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Abstract

Pifl family helicases have multiple roles in maintenance of nuclear and mitochondrial DNA in
eukaryotes. S. cerevisiae Pifl is involved in replication through barriers to replication such as G-
quadruplexes and protein blocks and reduces genetic instability at these sites. Another Pifl family
helicase in S. cerevisiae, Rrm3, assists in fork progression through replication fork barriers at the
rDNA locus and tRNA genes. ScPifl also negatively regulates telomerase, facilitates Okazaki
Fragment processing, and acts with polymerase 6 in break induced repair. Recent crystal structures
of bacterial Pifl helicases and the helicase domain of human PIF1 combined with several
biochemical and biological studies on the activities of Pifl helicases have increased our
understanding of the function of these proteins. This review article focuses on these structures and
the mechanism(s) proposed for Pifl’s various activities on DNA.

Helicases are a family of molecular motors involved in all phases of nucleic acids
metabolism including DNA replication, recombination, repair, transcription, translation, and
RNA processing [1-3]. The Pifl family is a group of DNA helicases that have been
identified in all eukaryotes and some prokaryotes and viruses [4]. Although their functions
in bacteria and viruses are not well known, the role of Pifl helicases in eukaryotic genome
maintenance is better understood. S. cerevisiae contains two Pifl family helicases: Pifl
(referred to as ScPifl here) and Rrm3 [5]. However, most higher eukaryotes encode only one
Pifl helicase [4]. ScPifl is required for maintenance of mitochondrial DNA [6-8] and has
been suggested to be the mitochondrial replicative helicase [9]. In the nucleus, ScPifl is
involved in Okazaki Fragment processing [10,11], regulation of telomerase at telomeres and
double strand breaks (DSBs) [12,13], maintenance of the rDNA barrier [14], break induced
repair [15,16], and removal of protein barriers to replication [17] and at telomeres [18].
ScPifl has also been shown to reduce genomic instability at G-quadruplex DNA (G4DNA)
motifs in the CEB1 minisattelite [19]. For more information about the function of Pifl in
cells we direct the reader to several recent reviews on the subject [9,20-23].
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Pifl family helicases are classified as superfamily (SF) 1B helicases based on amino acid
sequence motifs and 5'-to-3” direction of translocation on single-stranded DNA (ssDNA).
Pifl family helicases are composed of a central helicase domain and N-terminal and C-
terminal accessory domains. However, their similarity is limited to the core helicase domain
[5]. The variable N-terminal domains are not required for helicase activity /in vitro[24];
however, the Rrm3 N-terminal domain is required for function 7n vivo [25]. Although the
precise functions of the N- and C-terminal domains are unknown, non-conserved regions are
proposed to be involved in protein-protein interactions, oligomerization, and substrate
recognition [26]. Indeed, the N-terminal domain of ScPifl reportedly interacts with the
chromatin assembly factor I subunit, Cacl [27] and is required for increased double stranded
DNA (dsDNA) unwinding activity by ScPifl when the yeast mitochondrial ssDNA binding
protein, Rim1, is present [28]. For human PIF1, the N-terminal domain has been proposed to
be involved in strand annealing [29]. Deletion of the C-terminal domain decreases the
processivity of unwinding for ScPifl [30]. Additionally, phosphorylation of the C-terminal
domain of ScPifl on T763 and S766 in response to DSBs is required for ScPifl inhibition of
telomerase at DSBs but not at telomeres [31].

The crystal structures of BsPifl from Bacteroides spp [32], BaPifl from Bacteroides sp.
2-1-16[33], and the human PIF1 helicase domain (hPIF1-HD) [33] have been reported
(Figure 1). Pifl helicases, like other SF1B helicases such as Deinococcus radiodurans
RecD2 [34] and bacteriophage T4 Dda [35], contain two RecA-like domains referred to as
domains 1A (green) and 2A (gray) in their catalytic core where the helicase motifs are
clustered. Domains 1A and 2A are separated by a cleft where ATP (purple) binding and
hydrolysis occurs. The 2B domain of Pifl, RecD2, and Dda helicases forms a SH3-like
domain (cyan). The 1B (red) domains of RecD2 and Dda are composed of B-hairpins. In
BsPif1, the 1B domain forms an ordered loop, and in both BaPifl and hPif1-HD, the 1B
domain is formed by a loop and an a-helix. In all cases, the 1B domain is proposed to form
a pin or wedge that splits the incoming duplex with the translocase strand passing into the
active site on one side of the pin/wedge and the displaced strand separated and passed along
the exterior of the enzyme [34,35].

Superfamily 1B helicases contain 12 conserved helicase motifs in their RecA-like domains
which are involved in ATP binding and hydrolysis, DNA binding, and coordination between
the ATP and DNA binding sites [36]. Residues in motifs I, 111, IV, and VI contact the ATP in
the BsPifl and BaPifl structures [32,33]. In BsPifl, Q145 from motif IV (and the analogous
Q499 in RecD2) have been proposed to act as sensors to detect the presence or absence of
the y-phosphate [32,34]. The DNA (yellow) passes between the RecA-like domains and the
2B domain. In both the BsPifl and BaPif1 structures, the proteins contact the 6 nucleotides
visible in the structures through stacking interactions with the bases and hydrogen bonding
and electrostatic interactions with the backbone. F75 and P74 in the 1B domain (pin-loop or
wedge domain) of both BaPifl and BsPifl stack with bases of the DNA [32,33]. Similar
stacking interactions were observed between F98 in the 1B (pin) domain of Dda and the
DNA [35]. Characterization of several Pifl variants with single amino acid substitutions in
the ATPase and DNA binding sites [32,33] confirms the roles previously established for
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these motifs based on studies of other helicases [37]. The DNA in the structure of BaPifl
with bound DNA and nucleotide makes a 90° turn as it enters the DNA binding site [33].
Similar turns have been observed for the SF1A helicases PcrA [38] and UvrD [39]. As has
been observed with other helicases, binding of ATP and ssDNA results in large
conformational changes in both BsPifl and BaPifl with the 2A and 2B domains rotating and
shifting relative to the 1A domain. Introduction of a disulfide bond that prevents this rotation
in BsPif1 or introduction of proline residues in the hinge between the 2A and 2B domains of
BaPifl abolishes dsDNA unwinding activity [32,33].

Pifl family helicases also contain a 21 amino acid Pifl signature sequence located between
helicase motifs 1l and 111 [40]. Structurally, the Pifl signature sequence (Figures 1 and 2;
pink) is composed of an a-helix and a turn in all three reported Pifl structures [32,33] and is
located at the entrance to the DNA binding site, opposite the strand separation pin/wedge.
Hydrophobic interactions between the Pifl signature sequence and domains 1A and 1B
maintain F71 in domain 1A, which is essential for enzymatic activity, in the appropriate
position to separate the DNA strands [32]. L319 in hPIF1 (1118 in BaPifl in Figure 2, blue),
within the Pifl signature sequence, is conserved as Leu or Ile among Pifl family helicases,
and an L319P variant has been linked with an increased risk of breast cancer [41]. This
variant lacks DNA unwinding activity, likely due to destabilization of interactions of the Pifl
signature sequence with domains 1A and 1B [33]. This indicates that the function of the Pifl
signature sequence may be to maintain the appropriate arrangement of residues in the DNA
binding site for DNA unwinding. The localization of the Pifl signature sequence at the
entrance to the DNA binding site also suggests this sequence may be involved in substrate
specificity although there is no evidence for this.

Quaternary structure

An important feature of helicase enzymology is the quaternary structure of the enzyme.
Although monomeric forms of some helicases can function, [30,42—-48] multimeric forms
can provide multiple DNA binding sites which typically increases processivity and can
provide additional avenues for regulation of activity. Dimeric helicases have been described
in which the conformations of each respective monomer can activate or inhibit the enzyme
[48,49]. Helicases that are part of the main replication machinery are often hexameric, with
a central channel through which DNA can pass [50]. Another mode of action available to
some helicases in SF1 and SF2 involves multiple helicase monomers aligning on the same
strand of nucleic acid to enhance activity (so-called helicase trains) [44,51-54]. Interactions
of monomers with other proteins can also result in enhanced activity [28,55,56].

Pifl’s quaternary structure has been investigated carefully by the Galletto lab. Initial reports
indicated that upon binding to ssDNA, ScPifl formed a dimer [57]. Additional, extensive
characterization followed and clearly showed that monomeric ScPifl can indeed function to
translocate on ssDNA [58] and unwind duplex DNA [30]. One revealing experiment
involved attachment of ScPifl to a magnetic bead, followed by extensive washing to ensure
only monomeric ScPifl remained on the bead. The resulting measures of DNA unwinding
showed that ScPifl could function as a monomer. Kinetic analysis using a novel FRET-
based assay illustrated that the activity is modulated by the composition of the 3"-ssDNA tail
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of a forked substrate [30], suggesting that ScPifl contains a second DNA binding site in
addition to the translocation site [59,60]. Although some reports have suggested that a
monomer of ScPifl is unable to unwind DNA:DNA duplexes but can unwind DNA:RNA
duplexes [61], the Galletto lab has shown that ScPifl monomers can unwind forked dsDNA
substrates [30].

Biochemical Activity

ScPif1 preferentially unwinds forked dsDNA substrates relative to substrates lacking a 3'-
ssDNA overhang [59,60]. The rates of unwinding forked and non-forked duplexes are
similar [60]; however, the processivity for unwinding is enhanced with forked duplexes
[59,60]. ScPifl has also been shown to preferentially unwind an DNA:RNA hybrid duplex
where the translocase strand is DNA and the displaced strand is RNA [61,62]. It has been
shown recently that this preference is due to enhanced processivity on the DNA:RNA hybrid
substrates [63].

Pif1 helicases unwind duplex DNA in the 5'-to-3" direction using the energy of ATP
hydrolysis [58,59]. This directional unwinding is likely due to unidirectional translocation of
ScPifl on ssDNA [58,60]. This movement occurs in discrete steps [38] referred to as the
physical step size of the helicase (Figure 3A). A physical step size of 1 nucleotide
translocated can be inferred from structural studies [32,33]. In the simplest case, each single
nucleotide step is driven by the energy of hydrolysis of one ATP molecule (chemical step
size) (Figure 3B). Indeed, chemical step sizes of one ATP hydrolyzed per nucleotide
translocated have been measured for many helicases, including ScPifl [60], B.
stearothermophilus PcrA [64], E. coliDnaB [65], E. coli UvrD [66], and Hepatitis C virus
NS3-4A [67]. However, for some helicases, such as Hepatitis C Virus NS3h, coupling of
ATP hydrolysis to translocation is inefficient, resulting in a chemical step size of less than
one nucleotide [67]. A third measurement, the kinetic step size (Figure 3C), is the number of
base pairs separated between rate limiting kinetic steps. The kinetic step size for ScPif1 for
translocation on ssDNA and dsDNA unwinding have both been determined to be one
nucleotide [60,61,68]. For ScPif1, all three step sizes are one [60] but larger kinetic step
sizes have been observed for many helicases [46,69-72].

ScPifl unwinds duplex DNA at a rate of about 75-100 bp/s under excess enzyme conditions
[30,60,63,68] and as a monomer [30]. However, according to another report a monomer of
ScPifl was unable to unwind and excess ScPifl unwound a non-forked DNA duplex at a
much slower rate [61]. This discrepancy remains unresolved. ScPifl unwinds 10 base pairs
of a forked DNA duplex on average before dissociation but translocates 25 nucleotides on
ssDNA before dissociation [60].

Role of Pifl in replication through barriers

Genomic DNA is known to be wrapped around histones or bound to other proteins such as
the shelterin complex at telomeres. Removal of proteins bound to DNA is a prerequisite for
replication, repair, transcription, and essentially all metabolic events associated with DNA.
Helicases are known to perform this function [73,74]. ScPifl can displace telomerase from
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telomeric DNA thereby regulating telomere length [12,13]. Further, ScPifl removes
telomerase from the ends of DSBs [12,75], which reduces genomic instability by preventing
telomerase from adding telomeric DNA to these sites. Recent work from the Galletto lab
supports the ability of monomeric ScPifl to remove protein blocks from dsDNA such as the
Rapl protein [17]. ScPifl also increases replication through a telomeric protein barrier /n
vivo [18]. Rrm3, and in its absence ScPifl, displace transcription complexes and resolve R-
loops at tRNA genes [76,77]. Rrm3 also displaces Fobl, allowing replication through the
rDNA replication fork barrier [14,78] while ScPifl maintains the replication fork barrier
[14]. The specific mechanism for protein displacement is unknown, but clearly the ATPase-
driven translocase activity is required [17]. As a model system, streptavidin attached to
biotinylated DNA can serve as a protein block [79]. ScPifl has been shown to readily
displace streptavidin [58,60].

Alternative DNA structures such as GADNA can also be barriers to replication and ScPifl
has been shown to localize to and reduce genome instability at these sites [19,80,81].
However, the absence of ScPifl was later shown to have no effect on fork progression past a
G4DNA motif [18]. ScPifl has been shown to localize to and unfold GADNA structures late
in S phase, after replication of the GADNA sequence, suggesting that it may be involved in
resolving GADNA structures in preparation for mitosis but not for replication [80] which
may explain this apparent discrepancy. ScPifl has also been shown to unfold GADNA /n
vitro[19,61,68,81-83]. Some have reported very fast unfolding of G4ADNA structures by
ScPifl (within a few seconds) and others report much slower G4DNA unfolding (within a
few minutes). These differences are possibly the result of rapid refolding of the GADNA
thereby decreasing product formation in ensemble experiments (Figure 4A). It is also
possible that in some SmFRET experiments, partial melting of G4ADNA structures is
observed, which may explain a major discrepancy in folding rates of GADNA.
Measurements of GADNA unfolding are affected by the rate of G4ADNA folding. The
consensus is that folding of GADNA structures proceeds slowly to the thermodynamic
equilibrium; however, fast folding to various intermediate occurs [84,85]. These reported
folding rates differ from those reported in SmMFRET studies, which indicate very rapid
folding [61,86]. It is possible that that the rapid conformational changes observed in
SmMFRET are between unfolded and intermediate states or the fully folded and intermediates
states as opposed to fully folded and fully unfolded states. It should be noted that many of
the intermediates observed during folding are GADNA structures; therefore, transitions
between unfolded DNA and an intermediate could be conversions of ssSDNA to GADNA
even if it is not the most thermodynamically stable GADNA structure. It is also possible the
presence of the helicase leads to much faster folding than observed with GADNA alone,
which could explain the rapid transitions observed in the SmFRET. Due to these
complications, the relative rates of melting dsSDNA and GADNA are not clear; however, the
ATP hydrolysis rate on G4DNA is slower than the rate of hydrolysis on ssDNA [82] and
slower than the rates of translocation on ssDNA and unwinding of dsDNA [60,82].

Several unresolved observations related to GADNA unfolding by Pifl remain. Several
groups have utilized substrates containing G4DNA followed by dsDNA so that unwinding of
the duplex can serve as a reporter for unfolding of the quadruplex (Figure 4B) [68,82,83,87].
The Xi lab reported that GADNA stimulates dsSDNA unwinding [68,87]. However, no other
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groups observed similar stimulation despite a variety of methods and conditions [61,82,83].
Of note, the experiments from the Xi lab were preformed exclusively in Na™, resulting in a
less stable quadruplex which may give the appearance of faster activity. Another possible
difference is the substrates from the Xi lab contained no space between the G4ADNA and the
dsDNA (Figure 4B) which results in destabilization of the GADNA. A gap of 2 nucleotides
between the G4ADNA and dsDNA reporter is needed in order for both structures to fold
properly [83]. Hence, it remains to be determined whether ScPifl is actually stimulated by
G4DNA.

Some researchers have attempted to compare G4DNA unfolding to dsDNA unwinding
leading to statements that G4ADNA is unfolded more efficiently than dsDNA by ScPif1.
Enzyme efficiency is typically measured as Ac;i/Kpn. However, the two substrates (dsSDNA
and G4DNA) are extremely different making this comparison difficult. Duplexes can vary in
length and GC content which affect the stability; GADNA can vary in both structure and
stability, and both can have different numbers of nucleotides that must be traversed by the
enzyme before the structures spontaneously melt. A thorough examination of the free energy
for duplex stability vs helicase catalyzed unwinding rate was reported by the Patel lab for
NS3 and T7 helicases, and they found that the unwinding rates increased as the stability of
the duplex decreased [88]. However, Dda, which is in the same family as Pifl, was observed
to show little correspondence between unwinding rate and GC content of the duplex [89],
suggesting that the effect of duplex stability on the unwinding rate varies between helicases.
Comparisons of dsDNA unwinding and G4ADNA unfolding using structures with similar free
energies of melting would be a useful comparison; however, without knowledge of how
many nucleotides must be removed from each structure for spontaneous melting to occur,
the comparison of duplex and quadruplex melting will still be difficult. Also, comparisons of
G4DNA unfolding relative to dsDNA unwinding can be complicated by refolding of
G4DNA and re-annealing of the ssDNA products of dsDNA unwinding [30,90]. Due to
these complications, it is premature at this point to conclude that G4ADNA is melted more
efficiently than dsDNA by ScPifl.

ScPif1 has also been described as having patrolling activity in which it binds to a 3"-ssDNA
tailed dsDNA junction and repetitively reels in the tail in single nucleotide steps [61,86]
(Figure 4C). Because the helicase remains anchored at the 3’-ssDNA junction, a loop of
ssDNA is created as the helicase reels in the tail as it translocates toward the 3"-end of the
DNA. Similar repetitive activity has been observed previously for £. coliRep [91], E. coli
UvrD [92], B. stearothermophilus PcrA [93], S. cerevisiae Srs2 [94], and human FANCJ
[95], RHAU [96], WRN [96], and BLM [96,97] helicases. Such an activity could have
biological significance in clearing DNA of proteins and secondary structures. This action is
proposed to occur repetitively (about 200 times to unwind a 31 base pair DNA:RNA hybrid
duplex [61]). Multiple groups found that GADNA was unfolded in each patrolling cycle, but
dsDNA downstream of the GADNA was not melted which suggested a mechanism whereby
ScPifl repetitively unfolds the GADNA which refolds rapidly but leaves adjacent dsSDNA
intact [61,86]. However, other groups have reported that ScPifl is able to unwind a duplex
following a quadruplex [68,82,83]. The differences are likely due to the substrate design and
experimental conditions because some reports used non-forked duplexes [61,68,83,86]
which are known to be non-preferred substrates for ScPif1 while another used both forked
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and non-forked duplexes [82]. Some experiments were performed under single-cycle
conditions [61,68,82,86] and others under multiple turnover conditions [82,83]. Some used
excess enzyme [68,82] and others used excess substrate [61,83,86]. It is likely that the
differences in observed results are due to these differences in experimental conditions.
Whether ScPifl unwinds a dsDNA duplex downstream of GADNA and/or patrols the DNA
in a cell remains to be determined.

Standardization of experimental conditions would allow for easier comparisons of results
from different laboratories. We suggest that since K* is the predominant monovalent cation
in cells and G4DNA stability is affected by the identity of the monovalent cation,
experiments should be performed in K* (= 50 mM) as opposed Na*. The variability of
results when studying different GADNA structures combined with the ability of naturally
occurring G4ADNA sequences to fold into different structures suggests that experiments
should be performed using multiple quadruplex sequences when possible. It is well
established that Pifl prefers forked duplexes so duplex substrates should contain these
structures. Since both ScPifl [98] and hPIF1 [99] are low abundance proteins, excess
substrate conditions would seem to be more biologically relevant. However low abundance
is no guarantee of monomeric protein /n vivo so both excess enzyme and excess substrate
conditions could be relevant. In general, it would appear that the best method to monitor
G4DNA unfolding is smFRET. However, placement of the probes in multiple positions on
the substrate is needed to confirm the interpretation of the results. Furthermore, it would be
useful to supplement smFRET with gel-based experiments.

Regulation of Pifl activity

Although ScPifl serves an important role in genome maintenance, overexpression of ScPifl
is toxic [100] so its activity must be regulated. DNA damage signaling in response to DSBs
activates a series of kinases including Rad53 in yeast which results in cell cycle arrest and
DNA repair [101]. De novo telomere synthesis at DSBs by telomerase can lead to
chromosomal deletions [102] but ScPifl has been shown to inhibit this telomere addition
[12,13]. The Blackburn lab has shown that DSBs, but not stalled replication forks, result in
Rad53 mediated phosphorylation of the C-terminus of ScPifl at T763 and S766 which
inhibits telomerase specifically at DSBs [31]. Both ScPifl and Rrm3 are also
phosphorylated in response to replication fork stalling in the N-terminal domain by Rad53
[103]. These phosphorylations inhibit ScPif1 and Rrm3 which prevents fork reversal and
genome instability.

Unanswered questions

Recent data has provided much insight into the activities of Pifl helicases; however, several
questions remain. Surprisingly, despite the well documented specificity of ScPifl for
G4DNA [61,81,82], little structural information exists on where and how the enzyme
interacts with GADNA. The helicase domain of ScPifl has similar affinity for G4ADNA as the
full length protein, indicating that the specificity for G4ADNA comes from the helicase
domain itself [82]. Investigators had hopes that the structures would reveal some unique
structural feature; however, no obvious G4ADNA interaction motif was found in the Pifl
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structures [32,33]. For some G4 interacting helicases detailed information about the
interaction of the protein with the GADNA is known. The 13 amino acid RSM motif of
DHX36 interacts with G4 structures [104] and a solution structure shows a DHX36 peptide
including the RSM interacting with the exposed face of a tetrad in a parallel GADNA [105].
Residues in the RecQ-C-terminal domain of WRN helicase involved in interaction with
G4DNA have also been identified [106], and G4ADNA docks into the same position as
dsDNA with good complementarity in a structure of RecQ [107].

The stepwise mechanism for dsSDNA unwinding has been well characterized [60]. Several
recent papers have investigated G4DNA unfolding by ScPifl. One report concluded that
unfolding occurs in three steps [61], with each step corresponding to melting of one column
of a quadruplex structure. Another group reported that unfolding is a two-step process [86].
The basic ATP-driven motor of ScPifl has been shown to operate in one base steps, with
each base being translocated by one ATP hydrolysis event [60]. The manner in which this
stepwise mechanism might be utilized for G4ADNA unfolding and information on the
coupling of ATP hydrolysis to G4ADNA unfolding remains to be clarified.

ScPifl’s patrolling activity could provide a means to clear DNA of proteins and structural
barriers to replication. This mechanism has been suggested to be conserved among many
helicases [96]. However, it is not known whether patrolling happens /7 vivo or how
patrolling occurs. One possibility is that the enzyme, which normally translocates
unidirectionally in the 5’-to-3” direction in an ATP dependent manner slides backwards
along the DNA (3’-to-5") as suggested recently for WRN helicase [108]. Alternatively, the
enzyme could release the substrate from its DNA binding site but a second binding site
which interacts with the 3"-ssDNA-dsDNA junction could remain bound causing the
enzyme to snap back to the junction. Hence, additional work is needed to address the
mechanism of patrolling.

Multiple ScPifl molecules have been suggested to function cooperatively resulting in
increased protein displacement [60]. Additionally, with many substrates, ScPifl appears to
be more active under excess enzyme conditions when the DNA substrate would be expected
to be coated with ScPifl molecules compared to conditions where only a monomer would be
expected to be bound, suggesting that ‘trains’ of ScPifl may be more active. However,
whether these helicase trains occur /n vivo is unknown.

In addition to interacting with itself, ScPifl has been shown to interact with other proteins.
ScPifl interacts physically with Rim1, the yeast mitochondrial ssDNA binding protein, and
this interaction increases the product formation for dSDNA unwinding [28]. ScPif1 also
interacts with Subl [109], a co-transcriptional activator that reduces genome instability at
G4DNA sequences in yeast [109]. Subl binds tightly to G4ADNA but does not unfold
G4DNA structures [110]. This suggests that Sub1 may instead recruit a G4ADNA resolving
protein to the GADNA site. Indeed, Subl and ScPifl interact physically and genetic
experiments confirmed that Sub1 and ScPifl act in the same pathway to suppress G4ADNA
associated genome instability [109]. ScPifl has also been shown to interact functionally with
Pol&-PCNA through a physical interaction with PCNA [15]. This interaction results in
displacement of the newly synthesized strand in break induced repair [15]. The Paeschke lab
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has shown there is a functional interaction between ScPifl and Mms1, a component of the
E3 ubiquitin ligase complex, with Mms1 recruiting ScPifl to GADNA sites [111]. It remains
to be determined whether there is a direct interaction between Mms1 and ScPifl. The
biochemical and /in vivorole of Pifl interactions with these and other proteins remains to be
determined.

Pifl has proven to be a most versatile enzyme in terms of the variety of biological processes
in which it participates. It is likely to continue to be an intensely investigated protein in light
of its breadth of functions. S. cerevisiae Pifl appears to be an excellent system in particular
for long-term studies in which the biochemical mechanism can be related to biological
function.
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Abbreviations

ScPifl Saccharomyces cerevisiae Pifl
hPIF1 human PIF1

DSB double strand breaks

G4DNA G-quadruplex DNA

ssDNA single-stranded DNA

SF superfamily

dsDNA double-stranded DNA

BsPifl Bacteroides spp Pifl

BaPifl Bacteroides sp. 2-1-16 Pifl
hPIF1-HD human PIF1 helicase domain

smFRET  single molecule Forster resonance energy transfer
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Figure 1. Structures of superfamily 1B helicases
(A) Domain maps of SF1B helicases. N-terminal domains are shown in blue, helicase

domains in gray, C-terminal domains in orange, and the Pifl signature sequence in pink. (B)
Structure of hPIF1-HD (PDB: 5FHH) [33]. Domain 1A is shown in green, 1B in red, 2A in
gray, 2B in cyan, and the Pifl signature sequence in pink. ADP-AIF,~ is shown in purple.
(C) Structure of BsPifl (PDB: 5FTE) [32]. Colors are the same as in B with the C-terminal
domain in orange, AMPPNP in purple, and DNA is in yellow. (D) Structure of BaPifl
(PDB: 5FHD) [33]. Colors are as in B with DNA shown in yellow. (E) Structure of D.
radiodurans RecD2 (PDB: 3GPL) [34]. Colors are the same as in B with the N-terminal
domain in blue, AMPPNP in purple, and DNA in yellow. (F) Structure of Bacteriophage T4
Dda (PDB: 3UPU) [35]. Colors are as in B with DNA in yellow.
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Figure 2. Structure of the Pifl signature sequence
Hydrophobic amino acids in the BaPifl (PDB: 5FHD) [33] signature sequence (pink)

interact with amino acids in domains 1A (green) and 1B (red) stabilizing this region of the
protein. 1le118 which is essential for helicase activity [33] and corresponds to L319 in hPIF1
is shown in blue. DNA is shown in yellow.
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The two RecA-like domains of a helicase are shown (gray and green) and the yellow lattice
represents DNA. (A) A helicase with a physical step size of one nucleotide is depicted. The
enzyme moves by one nucleotide in each step. (B) A helicase with chemical and physical

step sizes of one nucleotide is shown. Binding of ATP results in movement of the rear

domain forward by one nucleotide closing the cleft between the two RecA-like domains.

Release of ADP and Pj results in movement of the leading domain forward by one
nucleotide as the cleft opens. (C) The scheme illustrates movement by a helicase with

physical and chemical step sizes of one nucleotide and a kinetic step size of 2 nucleotides.
The enzyme moves in single nucleotide steps, each powered by the hydrolysis of a single
ATP molecule. After two forward steps, a slow Kinetic step occurs which limits the overall
rate, resulting in an observed step size of 2 nucleotides. After the slow kinetic step, ATP
hydrolysis and forward movement resume.

Biochem Soc Trans. Author manuscript; available in PMC 2018 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Byrd and Raney

Page 19

A G4DNA unfolding and refolding

ATP, Mg™ Trappin
DNAtrap PRI VIR IATY
>
E—
Refolding + +
B Reporter substrates for G4DNA unfolding
Reporter
duplex
ATP, Mg* unwinding —_—

+

C 2N DNA trap and trapping
5* N W* >
2 0P
3

C Patrolling of G4ADNA Unfolding

and
Reeling in reeling in
ofssDNA () == of GADNA QM
% ,,., ZN0W U NIV T 00

Release of ssDNA and refolding of G4ADNA

Figure 4. Substrates utilized for G4DNA unfolding studies
(A) Some experiments for measuring GADNA unfolding rely on trapping the unfolded

duplex as dsDNA to prevent refolding of the GADNA structure. Experiments typically start
with the enzyme prebound to the GADNA substrate and unfolding is initiated by addition of
ATP, Mg?*, and a DNA trap (green) complementary to the GADNA. GADNA substrate and
dsDNA product can be separated by electrophoresis. * indicates either a fluorescent or
radiolabel. Since refolding is a unimolecular process and trapping is a bimolecular process,
trapping can be inefficient. (B) Alternatively, GADNA unfolding can be monitored by
measuring the unwinding of a reporter duplex following the G4ADNA. Appearance of sSDNA
provides a “report” on the unfolding of the GADNA. A gap of 2 nucleotides (red) between
the GADNA and reporter duplex is necessary for folding of both the GADNA and dsDNA to
occur [83]. (C) Based on SmFRET studies, some helicases have been reported to remain
anchored at a ssSDNA/dsDNA junction while repetitively reeling in the ssDNA and unfolded
G4DNA. Green and red dots represent Cy3 and Cy5.
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