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ABSTRACT

Flexible regions in biomolecular complexes, al-
though crucial to understanding structure–function
relationships, are often unclear in high-resolution
crystal structures. In this study, we showed that
single-molecule techniques, in combination with
computational modeling, can characterize dynamic
conformations not resolved by high-resolution struc-
ture determination methods. Taking two Pif1 heli-
cases (ScPif1 and BsPif1) as model systems, we
found that, besides a few tightly bound nucleotides,
adjacent solvent-exposed nucleotides interact dy-
namically with the helicase surfaces. The whole nu-
cleotide segment possessed curved conformations
and covered the two RecA-like domains of the heli-
cases, which are essential for the inch-worm mech-
anism. The synergetic approach reveals that the in-
teractions between the exposed nucleotides and the
helicases could be reduced by large stretching forces
or electrostatically shielded with high-concentration
salt, subsequently resulting in reduced translocation
rates of the helicases. The dynamic interactions be-
tween the exposed nucleotides and the helicases
underlay the force- and salt-dependences of their
enzymatic activities. The present single-molecule
based approach complements high-resolution struc-
tural methods in deciphering the molecular mecha-
nisms of the helicases.

INTRODUCTION

Structure–function relationships are the foundation of
molecular biology, based on which enzymatic activities
can be understood (1–3). However, it is challenging to
directly assess structure–function relationships using con-
ventional biochemical and biophysical methods, especially
for DNA-interacting enzymes (4–7). Conformational fluc-
tuations in highly flexible structural domains may either
make the enzymes difficult to crystallize for high-resolution
crystallography studies or result in blurred electron den-
sity maps in those highly flexible regions (8–12). On the
other hand, most functional assays provide little informa-
tion about structures and, therefore, cannot yield a direct
structure–function correspondence. Therefore, it is essen-
tial to combine information from multiple sources for a
comprehensive understanding of molecular structures and
dynamics.

DNA helicases engage single-stranded DNA (ssDNA),
whose binding modes play a pivotal role in their enzymatic
activities. Inch-worm mechanisms were proposed to explain
the translocation of non-ring-shaped helicases along ss-
DNA, in which the helicases move by alternating affinities
between RecA-like domains (1A and 2A) and ssDNA at dif-
ferent stages of the adenosine triphosphate (ATP) hydrol-
ysis cycle (10,13). The lack of high-resolution structure for
the nucleotides that are not tightly bound to the helicase can
be due to the dynamic nature of the flexible regions, which
may possess multiple conformations. Even though these
nucleotides are linked to the co-crystallized nucleotides
that are tightly bound by the helicase, their structures
cannot be directly determined from the X-ray crystallog-
raphy or Cryo-EM methods (8–12,14). We denote these
exposed nucleotides as ‘the adjacent nucleotides’, meaning
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that they are directly connected to the co-crystallized seg-
ment. The ssDNA structures in a large proportion of the
DNA–helicase complexes documented in the Protein Data
Bank (PDB) are often limited to short segments that are
tightly bound by the helicases (Supplementary Table S1).
For instance, the electron density of ssDNA beyond the fifth
nucleotide (nt) in the 3′-loading tail is blurry in the plasmid
copy reduced (PcrA)–DNA complex, providing little infor-
mation about the ssDNA–A1 domain interaction (Supple-
mentary Figure S1A) (10). In the structure of Bloom’s syn-
drome helicase (BLM)–DNA complex, only about four or
five fully bound nucleotides in the loading tail have been
resolved (Supplementary Figure S1B and C) (15,16). We
and others crystallized Pif1 helicases with six nucleotides
that are fully bound by Pif1 (Supplementary Figure S1D
and E) (8,9,11,12,14). In this work, we focus on two Pif1
helicases of SF1B superfamily. The Pif1 helicases are from
Saccharomyces cerevisiae and Bacteroides sp. (ScPif1 and
BsPif1), belonging to a eukaryotic organism and a procary-
otic organism respectively. These two helicases are among
the model systems that are widely studied. They translo-
cate in the 5′ to 3′ direction and participate in various nu-
cleic acid metabolism processes, such as Okazaki fragment
processing (17,18), break-induced replication (19,20), and
telomerase regulation (21,22). The lack of structural infor-
mation about the adjacent nucleotides makes it difficult to
characterize the interaction of ssDNA with the RecA-like
domains. Therefore, it is challenging to explain the enzy-
matic activities of the helicases solely based on high resolu-
tion structures of these complexes (23–26).

Single-molecule approaches, assisted by computational
modeling, are becoming important complementary tools
to conventional structure determination methods. Single-
molecule fluorescence resonance energy transfer (smFRET)
can continuously track the dynamic structural signals of
individual biomolecules at functionally relevant timescales.
However, smFRET can probe information about distances
among only a few labeled sites of the biomolecules. In
contrast, computational simulations offer an in silico ap-
proach to examining the details of biomolecular struc-
tures and dynamics, although the timescales are often
limited by computing resources and the protocols em-
ployed in the simulations. In this study, using computa-
tional modeling/simulation, smFRET, and magnetic tweez-
ers (MTs), we obtained critical structural information for
the flexible nucleotides that are missing in crystal struc-
tures, based on which we hypothesized and validated the
effects of force and salt concentration on the activities of
two Pif1 helicases mentioned previously, ScPif1 (8) and
BsPif1 (9).

MATERIALS AND METHODS

Pif1 purification

The plasmid encoding the yeast Pif1 gene was kindly pro-
vided by Dr. Zakian. The purification of the ScPif1 protein
(237–780) was performed as previously described (27), with
minor modifications, while the BsPif1 protein purification
was performed as previously described (28).

DNA constructs

DNA substrates were prepared using oligonucleotides,
which were purified with ultrapage method by Sangon
Biotech Co., Ltd (Shanghai, China), from whom we or-
dered the purified oligonucleotide products. The structure
and sequence of each DNA construct are described in Sup-
plementary Tables S2 and S3 and in Supplementary Figure
S2. DNA was annealed at 95◦C for 5 min and then slowly
cooled down to room temperature for ∼7 h. Annealing was
executed in the buffer containing 50 mM NaCl and 25 mM
Tris–HCl (pH 7.5 at 25◦C). After annealing, the DNA sub-
strates were directly used in the smFRET measurements
without further purification. Only those DNA constructs
with two observable dyes (Cy3 and Cy5) were analyzed. For
MT assays, the DNA substrate was constructed as previ-
ously described (29).

Single-molecule assay with magnetic tweezers

A flow chamber was assembled with two coverslips placed
on an inverted microscope (IX71, Olympus, Japan). The
coverslips were cleaned and modified with anti-digoxigenin
protein. A magnetic bead was tethered to the modified cov-
erslips through a single DNA substrate. An external mag-
netic force was applied to the magnetic bead by placing a
permanent magnet above the chamber. DNA extension was
monitored by analyzing the shape of the magnetic bead’s
diffraction rings (30), which depended on the distance be-
tween the bead and the focal plane of the objective (100×,
NA 1.45, Olympus). A stack of calibration images that
recorded the shape of the diffraction rings versus distance
was obtained by stepping the focal plane through a series of
positions. After confirming the ssDNA–magnetic bead con-
nections, the Pif1 helicase was added to the chamber. The
Pif1 reaction buffer contained 50 mM NaCl, 1 mM MgCl2,
and 2 mM dithiothreitol (DTT) in 25 mM Tris–HCl (pH
7.5).

In the experiments to determine dependency on salt con-
centration, reaction buffers with 50, 100, 150 and 200 mM
NaCl were used. DNA-unwinding events were monitored
by recording the magnetic bead–surface distance, that is,
the DNA extension, as a function of time. The time resolu-
tion was 30 ms. Changes in the DNA extension at a certain
force and salt concentration were converted to the number
of base pairs unwound by using the force–extension curve of
ssDNA, as described by the freely jointed chain model (31).
The effects of salt have been taken into account in the con-
version between physical length (in nanometer) and number
of base pairs (32). The average unwinding and translocation
rates were calculated by the length of uninterrupted trace
segments divided by the corresponding time duration.

Force calibration in the MT measurements was per-
formed in two steps (33,34). Firstly, a force calibration curve
F(x), where x is the position of the magnet, was obtained.
The pulling forces at more than ten positions of the magnet
were measured for a 7-kb dsDNA connected to a magnetic
bead. The F(x) curves in Supplementary Figure S3A ac-
quired from different DNA-bead complexes can be rescaled
to overlap very well with each other by minimizing the mean
square deviations from the averages (Supplementary Fig-
ure S3B). The rescaling process reflects the fact that the
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force exerted on a bead is proportional to its saturated
magnetic dipole moment. The rescaled data can be fitted
to a double-exponential function, F(x) = C·[exp(-x/k1) +
A·exp(-x/k2)] (Supplementary Figure S3A and B). The next
challenge is to quantitatively normalize the differences in
force across the beads. We used the DNA hairpin in our
MT assay as an internal force sensor. The critical force, at
which the hairpin has equal probability to unzip and rezip,
depends only on the thermodynamic and kinetic proper-
ties of the hairpin. In our experiments, the critical force is
Fc = 13.9 ± 0.2 pN measured by averaging over 20 magnetic
beads, agreeing well with that reported for hairpins with
random sequences (35,36). Before each unwinding measure-
ment, we firstly tuned the magnet to a specific position x1/2,
at which the zipping and unzipping states of the hairpin are
equally populated. The force at position x is then given by
Fc·[F(x)/F(x1/2)]. In such a way, the relative error of force
can be constrained to within 3%.

Single-molecule fluorescence data acquisition and analyses

The smFRET study was carried out using an in-house-
constructed objective-type total internal reflection fluores-
cence microscopy (37). Cy3 was excited with a 532 nm sap-
phire laser (Coherent Inc., Santa Clara, CA, USA). An oil
immersion objective (100×, NA 1.49) was used to generate
an evanescent field of illumination. The fluorescence sig-
nals from Cy3 and Cy5 were split using a dichroic mirror
and finally collected using an electron-multiplying charge-
coupled device camera (iXON; Andor Technology, South
Windsor, CT, USA). The fluorescence imaging process was
controlled and recorded using MetaMorph (Molecular De-
vices, San Jose, CA, USA). The coverslips (Thermo Fisher
Scientific, USA) and slides were cleaned thoroughly by
rinsing with acetone, methanol, a mixture of sulfuric acid
and hydrogen peroxide (7:3, v/v), and sodium ethoxide.
The surfaces of the coverslips were coated with a mixture
of 99% methoxy–polyethylene glycol (PEG)-5000 (mPEG;
Laysan Bio, Inc., Arab, AL, USA) and 1% biotin-PEG-
5000 (Laysan Bio, Inc.). Streptavidin was added to the
microfluidic chamber made of the PEG-coated coverslips
and incubated for 5 min. After washing with buffer, ∼100
pM DNA was added to the chamber and immobilized
for 5 min. Free DNA molecules were removed by wash-
ing the chamber. Then, the chamber was filled with a re-
action buffer containing 25 mM Tris–HCl (pH 8.0), 50
mM NaCl, 1 mM MgCl2 and 2 mM DTT. During imag-
ing, an oxygen-scavenging system containing 0.8% (w/w)
D-glucose, 1 mg/ml of glucose oxidase (266.6 units/mg;
Sigma-Aldrich, St. Louis, MO, USA), 0.4 mg/ml of catalase
(2000–5000 units/mg; Sigma-Aldrich), and 1 mM Trolox
was added to the Pif1 reaction buffer (37). An exposure time
of 150 ms was used to record FRET signals before and af-
ter the Pif1 helicase (2 nM) was flowed into the chamber.
All FRET assays were carried out at a constant temperature
of 25◦C. After correcting the local background, cross-talk,
quantum yield and detection efficiency, the FRET efficiency
was calculated (37). Finally, an unbiased step-finding algo-
rithm was used to identify the binding ‘on’ and ‘off’ cases
in the traces (38–42).

Modeling of exposed nucleotides at the 5′-end of co-
crystallized ssDNA

In the crystal structures of ScPif1 (PDB ID: 5O6D) and
BsPif1 (PDB ID: 5FTE), six deoxythymidine nucleotides
in the form of an ssDNA fit into the cavity between do-
mains 1A and 2A. Without altering the conformation of
the co-crystallized ssDNA, nine additional deoxythymidine
(dT) residues were added to the 5′-end. The extended ss-
DNA segment extrudes from the helicase and does not
have contacts with the helicase to avoid model bias in the
subsequent molecular dynamic simulations. Following the
same protocol, the Pif1-DNA complexes with longer ss-
DNA chains were constructed by adding 12 and 15 dTs
to the co-crystallized ssDNA, and control simulations were
carried out to inspect the influence of DNA length on the
dynamics of Pif1-DNA systems.

Molecular dynamics simulations and analysis

GROMACS version 5.1.2 was used to carry out MD simu-
lations. CHARMM27 force fields were used to model both
protein and DNA (43). Adenosine diphosphate (ADP) and
ATP topologies were generated using the SWISSPARAM
server (44). Complexes were enclosed in a triclinic box with
the minimum distance from complex to box boundary set to
12 Å. The boxes were filled with TIP3P water molecules, and
the systems were neutralized by adding Na+ and Cl– ions
at the desired concentration (50 or 200 mM). All systems
were subjected to the steepest-descent energy minimization,
after which they were visually inspected for structural de-
formities. Constant volume (NVT) and constant pressure
(NPT) equilibrations were carried out for 1 and 2 ns step-
wise at room temperature (300 K). During system equili-
bration, positional restraints were applied on heavy atoms.
Temperature (300 K) and pressure (1 atmospheric pres-
sure) were controlled by the V-rescale (45) and Parrinello–
Rahman (46) methods, respectively. After NPT equilibra-
tion, the systems were propagated to 500 ns simulation
trajectories. During production simulations, positional re-
straints were removed. For non-equilibrium pulling simu-
lations, a stretching force was applied to the two terminal
atoms of ssDNA, i.e. the C5′ atom of the first nucleotide
in the 5′-direction and the C3′ atom of the last nucleotide.
Each simulation with stretching forces on ssDNA was per-
formed for 100 ns, starting with the converged structures ob-
tained in equilibrium simulations. Throughout pulling sim-
ulations, constant forces were maintained at specified val-
ues (5–30 pN). The control simulations for complexes with
longer ssDNA chains were carried out for 100 ns under 50
mM salt concentrations. Considering the increased compu-
tational cost, simulations with 200 mM salt or under pulling
forces were carried out only on the Pif1-DNA complex with
15-nt ssDNA (6 co-crystallized dT’s and 9 dT’s from in silico
modeling).

The molecular mechanics energy between the ssDNA
and two helicases were calculated using the gmx energy
command. This energy includes short-range coulombic and
Lennard–Jones interaction terms between ssDNA and Pif1
helicases. The close contacts between helicase residues and
the ssDNA were extracted from simulated structures for
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Figure 1. Binding conformations of ssDNA on Pif1 revealed in the MD
simulations. (A) The initial model of the ssDNA–ScPif1 complex with 9
nt (green ribbon) extended from the 5′-end of the 6 nt segment (orange
ribbon) co-crystallized with ScPif1 (left). After simulation, the ssDNA
adopts a curved conformation, forming contacts to ScPif1 (right). (B) Re-
sult for BsPif1, as described in (A). Domain color: blue for 1A; red for 2A.
The amino acids interacting with the ssDNA are shown as van der Waals
spheres (yellow for carbon atoms; blue for nitrogen atoms; red for oxygen
atoms, hydrogen atoms are not shown for clarity purposes).

any two residues from each group within 3.0 Å. The con-
tacting occupancy is based on the statistics from the struc-
ture samples in the last 50 ns of the simulation trajectories.
The end-to-end distances of ssDNA was calculated using
the gmx distance between the C5′ and C3′ atoms of the nu-
cleotides at the 5′- and 3′-ends, respectively. Electrostatic
potential maps were computed using the adaptive Poisson–
Boltzmann solver (APBS) method (47) with default param-
eters, and the model figures were prepared using UCSF
Chimera (48).

RESULTS

Molecular dynamics (MD) simulations of ssDNA–helicase
interactions

We first built atomic models with adjacent nucleotides
based on high-resolution crystal structures to investigate
the ssDNA interactions with the two Pif1 helicases. Because
only six nucleotides that are fully bound by the helicases
are resolved in the high-resolution crystal structures, ad-
jacent segment of ssDNA was constructed prior to molec-
ular dynamics simulations. The nucleotides co-crystallized
with ScPif1 or BsPif1 in their crystal structures (5O6D for
ScPif1 and 5FTE for BsPif1; Supplementary Figure S1D
and E) were kept intact, and a 9-nucleotide long ssDNA
segment was added to the DNA at the 5′-end in each sys-
tem. The ssDNA was modeled to ensure that the extended
ssDNA segment extruded from the surfaces of the helicases
such that the model bias in ssDNA–helicase interactions
was small (Figure 1A and B, left). After the ssDNA ex-
tension modeling, all-atom molecular dynamics (MD) sim-
ulations of the helicase–DNA complexes were carried out

under equilibrium conditions at 300 K and 1 atmospheric
pressure. Through the simulations, the helicases and the co-
crystallized ssDNA were stable, but the extended ssDNA
segment that was exposed to solvent exhibited large con-
formational changes and gradually formed contacts with
the helicases (Supplementary Movies S1 and S2). The ex-
posed ssDNA segment interacts with the 2A domain and
adopts a curved path on the protein surface (Figure 1A and
B, right, Supplementary Figures S4 and S5). For ScPif1, the
interactions are dominantly between negatively charged nu-
cleotides and positively charged protein residues on the sur-
face of the 2A domain near the 5′-ssDNA. For BsPif1, the
electrostatic and van der Waals interactions both are im-
portant for ssDNA–helicase binding. The interactions of
the Pif1 helicases with the exposed ssDNA are not highly
specific, but rather dynamical, in contrast to the interac-
tions between Pif1 and co-crystallized ssDNA segment (see
Supplementary Figures S4 and S5). The occupancy of ma-
jor contacts shown in Supplementary Figure S6 also reflects
their dynamical nature.

Focusing on the exposed ssDNA segment, the interacting
residues are mainly lysine and arginine in ScPif1, while the
DNA-interacting amino acids of BsPif1 are composed of
both basic and hydrophobic residues (Supplementary Fig-
ures S6 and S7). We also observed aromatic residues (pheny-
lalanine and tyrosine) forming frequent contacts with the
ssDNA in the BsPif1–DNA complex simulation. The 6
nt co-crystallized ssDNA segment buried in ScPif1 and
BsPif1 is in a nearly straight conformation (Figure 1A and
B, orange) with average end-to-end distances (L1–6) of 2.8
nm and 2.7 nm, respectively (Supplementary Figure S8A
and B). In contrast, the end-to-end distances of the 15 nt
ssDNA, including the simulation-reconstructed 9 nt seg-
ments, are 3.9 nm in ScPif1 and 5.2 nm in BsPif1 (Supple-
mentary Figure S8A and B) because of the curved confor-
mations of the ssDNA in the two helicases. It is notewor-
thy that the ssDNA exhibited structural diversity that was
observed from independent simulations, consistent with the
dynamical nature of the exposed ssDNA (Supplementary
Figure S4C and D). Nonetheless, the ssDNA in all sim-
ulations was consistently converged to curved conforma-
tions when bound to helicases. In these simulations, we did
not observe significant changes in the RecA positioning
with respect to the ssDNA. Furthermore, the Pif1-DNA
complexes with longer ssDNA chains were constructed by
adding 12 or 15 nucleotides to the co-crystallized DNA.
MD simulations of these systems reveal consistent trends as
observed in the case of 9-dT exposed ssDNA (Supplemen-
tary Figure S9). The exposed ssDNA quickly forms curved
conformations and establishes contacts with Pif1 helicases,
suggesting that the present results are valid in the presence
of longer ssDNA.

smFRET assay of ssDNA binding to the helicases

As an emerging technique for studying structural dynamics
(7,49), smFRET was applied to measure the distances be-
tween dye-labeled sites. We adopted a DNA nanotensioner
recently designed by our group (42) to study the conforma-
tional changes of ssDNA in complex with a helicase (Fig-
ure 2A and B, left). In the DNA nanotensioner, a double-
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Figure 2. Binding assay of ssDNA onto Pif1 at 50 mM NaCl with smFRET. DNA nanotensioners were used to enhance the precision of the smFRET.
Cy3 was labeled at the 9th (A) or 15th (B) nucleotide of the 5′-tail. Yellow lines and black lines in the FRET traces represent the Pif1 binding ‘on’ and ‘off’
states, respectively. The histogram for each ‘on’ or ‘off’ case was built from 220 events. Error bars on the histograms represent the statistical error in the
bins.

stranded DNA (dsDNA) was bent to exert a tension of ∼6
pN on the 30-nt 5′-loading tail of a DNA hairpin that is
the substrate of Pif1 (42). The design of the nanotensioner
was inspired by the D-loop structure of DNA during ho-
mologous recombination for break-induced DNA replica-
tion, which engages Pif1 (19). The tension exerted on the ss-
DNA overhang reduces its fluctuations so that the smFRET
becomes more sensitive to the protein-induced conforma-
tional changes than that of the freely fluctuating overhang
of a simple DNA hairpin. The ssDNA conformation was
characterized by two feature distances using two specially
designed constructs: a nucleotide at the 9th or 15th posi-
tion from the fork of the DNA hairpin in the 5′-direction
was labeled with a Cy3 dye as a fluorescence donor (de-
noted as Cy3–9 or Cy3–15), while the acceptor Cy5 was
labeled on the 3′-side of the fork (Supplementary Figure
S2 and Supplementary Table S2). The ssDNA was straight-
ened prior to Pif1–hairpin fork binding via the tension gen-
erated by the bent dsDNA. The distance between the two
dyes (Cy3 and Cy5; Förster distance = ∼5.8 nm) is set by
the tension. Without protein binding, the average position
of Cy5 is located farther from Cy3–15 than from Cy3–9
by ∼1.9 nm (Supplementary Figure S10) (50), indicating a
straight conformation under the tension (∼6 pN) exerted
by the DNA nanotensioner (42,50). Upon adding ScPif1,
two states were observed in the FRET time traces: a binding
‘on’ state marked with yellow lines and a binding ‘off’ state
marked with black lines (Figure 2A and B, middle). The
segments of the binding ‘on’ and ‘off’ states were identified
by an unbiased step-finding algorithm (38–42). The FRET
efficiencies of the binding ‘on’ or ‘off’ states were quanti-
fied by computing their histograms from the corresponding
time traces. From these histograms, FRET efficiencies of the
binding ‘on’ state corresponding to the histogram peaks are
0.66 for Cy3–9 and 0.71 for Cy3–15 (Figure 2A and B, mid-
dle). The difference between the two FRET efficiencies is
∼0.05, corresponding to a distance difference of ∼0.2 nm,
with Cy3–15 being even closer to Cy5 than Cy3–9. This can
be explained by the curved conformation of ssDNA induced
by ScPif1, as observed in our MD simulations, where the ex-
posed ssDNA segment (7–15 nt) bound onto ScPif1. Using
the same approach, we analyzed the ssDNA conformation

upon BsPif1 binding (Figure 2A and B, right). In this case,
the difference of the binding ‘on’ state in the two FRET
peaking signals (histograms in Figure 2A and B, right) is
–0.06, indicating that Cy3–15 is ∼0.2 nm farther away from
Cy5 than Cy3–9. Although the 15th nucleotide is located
farther away from the Cy5 dye, the 0.2 nm distance dif-
ference is not sufficient to account for a 6-nt ssDNA seg-
ment with a distance of ∼1.9 nm at ∼6 pN. Therefore, the
results suggest that ssDNA is also curved when bound to
BsPif1, although at a less curved level compared with the
case of ScPif1 binding. We estimated the positions of Cy5
according to the ssDNA conformations given by the MD
simulations and the Cy3–Cy5 distances measured with sm-
FRET (Supplementary Figure S8). We attempted to dock a
dsDNA to each of the structures to rationalize our calcula-
tions (Supplementary Figure S8C and D). It is noteworthy
that the positions and orientations of the dsDNA should
be considered just as a guidance because we are not able to
determine them uniquely based on the given restraints (cf.
Supplementary Figure S1A–C).

We performed smFRET measurements in both 50
and 200 mM NaCl buffers. The protein binding-induced
changes in FRET were significant in both cases (Figure 2,
Supplementary Figure S11). Interestingly, we observed a
new peak at FRET ≈0.43 for ScPif1 in the 200 mM NaCl
buffer, which means that a few nucleotides of the curved ss-
DNA adjacent to the 6-nt segment may dissociate from the
helicase in the high salt concentration buffer. We posit that
the high salt concentration may also weaken the binding of
the helicase to its substrate. Indeed, we found that the bind-
ing time of ScPif1 reduces from 2.0 ± 0.2 s in the 50 mM
NaCl buffer to 1.4 ± 0.1 s in the 200 mM NaCl buffer (Sup-
plementary Figure S12).

Force regulation of DNA unwinding and translocation of the
helicases

We designed MD simulations with stretching forces on ss-
DNA to assess the stability of ssDNA–helicase binding
under the influence of external forces. Based on the con-
verged structures observed in the equilibrium-state simula-
tions, with the ssDNA bound to the helicase, as the start-
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ing model, we performed MD simulations under stretching
forces exerted on two ends of the ssDNA. Constant forces
were simulated by attaching the two ends of the ssDNA
on springs, with the forces pulling in opposite directions to
stretch the ssDNA. Simulation data showed that the ssDNA
remained bound to the helicases when the stretching forces
were small in both systems, reflected in the small fluctua-
tions of end-to-end distances around constant values (Fig-
ure 3). Under larger forces (≥30 pN for ScPif1 and ≥20 pN
for BsPif1), the ssDNA became straightened, as indicated
by its increased end-to-end distances. As the ssDNA was
straightened, the exposed ssDNA segment dissociated from
the helicases, losing its contacts with the surface of helicases
(Figure 3, Supplementary Movies S3 and S4).

We performed MT experiments to monitor the DNA-
unwinding activities of the two helicases under various force
strengths (Figure 4A and Supplementary Table S3). DNA
unwinding was observed after the helicase (5 nM) and ATP
(2 mM) were added into the flow chamber. No unwind-
ing signals could be observed if ATP was replaced by ADP
(Supplementary Figure S13). Typical unwinding traces are
displayed in Supplementary Figure S14, revealing sawtooth
patterns with short unwinding bursts (51). Representative
bursts are displayed in the top panels of Figure 4B and C
to illustrate that the unwinding (colored in black) is inter-
rupted by pauses (colored in pink) and back-slidings (large
jumps in measured DNA length, colored in blue) on the
tracking strand, accompanied by translocations (gradually
reduction in DNA length, colored in orange) or slidings
(colored in blue) on the displaced strand. The unwinding
and translocation rates at the uninterrupted trace segments
were analyzed (Supplementary Figure S14 and S15) (52).
The unwinding rate is slightly lower than the translocation
rate (Figure 4B and C, bottom), because a helicase should
break the base pairs during dsDNA unwinding, which is not
required for ssDNA translocation (53–58).

The DNA-unwinding and translocation rates of ScPif1
are not sensitive to the forces below 10 pN. The rates are in
agreement with that measured with smFRET at zero force
(Supplementary Figure S16 and S17) and those reported in
the literature (59,60). When the force is larger than 10 pN,
there is a substantial drop in both unwinding and transloca-
tion rates (Figure 4B, bottom). The unwinding time, which
is inversely proportional to the dissociation rate of the pro-
tein from its substrate (61), is also significantly reduced
(Supplementary Figure S14). This phenomenon suggested
that forces beyond a critical value hinder ScPif1 function.
Specifically, for ScPif1 at 13 pN force, the unwinding and
translocation rates both reduce to about 40% of the rates
observed at 10 pN. The DNA hairpin would be unzipped at
forces larger than 13 pN (Supplementary Figure S3). The
reduced activity can be attributed to the weakening of the
ssDNA–Pif1 interactions when the exposed ssDNA disso-
ciates from the helicase surface under large forces. The force
has smaller effects on the BsPif1 activity than on the ScPif1
activity (Figure 4C, bottom). The unwinding and translo-
cation rates for BsPif1 at 13 pN only reduce to ∼80–90% of
the highest rates observed at 10 pN.

The critical strengths of forces that result in ssDNA dis-
sociation from the two helicases was ∼20–30 pN in the MD
simulations, while in the MT experiments, the measured

forces were only 10 pN. The difference in the forces between
these two methods is related to the difference in timescales
in the pulling execution (62), which were ∼100 ns in the MD
simulations and ∼1 s in the MT experiments, respectively.
Specifically for ScPif1, the lifetime of the ssDNA bound
state follows τ ( f )=τ (0) exp(− f �x/kBT), where τ (0) is the
lifetime at zero force, �x is the distance applied by f, kB is
the Boltzmann constant, and T is temperature (62). Know-
ing that the lifetime of the ssDNA–helicase interaction was
∼100 ns and �x ≈ 2.8 nm at 30 pN in the MD simulations
(Figure 3), the lifetime at 10 pN was estimated to be of the
order of 1 s. In this aspect, the MD simulation results were
consistent with those of the MT experiments.

Salt concentration regulation of enzymatic activities of heli-
cases

For ScPif1, the electrostatic potential surface calculated
from the complex structures revealed large, positively
charged patches on the 2A domain surface (Figure 5A),
which was further confirmed by amino acid compositional
analysis (63). Because these positively charged patches are
located near the 5′-end of ssDNA, they are highly likely
to form favorable interactions with negatively charged nu-
cleotides. Following this observation, we propose that salt
concentration is an influential factor of helicase activities.
This hypothesis was tested by MT experiments described
in the following. The unwinding and translocation rates of
ScPif1 or BsPif1 at different NaCl concentrations within
a range of physiological relevance were measured (Figure
5C and D and Supplementary Figure S18). The unwinding
and translocation rates of ScPif1 monotonically reduced by
about 19% as the NaCl concentration was increased (Fig-
ure 5C). The negative correlation between helicase activity
and NaCl concentration suggested that the DNA–helicase
interactions are weaker at higher salt concentrations,
which is in accordance with electrostatic screening effects
(64,65).

We also compared the ssDNA–helicase interactions at
two NaCl concentrations (50 mM versus 200 mM) using
MD simulations and calculated the interaction energies be-
tween the exposed ssDNA and the two helicases. The ss-
DNA showed weaker interactions with ScPif1 at 200 mM
NaCl concentration than the case of 50 mM salt concentra-
tion (Table 1). Consistently, the exposed ssDNA exhibited
larger conformational fluctuations (Supplementary Figure
S19A). These results suggest that the reduced activity of
ScPif1 at increased salt concentrations is due to stronger
electrostatic screening effects on the ssDNA–helicase inter-
actions (27,66). In the case of BsPif1, the change in NaCl
concentration had a less pronounced effect on the unwind-
ing and translocation rates (Figure 5D), which is consistent
with the observation that ssDNA–BsPif1 electrostatic inter-
actions are less dominant than ssDNA–ScPif1 electrostatic
interactions (Figure 5B).

There were five positively charged residues of ScPif1
(R391, R502, R750, K752, K756) and only two positively
charged residues of BsPif1 (R155, K405) that formed con-
tacts with the exposed ssDNA revealed in the MD simula-
tions at 50 mM NaCl concentration (Supplementary Figure
S6). The ssDNA–BsPif1 physical interactions (composed
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Figure 3. End-to-end distances of ssDNA in complex with Pif1 under different stretching forces revealed in MD simulations. (A, B) MD simulation results
of ssDNA being pulled off from ScPif1 or BsPif1 by a stretching force. (C) Time traces of the DNA end-to-end distance under various forces (left). When
the force is sufficiently large, the exposed segment of the ssDNA is pulled off from ScPif1 (sudden increase in length at 30 pN). Length distribution of
each trace at each force (right). (D) Same information for ssDNA bound to BsPif1. The relative longer length of ssDNA in BsPif1 indicates a less curved
conformation than the ssDNA bound to ScPif1, which is in accordance with the smFRET results. The stretching forces are exerted on the two terminal
atoms (C5′ and C3′) of the ssDNA backbone.

of electrostatic and Lennard–Jones terms) are less sensi-
tive to the change in NaCl concentration than the ssDNA–
ScPif1 physical interactions (Table 1). The conformation
and dynamics of the exposed ssDNA segment are similar
for ssDNA–BsPif1 complex at both NaCl concentrations
(Supplementary Figure S19B). In the ssDNA–ScPif1 com-
plex, the positively charged patch of ScPif1 observed from
the MD simulations suggests that ScPif1 utilizes the electro-
static interactions to facilitate DNA unwinding. At 200 mM
NaCl concentration, the interactions between the exposed
nucleotides and charged residues reduce significantly, weak-
ening ssDNA–ScPif1 binding. The reduced interactions can
be a source of slower unwinding and translocation observed
at the single-molecule level.

DISCUSSION

The conformation of ssDNA in the DNA–helicase com-
plexes is crucial for their enzymatic activities (23,24,67).
However, because of the dynamic characteristics of the ss-
DNA that moves in solution or partially binds to the heli-
case surface, it is challenging to obtain the high-resolution
crystal structure of the ssDNA using conventional structure
determination methods. The DNA conformational flexibil-
ity also presents a challenge for structure determination
by electron microscopy. The lack of structures for such
flexible but functionally critical regions may yield incom-
plete or sometimes incorrect understanding of the under-
lying molecular mechanisms. In this study, by combining
single-molecule techniques with all-atom structure model-
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Figure 4. Force-induced regulation of DNA unwinding and translocation of Pif1. (A) Sketch of the MT experiment. (B) Typical DNA-unwinding bursts
of ScPif1 at 10 pN (top) and average unwinding and translocation rates under various forces (bottom). (C) Experimental results for BsPif1, as described
in (B). The error bars are the standard error of the mean (SEM). Insets: Models of DNA–Pif1 complex under small or large forces; the arrows represent
the stretching force. The number of trace segments analyzed was 150–200.

Figure 5. Salt-induced regulation of the unwinding and translocation of
Pif1 at 8 pN. (A, B) Electrostatic potential surface maps of ScPif1 (A) and
BsPif1 (B) at 50 mM NaCl according to simulation, with colors from blue
(positive) to red (negative) in the unit of kBT/e. (C, D) Salt dependences
of the DNA-unwinding rate and the translocation rate of ScPif1 (C) and
BsPif1 (D). Error bars indicate the SEM. The number of trace segments
analyzed was 150–200.

ing and MD simulations, we identified plausible conforma-
tions of ssDNA in ssDNA–helicase complexes that cannot
be determined by conventional methods. Two Pif1 helicases,

Table 1. Calculated interaction energy and contacts between the nine
exposed nucleotides and Pif1

Helicase [NaCl]

Interaction
energya

(kcal/mol)

Number of
atom

contactsb

ScPif1 50 mM NaCl − 205 ± 16 103 ± 11
200 mM NaCl − 161 ± 20 80 ± 15

BsPif1 50 mM NaCl − 187 ± 12 128 ± 12
200 mM NaCl − 182 ± 12 132 ± 13

aThe interaction includes the electrostatic and van der Waals terms.
bAtom pairs with interatomic distance within 3.0 Å.

namely, a eukaryotic ScPif1 and a prokaryotic BsPif1, were
studied. By combining the above mentioned methods, we
identified ssDNA segments adjacent to the bound DNA
form close contacts with the RecA-like domains (1A and
2A) of the helicases, which is essential for the inch-worm
mechanism in which the helicases move along ssDNA by al-
ternating affinities between the two RecA-like domains and
the ssDNA. The roles of the exposed ssDNA on the enzy-
matic activities of the helicases were systematically analyzed
by the MT experiments, revealing that both force and salt
concentration may regulate the unwinding and transloca-
tion of the helicases.

We used Poly(dT) to model the exposed regions of ss-
DNA, which followed the Poly(dT) resolved in the Pif1 crys-
tal structures. Here, our primary goal is to investigate the
interactions between the flexible ssDNA and the positively
charged regions on the helicases. Since the nucleotides carry
negative charges mainly originating from their backbones,
the nucleotide composition is less crucial in this study. By
varying the length of exposed ssDNA segment, we argue
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that the extended ssDNA composed of 9 nt is sufficient to
study the conformational flexibility and to reveal the in-
teractions between ssDNA and the helicases. A closer ex-
amination on the electrostatic potential surface of the two
helicases reveals that an ssDNA segment of 9 nt can cover
the positively charged patches. Simulations with longer ex-
posed segments can reveal richer dynamics, but at the cost of
more computing time. Since the general trends revealed by
the systems with 9-nt exposed ssDNA were validated with
the longer ssDNA, we employ the models with 9-nt exposed
ssDNA to investigate the salt concentration or stretching
force dependent dynamics.

In this study, MD simulations demonstrated their power
in two aspects. First, the simulations generated detailed
structural models for the exposed ssDNA, which is difficult
to investigate using experimental approaches. These model-
ing and simulations revealed that ssDNA binds to helicases
and forms curved conformations, which were then validated
using smFRET experiments. Second, the simulations pro-
vided the molecular mechanisms underlying the force and
salt regulation of helicase activity. The stretching force on
ssDNA exerted using MTs was mimicked by applying sim-
ulated forces to the two ends of the ssDNA. Large stretch-
ing forces result in partial or full dissociation of the ssDNA
from the helicase, explaining the reduction in enzymatic ac-
tivity. The salt screening effects were analyzed by quanti-
tatively comparing the ssDNA–helicase interactions at 50
and 200 mM NaCl concentrations. As expected, electro-
static interactions become weaker in 200 mM NaCl solu-
tion compared to those in 50 mM NaCl solution. Salt af-
fects the ScPif1 activity more significantly than the BsPif1
activity as electrostatic interactions are more crucial for
ScPif1. The structure–function correlation highlights the
key roles of the dynamic ssDNA–helicase interactions. Con-
formational fluctuations can be found in many helicases,
such as PcrA (Supplementary Figure S1A), BLM (Sup-
plementary Figure S1B and C) (10,15,16) and those listed
in Supplementary Table S1. The synergetic approach, by
combining single-molecule techniques and computational
modeling/simulations, is applicable to biomolecular sys-
tems in obtaining information about structure–function re-
lationships that is not immediately accessible by current
structure determination methods.
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