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Abstract

Magnetic tweezers is a versatile and easy to implement single-molecule technique that has become
increasingly prevalent in the study of nucleic acid based molecular motors. Here, we provide a
description of the magnetic tweezers instrument and guidelines for measuring and analyzing DNA
helicase activity. Along with experimental methods, we describe a robust method of single-
molecule trajectory analysis based on the Student’s #test that accommodates continuous
transitions in addition to the discrete transitions assumed in most widely employed analysis
routines. To illustrate the single-molecule unwinding assay and the analysis routine, we provide
DNA unwinding measurements of £scherichia coli RecQ helicase under a variety of conditions
(Na+, ATP, temperature, and DNA substrate geometry). These examples reveal that DNA
unwinding measurements under various conditions can aid in elucidating the unwinding
mechanism of DNA helicase but also emphasize that environmental effects on DNA helicase
activity must be considered in relation to /n vivo activity and mechanism.
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1. Introduction

DNA Helicases are molecular motors that unwind DNA duplex or translocate single-
stranded DNA by utilizing chemical energy from the hydrolysis of nucleoside triphosphates
(NTPs) [1]. Due to their multifaceted and essential roles in DNA metabolism [2], DNA
helicases have been extensively investigated experimentally and computationally [1, 3-6].
Fundamental mechanistic questions regarding DNA helicases involve the molecular details
of helicase activities; DNA-helicase interactions such as association and dissociation rate
constants, unwinding characteristics including unwinding rate, processivity, directionality,
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physical and kinetic step sizes, and the chemo-mechanical coupling between NTP hydrolysis
and unwinding or translocation. Ensemble techniques including gel-based measurements,
fluorescent stop-flow measurements [7, 8] and structural studies [2, 4, 9] provide substrate
specificity, binding kinetics, molecular interactions and structural conformations of DNA
helicases. Single molecule techniques, on the other hand, uniquely measure the dynamics of
individual enzymes with high spatial and temporal resolution, permitting a comprehensive
picture of how DNA helicases interact with DNA and function as molecular motors [3, 5, 6,
10-12].

Magnetic tweezers (MT) (Fig. 1) is a single-molecule manipulation technique [11, 13-16]
that has emerged as an invaluable tool to investigate DNA helicases [11, 17-21]. Despite the
relatively low temporal and spatial resolution of magnetic tweezers in comparison with
optical tweezers [14], it offers several advantages over other single molecule manipulation
techniques [11, 14, 16]. First, the magnetic tweezers approach affords a passive force-clamp
since it maintains a constant force over an extended range of probe motion (>10 pm).
Second, torque can be readily applied to rotationally constrained DNA via the magnetic bead
simply by rotating the magnets. Third, force is applied by a magnetic field rather than a high
power laser, which can induce biological damage limiting the useful measurement duration
[22, 23]. This aspect also facilitates combining MT with simultaneous single-molecule
fluorescent detection. Fourth, the magnetic force is roughly uniform over a large area (~ 100
pum x 100 pm) thereby permitting the simultaneous manipulation and measurement of a large
number of molecules [16, 24]. In a typical MT DNA helicase assay a superparamagnetic
microsphere attached to an individual DNA molecule functions as a force transducer and a
position probe. The three-dimensional position of the microsphere attached to DNA is
tracked in real-time via CCD or CMOS camera-based image analysis approaches that can
routinely achieve a few nm resolution in the range of 60 — 500 Hz. Two DNA substrate
geometries are typically used to measure helicase activity in single-molecule manipulation
experiments: A DNA hairpin configuration in which the two free ends of the hairpin are
under tension and a DNA duplex containing a gap or a free end on which the helicase can
load (Fig. 2a) [3, 21]. In both geometries the helicase unwinding activity transforms double-
stranded (ds) DNA to single-stranded (ss) DNA, which results in a change in extension of
the probe. For the DNA hairpin geometry each base pair unwound results in an increase in
extension of two single-stranded nucleotides. This represents a significant amplification of
the unwinding signal, and as a result the hairpin unwinding assay provides the highest
resolution measurements of helicase unwinding. For the duplex DNA geometry, unwinding
results in the conversion of dsDNA to ssDNA, [3, 11, 15] which can be detected due to the
differences in mechanical properties of dsDNA and ssDNA [3]. The resulting change in
extension is fraction of a base pair (0.35 nm), resulting in lower signal to noise than the
hairpin unwinding assay. These mechanical measurements of helicase unwinding activity
have proven efficient for elucidating the mechanistic details of DNA helicases, yet often
leave uncertainties concerning DNA-helicase stoichiometry or initial binding. Recently, a
hybrid technique [25-28] combining MT with single-molecule fluoresce detection of
fluorophore-labeled helicases overcomes this limitation by providing a direct measure of
helicase stoichiometry and potentially provides additional measures of DNA-helicase
interactions including the binding geometry of the helicase on the DNA substrate,
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translocation of DNA helicases and the direct coupling of DNA unwinding and helicase
domain motion.

Here, we provide guidelines for performing single-molecule DNA unwinding assays using a
magnetic tweezers. We illustrate our approach with measurements of Escherichia coli (E.
coli) RecQ DNA unwinding. RecQ helicases, conserved from £. colithrough humans, play
essential roles in DNA recombination and repair [29, 30]. £. col/i RecQ is the prototypical
RecQ enzyme that contains a well-conserved domain architecture including two RecA
domains, Zinc binding and Winged helix domains, and the helicase-and-RNaseD-C-terminal
(HRDC) domain [29]. In this study, we include two different RecQ constructs — full length
(RecQWT) and an HRDC deletion variant (RecQ4H). Starting with a brief description of the
instrumentation, we show how the unwinding activity of RecQ is affected by lonic strength
(with RecQd), temperature (with RecQYH), and DNA substrate geometry (with RecQYH and
RecQWT). In addition, we describe an analysis method we developed to obtain fundamental
unwinding kinetics of DNA helicase such as unwinding rate, kinetic step-size, and pause
duration.

2. Material and methods

2.1 Magnetic tweezers instrumentation

The operational principle of magnetic tweezers and detailed descriptions of the
instrumentation have been extensively described elsewhere [15, 31, 32]. The essential
feature is that permanent magnets are used to apply force on a micron size super-
paramagnetic bead, the three-dimensional position of which is tracked in real time. As
shown in the schematic (Fig. 1), the custom-built magnetic tweezers incorporates two
permanent magnets (ND52, 4 mm (width) x 3 mm (height) x 2 mm (length), K and J
magnets). The position of the magnets, which controls the applied force on the bead, is
controlled by a linear motor (M-126.PD1, Physik Instrumente), whereas a rotary motor
controls the rotation of the magnets, which rotates the bead (C-150.PD, Physik Instrumente).
This assembly is located above the sample cell centered along the axis of illumination and
imaging path. The sample cell is mounted on a custom built holder attached to two stacked
piezo-driven stages, one for nanometer scale position control in 3 dimensions (P1-527-3CL,
Physik Instrumente), the other for large horizontal movements (replacing a conventional
manual stage) (PILine M-686.D64, Physik Instrumente). These two stages are mounted on
an optical breadboard (MB1218, Thorlabs) that has been modified with a 3” through-hole
accommodating the optical imaging path. This magnetic tweezers apparatus is assembled on
a vibration isolation table (Micro-g Laboratory table, Technical Manufacturing Corporation).
A 95 mm structural rail (XT95-750, Thorlabs) supports the magnet and illumination
assemblies. The illumination source is a fiber-coupled 520 nm LED light (Optogenetics
LED-520, Prizmatix) that is collimated using three aspheric lenses (C330TMD -A,
Thorlabs; 5721 (60x) and 5722 (40x), New Focus). Sample temperature is controlled by a
pair of resistive heater elements attached to the bottom of the custom-built sample cell
holder. A temperature controller (TC-344C, Warner Instruments) drives the heater elements
and maintains a constant temperature at the sample.
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Two stacked cage cubes (LC6W, Thorlabs) below the objective (UPLSAPO 100XO,
Olympus), are centered on the optical axis. The bottom cube holds a mirror (ME2-P01,
Thorlabs) to direct illumination light from the objective to two imaging lenses (AC508-300-
Al, Thorlabs; AAP-125.0-25.4-425-675, CVI), which project an image onto a CCD camera
(GE-680, Prosilica).

2.2 Protein preparation

2.2.1 Cloning

(His)g TEV RecQ plasmid: The cDNA coding for £. coli (DH5a) RecQ (provided by J.
Keck, University of Wisconsin Madison) was produced by PCR. The N-terminal primer -5’
GGG TTT CAT ATG GAA AAC CTG TAC TTC CAG GGT ATG GCG CAG GCG GAA
GTG TTG 3’- (Eurofins MWG Operon) contains an Ndel site and a synthetic coding
sequence for a TEV cleavage site, and hybridizes with the N-terminus of RecQ to yield an
in-frame TEV-RecQ fusion protein. The C-terminal primer -5 GCC GGA TCC CTA CTC
TTC GTC ATC GCC ATC AAC ATG CGC 3’- hybridizes with the RecQ C-terminus. It
contains an Amber codon immediately downstream of the RecQ coding sequence followed
by a BamHI site. The Ndel-BamH]I digested PCR product was sub-cloned into an Ndel-
BamHI linearized pET-15b vector (Novagen - EMD Millipore). The entire coding region of
the fusion protein was sequenced (Macrogen USA) with synthetic primers designed
specifically for the RecQ construct to ensure the absence of spontaneous mutations.

(His)g TEV RecQ-AHRDC plasmid: The Alanine 522 coding sequence, at position
6964-6966 of the (His)g TEV RecQ plasmid, was replaced by an Amber codon using a
QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent) and two custom primers, -5’
GTATCG TGG CGC TCA AAC CGA AAT AGA TGC AGA AAT CGT T 3’- and its
Reverse Complement Strand, both containing the desired mutation. The coding sequence
was verified by sequencing.

2.2.2 Expression of the (His)g TEV RecQ plasmid—The (His)g TEV RecQ plasmid
was transformed into Rosetta™2 (DE3) pLysS Novagen (EMD Millipore). Cells were grown
at 37 °Cin 1 L LB medium (MP Biomedicals) containing 100 mg-L~1 of Carbenicillin
(EMD Millipore) and 34 mg-L~1 of chloramphenicol (Sigma) for 4 hrs. Expression of the
(His)g TEV RecQ plasmid fusion protein was induced with 1 mM IPTG (EMD Millipore) at
37 °C overnight.

2.2.3 Purification of the (His)g TEV RecQ protein—The cell pellet was harvested at
6,000rpm for 20 min at 15 °C and stored at =80 °C. The frozen cell pellet (2.6 g) was
thawed at room temperature in a stainless steel beaker and re-suspended in 64 mL of
resuspension buffer (20 mM Tris-HCI, pH 8.0, 20 mM Imidazole, pH 8.0, 1 mM B-mercapto
ethanol, 300 mM NacCl, 10 % v/v glycerol) supplemented with one tablet of EDTA-free
complete protease inhibitor (Roche Diagnostics). After three freeze-thaw cycles (dry ice and
room temperature), the resuspended cells were lysed with 0.1 mg-mL™1 lysozyme (Sigma)
and probe-sonicated on ice for 5 min with a Branson 450 sonicator equipped with a standard
disruptor horn at 40 % duty cycle and power level 4. The cells were further disrupted by two
passages through an EmulsiFlex-C3 (Avestin). Cell debris was removed by centrifugation at
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11,150 x kGmax for 30 min at 20 °C in an 5810R centrifuge (Eppendorf) and the
supernatant was further clarified at 185,500 x kGmax for 60 min at 20 °C in an Optima
L-100 XP centrifuge (Beckman Coulter).

Immunoaffinity chromatography purification was performed using an AKTAprime
purification system (GE Healthcare) at room temperature. The high speed supernatant was
loaded onto a 1.6 x 5.6 cm Ni-NTA Super-flow (Qiagen) packed XK column (GE
Healthcare). After removing unbound proteins by washing with the cell resuspension buffer,
the (His)g TEV RecQ protein was eluted, using a 120 mL linear gradient to 400 mM
imidazole, as a shoulder peak with a maximum at 100 mM imidazole. The protein-
containing fractions considered pure by SDS-PAGE were pooled. An 30,000 MWCO
Amicon® Ultra 15 mL Centrifugal Filter (Millipore) was used for both protein concentration
and buffer exchange to the resuspension buffer.

TEV protease cleavage was performed at room temperature for 6 hrs using 0.5 U of pro-
TEV (Promega) per ug of (His)g TEV RecQ. RecQ was purified from the residual uncleaved
(His)g TEV RecQ, the (His)g TEV tag and the protease by two successive passage through a
5 mL His-Trap™ FF (GE Healthcare) and concentrated using an 30,000 MWCO Amicon®
Ultra 15 mL Centrifugal Filter in storage buffer (20 mM Tris-HCI, pH 7.5, 300 mM NacCl,
10 % v/v glycerol). The concentration of the sample was estimated using its A280 (s =
48820 M~1.cm™1; http://web.expasy.org/protparam/). The expression and protein purification
methods of the (His)g TEV RecQ-AHRDC were identical to the ones used for the full length
RecQ. The concentration of the sample was estimated using its A280 (¢ = 45840 M~1.cm™1;
http://web.expasy.org/protparam/). The identities of the all proteins were confirmed by mass
spectroscopy analysis (Agilent 6224 ESI-TOF LC-MS).

2.3 DNA substrate preparation

There are potentially many different DNA substrate geometry considerations dependent on
the nature of the DNA helicase under study. Here we discuss two common designs, hairpin
and gapped DNA, used to measure DNA helicase activity in single molecule manipulation
experiments. Our template design accommodates the requirement of a single-stranded DNA
region (>20 nucleotides) for initial binding of RecQ DNA helicase and the subsequent 3" to
5" translocation of the helicase [33]. In general, the polarity and processivity of the helicase
are important considerations when designing single-molecule templates. Duplex handle
regions must be long enough to prevent the helicase from unwinding the entire substrate and
the polarity of ssSDNA attachments to the bead and to the surface must be chosen to prevent
the helicase from loading and disrupting either linkage.

2.3.1 DNA hairpin—The DNA hairpin substrate is composed of two DNA handles
attached to the ends of a DNA hairpin. We provide two different methods to generate a DNA
hairpin substrate, one is based on PCR to create a long DNA handle and the other is based
on annealing oligonucleotides to create short DNA handles (fig. 2). In general, the shorter
DNA handle affords higher temporal and spatial resolution [34].

DNA hairpin with long handle: 174bp DNA hairpin with a ~1.1 kb DNA handle was
generated by PCR of pKZ1 using one primer containing a Bsal recognition sequence and the
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other primer with three digoxigenin modified bases at the 5’end. All oligonucleotides were
purchased from Operon. pKZ1 was made by inserting a 44 bp dsDNA segment containing
two BbvCl sites separated by 37 nucleotides into pET28b at the BamHI site. The insertion
orientation was verified by sequencing. The PCR product was purified using a PCR
purification kit (28104, Qiagen). The PCR product was digested for a total of 9 hours with
Nt. Bbvcl (R0632L, New England Biolabs) and Bsal (R3535L, New England Biolabs) at
37° C to create two nicks at positions 1093 and 1129 and a 5’ overhang at the end of the
dsDNA (20 units of each enzyme were added to the sample every 3 hours). After digestion,
the 37-nt oligomer was removed by incubating the DNA at 80° C for 20 min and cooling
down gradually to 4 °C in the presence of excess complementary 37-nt oligomer, producing
a 37-nt single-stranded region (Fig. 2b). The digested products were purified using a PCR
purification kit (11732668001, Roche). To complete the 174 bp DNA hairpin, the digestion
product was ligated to a 12 bp hairpin DNA containing a 4 dT loop and a 5" overhang
complementary to that of the digestion product, and a 90 bp oligomer consisting of a 33 bp
region complementary to the ssDNA region of the digestion product followed by 54 deoxy-
thymidines (dTs4) labeled on the 3’ end with biotin that works as a binding platform for
RecQ as well as providing an attachment to the streptavidin coated magnetic bead.

DNA hairpin with short DNA handle: The DNA hairpin substrate was prepared by
annealing and ligation (Fig. 2c). Before annealing, the DNA oligonucleotides were heated
for 2 min at 94°C and cooled down quickly on ice. All annealing was done in DNA
hybridization buffer (100 mM potassium acetate and 30 mM HEPES, pH 7.5). First, the top
and bottom DNA handles and the DNA hairpin main duplex region were separately
hybridized by heating the mixed complementary DNA oligonucleotides (75 nt and 95 nt
DNA oligomers for the top handle, 50 nt and 99 nt oligomers for the bottom, two 80 nt
oligomers for the main duplex region; 10 nmol each) in separate PCR tubes at 94 °C for 5
min followed by gradual cooling to room temperature (—1°C /30s). The top and bottom
DNA handles were then annealed via complementary regions from each handle to form a
tailed DNA junction by heating the mixture at 80 °C for 5 min and cooling gradually to
room temperature (-1°C /30s). Equal molar amounts of this DNA junction molecule and the
hairpin main body were mixed with a 10-fold excess of T-loop DNA and ligated with T4
DNA ligase (M1794, Promega) to form the DNA hairpin substrate (Fig. 2c).

2.3.2 Gapped DNA—To prepare the gapped DNA substrate (Fig. 2d), 2.5 kb DNA
molecules were generated by PCR of pKZ1 between positions 4550 and 1677 using 5 -
biotin- (position 4550) and 5 -digoxigenin- (position 1677) labeled primers. The procedure
to generate the gap between positions 1093 and 1129 was similar to that for the hairpin DNA
substrate except that Nb. BovCIl (R0631L, New England Biolabs) was used to nick the DNA
rather than Nt. BoVCl.

2.4 RecQ helicase unwinding assay

2.4.1 Sample cell preparation—A sample cell was made with two 24mm x 60 mm
coverslips (Fig. 1) (top: #1 2975-246; bottom: #1-1/2 2980-240, Corning) held together by
double-sided tape (50 um thick, 8132LE, 3M) (Fig. 1 inset). The double-sided tape was
laser-cut to make a 40 mm x 4 mm x 50 um channel in the sample cell. Two 2 mm diameter
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through-holes were drilled on the top coverslip using abrasive aluminum oxide beads (50
um, PD1003-4, ComCo Inc) in a blast cabinet equipped with a fine nozzle (ProCenter,
ComcCo Inc). All coverslips were cleaned before assembly [35]. Two sizes of nylon shoulder
washers (10SC008062; 10SC002037, McMaster Carr) were attached to the holes in the top
coverslip creating a buffer reservoir and an outlet port by spreading vacuum grease (Dow
Corning) on the bottom surface and applying epoxy (Devcon) around the edge of the
washers.

2.4.2 Single molecule assay—DNA substrate (5-10x10~1> moles) was first incubated
with ~100 ng of anti-digoxigenin (11333089001, Roche) in 1**X Phosphate buffered saline
(pH 7.4) for 15 min at room temperature. This mixture was incubated for either 1 hour at
room temperature or overnight at 4°C in a sample cell prepared with non-magnetic 2 micron
polystyrene fiducial beads (PSO5N, Bangs Laboratories Inc.) melted on the surface [35].
Unbound DNA was washed out with 200 pl of wash buffer (PBS supplemented with 0.04%
v/v Tween-20 and 0.3% w/v BSA). 20-30 pl of a 20-fold dilution of 1 um streptavidin-
coated magnetic beads (MyOne, Invitrogen) was then introduced in wash buffer, allowed to
tether for 1 hour, and washed with 1 ml of wash buffer. DNA substrates were identified
based on their extension under constant force. For DNA hairpin substrates, the extension
change due to opening of the DNA hairpin at a force of ~20 pN provided an additional
means of identifying suitable molecules. Once a correct DNA substrate was identified, the
chamber was washed with 200 pl of RecQ buffer (30 mM Tris pH 8, varying NaCl
concentrations (30-250 mM), 5 mM MgCly, 0.3 % w/v BSA, 0.04 % v/v Tween-20 and 1
mM DTT) and then RecQ buffer containing RecQ at a concentration of 10-50 pM and ATP
(0-1.0 mM).

2.4.3 Single molecule measurements of DNA helicase activity—The methods that
we employ for three dimensional particle tracking and force (F) calibration have been
extensively described [15, 24, 31, 32, 36]. DNA unwinding activity by RecQ was performed
at constant force. Higher force increases the spatial and temporal resolution of the
measurement, but may also influence the helicase activity. For the DNA hairpin, however,
the applied force must be below the critical force at which the hairpin will spontaneously
unzip (~15 pN). DNA extension was measured in real-time by tracking the three-
dimensional position of the tethered bead while simultaneously tracking a stuck fiducial
bead to compensate for drift using a custom-written image analysis program (Labview,
National Instruments). The measurements consisting of 3-dimensional tracking data for both
beads, and the applied force were stored as either text or binary files. Using the Worm-Like-
Chain (WLC) model for dsSDNA and ssDNA, the measured DNA extension changes during
DNA unwinding by RecQ were converted from nanometers to the number of melted base-
pairs to estimate the unwinding activity [21, 37]. For the DNA hairpin, unwinding of one
base-pair corresponds to an increase extension of two single-stranded nucleotides. At 8 pN,
each bp unwound results in ~0.8 nm increase in the extension of the bead based on the WLC
model with an ssDNA contour length (/%) of 0.65 nm/nt and persistence length (~Py) of 1
nm. Due to the short tether length of the hairpin constructs, a force calibration relating the
magnet position to force on the magnetic bead could not be performed. Instead, we relied on
an average force calibration obtained with the same magnet configuration and magnetic
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beads with longer (> 10 kb) dsDNA tethers [15]. Relying on an average force calibration
results in an ~ 10% uncertainty in the applied force for any given bead, based on the
standard deviation of the force calibration distribution [31]. The kinetics of hairpin
unwinding by RecQ helicase are largely insensitive to the applied force [21, 31], so the
uncertainty in the applied force has little impact on the unwinding behavior of RecQ
helicase. However, the change in extension as the hairpin is unzipped depends on the applied
force. To eliminate small differences in the relative extension of the unwinding trajectories,
they were normalized by the extension difference between the fully closed and fully open
hairpin extensions, which is readily extracted from histograms of the raw unwinding
trajectories. For gapped DNA, the change in extension results from the conversion of one
base-pair of dsSDNA to one nucleotide of ssSDNA. At 15 pN, the extension of dsDNA is 0.326
nm/bp and that of ssSDNA is 0.469 nm/nt resulting in a net increase in extension of ~0.14 nm
per bp unwound.

2.4.4 T-test based step-detection analysis to extract helicase kinetics from
single-molecule unwinding records—Unwinding trajectories are analyzed to
determine kinetic parameters including unwinding and translocation rates, processivity
(length of DNA unwound prior to dissociation), the chemical step-size (the number of
basepairs unwound per NTP hydrolysis), and the kinetic step-size (the number of basepairs
unwound between rate limiting kinetic steps). Helicases, similar to other biological motors,
move along their substrate in a step-wise manner. Thus unwinding trajectories are often
analyzed with a step detection method. Several step detection methods have been developed
to analyze single-molecule trajectories of molecular motors [38—42]. All of these methods
assume discrete, essentially instantaneous, step transitions that reflect the fundamental
discrete motion of motor proteins moving on polymeric tracks with well-defined unitary
steps. However, these approaches do not perform well with trajectories with continuous
transitions between dwells for which the instantaneous transitions are either not observed
due to the rate or extent of the individual transitions, or for which the underling motion is
continuous, such as diffusive motion. We have developed an analysis routine to extract step-
sizes and characterize the transitions between dwells for such trajectories. The routine is
adapted from a 7-test step finding approach that we have extended to handle continuous
transitions [38]. The routine requires neither prior knowledge of the step sizes nor a fixed
step size [38, 39, 43]. The method is based on the Students £ test, a statistical test that
determines the probability that two data sets represent the same underlying distribution [38].
Prior to #test analysis, the trajectory is smoothed with a 4™ order Savitzky-Golay 7 point
filter to increase the signal to noise ratio with minimal distortion of the trajectory. By
applying a running £test statistic comparing 7 prior points to /7 subsequent points, both
instantaneous and continuous transitions in the data can be identified.

For each point /in the extension versus time trajectory the #statistic () is calculated for two
windows (1 and p) each of 77 points (Fig. 3):

P1={Ti i1}
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po={Zit1 .- Titn}

R )

Where xand sare the mean and the standard deviation of the window |, respectively. The £
value is then compared to the critical T value (T) for determining if iy and p, represent
different distributions, i.e., if || = T, py # Hp. T¢ depends on the degrees of freedom, v, and
the significance or probability threshold for rejecting the null hypothesis, a, that is computed
numerically by solving the cumulative distribution function, Ax) for x at which Ax) = a/2
(x<0, lower T;) and AX) =1-a/2 (x=0; upper T,) in the two-tailed test [44]. The expressions
for v and A x) are as follows:,

(s3+53)”
HsD/(n—1)

1 (v 1 v
F(I): §betaz (E’ 2 m) <0
5 % i

—%betai(” T p— ) z>0

1 a—1
T
dx

betai(a) :/

0 1+x

The 7-test returns two parameters; a binary test of the null hypothesis, Hy (=1 if uy = or0
if Wy # [p) and the £statistic, £. The product, (1-Hp)|Z|, that we define as the T-step profile is
a continuous measure of the differences between |1 and |y that has been filtered by the
acceptance criteria a. The resulting curve is non-zero only for portions of the trajectory
where the probability that the windows are different exceeds a (Fig. 3). Transitions in the
extension data are associated with peaks in this T-step profile and the duration of each
transition is reflected in the width of the peak (defined as the standard deviation of the
Gaussian fit to the t-step profile). The corresponding points in the original trajectory define
an idealized trajectory consisting of dwells of constant position between transitions (steps).
The step information, i.e., the positions of the steps and the dwells between steps obtained
from this analysis, is subsequently filtered to eliminate steps and dwells below the temporal
and spatial resolution limits imposed by the noise in the data and the #test window size, 7.
For example, steps less than 3 bp and dwells with durations less than 3 points (0.015 sec) are
considered as false-positives and thus removed. This filtered set of points serves as the initial
guess for an all-at-once fitting function that represents the trajectory as a series of dwells
connected by runs of finite duration and velocity (Fig. 4a). The window size, 7, is the most
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important user-defined parameter in the 7-test analysis method. In general, 77 should be
sufficiently small to preserve the temporal resolution, since increasing n broadens the T-step
values and subsequently decreases the temporal resolution (Fig. S1). However, decreasing 7
reduces the signal to noise and reduces the statistical probability of identifying steps (Fig.
S2). The optimum window size thus represents a trade-off between temporal and spatial
resolution. Although the optimum window size depends on the noise level, the step size, and
the stepping kinetics, as a rule of thumb, ideally nis large enough to achieve 90-95%
rejection of false steps for a given noise amplitude in the signal and small enough so that it is
less than the average dwell time. To go beyond these initial guidelines for optimizing the 7-
test parameters for a given data set, and, equally as importantly, to quantify the unavoidable
distortion of the data by the analysis routine, requires analyzing simulated data sets
mimicking the experimental data (Fig. 4).

3.1 single molecule measurements of DNA unwinding by RecQ helicase

The trajectory of hairpin DNA unwinding by RecQ9H (£= 8 pN) shows steps and pauses
followed by dissociation from the end of the hairpin substrate (Fig. 4a). 7-test analysis using
n=20 and a = 0.005, identifies the steps and pauses from the trajectory and yields the
unwinding rates (step-rate in bp s~1), pause durations and pause positions (please see
subsection 2.4.4. for details). The mean unwinding rate is obtained by fitting a line from the
initiation of unwinding to the maximum unwinding position before either the enzyme pauses
or falls off yielding 30.3 + 0.2 bp/s (Fig.4a). The distribution of step rates is well-fit with a
Gaussian distribution to reveal an average step rate of 109 + 14 bp/s and the average pause
duration plotted as a function of pause position can be related to the DNA duplex stability
(Fig. 4b). To evaluate the capabilities and limitations of the 7-test analysis, we performed
stochastic simulations of pauses and steps, varying the pause escape rate (3-23 s~1) while
keeping the other parameters fixed (Step size = 5 bp, noise = 5 bp SD). We then obtained the
step sizes and pause durations of the simulated trajectories using the same 7-test analysis
parameters used for the experimental data (=20 and a = 0.005). Simulated trajectories
contained 35 steps with added Gaussian noise with a standard deviation of 5 bp, close to the
experimentally measured value in DNA hairpin unwinding assays. The mean pause escape
rates from the fitting, Agt, were slower than the average input pause rates, Ajnput for Ainput >
10 s71 but the two rates were comparable for Kinput < 10 s~1. This temporal limitation is
largely associated with the 7-test window size, n. In our analysis /7was set to 20 points
corresponding to a time window of 0.1 s at our camera frame rate (200 frames per second)
(Fig. 4c). Similarly, the step-sizes from fitting approach the input step-size, 5 bp, for Ajppyt <
10 s™1 (Fig. 4d). In general, increasing 7 decreases the standard error of the mean (noise)
and subsequently enhances the spatial resolution in finding steps (smaller steps can be
determined for a given noise) however it reduces the temporal resolution in determining
steps. The stringency of the step finding routine increases as a decreases, we found that an a
value below ~0.01 gave reasonable results for our data, but this should be tuned for each
data set.
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3.2 Unwinding rate measurements under varying Na* concentration, ATP concentration,
and temperature

The mean unwinding rate (Fig. 4a) is a convenient way to characterize DNA unwinding
activity of DNA helicases as it does not require a step detection analysis. Unlike the step
rate, the mean unwinding rate is a convolution of stepping and pausing characteristics, and is
an approximation of the ensemble average rate determined in ensemble kinetic assays. Thus,
the average of the mean unwinding rates is a good measure of how the helicase unwinding
activity varies under different conditions such as ionic strength, ATP concentration, and
temperature. Varying these fundamental parameters provides important insights on at least
two levels. Mechanistic insights concerning how the enzyme converts the energy of NTP
hydrolysis to translocation and DNA unwinding can be obtained by relating changes in
enzyme activity to the thermodynamic changes associated with varying the measurement
conditions. Although it is impossible to completely recapitulate in vivo conditions in in vitro
assays, we can nevertheless assess how enzyme activities may vary /n vivo by investigating
the effects of physico-chemical parameters. For example, some catalytic activities such as
unwinding rate and processivity can be strongly influenced by ionic conditions. To address
mechanistic questions and estimate the unwinding activity of RecQ under varying ionic
strength, we first investigated how the mean unwinding rate is affected by varying the Na*
concentration using RecQ4H (Fig. 5a). The mean unwinding rate decreased with increasing
Na* concentration from 25 mM to 200 mM (Fig. 5¢), which may be explained by the
increase DNA base-pair energy [45]. However, the measured Na* concentration dependent
rates decreased much less than predicted based on the calculated Na* concentration-
dependent stabilization of the DNA duplex. This is in line with previous findings suggesting
that the unwinding activity of RecQ is relatively insensitive to changes in DNA base-pair
energy [21].

We next measured the ATP concentration-dependent mean unwinding rate for RecQ4H (Fig.
5b). ATP is the primary energy source powering the unwinding and translocation activity of
most DNA helicases. The ATP dependent rate, v(A7A) can be analyzed with a Hill equation
[46]:

(ATP):%—BXn
T e ()

Here ;4 IS the maximum mean unwinding rate, K}, is the ATP concentration at which the
rate reaches a half of v,y and nis the Hill coefficient. The analysis results in V= 43.9
+0.9 bp/s, K= 15.7 £ 1.7 uM, and /7= 0.8 + 0.1, indicative of non-cooperative ATP
binding. As a last example, we measured the temperature dependent mean unwinding rate of
RecQdH. Temperature is one of the most important environmental factors that can affect the
catalytic activity of an enzyme. However, temperature dependence of enzymatic rates is
infrequently measured in single molecule assays partially due to the difficulty associated
with implementing temperature control and mitigating temperature dependent drift. The
mean unwinding rate for RecQ9H sharply increased with increasing temperature. This
change can be explained based on the assumption that the catalytic rate, v, is proportional to
exp(-dG#/k, T) [47], where dG¥ is the activation energy associated with catalytic activity, A
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is the Boltzmann constant, and 7is the absolute temperature. Thus, with increasing
temperature v(7) increases as (vg) /7 (vq is the rate at temperature 7g). As shown in Fig. 5c,
the measured rates are comparable to the predicted rates from this simple calculation. The
residual difference between the measured and predicted rates may be explained by the
decreasing DNA base-pair stability due to the temperature increase, consistent with a
relatively weak dependence of RecQ unwinding rate on the DNA base-pair stability.

3.3 DNA substrate geometry dependent unwinding

As discussed above, due to the increased signal to noise and facilitated measurements, the
DNA hairpin geometry has become the predominant substrate for single-molecule DNA
helicase unwinding assays. However, Ribeck and coworkers have shown that DNA substrate
geometry can significantly affect helicase unwinding activity in single molecule
manipulation measurements [48]. The effect of geometry likely arises from how external
force is applied to the DNA substrate as shown for DnaB helicase [48]. In the hairpin
geometry both the occluded strand (the strand on which the helicase binds) and the displaced
or leaving strand are both under tension, whereas in gapped or “tailed” substrates only the
occluded strand or the leaving strand is under tension, respectively. The observed differences
in activity result from differences in how the helicase engages with these different substrate
geometries and perhaps geometry-dependent differences in how tension is transmitted to the
ssDNA-dsDNA junction. We have also observed DNA substrate geometry-dependent
unwinding with RecQ helicase. The geometry dependence was largely dependent on the
presence of an accessary domain, the HRDC. RecQYH lacking the HRDC was minimally
sensitive to substrate geometry, unwinding hairpin and gapped DNA similarly. Wild type
RecQ on the other hand unwound gapped DNA efficiently without significant pausing but
frequently paused during unwinding of hairpin DNA (Fig. 5d), significantly decreasing the
average unwinding rate. In light of these findings, it is apparent that for some helicases the
substrate geometry can significantly influence the helicase unwinding activity. These
differences can in turn reveal mechanistic details of the unwinding process that could be
difficult to ascertain with other methods.

4. Conclusions

We provide procedures for collecting and analyzing single-molecule records of DNA
helicase unwinding activity using magnetic tweezers. Although studies of specific helicases
may require more specialized procedures relevant to their physiological functions, we focus
on procedures that elucidate fundamental mechanistic aspects of DNA helicases such as
Kinetic step-size, unwinding mechanism, and the effect of environmental conditions that
affect the catalytic activity of DNA helicases (ionic strength and temperature). We show
details of a 7-test based step-detection and trajectory analysis method that can accommodate
continuous transitions. This approach is not limited to simply finding steps in the data but
has been extended to provide unwinding kinetic parameters including dsSDNA unwinding
and translocation rates, mean unwinding rate, and pause positions and durations. Two
important considerations concerning this analysis routine and data analysis routines more
generally are that their performance is ultimately limited by measurement noise and that
they necessarily distort the underlying data to varying degrees. We provide guidelines for
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ameliorating measurement noise by reducing the DNA tether length, for example, which
improves both spatial and temporal resolution. Decreasing the unwinding rate is an
alternative approach to effectively increase the resolution by increasing the number of data
points per dwell resulting in a decrease in noise from increased averaging. This can be
achieved by lowering the ATP concentration or alternatively by including non- (or slowly-)
hydrolysable ATP analogues such as ATPyS.

We illustrate the limitations of 7-test analysis with specific examples demonstrating the
gradual loss of faithful representation of the step rate and size as the kinetic rates increase
(Fig. 4c and d). These limitations may be difficult to overcome as they are related to the
spatial and temporal resolution of the system as well as the noise and the inherent limitations
of the analysis routine. However, it is important to recognize, and to the extent possible
quantify, the non-ideal performance by analyzing simulated data combined with testing and
characterization of the analysis routines. Extending this approach, the underlying motor
kinetics could in principle be extracted from running the analysis routine on simulated
stepping trajectories and tuning the simulation parameters to minimize differences between
the experimental and simulation results from the analysis routine. Put another way, the
simulations could be run considering the analysis routine used to analyze the data.

Finally, measuring helicase unwinding activity under a wide range of conditions can provide
unanticipated mechanistic details concerning the unwinding process, while also ascertaining
the specific activity under conditions of ionic strength, temperature and DNA substrate
geometry approximating those found /n vive.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Magnetic tweezers afford robust single-molecule measurements of
helicase activity

Student’s T-test based trajectory analysis resolves steps of finite
duration

Simulations are an important tool for optimizing trajectory analysis
routines

DNA substrate geometry can have a dramatic effect on helicase activity
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Figure 1.

Picture and schematic (not to scale) of magnetic tweezers. Light from a fiber coupled LED is
collimated by three lenses and illuminates the sample cell. Green lines show the illumination
path. The light collected by the objective lens is imaged by a CCD. A magnet assembly
containing two magnets is located above the sample. The sample chamber has two ports.
One serves as a buffer reservoir while the other is connected to a vacuum line to effectuate
buffer exchange. The picture shows the magnetic tweezers instrument. Inset: detailed

drawing of sample cell components and assembly.
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Figure 2.

Hairpin and gapped DNA substrate geometries. (a) Cartoon of hairpin and gapped DNA
substrates bound to the surface via anti-digoxigenin and digoxigenin (red dot) and to the
streptavidin coated magnetic beads via biotin linkage (green dot). RecQ unwinding DNA
duplex is shown as magenta triangle. Assembly of long-handle DNA hairpin (b), short-
handle DNA hairpin (c), and Gapped DNA (d). Short dashes indicate gapped region. Long

dashes indicate ligation.
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Figure 3.
7-test step detection method. At each point 7in the time trajectory a Student’s 7-test is

performed on two windows of 77 points prior and subsequent to the A1 point (indicated as
blue and magenta boxes) (Top). 7-test analysis results in a T-step profile (high-pass filtered
absolute value of the #statistic). The peaks correspond to the center of the transitions in the
time trajectory and the widths of the peaks are proportional to the duration of the transitions.
The peak positions and respective widths are identified (middle). These points are filtered to
remove spurious transitions and then used to produce a trial fit of the data (bottom, black
line) to a series of dwells (pauses) and runs (steps) of finite duration. Based on this initial fit,
the entire data set is then fit with an all-at-once function of the same form. This fit (purple
line) provides the durations and amplitudes of pauses and steps (Bottom).
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Example helicase unwinding trajectory (F= 8 pN) and 7-test based analysis. (a) The hairpin
unwinding trajectory of RecQYH analyzed with the 7-test step detection routine yielding T-
step profile with 7= 20 (0.1 s for 200 Hz frame rate) and a = 0.005. Step fitting of the
trajectory was based on the step positions and widths obtained from the peaks in the T-step
profile. Pause positions and durations are determined from the step fit as are the “step rates”
corresponding to the slopes of the steps between pauses. The mean unwinding rate is
obtained from the linear fit to the entire trajectory. (b) The step rates from the step fitting
were binned and fitted with a Gaussian to obtain a mean step rate. Average pause durations
from the 7-test analysis were plotted as a function of pause position. (c) The mean pause
escape rates from 7-test analysis of simulated data, A are plotted as a function of the pause
escape rates used in the simulations, jnpyt- The dashed blue line corresponds to Afit = Ainput-
(d) Step sizes determined from 7-test analysis of simulated data are plotted as a function of
the average pause durations used in the simulations, 1/ Ajnpyt- The input step-size of 5 bp is

indicated as a dashed blue line.
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RecQ unwinding measurements under different conditions and DNA geometries. (a) Mean
unwinding rate plotted as a function of Na* concentration and compared to the calculated
unwinding rate based on models in which the rate is determined solely by the DNA base-
pair energy. (b) Mean unwinding rate plotted as a function of ATP concentration and fit with
the Hill equation (see main text). (c) The mean unwinding rate plotted as a function of
temperature and compared to the predicted rate as a function of temperature: v(T) =
v(21°C)TT(21°C)_ (d) RecQ™t shows dramatically different unwinding behavior with two
different DNA geometries. RecQ,y; slowly and inefficiently unwinds hairpin DNA due to
long and frequent pauses, whereas it efficiently and rapidly unwinds gapped DNA.
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