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Crystal structures of the BsPif1 helicase reveal that a
major movement of the 2B SH3 domain is required for
DNA unwinding
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ABSTRACT

Pif1 helicases are ubiquitous members of the SF1B
family and are essential for maintaining genome sta-
bility. It was speculated that Pif1-specific motifs may
fold in specific structures, conferring distinct activi-
ties upon it. Here, we report the crystal structures of
the Pif1 helicase from Bacteroides spp with and with-
out adenosine triphosphate (ATP) analog/ssDNA.
BsPif1 shares structural similarities with RecD2 and
Dda helicases but has specific features in the 1B and
2B domains. The highly conserved Pif1 family spe-
cific sequence motif interacts with and constraints a
putative pin-loop in domain 1B in a precise conforma-
tion. More importantly, we found that the 2B domain
which contains a specific extended hairpin under-
goes a significant rotation and/or movement upon
ATP and DNA binding, which is absolutely required
for DNA unwinding. We therefore propose a mech-
anism for DNA unwinding in which the 2B domain
plays a predominant role. The fact that the conforma-
tional change regulates Pif1 activity may provide in-
sight into the puzzling observation that Pif1 becomes
highly processive during break-induced replication
in association with Pold, while the isolated Pif1 has
low processivity.

INTRODUCTION

DNA helicases are molecular motors that convert the chem-
ical energy of nucleoside triphosphate (NTP) hydrolysis into
mechanical force to separate double-stranded DNA into
single-stranded DNA (1). ScPifl, as a prototypical mem-
ber of Pifl family helicases, was first identified in Saccha-
romyces cerevisiae due to its important role in maintain-
ing mitochondrial DNA (2). It was then rediscovered as a
negative regulator of telomere length, which actively dis-
rupts telomerase from telomere and double-strand break
ends, to regulate telomere homeostasis and avoid de novo
telomere addition at double-strand breaks (3,4). Its physio-
logical importance was further highlighted by the fact that
mutations in human PIF1 are found in families with high
risk of breast cancer (5), and Saccharomyces pombe cells
with the corresponding mutation are not viable (6,7). In-
deed, many intriguing findings in recent Pif1 helicase stud-
ies have established that Pif1 helicases plays multiple roles
in the maintenance of genomic integrity: it advances fork
progression at many nuclear sites, including the regulation
of ribosomal DNA replication (8); facilitates replication
and suppresses DNA damage at G-quadruplex motifs (9—
11); processes Okazaki fragment maturation in cooperation
with Dna2 helicase/nuclease (12-14) and promotes break-
induced replication (BIR) via bubble migration (15,16).
Pif1 helicases are highly conserved from bacteria to hu-
mans and belong to superfamily (SF) 1B as revealed by se-
quence alignments (17,18). Although BLAST searches for
homologs of ScPifl demonstrated that Pif1 helicases vary in
size from 420 to more than 1000 amino acids per polypep-
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tide chain, they can be functionally and structurally divided
into three domains: the N-terminal domain of ScPif1 that
physically and functionally interacts with yeast SSB protein
to coordinate its diverse functions in cell (19), in the human
ortholog this domain exhibits a DNA strand annealing ac-
tivity (20); the helicase core domain is highly conserved in
various organisms and shares seven conserved motifs (I, Ia,
I1, III, 1V, V and VI) with helicases of the SF1 family, in
which three additional motifs (A, B and C) are found specif-
ically in Pifl and RecD family helicases (18). However, Pif1
helicases can be distinguished from RecD helicase by the
Pif1-family specific sequence (PFSS), which is located be-
tween motifs IT and III, and appears unique to Pifl family
helicases (17,18). Finally, the C-terminal domain (CTD) is
not conserved in sequence and length and is even completely
absent from certain species. Truncation of this domain does
not affect helicase activities in human and yeast Pifl pro-
teins (11,21).

Biochemical characterizations of purified Pifl helicases
from several sources show that they are triphosphate (ATP)-
and Mg?*- dependent enzymes that unwind DNA with a 5'-
3’ polarity (21-23). Both ScPif1l and BsPifl are monomeric
in the absence of DNA and ScPifl becomes a dimer upon
DNA binding (22-24). Although Pif1 helicases display only
limited unwinding processivity in vitro (23,25), they are ca-
pable of unwinding a variety of DNA structures resembling
stalled DNA replication forks and other B-form duplexes
such as forked duplexes, DNA/RNA duplexes (23,26), R-
loop, D-loop and G-quadruplex DNA (21,23,27). Con-
sistent with Pifl-mediated telomerase disruption activity,
we found that BsPifl dislodges non-nucleosomal protein—
DNA complexes in vitro (23).

Lack of structural information on Pifl helicase has hin-
dered our understanding of the molecular and structural
basis for how Pifl performs its diverse functions. Here,
we present the structures of BsPifl helicase in free and
bound states to Adenosine diphosphate (ADP) or ATP
analog AMPPNP and that of a ternary complex (BsPifl-
ADP-AlF;-ssDNA). From our determined crystal struc-
tures, together with a combination of structural, mutational
and biochemical analyses, a number of interesting features
are revealed, thus shedding light on the mechanism of DNA
unwinding and activity regulation of this family of helicases.

MATERIALS AND METHODS
Purification and crystallization of BsPifl protein

The BsPif1 protein was purified essentially as described pre-
viously (23). Crystallization trials of BsPifl and its com-
plexes with AMPPNP/ADP were performed at 20°C by
the sitting-drop vapor diffusion method. The initial crys-
tals were obtained using a precipitant solution containing
0.1 M Bis-Tris propane (pH 6.5), 0.1 M Calcium acetate,
10-15% PEG4000. This condition was optimized by a grid
search by using 24-well Linbro plates at 20°C where 1 pl
of protein sample and 1 pl of precipitant were mixed to-
gether and equilibrated with 0.4 ml of precipitant. Suit-
able crystals for diffraction experiments were obtained us-
ing 0.1 M Bis-Tris propane (pH 6.5), 0.1 M Calcium ac-
etate and 12-15% PEG2000MME or PEG1500. For cocrys-
tals of BsPifl and AMPPNP/ADP, the protein was mixed

with AMPPNP/ADP at a molar ratio of 1-1.5. SeMet-
substituted protein and AMPPNP-complex crystals were
obtained under the same crystallization conditions. To ob-
tain crystals of BsPifl in complex with DNA, we incu-
bated the protein with a 8-nt single-stranded DNA (5'-
TTTTTTTT-3'), in 10 mM Bis-Tris propane (pH 7.0), 100
mM NaCl, 1 mM Dithiothreitol (DTT), 2 mM MgCl,, 2
mM ADP, 2 mM AICl;, 10 mM NaF and a protein/DNA
ratio of 1:1.2, for 40 min at 16°C and then concentrated to
10 mg/ml. Crystals of the BsPif1-ssDNA complex were ob-
tained using 0.1 M Hepes (pH7.1), 3.5-3.6 M Sodium for-
mate, 5% Glycerol and 0.01 M Spermidine as precipitant.

Data collection, phasing, model building and structure refine-
ment

X-ray diffraction data were collected at the Shanghai Syn-
chrotron Radiation Facility (SSRF) and/or Beijing Syn-
chrotron Radiation Facility (BSRF) and were indexed and
scaled using HKL2000 (28) and XDS (29). A BsPifl-
AMPPNP SeMet-substituted protein dataset collected at
the K edge of Se (0.9792A) was suitable for SAD phasing
using the Autosol module of Phenix (30). The data and re-
finement statistics are summarized in Supplementary Table
S1. With the assumption of one molecule in the asymmet-
ric unit, 10 Se sites were found and after phasing and sol-
vent flattening, the final figure-of-merit was 0.69. The 2.4
A resolution map was used for automatic model building
by Solve/Resolve. Statistics for SAD phasing are given in
Supplementary Table S2. The final model was manually ad-
justed with Coot (31) and refined in Phenix. This model was
used to solve all the other structures by molecular replace-
ment with the Phaser module of Phenix. Refinement of all
the structures was carried out using Phenix.

Small-angle X-ray scattering

Scattering data were collected at 25°C for BsPif1 (1.0, 3.0,
5.0, 7.0 and 9.0 mg/ml) in 25 mM Hepes (pH 7.5), 500
mM NaCl, 5% Glycerol buffer. Scattering data collection
and processing were performed at the National Center for
Protein Sciences Shanghai using the BL19U2 beamline. The
wavelength (\) of X-ray radiation was set as 1.033 A, and a
sample-to-detector distance of 2.5 m. The X-ray beam with
a size of 0.40 x 0.15 (H x V) mm? was adjusted to pass
through the centers of the capillaries for each experiment.
Twenty consecutive frames of 1 s exposure time recorded
for each sample were averaged after checking for absence of
radiation-induced protein damage. The scattering patterns
of the corresponding buffer solution were recorded before
and after the measurements of the protein sample, and the
averaged buffer patterns were subtracted from the protein
patterns. The radius of gyration (Rg) and maximum particle
dimension (Dmax) were extracted using the PRIMUS and
GNOM programs (32). Ab initio envelopes were determined
using DAMMIF with experimental Rg and Dmax values as
constraints for protein, DNA and their complex. The qual-
ity and uniqueness of the results were assessed further by av-
eraging with DAMAVER and the agreement between repli-
cated models was quantified by the mean normalized spatial
discrepancy (NSD). Atomic model of BsPifl was generated



by flexible modeling using DADIMODO (33) where flexi-
bility in domain 1B and between domains 1A and 2A was
introduced. Atomic models were fitted in ab initio envelopes
with the Supcomb20 algorithm. Comparison of the scatter-
ing of the resulting all-atom model with experimental data
was computed with CRYSOL. SAXS data collection and
analysis are summarized in Supplementary Table S3.

Site-directed mutagenesis

Deletions or site-directed point mutations of BsPifl on
residues which are expected to be critical for the DNA bind-
ing and unwinding were performed with site-directed mu-
tagenesis kit (Invitrogen). The primers used for these muta-
tions are available upon request. To facilitate the expected
disulfide bond formation in 1339C/L95C mutant, both wt
and mutant protein (0.5 mg/ml) were stirred with oxygen at
pressure 1 bar for 3 h, then the proteins were used for both
activity and crystallization assays.

Helicase assay

We used a stopped-flow FRET assay for measuring un-
winding amplitude and kinetic rate constants of BsPifl,
using doubly labeled DNA substrates, with fluorescein
(8 TTTTTTTTTTTTTTTTTTTTTTTTTTATGTATGT
CAAGGAAGG-F) and hexachlorofluorescein (5HF-CC
TTCCTTGACATACAT) as a donor and acceptor, respec-
tively. The stopped-flow FRET assay and data analysis were
performed according to Liu et al. (23). In brief, unwinding
kinetics were measured in a two-syringe mode, where BsPif1
helicase and DNA substrates were pre-incubated in the un-
winding reaction buffer A (25 mM Tris—-HCl pH 7.5, 50 mM
NaCl, 2 mM MgCl, and 2 mM DTT) at 25°C for 5 min and
the unwinding reaction was initiated by rapid mixing with
ATP. The standard reaction was performed with 4 nM DNA
substrates, 2 mM ATP and 100 nM BsPif1 in buffer A.

DNA binding assay

A fluorescence anisotropy assay was used to deter-
mine the apparent dissociation constants of the pro-
teins under equilibrium DNA-binding condition (34).
Protein concentration-dependent changes in fluorescence
anisotropy were measured with fluorescein-labeled 16 nt
ssDNA (SCTCTGCTCGACGGATT-F) by fluorescence
polarization assay using an Infinite F200 instrument
(TECAN). Varying amounts of protein were added to a 150
wl aliquot of binding buffer (25 mM Tris—HCI, pH 7.5, 50
mM NacCl, 2 mM MgCl, and 2 mM DTT) containing 5 nM
fluorescein-labeled DNA. Each sample was allowed to equi-
librate in solution for 5 min. After 5 min, the steady-state
fluorescence anisotropy (r) was measured. A second reading
was taken after 10 min, in order to ensure that the mixture
was well equilibrated and stable. Less than 5% change was
observed between the 5- and 10-min measurements. The
equilibrium dissociation constant was determined by fitting
the binding curves using Equation (1):

Ar = Arpax X P/(Kq+ P) (1)

where Ar,,, 1s the maximal amplitude of the anisotropy (
= I'max,complex — F'free DNA ), P 18 the helicase concentration and
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Ky is the midpoint of the curve corresponding to the appar-
ent dissociation constant.

ATPase assay

The ATPase activity was determined by measuring the
radioactive y->>Pi liberated during ATP hydrolysis (34).
The measurement was carried out at 37°C with ATPase
buffer (25 mM Tris-HCI, pH = 7.5; 50 mM NaCl; 2 mM
MgCly; 2 mM DTT; 10% glycerol) in the absence or in
the presence of 2 wM of 18 nt ssDNA (dT18) for basal
and activated ATPase activities, respectively. The activity of
1339C/L95C mutant was also measured in the same buffer,
but 2 mM DTT was omitted. The reactions were initiated
by the addition of 150 nM protein into 100 wl of reac-
tion mixture and stopped by pipetting 80 wl of aliquots
from the reaction mixture every 30 s into a hydrochlo-
ric solution of ammonium molybdate. The liberated ra-
dioactive **Pi was extracted with a solution of 2-butanol-
benzeneacetoneammonium molybdate (750:750:15:1) sat-
urated with water. An aliquot of the organic phase was
counted in 6 ml of Aquasol.

RESULTS
Structure determination and overall structure of BsPifl

Initial efforts to crystallize the full length and different frag-
ments of ScPifl alone and/or in complex with different
DNAs proved to be unsuccessful. We then screened several
Pif1 recombinant proteins from different species including
human, yeast, thermophilic bacteria and bacteroides for
crystallization assays. Finally, the full-length BsPifl from
Bacteroides ssp (431 amino acids) was crystallized alone
and in complex with ADP or ATP analogs AMPPNP. The
crystal structure of the complex with AMPPNP was deter-
mined by single wavelength anomalous dispersion method
using a seleno-Met substituted protein. The structure was
further refined with data from a native crystal diffracting
to 1.38A to Ryork/Riree values of 0.167/0.182, respectively.
The other crystals of BsPifl, in complex with ADP, and
with no nucleotides, belong to the same space group with
close unit cell parameters. However, BsPif1 with ADP-AlF;
and ssDNA was crystallized in another space group. These
structures were solved by molecular replacement with the
BsPifl-AMPPNP structure as a search model. Data collec-
tion and refinement statistics are shown in Supplementary
Tables S1 and S2.

The domain architecture of BsPifl resembles that of
other SF1B members with known structures, RecD2 from
Deinococcus radiodurans (PDB 1D: 3GPL) and Dda from
bacteriophage T4 (PDB ID: 3UPU), with two domains con-
taining a ‘RecA-like’ o/ domain referred to as 1A and
2A, respectively (Figure 1) (35-37). Domain 1A consists of
amino-acids residues (aa) aa 1-71 and aa 89-187 (Supple-
mentary Figure S1) and forms a parallel 5-stranded B-sheet
flanked by three and four a-helices on each side. Domain
2A (aa 188-250 and aa 355-401) contains one parallel 3-
stranded B-sheet surrounded by 7 a-helices (Figure 1). The
seven conserved SFI motifs are located as follows: motifs I,
Ia, II, IIT and IV in domain 1A and motifs V and VI in do-
main 2A. The two domains are separated by a cleft, where
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Figure 1. Overall structure of BsPifl. Domains are colored as follows: 1A (blue), 1B (orange), 2A (red), 2B (cyan) CTD (pink), PFSS (green). (A) BsPifl
with AMPPNP (space group P212121). The nucleotide binding site is in the front with the nucleotide shown as ball-and-stick. (B) The view is rotated by
90°. (C) BsPifl with ADP-AIF3-ssDNA (space group P3121). ssDNA is colored in yellow. BsPif1 is in the same orientation as in (A) with domains 1A

superimposed. (D) Rotated view by 90° of BsPif1 with ADP-AlF3-ssDNA.

the conformational changes induced by ATP binding and
hydrolysis are expected to take place. Similar to RecD2 and
Dda, the 1B domain (aa 72-88), which is composed of 18
amino acids, protrudes from 1A and folds as an ordered
loop packed against helix a6. Although an SH3-like domain
2B (aa 251-354) comprising four B-strands (B11, B12, 13,
B14) arranged in two perpendicular B-sheets is reminiscent
of 2B domains of RecD2 and Dda, a significant difference
was observed, in which an insertion characterized by a long
B-sheet (B15-p16, aa 322-350) forms an unusual long B-
hairpin extension of the domain. A small CTD formed by
a single a-helix («14) sometimes terminated by a B-strand
depending on the structure, is present at the end of the struc-
ture (aa 402-431) and is packed against domain 1A.

Nucleotide-binding site

BsPifl was crystallized with ADP or the ATP analog
AMPPNP, respectively. The high quality of the electron
density corresponding to AMPPNP (Supplementary Fig-
ure S2) allows us to precisely identify the nucleotide binding
site. The ATP binding pocket is formed between domains
1A and 2A (Figure 1). The adenine base in the BsPifl-
AMPPNP complex is simply stacked against F187 (motif
1V) and only its N6 atom forms a hydrogen bond with the
carbonyl oxygen of 15 (N-terminus) (Figure 2A). Further-
more, there are no interactions between the hydroxyls of
the sugar moiety and the protein, a character resembling
PcrA helicase (38). In UvrD, the best known SF1A helicase,
the adenine base was sandwiched between hydrophobic and
charged residues in addition to a bifurcated hydrogen bond

(39). In RecD2, the adenine base is specifically recognized
by a Q-motif involving Q343 (3GPL) while the equivalent
position is replaced by M 10 in BsPif1. The absence of the Q-
motif in BsPifl seems to be an exception in the Pifl family
since a glutamine is conserved at the equivalent Q343 posi-
tion (Supplementary Figure S1B). Though Dda was crystal-
lized with no nucleotide, a model of a nucleotide bound by
a Q-motif was proposed (36). The absence of specificity for
adenine has already been described for SF2 helicases in the
structures of DHX9 (DEAD-box family) (40), and Prp43
(DEAH/RHA family) (41). Altogether, the lack of Q-motif
in the BsPif1 structure solved in this study is consistent with
our previous biochemical data showing that BsPifl can use
equally well four deoxy- and ribonucleotide triphosphates
without significant preferences (23).

While few residues interact with adenine base, more
residues are implicated in the coordination of the phosphate
moiety (Figure 2A). a- and B-phosphates are stabilized by
residues S32, G33, K34, T35 and T36 from motif I. Five
residues, G31 and K34 (Motif I), Q145 (Motif III), R188
(Motif IV) and R390 (Motif VI), make direct contacts with
the y-phosphate. Although both Mg>* and Ca®* were in-
cluded in the crystallization cocktail, Ca** instead of Mg>*
is associated with AMPPNP. Mg?* is essential for hydrol-
ysis and Ca”" is partially inhibitory (unpublished observa-
tions), but they have close structural properties in terms of
coordination. Thus, the substitution of Mg?* by Ca®* has
insignificant effect on the structure. A single Ca®* is hex-
acoordinated with an octahedral geometry by three water
molecules, oxygens of B- and y-phosphates and hydroxyl
of T35 (motif I). The high resolution enables us to iden-
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Figure 2. ATPase site views. Detail of the nucleotide binding site with AMPPNP (A); ADP-AIF3 (B), ADP (C) and no ligand (D). Coloring of 1A and 2A
domain is the same as in Figure 1. The amino acids interacting with the nucleotide are explicitly shown in ball-and-stick.

tify one water molecule as the speculative attacking wa-
ter for ATP hydrolysis. This water, H-bonded to residues
Q364, G365 and Q145, is well ordered and close to the y-
phosphorus atom (3.5 A) and located ideally for a nucle-
ophilic in-line attack (Supplementary Figure S3). Q145, in-
teracting with the y-phosphate, has similar configuration
properties as Q499 in RecD2 and Q194 in RecA (42,43),
which have been proposed to detect the presence or ab-
sence of the y-phosphate of ATP and relay the information
to other sites within the molecule through conformational
changes. Thus, Q145 might function as a “y-phosphate sen-
sor’. Both R188 and R390 from the conserved motifs IV
and VI, respectively, coordinate the y-phosphate in a man-
ner qualitatively similar to R493 and R679 in RecD2, and
R287 and R610 in PcrA, which act as an arginine finger to
stabilize the transition state, thus facilitating ATP hydrol-
ysis. The importance of R188 and R390 residues in ATP
hydrolysis and in DNA unwinding was confirmed by muta-
genesis (the location sites of all the mutants presented in this
paper are shown in Supplementary Figure S4). As shown in
Table 1, both mutants R188A and R390A fail to unwind
duplex DNA due to their deficiencies in ATP hydrolysis.

Structure of the BsPifl-ssDNA complex

Although the crystal structure of the ternary complex
(BsPif1-ADP-AlF;-ssDNA) was obtained with 8 base-
oligonucleotide, only 6 bases can be identified in contact
with the protein thanks to the high quality of electronic den-
sity. As shown in Figures 1 and 3, the 6-nt oligo-dT binding
site traverses along a channel that runs across the top of
domains 2A and 1A in a 5'-to-3’ direction. The conforma-
tion of the DNA highly resembles those in RecD2 ternary
and Dda binary complexes in which the bases are stacked
upon each other, although occasionally separated by amino
acids. Therefore, the numbered bases dT3-dT8 have exten-
sive interactions with the protein via the phosphodiester
backbone rather than the bases. Within domain 2A, H236
interacts with phosphate groups of dT3, K237 with dT4,
T359 with dTS and K362 with dT5-dT6. The imidazole ring
of H361 stacks against the deoxy-ribose group of dT4. Half
of the bases (dT6-dT8) mainly interact with domains 1A
and 1B. Similarly, within domain 1A, V149 interrupts the
dT4 and dT5 base stacking interactions by inserting be-
tween them. The side chains of G56, T66 and S69 form hy-
drogen bonds with phosphate groups of dT6, dT7 and T8
while H68 stacks against the deoxy-ribose of dT6. Three
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Table 1. DNA unwinding, binding and ATPase activities of wt and BsPif1 variants”

Activities Unwinding?® Binding® ATPase®
Kmin
Function and variant kops (571 Am Kq (nM) (min~ 1) kmax(min‘l) Kmax/Kmin
wt-BsPif1 0.6 0.94 16.0 15.5 810 52
ATP hydrolysis R188A ~0 ~0 21.3 ND¢ 4.2 ND
R390A ~0 0.07 20.5 ND 3.4 ND
1A domain G56A 0.23 0.74 22.6 12.7 1121 88
T66A 0.05 0.72 27.1 8.1 761 93
H68A 0.17 0.88 40.4 7.9 361 45
V149A 0.09 0.93 36.9 13.7 421 30
2A domain K237A ~0 0.25 80.3 11.0 236 21
T359A 0.16 0.89 26.6 14.0 659 47
H361A 0.51 0.94 12.2 9.6 523 54
K362A ~0 0.09 52.0 114 75 6
Loop3 Y332F ~0 0.01 64.2 9.0 68 7
Aaa323-350 ~0 ~0 ND 10.6 23 2
1339C 0.97 0.69 9.6 14.7 795 54
L95C 0.76 0.94 14.1 13.1 801 61
1339C/L95C* 0.02 0.02 56.3 16.4 39 2.3
1339C/L95Cf 1.65 0.71 17.2 15.8 798 51
ABC/PFSS-motifs Aaa201-204 0.02 0.49 474 10.7 769 72
Aaa291-295 0.01 0.07 52.7 13.5 86 6.3
D289A/K292A 0.01 0.05 52.6 22.0 244 11
178A/T79A/D82A 0.12 0.57 37.9 12.6 1628 129
PFGG(aal31-134) ~0 0.02 ND 8.6 59 7
Pin-loop F71A ~0 0.01 275 12.1 50 4
F75A 0.38 0.87 30.3 14.0 1002 72
Y81A 0.41 0.74 16.9 12.8 754 59
R83A 0.24 0.92 22.9 114 943 82
F88A 0.25 0.91 26.6 11.9 1098 92

“Values are the average of two independent experiments.

4Unwinding amplitude (Am) and unwinding rate (k,ps) were determined from the unwinding kinetic curves.
PDissociation constant (Kq) was determined form DNA binding curve as described in ‘Materials and Methods’ section.
Ckmin and kmax represent the basal and DNA activated ATPase activities, respectively.

dND: values are too low to be determined unambiguously.
¢Parameters determined without DTT.
fParameters determined with 2 mM DTT.

residues (F75, P74 and N86) in the small 1B domain loop
are implicated in interactions with bases dT6-dTS. While
the side chain amide group of N86 makes a hydrogen bond
with O2 group of dT7, F75 and P74 stabilize bases dT6 and
dT7 through a m— stacking and hydrophobic interactions,
respectively (Figure 3).

To determine the roles of interactions identified in the
BsPif1-DNA structure, variants of BsPifl with single ala-
nine substitutions were assayed by fluorescence anisotropy
and fluorescence stopped-flow experiments to determine
their DNA binding and unwinding activities. Although all
variants display certain degrees of reduction in DNA bind-
ing and unwinding activities (Table 1), the most signifi-
cant reduction in the activities is with mutants of residues
implicated in the interactions with the phosphate groups,
such as T66, K237 and K362, in which the efficiencies of
DNA unwinding were reduced by 200-600-fold compared
to wild-type (wt). Furthermore, these impairments are ac-
companied by significant reductions in DNA binding ac-
tivities (Table 1). However, mutations of these residues that
stack against the deoxy-riboses (H68A and H361A) or the
bases (F75) only lead to 1-3.5-fold reduction in catalytic ef-
ficiency and 1-2 fold in DNA binding. Altogether, these re-
sults demonstrate that the residues identified by the crystal

structures play essential roles in DNA binding or/and catal-
ysis.

Conformational changes, 2B domain shift and loop3 rotation
upon nucleotide and ssDNA binding

In the BsPifl-ADP-AlF;-ssDNA ternary complex struc-
ture, BsPifl undergoes a large conformational change in
domains 1A, 2A and 2B compared to the apo-protein.
When domains 1A of the binary (BsPifl-AMPPNP) and
the ternary structures are carefully superimposed, domains
2A and 2B have a global displacement of about 10.6 A and
a rotation of 36.5° (Supplementary Figure S5). The con-
formational changes upon nucleotide/ssDNA binding can
be described as two sequential steps (Figure 4). First, nu-
cleotide and ssDNA binding induce a 2.33 A increase in
distance between domains 1A and 2A, which is accompa-
nied by an ~22° clockwise rotation of domain 2A, seen in
Figure 4B. The main structural rearrangements in domain
2A occur in the region of aa 219-231, which corresponds to
a linker between domains 2A and 2B. Secondly, while do-
main 2A has rotated, domain 2B is not yet in its definitive
position. To bring domain 2B into its final position in the
ternary complex, a rotation of nearly 40° and a global dis-
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Figure 3. ssDNA binding site. (A) Details of the interactions between ss-
DNA and BsPifl. Amino acids are colored according to domain colors
defined in Figure 1. (B) Schematic diagram of the protein-DNA interac-
tions.

placement of domain 2B of about 12.3 A are needed (Figure
4D).

The above results revealed the striking feature that the
conformational change upon nucleotide and ssDNA bind-
ing mainly occurs in domain 2B. Although an SH3-like do-
main 2B comprising four B-strands (311, 312, 13, B14) ar-
ranged in two perpendicular B-sheets is reminiscent of do-
mains 2B of RecD2 and Dda, a conspicuous difference was
observed, in which three additional extension loops termed
loop1-3 are inserted into BsPifl domain 2B (Figure 5SA-C).
The first loopl (B8-B9-—M5-L10, aa254-277) forms a short
B-sheet at the beginning and a loop extension at the surface
of the SH3 domain. Loop2 (aa 278-307, B11-312) contains
motifs B and C. Loop3 (B15-B16, aa 322-350) protrudes
from the SH3 core domain with an prominent B-hairpin.
This region is limited to a short a-helix in RecD2 (aa 632—
636) (Figure 5B) and forms the tower and hook structures
in Dda (Figure 5C). In BsPifl, B9, p16 and B15 form an
antiparallel B-sheet where B15-B16 extends as an unusual
long B-hairpin structure in BsPif1. Importantly, in addition
to the global conformational change of the whole domain
2B, the loop3 undergoes a more significant movement ac-
companied by a rotation of the top of the hairpin (aa 331-
341) by 36° (Figure 4). The long hairpin B-sheet B15-316
is then divided into a hinge region, forming a 315316’ B-
sheet at the top of the hairpin (Figure 5D). Previous struc-
tural and biochemical studies have revealed that the 2B do-
main in SFIA family helicases including PcrA, Rep and
UvrD, can rotate upon nucleotide and/or DNA binding, re-
sulting in ‘open’ or ‘close’ conformations (38,39,44). How-
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ever, no such significant conformational change in the 2B
domain of SF1B has previously been observed.

We then designed several experiments to probe the roles
of loop3 in DNA unwinding/binding as suggested by the
structural analysis above (Supplementary Figure S4). Three
BsPifl constructs modified around loop3 were character-
ized: (i) two mutants near the top of the loop3 (Y332F
and 1339C) chosen for their proximity to several a-helices
in domain 1A of the apo-structure; (i) complete deletion
of loop3 from the SH3 domain and (iii) introduction of a
new disulfide bridge between loop3 and domain 1A (using
1339C/L95C double mutant) in order to block the potential
rotation of loop3 (Supplementary Figure S6). Characteri-
zations of the two mutants showed that while Y332F dis-
plays severe impairments in DNA unwinding rate and am-
plitude with a 4-fold reduction in binding affinity (16 nM
versus 64 nM in K ), the mutant 1339C displays a higher
unwinding efficiency (kops) and DNA binding activity than
wt-BsPif1, although its unwinding amplitude was moder-
ately reduced (Table 1). This phenotype is reminiscent of
the hyperhelicase phenotype UvrD303 which has two point
mutations in domain 2B (45). Deletion of loop3 (Aaa323-
350) renders the protein unable to bind and unwind DNA as
judged from unwinding and binding assays (Table 1), indi-
cating that loop3 plays important roles in both DNA bind-
ing and unwinding. Consistent with the above observations,
establishing a disulfide bridge between 1339C and L95C,
therefore blocking the potential rotation of loop3, makes
BsPif1 completely inactive in unwinding activity while its
DNA binding activity was only reduced 3.5-fold in the ab-
sence of DTT. The existence of the disulfide bridge was con-
firmed on the crystallographic structure of the L95C/1339C
mutant in which three-dimensional alignment of protein
backbone C-a atoms between wt and mutant BsPifl are
well superimposed except a clear electron density between
the two Cys residues (95C-339C) is clearly visible (Supple-
mentary Figure S6). While the unwinding amplitude of wt-
BsPif1 was increased 2-fold with low DTT concentration
(0.1-0.25 mM) (Figure 6A and C), that of the double mu-
tant (I339C/L95C) could achieve full recovery when DTT
concentration was gradually increased to 5 mM (Figure 6B
and C). Surprisingly, the unwinding rate of the mutant was
even higher than that of wt-BsPifl (Figure 6D). The ob-
servations that mutations increase protein activities or cat-
alytic efficiency have been documented in literatures (45).
The molecular mechanism by which the double mutant in-
duces higher rate constant is not understood now; more re-
searches need to be performed to clarify this issue. Taken
together, the above results not only stress the importance of
loop3 function in DNA binding and unwinding, but also
reveal that its rotation/movement during unwinding is ab-
solutely required.

Pif1-specific motif structures and their functional studies

Pif1 family helicases were distinguished from SF1 family he-
licases by their characteristic sequences between motif IV
and V, referred to as A, B and C, as well as PFSS which ap-
pears to be unique to Pif1 helicases (17). The structures and
functions of these motifs were totally unknown. Our struc-
tural study reveals that these motifs are also structurally
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Figure 4. Conformationnal changes upon nucleotide hydrolysis. The Figure shows a two steps sequence to change from the BsPif I-AMPPNP structure (1A,
2A and 2B domains colored in blue, red and cyan, respectively) to BsPifl-ADP-AIF3-ssDNA structure (1A, 2A and 2B domains colored light blue, magenta
and green, respectively). Conformational change can be described by a rigid body rotation of domains 2A and 2B. The two structures are superimposed in
(A) on 1A domains. (B) The first step in a closure movement of 2A domain by a clockwise rotation of 22° (rotation axis is perpendicular to the plane of the
figure). Domain 2A in red is then superimposed on 2A domain in magenta. For clarity, domains 2B are omitted. (C) After 2A domains are superimposed,
a second step is necessary to superimpose the 2B domains. An anti-clockwise rotation of nearly 40° is necessary to bring domain 2B in cyan upon domain
2B in green. For clarity, the | A domains are omitted. The final structure is then perfectly superimposed on BsPifl-ADP-AlF3-ssDNA target structure (D).

conserved between Pif]l and RecD/RecD2, and partially in
Dda. Motif A forms an a-helix which links domains 1A
and 2A and runs beneath them (Figure 1A and Supplemen-
tary Figure S7). The two ends of motif A a-helix are linked
by two random coils: one (aa 203-208) further connects
the next a-helix, forming a part of motif IV; the other one
(aa 183-191) is the linker between 1A and 2A in which an
arginine residue (R188) interacts with the y-phosphate. The
structural feature of motif A is conserved with both RecD
and RecD2 helicases in domain 2A, in which a-helices of
the putative motif A and the 1A-2A domain linker with an
arginine residue interacting with the y-phosphate present in
a very similar configuration as motif A in BsPif1. Mutations
of the conserved residues 1195, N196 and R199 which con-
stitute motif A a-helix resulted in protein degradation or ag-
gregation, probably due to incorrect protein folding. How-
ever, deletion of residues downstream of motif A (Aaa201-

204) reduces DNA unwinding rate and amplitude 30- and
2-fold, respectively (Table 1).

Motifs B and C identified by sequence alignment are sep-
arated by just eight residues and located in a pair of an-
tiparallel B-sheets of the SH3/2B domain (Supplementary
Figure S7A). Motifs B and C correspond to 311 and B12 re-
spectively. More interestingly, the eight linker residues fur-
ther form a short hairpin composed of two antiparallel B-
strands linked by a B-turn (Supplementary Figure S7A).
Similarly, the putative motifs B and C in RecD2 constitute
a hairpin with two antiparallel -sheets, but not linked with
any structured random coil.

The putative PFSS fragment folds as an «-helix with a
turn which connects to a B-strand and belongs to one of
the seven a-helices that surround the parallel 5-stranded B-
sheets in domain 1A (Figure 1). The most striking feature
of this a-helix is that it lies vertically in opposite position
to the putative strand separation wedge/pin-loop formed
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D

Figure 5. The 2B domain of BsPifl. (A) Structure of the BsPifl 2B domain with numbering of the secondary structure elements. (B) Superimposition of
domain 2B of BsPifl (cyan) on domain 2B of RecD2 (magenta). (C) Superimposition of domain 2B of BsPif1 (cyan) on domain 2B of Dda (green). The
long hairpin in BsPifl is equivalent to the tower (a-helix and long two-strand B-sheet) in Dda. There is no equivalent in BsPifl of the hook structure,
the hairpin insertion between 311 and B12. (D) Superimposition of domain 2B of BsPifl-AMPPNP (cyan) on domain 2B of BsPifl-ssDNA-ADP-AIF;

(purple).

by domain 1B. The domain 1B and PFSS/a-helix interact
through a set of hydrogen bonds between 178, T79 and D82
on 1B and D113 and R120 on the PFSS a-helix (Supple-
mentary Figure S7B).

We then prepared several mutations to probe functions
of these motifs and to identify the potential interactions be-
tween PFSS and domain 1B. Deletion of four residues in
the B-C motifs/loopl (Aaa291-295) results in a complete
loss of DNA unwinding and a reduction in DNA bind-
ing (Table 1). Similarly, the double mutant D289A /K292A
displayed impaired DNA unwinding activity (Table 1), in-
dicating that B-C motifs are implicated in DNA unwind-
ing and binding. To identify the potential interactions be-
tween PFSS and 1B and to probe which potential aromatic
residue wedges into duplex DNA, we first studied the triple-
mutant (I78A/T79A/D82A) and found that the unwind-
ing rate, amplitude and DNA binding activities were sig-
nificantly reduced (Table 1). Furthermore, deletion of the
four residues PFGG (Aaal31-134) which are highly con-
served in PFSS motif and connect PFSS to its downstream
B-strand, completely abolishes helicase activity (Table 1),
since the deletion changes PFSS spatial position relative
to domain 1B. Further characterization of five variants of
aromatic residues within 1B (F71A, F75A, Y81A, R83A

and F88A) (supplementary Figures S4 and S7) revealed that
only the F71A mutant enzyme was deficient in helicase ac-
tivity compared to wt and other mutants (F75A, Y81A,
R83A and F88A, Table 1). Taken together, all these results
indicate that the interactions between residues within do-
main 1B (I78, T79 and D82) and within PFSS (D113 and
R120) are important for maintaining F71 in a precise spa-
tial configuration so as to mechanically split the DNA sub-
strate.

ATPase activity of different mutants

The ATPase activities of the BsPifl variants were deter-
mined in the absence and in the presence of ssDNA (basal
and activated ATPase activity, respectively; Table 1). The
basal ATPase activity of wt-BsPifl is about 16 min~!, and
is further stimulated >50-fold by the addition of dT30
(kmax ~ 810 min~!). We observed that the ssDNA stimu-
lation decreases with lower DNA binding affinity (Table 1).
However, three of the variants (I78A/T79A/D82A, F75A
and F88A) have elevated ssDNA stimulation although their
DNA binding affinities are lower than wt-BsPif1 (Table 1).
It is noteworthy that the ATPase activity of the mutant
1339C/L95C is comparable with that of wt-BsPifl in the
presence of 2 mM DTT (Table 1), in accordance with the
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Figure 6. The unwinding activity of mutant 1339C/L95C is increased with increasing concentration of DTT. (A and B) The unwinding kinetic curves of
wt-BsPif]l and mutant 1339C/L95C, respectively. (C and D) show the fractions of unwinding amplitude and rate determined from the unwinding curves in
(A and B). Both wt- and mutant 1339C/L95C protein were treated with oxygen for 3 h, then 100 nM BsPifl proteins and 4 nM fluorescent labeled partial
duplex DNA were used for DNA unwinding kinetic assays with increasing DTT concentrations as indicated in the figures.

prior observation that the mutant unwinding activity was
recovered in the presence of DTT. The fact that all vari-
ants display comparable basal ATPase activity as wt-BsPif1
and can be further stimulated to different extents, except for
R188A and R390A which are implicated in ATP binding
or/and hydrolysis, indicates that the mutants fold correctly
and that the observed activities reflect the intrinsic proper-
ties of the mutants.

Solution structures determinded by SAXS

To rule out the possibility that the ‘apo’ structure is a crystal
stacking artefact, SAXS analysis was performed on BsPif1.
In the absence of DNA, the molecular weight of BsPif1 es-
timated from I(0) and Porod volume is 50 kD which is in
agreement with a monomeric BsPifl (Supplementary Fig-
ure S8). The fit of the structure in solution with the dif-
ferent crystal structures of BsPifl gave a x> of 5.5 and 7.5
for BsPifl in P212121 (‘apo’) and P3121 (‘complex’) space
group, respectively. DNA and ligands were removed before
x 2 calculations since these were not present in solution. The
proportion of the two structures in solution has been ana-
lyzed with the program MES (46) giving 80% for ‘apo’ and
20% for ‘complex’. The ‘apo’ thus seems to be predominant
in solution. The ‘apo’ model can be further improved by in-
troducing flexibility between domains 1A and 2A in the re-
gion of aa 185-190 and in domain 1B (aa72-88). The mod-
eling results in a more extended conformation for domain
1B, with a final x 2 of 2.2. Hence BsPif1 has a conformation
in solution close to the one observed in the crystal struc-

ture of the apo-protein, with the 2B domain packed against
domains 1A and 2A.

DISCUSSION

Pif1 family helicases have been identified for many years as
important proteins involved in diverse DNA transactions
such as maintenance of mitochondrial DNA integrity, dis-
ruption of telomerase from the telomeric end, replication
at many replication forks and they are especially required
at hard-to-replicate regions including ribosomal DNA and
G-quadruplex structures. However, the structural basis re-
mained to be elucidated. We present here the first crystal
structures, to our knowledge, of the Pif] DNA helicase from
Bacteroides spp with and without ATP analog/ssDNA.
A combination of structural, mutational and biochemical
analyses reveals a number of interesting features and sheds
light on its mechanism of DNA unwinding.

First, BsPifl structure with AMPPNP enabled us to an-
swer some of the mechanistic questions about BsPifl AT-
Pase activity. We have previously found that BsPifl could
hydrolyze all types of NTP/dNTP without significant pref-
erence. A similar phenomenon has been observed for several
DExH helicases including elF4, HS3 and DHXO helicases.
Our BsPif1 structure revealed that the structural basis for
this promiscuity is the missing selectivity filter for the ade-
nine base. While the well studied DExD/H proteins har-
boring a Q-motif make extensive specific main-chain and
side-chain contacts with positions in the adenine rings, these
interactions are replaced in BsPifl by a single w-stacking
contact between a phenylalanine 187 and the aromatic ring



electron of the base in addition to an isoleucine 5. Therefore,
this should provide a structural basis for helicases without
a Q-motif acting as general NTPases. The biological advan-
tage of non-selective nucleotide base binding over a selective
one should be that in the situation of ATP depletionin a cell,
helicases can continue to use other types of nucleotides to
ensure their function.

BsPif1 shares its general structural fold with RecD2 and
Dda, especially in the core helicase domains, as expected.
This is consistent with the general view that the two RecA-
like domains act as a molecular engine while the auxiliary
domains function in concert with the core to recognize and
determine the specificity for DNA/RNA to be unwound
(1). Indeed, sequence alignments revealed that Pifl family
helicases are distinct from other helicase proteins by the
presence of the specific motifs A, B, C and PFSS. It was not
clear whether these structural motifs fold into specific struc-
tures and how they confer the Pifl helicase special func-
tions. Our results show that these sequence-specific motifs
are in fact structurally conserved in the SF1B helicase fam-
ily (i.e. RecD2 and Dda) as well as in other helicase families.
Motif A forms an a-helix constituting one of seven «-helices
in domain 2A found in most RecA-like domains. It is note-
worthy that the motif A localizes to the surface of the cleft
between 1A-2A domains and moves as a rigid body with 2A
during ATP binding and hydrolysis. Thus, its precise spatial
conformation will keep the linker (aa L183-P192) in a cor-
rect configuration for ATP binding/hydrolysis, yet remain-
ing flexible enough to allow the cleft to enlarge after ATP
hydrolysis. Alteration of the motif A spatial position by
truncating aa 201-204 heavily compromised the unwinding
activity (Table 1). The putative motifs B-C, forming just two
B-strands in domain 2B, which adopts an SH3 domain fold,
are equally structurally conserved with RecD2 and Dda. In
vitro functional studies show that deletion (Aaa291-295) or
mutations (D289A/K292A) of residues in B and C motifs
abolish or severely reduce DNA binding and unwinding ac-
tivities (Table 1). On the basis of structure and mutation
results, we speculate that some of the residues in the B-C
motifs are implicated in DNA unwinding.

Interestingly, the PFSS motif, which is highly specific to
Pifl sequence, folds in fact as one of the four a-helices
which surround the 3-strands, found in most RecA-like do-
mains, and does not display any striking structural fea-
ture by itself. However its organization with two adjacent
loops may contribute to DNA unwinding and binding in
an important manner. The interactions between the puta-
tive pin-loop in domain 1B and PFSS motif may allow the
pin to form a more rigid structure and help the residues
on the loop to adopt a precise spatial conformation. Al-
though no conserved sequences in RecD2 corresponding
to the Pifl-specific signature sequence can be identified,
equivalent a-helices appear to be structurally conserved in
RecD2 with similar configuration features (Supplementary
Figure S9). Furthermore, the similar structural organiza-
tion in which both the B-strand of the type PFSS/a-helices
and the separation wedge in its opposite position can be
found in SF1A helicase family, such as Rep, UvrD and
PcrA (Supplementary Figure S9). The interactions between
PESS and pin-loop in domain 1B display three features: (i)
the pin-loop/PFSS structure locates at the incoming du-
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plex fork position; (ii) the pin-loop conformation should
be stabilized by residues on the PFSS/a-helix through a set
of interactions including hydrogen bonds and salt bridges,
which appear to be conserved in SF1 family helicases; (iii)
by analyzing the available SF1 helicase structures, it ap-
pears that there is a correlation between the localization
of the comparable wedge/PSFF structure and the SFI
family helicase polarity: while the 5'-3' SF1B harbor the
wedge/PSFF structure in 1A domain, the wedge/PSFF ex-
ists in 2A domain for the 3’-5' SF1A (Supplementary Figure
S9), being consistent with the previously proposed molec-
ular mechanism of polarity determination for SF1B heli-
cases (35,38,39,44,47-49). Our mutational studies not only
reveal the important interactions between the pin-loop and
the PFSS motif, but also allow us to suggest that F71 may be
a good candidate as a separating knife to cut duplex- or G4-
DNA. Another loop linked PFSS a-helix harbors typical
PFSS motif sequences (PFGG, aa 131-134), which is highly
conserved in the Pifl helicase family. Deletion of these
residues leads to deficiencies in DNA-binding/unwinding
activities. Since our structures show that these residues do
not directly contact with DNA, our interpretation is that the
shortening of this stretch of residues will affect the PFSS
spatial conformation, consequently altering the pin-loop
position.

The most striking finding in our present structural study
is that the SH3/2B domain, especially loop3, undergoes a
significant movement and/or rotation upon DNA binding.
The unusually long hairpin constituted by two antiparallel
B-strands appears to be unique to Pif1, but conserved from
BsPif1 to human Pif1 according to our homology modeling
results (not shown). Deletion of loop3 resulted in the com-
plete loss of DNA unwinding/binding activities. Further-
more, while the potential rotation/movement was prevented
by introducing a disulfide bridge between the tip of the hair-
pin and 1A domain, the constrained BsPifl is completely
deficient in unwinding activity, but its DNA binding activ-
ity was only modestly reduced. Interestingly, by relieving the
disulfide constraint by addition of DTT, DNA unwinding
activity could be totally restored, further underlining the
importance of the rotation/movement of loop3 for DNA
unwinding. More interestingly and importantly, although
the B-C motif and the top of loop3 are far away from the
DNA binding sites, deletion of 4 residues in the B-C motif
or mutation of Y332 in loop3 results in impaired unwinding
activities in these variants, while their DNA binding activ-
ities are reduced only 2-3 fold. These results suggest that
these structural motifs are implicated in DNA unwinding
through SH3/loop3 movement and rotation.

According to the above analysis and the previously pro-
posed RecD2 and Dda helicase models, we modeled BsPif1
in complex with a partial duplex and propose a mechanism
for DNA unwinding in which 2B domain/loop3 plays a
predominant role (Figure 7). In this conformation, the in-
coming duplex faces the hairpin of the 2B domain. Upon
nucleotide binding, the 2B domain can undergo a closing
movement on ssSDNA. The top of the hairpin (loop3) closes
upon domain 1B forming a hole where the sSDNA can pass
through. ATP hydrolysis may activate the translocase activ-
ity by a relative movement of the two RecA domains 1A and
2A. The ssDNA is moved in the 5" to 3’ direction. The in-
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Figure 7. Mechanism of BsPifl-catalyzed DNA unwinding. (A) ssDNA is in the binding site, 2B domain is in the upper position. (B) 2B domain rotates
upon ssDNA. A tunnel is formed by 2B and 1B domains, where only ssDNA can pass through. (C) Upon nucleotide hydrolysis or exchange, the two RecA
domains 1A and 2A act as molecular motor to move ssDNA by one base. The 2B domain acts as a wedge, blocking the incoming duplex. The translocation
force may be sufficient to open dsDNA on the 2B wedge. (D) The 2B domain rotates back for a new cycle.

coming duplex is blocked by the rigid structure formed by
2B and 1B domains. The translocation force may be suffi-
cient to destabilize the incoming duplex and unwind base
pairs. After translocation, the 2B domain may (or may not)
move back for another cycle of unwinding (Figure 7).

Finally, the discovery that Pif1 helicase activity is highly
regulated by the SH3 domain as we observed in this work
may provide new insight into the puzzling phenomenon that
ScPifl could unwind more than 10 kb duplex DNA during
BIR while the purified Pif1 displays very modest processiv-
ity (15,23,25). SH3 domains have been involved in nucleic
acid binding as for HIV-1 integrase (50), they are usually
involved in protein—protein binding and recognition. Our
structures show that the proteins and DNA binding sites
do not overlap. The SH3 topology of Pifl could be avail-
able to interact with proteins while it is interacting with
DNA. It is logical to suggest that DNA polymerase may in-
teract with Pifl helicase through the SH3 domain and con-
vert Pifl helicase from a low activity to a high activity con-
formation, and consequently enhance its processivity. We
are now in an excellent position to simultaneously monitor
the loop3 rotation/movement and DNA unwinding activity
by combining single-molecule manipulation and smFRET
technique.
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