is that
the N-terminal ~200 amino acids of ScRrm3 are predicted to be natively disordered (M.
Bochman, observations) by the criteria of the DISOPRED2 program [69]. Indeed, sequence
analyses using DISOPRED? indicate that an unstructured N-terminus is a hallmark of Pifl
family helicases (M. Bochman, observations). Consistent with this finding, truncating the N-
terminal 193 residues of ScCRrm3 (Rrm3AN) and expressing the protein with a C-terminal GST
fusion allows for its purification as a soluble, active helicase [57]. Rrm3AN is a Mg*2-
dependent ATPase that is stimulated by sSDNA. The enzyme also displays 5'—3' helicase
activity in the presence of Mg*™2-ATP. Unfortunately, the Rrm3AN protein makes a poor in
vitro model of ScRrm3 because the N-terminus is essential for in vivo function [52]. Thus, the
biochemical characterization of SCRrm3 (and other Pif1 helicases, see Sections 6 and 7) awaits
the development of a robust expression and purification procedure for soluble full-length
protein.

5. Pifl1 family helicases in other organisms

6. SpPfh1l

As discussed in Section 1, it is unclear whether Pifl family helicases in organisms that encode
a single family member more closely resemble ScPifl or ScCRrm3 in their in vivo functions,
whether they do the work of both ScPifl and ScRrm3, or whether they have evolved completely
novel activities not displayed by their S. cerevisiae homologues. The following three sections
seek to shed light on this issue.

Pifl family helicases have been most extensively studied in two yeasts, S. cerevisiae and S.
pombe, which diverged from each other about 1.1 billion years ago [70]. Unlike S.
cerevisiae, but analogous to mammalian cells, S. pombe contains only one Piflfamily helicase
called Pfhl (Pifl family homolog; formerly known as rph1l, RRM3/ PIF1 homolog 1). Thus,
it is possible that the role of SpPfh1 will be more similar to that of the human Pifl homolog
(hPifl).

Sequence analysis of SpPfh1 reveals equal similarities to both ScPifl and ScRrm3 [10].
Therefore, the in vivo functions of this helicase cannot be predicted by sequence comparisons.
In contrast to ScRrm3, ScPifl and murine Pifl (mPif1), pfhl* is an essential gene [10,71]. This
result is not easily explained as S. cerevisiae pifl rrm3 double mutants are viable, although
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cell cycle progression and growth rate are perturbed in these double mutants [4]. SpPfh1 deleted
cells are able to go through S phase once or twice, but they eventually arrest in G2 phase with
an elongated cell shape phenotype characteristic of a defect in nuclear DNA replication [10].

A purified truncated version of Pfhlp has 5'—3' helicase activity, dependent on ATP and
Mg?2* [10] [71], much like ScPif1 and ScRrm3. Since cells expressing a point mutation in the
ATP binding domain in motif | (K337A) are not viable, the helicase activity of the SpPfh1 is
essential [10,71]. Similar to ScPif1, there are at least two translational start sites in the pfh1*
gene, with a mitochondrial target signal (MTS) site between them [72]. By mutating either the
first AUG site or the second AUG site, generating pfh1-m1 and pfh1-m21, respectively, two
isoforms of Pfh1p were found. Using fluorescence microscopy, the two isoforms are localized
either in mitochondria (pfh1-m21) or in nuclei (pfh1-m1) (Figure 5) [72].

6.1. Replication of chromosomal DNA

6.1.1. Continuation of a discontinuous strand—SpPfh1 interacts genetically with
Cdc24 and Dna2. Cdc24 is an essential gene whose exact function is not known, although it
is thought to be involved in Okazaki fragment maturation [73,74]. A mutant version of SpPfh1
(pfh1-R20) suppresses the temperature sensitivity of cdc24-M38 and dna2-C2, while
overexpression of pfh1* in either pfh1-R20 cdc24-M38 or pfh1-R20 dna2-C2 double mutants
restores the temperature sensitivity [75]. These data led to the proposal that in the absence of
SpPfh1, long flaps between Okazaki fragments are not produced (and therefore do not need to
be processed), and as a result, the lack of Dna2 is no longer toxic in this background. Thus,
like ScPif1, SpPfh1 likely functions in Okazaki fragment maturation [31,75]. In vitro helicase
assays demonstrated that SpPfh1 has the ability to unwind both DNA-DNA and RNA-DNA
flap structures with equal efficiency [75], suggesting that the RNA-DNA primer on the 5" end
of the downstream Okazaki fragment would not inhibit SpPfh1's unwinding capacity.

6.1.2. Other potential SpPfh1 substrates—Structural elements such as rDNA, tRNA,
telomeres, centromeres, and the silent mating type loci are all sites whose replication is
promoted by ScRrm3 [4,57,58]. ScRrm3 activity is thought to be important for disrupting non-
nucleosomal protein complexes during semi-conservative DNA replication (see section 4.1.2).

The effects of SpPfh1 depletion on telomere length were examined in two studies with different
results. In the first, Pfh1 was depleted by sporulating a pfh1+/pfh14 heterozygous diploid and
examining telomere length in pfh1A spore clones, which undergo 1-3 cell divisions before
arresting in G2 phase. In this case, telomeres were modestly shorter than in wild type spores
[10]. The other study saw no effect on telomere length in cells regulating the expression of
SpPfthl under the thiamine-repressible nmtl promoter [72]. The lack of effect of SpPfhl
depletion in the second study may be because SpPfhl is expressed at low levels under the
nmtl promoter, and even low levels are sufficient to supply its telomere function [72]. Although
the effects of SpPfhl on telomere length are not clear, there is no evidence that it inhibits
telomerase-mediated telomere lengthening as does ScPifl.

Cytological studies shows that SpPfh1 is in both nuclei and mitochondria, with the highest
concentration in nucleoli [72]. Since nucleoli are sites of rDNA transcription and ribosome
biogenesis, detection of SpPfh1 in the nucleoli suggests that SpPfh1 may be important for
rDNA integrity (Figure 5). Indeed, 2D gel analysis shows increased replication fork arrest and
breakage within rDNA in SpPfh1 depleted compared to wild type cells (Sabouri and Zakian,
unpublished). The role of SpPfh1 in rDNA replication is similar to what was found for ScRrm3
[58]. This result may explain why ScRrm3, but not ScPifl or hPif1, can supply the essential
nuclear function(s) of SpPfh1 [72]. However, unlike SpPfh1, ScRrm3 is not essential. This
difference can be explained if the two proteins perform the same function in their respective
organisms, but in S. pombe, replication of one (or more) of the ScRrm3-sensitive substrates is
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absolutely dependent on SpPfhl. For example, if SpPfh1, like ScCRrm3, promotes replication
through centromeres, this function, which is not essential in S. cerevisiae, could be critical in
S. pombe owing to the much larger size of S. pombe centromeres (S. pombe centromeres are >
35 kb; S. cerevisiae centromeres are only ~125 bp).

6.2. Mitochondrial DNA

SpPthl has a mitochondrial targeting signal [10]. Immunoblotting identifies several SpPfhl
isoforms and shows that the mitochondrial version migrates faster than the nuclear isoform,
dueto cleavage of the MTS as the protein enters the mitochondria [72]. Although, both isoforms
are essential, low amounts of the mitochondrial isoform are sufficient to provide the essential
nuclear SpPfhl functions [72]. Cells depleted of SpPfh1 quickly lose mtDNA,; by quantifying
the amount of mtDNA by real-time PCR, it is 5-fold less abundant after 48 h of SpPfhl
depletion compared to wild type cells [72]. However, no rearrangements of the mitochondrial
genome are detected [72]. Thus, SpPfhl is essential for maintaining mtDNA. Unlike, S.
cerevisiae, S. pombe cells are not viable if they lack mtDNA. Therefore, SpPfh1l is essential
in both the nuclei and mitochondria. One possibility consistent with these data is that SpPfh1
is the replicative helicase for S. pombe mtDNA. Based on mitochondrial phenotypes, SpPfh1l
is more similar to SpPifl, than to ScRrm3.

6.3. DNA repair

In addition to nuclear and mitochondrial isoforms, a third SpPfh1 isoform is detected by
immunoblotting [72]. This isoform, which migrates more slowly than either the nuclear or
mitochondrial isoforms, increases in abundance in the presence of camptothecin-induced DNA
damage [72]. Together these data suggest a post-translationally modified SpPfh1 function in
the DNA damage response. Phosphorylated SpPfh1 isoforms are detected by mass
spectroscopy (K. McDonald, V.A. Zakian, and I. Cristea, unpublished data). Likewise, ScPifl
is phosphorylated in response to DNA damage [14]. Additionally, sumoylation motifs are
found in both SpPfh1 and ScPifl (S. Pinter and N. Sabouri observations). Furthermore,
fluorescence microscopy shows that SpRad22 (the homolog of S. cerevisiae Rad52) and
nuclear SpPfhl co-localize in DNA damaged cells. In addition to supplying the essential
nuclear functions of SpPfh1, ScRrm3 also reduces spontaneous, but not induced, DNA damage
in the absence of nuclear SpPfh1 [72]. One interpretation of these results is that SpPfh1 has an
essential role in DNA replication, the absence of which results in DNA damage, that can be
supplied by ScRrm3. However, the function of SpPfh1 in DNA repair cannot be performed by
ScRrm3. The ability of ScRrm3 (but not ScPif1) to supply the essential SpPfh1 nuclear
functions suggests strong functional similarity between SpPfh1 and ScRrm3.

7. Trypanosome Pifl helicases

Trypanosoma brucei, and the related kinetoplastid parasites T. cruzi and Leishmania major,
have a single, unusual mitochondrion containing a structure known as the kinetoplast (reviewed
in [76] and references therein). The kinetoplast contains the mitochondrial genome (kinetoplast
DNA or kDNA) that is composed of dozens of maxicircles and thousands of minicircles, all
of which are interlocked in a chainmail-like network. The network in vivo is compressed into
a disk-shaped structure (Figure 6). In common with the mtDNA from higher eukaryotes,
maxicircles encode ribosomal RNAs and proteins necessary for cellular respiration. However,
expression of these maxicircle genes requires minicircles because maxicircle transcripts must
be edited via the insertion or deletion of uridylate residues, and this editing depends on guide
RNAs encoded by minicircle mtDNA.

The replication of minicircles and maxicircles differs and is as unusual and complex as the
kDNA itself [76]. As such, as many as 100 or more specialized replication factors are necessary
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for kKDNA replication, including six DNA polymerases [77,78]. These factors are located in
the KDNA disk itself, in the kinetoflagellar zone (KFZ; a discrete region within the kinetoplast
matrix between the KDNA disk and the basal body of the flagellum), and in the antipodal sites
(two protein assemblies located on opposite ends of the KDNA disk) (see Figure 6 and [76]).
It is thought that the distinct spatial localization of these factors is related to their function in
the ordered and tightly regulated replication of the KDNA which occurs once per cell cycle
(Figure 6).

Recent genome analysis revealed that T. brucei encodes eight Pif1 family helicases (TbPIF1-8),
six of which (TbPIF1, 2,4, 5, 7, and 8) are mitochondrial, one (TbPIF6) localizes to the nucleus,
and one (TbPIF3) is cytoplasmic [79]. However, only ThPIF1, 2, 5, and 8 have been studied
in any detail (see below). RNAi shows that three of the mitochondrial TbPIFs (TBPIF1, 2, and
8) are essential, suggesting that one or more of the ThPIFs acts as the mitochondrial replicative
helicase. This arsenal of Pifl-like helicases seems to be a common feature of related parasites
as the T. cruzi genome contains eight predicted homologs, and the L. major genome contains
seven (it lacks a TbPIF5 homolog).

Myc-tagged TbPIF1, expressed at near endogenous levels, localizes to antipodal sites at
opposite ends of the condensed KDNA disk (B. Liu and P. Englund, unpublished data).
Although RNAI eliminates only ~70% of the TOPIF1 mRNA, cells stop growing, and kDNA
is lost. The Kkinetics of minicircle versus maxicircle loss suggest that ToPIF1 likely functions
in minicircle replication. Indeed, when TbPIF1 expression is reduced, minicircle replication
intermediates are decreased, and there is a concomitant increase in the fraction of multiply-
interlocked, covalently-closed minicircle dimers (fraction U). In addition, RNAI against the
mitochondrial topoisomerase I results in the appearance of fraction U, suggesting that TbPIF1
is essential for the segregation of newly replicated minicircles. Although it is unclear why a
helicase would affect decatenation of minicircle dimers by topoisomerase 11, one interesting
possibility is that TbPIF1 is needed to dissociate a protein that inhibits topoisomerase activity,
and this protein is tightly bound to minicircle DNA.

Highly expressed, GFP-tagged TbPIF2 localizes throughout the single tubular T. brucei
mitochondrial structure [79]. RNAI against TbPIF2 decreases its mRNA level by 90% in two
days and stops growth in six. However, unlike RNAi against many replication factors, reduced
TbPIF2 expression does not result in decreased KDNA size. Rather, the relative size of the
kDNA disk is maintained because ThPIF2 RNAI causes a severe decrease in maxicircle
abundance but a simultaneous 2- to 3-fold increase in minicircle abundance. Overexpression
of TbPIF2 drastically increases maxicircle abundance without affecting the number of
minicircles. TOPIF2 overexpression also results in KDNA loss in some cells due to defects in
kDNA segregation. When a Walker A box mutant (Motif I, K462—>A) TbPIF2 is
overexpressed, it acts as a dominant negative, decreasing maxicircles and increasing
minicircles, much like TbPIF2 RNAI. These results led the authors to conclude that TbPIF2
uses it catalytic activity for maxicircle replication, perhaps functioning as the maxicircle
replicative helicase. Further, previous results showed that RNAi knockdown of the T. brucei
HsIVU protease causes a striking increase in minicircles and maxicircles [80], which was
hypothesized to occur because a positive regulator of KDNA replication was not proteolyzed.
It was then demonstrated that RNAi of ThHsIVU also causes an increase in ThPIF2 levels
[79], suggesting that the helicase is a substrate for the protease and illuminating a possible
mechanism for the regulation of maxicircle replication.
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TbPIF5 was C-terminally Myc-tagged at its endogenous locus [79], and much like TbPIF1 (B.
Liu and P. Englund, unpublished data), it localizes to the antipodal sites of the kDNA disk
throughout the cell cycle [79]. Reducing TbPIF5 expression (~90%) by a variety of means has
no effect on cell growth. However, the authors were unable to delete both ThPIF5 alleles,
suggesting that TbPIF5 is essential. Moreover, a 15-fold overexpression of TbPIF5 causes
kDNA shrinkage and loss, largely due to a decrease in minicircle abundance. This loss of
minicircles is linked to a defect in their replication, specifically the joining of Okazaki
fragments. Based on sequence alignments (Figure 1), ThPIF5 appears to be the most closely
related to the well-studied fungal Pifl helicases (see Sections 3-6). If TbPIF5 performs a
function similar to that proposed for ScPifl and SpPfh1 in Okazaki fragment processing (see
Section 3.1.4, 6.1.1 and [31,35,36,75,81]), it may unwind RNA primers on the lagging strand,
creating flaps that are then degraded by a mitochondrial nuclease [79]. Because Okazaki
fragments are not joined in T. brucei until after minicircle segregation and migration to the
antipodal sites, overexpression of ThPIF5 likely exerts its negative effects on mtDNA by
misregulating the timing of Okazaki fragment processing.

Highly expressed, GFP-tagged ThPIF8 localizes largely to the kDNA disk, and as stated above,
is essential for growth [79]. TbPIF8 is the smallest and most divergent of the T. brucei Pifl
family helicases (Figure 1; J. Wang and P. Englund, unpublished data). Notably, ThPIF8 and
L. major PIF8 are missing two ATPase/helicase motifs (la and V; Figure 2) and contain non-
canonical Walker A and B boxes (motifs | and II; Figure 2). Thus, TbPIF8 probably does not
hydrolyze ATP. Nonetheless, preliminary work suggests that TbPIF8 is required for growth,
and maintenance of kKDNA ([79]; J. Wang and P. Englund, unpublished data).

7.5. TbPIF biochemistry

Like all Pifl family helicases, except ScPifl (see Section 3.3), the ThPIFs are difficult to purify
and, additionally, are often unstable in storage (B. Liu and P. Englund, unpublished data).
However, preliminary biochemical characterizations have been carried out with ThPIF1, 2,
and 5. For instance, recombinant TbPIF1 made in E. coli is a Mg*2-dependent, ssDNA-
stimulated ATPase/helicase. Several versions of ThPIF2 have been purified for biochemical
analysis: the full-length protein (minus the first 41 amino acids that comprise a putative
mitochondrial targeting sequence) N-terminally tagged with GST (GST-TbPIF2) [82]; a His-
tagged, N-terminally truncated construct (similar to Rrm3AN, see [57] and Section 4.3)
missing the first 416 amino acids (ANTbPIF2) [79]; and predicted helicase-dead (K462—>A)
versions of each. All of the recombinant proteins were expressed in E. coli and recovered with
~90-95% purity, but they are also extremely unstable, requiring immediate use in assays after
purification. Regardless, both GST-ThPIF2 and ANTbPIF2 are able to unwind M13-based
substrates in a Mg*2-ATP-dependent manner, and the K462—>A mutants greatly decrease the
invitro helicase activity of both recombinant forms. Finally, His-tagged TbPIF5 expresses well
in E. coli, but much like TbPIF1, is not stable in storage (B. Liu, personal communication).
The enzyme hydrolyzes ATP, and this hydrolysis is entirely dependent upon the presence of
Mg*2 and ssDNA [79]. As with other Pif1 family helicases, recombinant TbPIF5 unwinds
DNA in a 5'=>3' direction.

8. Mammalian Pifl

All mammalian genomes studied to date encode a single Pifl-like protein of which two, human
Pifl (hPifl) and mouse Pifl (mPifl), have been examined. Sequence alignments show that
hPifl and mPifl are 84% identical over their entire open reading frames [83].
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8.1. Human Pifl

hPif1 has a predicted molecular weight of ~70 kDa. Alignment of hPifl to ScRrm3 and ScPifl
shows 24% identity over the helicase domain [83]. Therefore, as with SpPfh1, sequence
similarities do not predict the functions of the human protein. Due to difficulties in expressing
and purifying full-length hPif1, the first biochemical study of hPif1 was performed on N-
terminally truncated hPifl [8]. This truncated recombinant hPifl has the expected 5'—3’
helicase activity and unwinds both DNA/DNA [8,84,85] and DNA/RNA substrates [8].

Immunofluorescence analysis shows hPif1 localization to both nuclei [83,86] and mitochondria
[86], similar to other Pifl family members. hPifl is found in highly proliferating cells [83].
Similar to ScPifl [18], hPif1 is tightly cell cycle regulated, with peak abundance in Gop-phase
[83]. As with ScPifl, this cell cycle regulated abundance is APC (anaphase promoting
complex) dependent.

Although by the criterion of gel-shift assays, hPifl binds telomeric DNA with a 100-fold higher
affinity compared to random sequence DNA [8], only one of three studies on hPifl
overexpression revealed an effect on telomere length. One study found telomere shortening
when overexpressing hPifl in a telomerase-positive human fibrosarcoma cell line [8], while
others saw no effects on telomere length [8,83,86]. The first study also found an inhibition of
telomerase when truncated hPifl is added to an in vitro telomerase assay, and found that this
inhibition is due to reduced telomerase processivity [8]. Since FLAG-tagged hPifl and Myc-
tagged hTERT (the catalytic subunit of telomerase) coimmunoprecipitate, [83], together the
data suggest a role for hPifl in telomere biology

8.2. Mouse Pifl

As in humans, mPifl is found only in highly proliferating cells and interacts with telomerase
in mouse extracts, suggesting that mPifl affects telomeres [87]. However, mouse knockout
animals that completely lack mPifl have no obvious phenotypes such as changes in telomere
length or chromosomal abnormalities. Thus, if mPifl has telomere functions, its role must be
fairly subtle or perhaps redundant with that of another helicase. There is no evidence as yet for
a mitochondrial function for mPifl. Even if mPifl localizes to mitochondria, it cannot be
required for maintenance of mtDNA since mPifl knockout mice are viable, and mammals
cannot live without mtDNA.

9. Conclusions/Outlook

The studies discussed in this review suggest that Pifl family helicases share several mutual
DNA targets, such as mtDNA, rDNA, and telomeres. However, as summarized below, their
functions on these DNA targets are not necessarily the same even in the same organism. In
addition, in vitro and in vivo experiments indicate that ScPifl [31] and SpPfh1 [74] function
during Okazaki fragment maturation. These helicases may be important on the lagging strand
in situations where the strand displacement activity of Pol & is not sufficient to dislodge the
RNA-DNA primer segment on the downstream Okazaki fragment. Such instances may be more
likely to occur at special loci, perhaps where non-nucleosomal protein-DNA complexes are
bound and must be dissociated for the continuation of lagging strand synthesis or at special
DNA structures, such as G-quadruplex DNA. A role in Okazaki fragment maturation has not
yet been described for the other Pifl family homologues.

The roles of S. cerevisiae Pifl and Rrm3 in telomere biology are very different. In vivo data
support a model where ScRrm3 promotes replication fork progression through telomeres by
removing tightly bound protein-DNA complexes that otherwise slow fork movement [55,63,
64]. In contrast, ScPifl is a negative regulator of telomerase that likely acts by unwinding the
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RNA/DNA hybrid between telomerase RNA and telomeric DNA at the very ends of
chromosomes [17]. Although, ScRrm3 and ScPifl function differently at telomeres, they
appear to share a mechanistic property, the ability to disrupt protein complexes bound to DNA.
All Pifl family helicases discussed in this review, except the T. brucei PIFs, are known or
suspected to interact with telomeres, but at least in S. pombe, this interaction is more similar
to that of ScCRrm3 than ScPif1.

ScPifl, SpPfhl, and the T. brucei PIFs are clearly critical for mtDNA replication, perhaps
acting as replicative helicases for mtDNA since SpPfhl [72] and three of the T. brucei
homologues (B. Liu, J Wang, and P. Englund, unpublished data; [79]) are essential for
maintenance of mtDNA. Although ScPifl is not essential for mtDNA replication, mtDNA is
lost at high rates under normal growth conditions in its absence. Moreover, under stress
conditions, such as high temperature, ScPifl is essential for mtDNA maintenance [3,38].
ScRrm3 is also predicted to localize to mitochondria, but its function seems to be quite different
from that of ScPifl [10,45]. hPifl is also detected in mitochondria [86], although there is no
functional evidence for a role of mammalian Pifl family proteins in the maintenance of
mtDNA. However, it would not be surprising if effects on mtDNA are a general and conserved
feature of Pifl family helicases.

Though they are distantly related to the prokaryotic RecD helicases [7,8], Pifl helicases clearly
have evolved to participate in different DNA transactions at least some of which are eukaryotic
specific. However, even the various eukaryotic Pifl homologues have evolved separate

functions. How can such similar proteins have such divergent roles? While it is likely that the
basic mechanism of DNA unwinding has been preserved (based on the high similarity between
the Pifl helicases in their internal motor domain), their non-homologous N- and Ctermini may
determine their specific activities, either directly or via specific interactions with other proteins.

In summary, it appears that most of the studied Pif1 family helicases have a more ScRrm3-like
activity in the nucleus and a more ScPifl1-like activity in the mitochondria. However, additional
studies are needed to clarify this family's role in the cell, both in organisms where work has
been performed and in those not yet studied. The combination of genetics and biochemistry
used to date is well suited to elucidate the functions and mechanisms of these enzymes. Given
the important roles of Pifl family helicases in lower eukaryotes, it will not be surprising if
eventually mutations in hPif1 are found to be associated with a predisposition to genome
instability and hence human disease
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Figure 1.

Evolutionary relationship among Pifl family and RecD helicases. The indicated sequences
were aligned using ClustalX [88], and the phylogenetic relationship among them was drawn
as arooted tree (using the unrelated human beta actin protein (NP_001092) as an outgroup (not
shown) with TreeView v. 1.6.6. software (http://taxonomy.zoology.gla.ac.uk/rod/rod.html).
Prokaryotic proteins are outlined in red, and the archaeal protein is outlined in blue. Fungal
proteins are shaded pink, plant proteins are shaded green, and metazoan proteins are shaded
yellow. Proteins from the following organisms were aligned: Agrobacterium radiobacter (Ar),
Arabidopsis thaliana (At), Aspergillus oryzae (Ao), Bacillus cereus (Bc), Bdellovibrio
bacteriovorus (Bb), Campylobacter jejuni (Cj), Candida albicans (Ca), Candida dubliensis
(Cd), Clostridium sporogenes (Cs), Cryptococcus neoformans (Cn), Danio rerio (Dr),
Dictyostelium discoidium (Dd), Escherichia coli (Ec), Gallus gallus (Gg), Homo sapiens (Hs),
Kluveromyces lactis (KI), Leishmania major (Lm), Methanocaldococcus jannaschii (Mj), Mus
musculus (Mm), Mycobacterium tuberculosis (Mt), Oryza sativa (Os), Saccharomyces
cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Trypanosoma brucei (Th), Xenopus
laevis (XI), Vibrio cholerae (\Vc), and Zygosaccharomyces rouxii (Zr). The GenBank accession
numbers are as follows: AoPifl, XP_001824182; ArRecD, YP_002544895; AtPif1,
CAB91581; AtPif2, NP_190738; AtPif3, CAB63155; BbRrm3/Pifl, BcRecD, YP_085716;
CaPifl, XP_718694; CaPif2, XP_712340; CdRrm3, XP_002421612; CjRrm3/Pif1,
YP_002344343.1; CnPifl, XP_572423; CnPif2, XP_569577; CsRrm3/Pifl, ZP_02995968.1;
DdPifl, XP_642006; DdPif2, XP_647539; DrPifl, NP_942102; EcRecD, AAB40466.1;
GgPifl, XP_426648; HsPifl, NP_079325; KIRrm3, XP_453658; LmPifl, XP_001681501;
LmPif2, XP_001681500; LmPif3, XP_001684538; LmPif4, XP_001685476; LmPif6,
XP_001683071; LmPif7, XP_001681013; LmPif8, XP_001684097; MjRecD, NP_248527,;
MmPifl, EDL26099; MtRecD, NP_215143; OsPifl, ABB47755; ScPifl, NP_013650;
ScRrm3, NP_011896; SpPfh1, NP_596488; TbPifl, XP_828762; ThPif2, XP_828763;
ThbPif3, XP_829242; ThPif4, XP_829537; ThPif5, XP_847187; ThPif6, XP_822349; ThPif7,
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XP_846907; ThPif8, XP_845724; XIPifl, QOR4F1; VcRecD, NP_231950; and ZrRrm3,
XP_002498680.
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Figure 2.

Conserved motifs in the Pifl family helicases. The sequences of the Hs-, Mm-, and ScPif1,
ScRrm3, SpPfh1, and TbPif5 helicases used to generate Figure 1 were aligned using ClustalW
[88], and the BOXSHADE program in the Biology WorkBench suite
(http://workbench.sdsc.edu) was used to color-code conserved residues. The completely
conserved residues are in green, conserved similarities are in cyan, and identical residues are
yellow; the amino acid similarity groups were defined as FYW, IVLM, RK, DE, GA, TS, and
NQ. Due to spatial constraints, the divergent N- and C-termini are not shown, leaving only the
highly conserved core ATPase/helicase domain. The seven conserved SFI helicase motifs (red
Roman numerals; [89]) and three additional motifs with high homology to E. coli RecD (red
A, B, and C; [90]) are shown. A putative Pifl family signature motif is indicated with the
dashed red box (see Section 2. for details).
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codon localization
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Allele m1 Nucleus
100 aa
Figure 3.

Mitochondrial and nuclear isoforms of ScPifl. Schematic of the wild type, mitochondrial
(m2), and nuclear (m1) PIF1 alleles with the predicted localization in the cell. M1 denotes the
position of the first AUG site, and M2 marks the position of the second AUG site. Mutated
M2 to alanine is represented with an asterisk. The picture is drawn to scale. MTS, mitochondrial
target signal: aa, amino acids.
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Replication fork movement through the tRNAY gene. Top) Cartoon of the 2D gel technique:
AN, non-replicating fragment; 2N, the nearly fully replicated fragment before sister chromatids
separate; P, replication pause; BU, bubble-shaped replication intermediates. Bottom) Southern
blots were probed to detect the tRNAY gene (tY[GUA]F1; EcoRV fragment, YFRO12W).
These images are reproduced from [58] and are reprinted following the guidelines of Cell
Press's Authors' Rights statement.
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Hoechst/Mitotracker Merge

..
Figure 5.

SpPfhl is detected in both the nucleus and mitochondria. Wild type cells (untagged Pfh1) and
cells expressing Pfhl fused with GFP at the C-terminus (Pfh1-GFP) are viewed by phase
contrast and fluorescence microscopy. Pfhl is visualized by GFP (green), DNA by Hoechst
(blue), and mitochondria by mitotracker (red). The white arrow points out concentrated Pfh1-
GFP in the nucleolus. The scale bar indicates 10 um. This figure is adapted from the journal
of Molecular and Cellular Biology, copyright © American Society for Microbiology
[Molecular and Cellular Biology , Vol 28, 2008, p.6598, doi:10.1128/MCB.00191-08] [72].
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Figure 6.

The kinetoplast and kDNA. A) In the kinetoplast, the network of maxicircles and minicircles
is located near the flagellar basal body. While little is known about maxicircle replication
[76], research shows that minicircles (black ovals) detach from the KDNA disk and migrate to
the KFZ where they replicate unidirectionally via 6-type replication. Daughter minicircles then
move to the antipodal sites where replication continues (including Okazaki fragment
maturation) [76]. TbPIF1 (B. Liu and P. Englund, unpublished data) and 5 [79] are located in
the antipodal sites, and TbPI1F8 localizes to the kDNA disk (B. Liu and P. Englund, unpublished
data). Highly expressed GFP-tagged TbPIF2 (not shown) was found throughout the kinetoplast
[79]. This figure is based on Figure 3 from [76]. B) Electron micrograph of part of a KDNA
network from the kinetoplastid Crithidia fasciculata. C) Topoisomerase Il decatenation yields
2.5 kb minicircles and 38 kb maxicircles (left, middle). Micrographs are at approximately the
same magnification. The images in B) and C) and legends are adapted from [91] with kind
permission of Springer Science+Business Media.
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