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We previously introduced the use of DNAmolecules for calibration of biophysical force and
displacement measurements with optical tweezers. Force and length scale factors can be
determined from measurements of DNA stretching. Trap compliance can be determined
by fitting the data to a nonlinear DNA elasticity model, however, noise/drift/offsets in the
measurement can affect the reliability of this determination. Here we demonstrate a more
robust method that uses a linear approximation for DNA elasticity applied to high force
range (25–45 pN) data. We show that this method can be used to assess how small
variations in microsphere sizes affect DNA length measurements and demonstrate
methods for correcting for these errors. We further show that these measurements
can be used to check assumed linearities of system responses. Finally, we
demonstrate methods combining microsphere imaging and DNA stretching to check
the compliance and positioning of individual traps.
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INTRODUCTION

Optical tweezers have many applications in biophysics (Moffitt et al., 2008; Fazal and Block, 2011;
Jones et al., 2015; Hashemi Shabestari et al., 2017; Polimeno et al., 2018; Robertson-Anderson, 2018;
Choudhary et al., 2019; Berns, 2020), with one powerful approach being single biomolecule
manipulation (Wang et al., 1997; Bustamante et al., 2000a; Gemmen et al., 2006; Tsay et al.,
2010; Chemla and Smith, 2012; Keller et al., 2014; Migliori et al., 2014; Pongor et al., 2017;
Bustamante et al., 2020b; Lehmann et al., 2020). Here we describe several useful methods for system
calibration/characterization based on single DNA molecule manipulation.

In our instrument two laser beams create two traps and the position of one is adjusted
(Abbondanzieri et al., 2005; Moffitt et al., 2006; delToro and Smith, 2014; delToro, 2015). The
force acting on a trapped microsphere is determined by measuring laser deflection (Smith et al.,
2003). Single DNA molecules are tethered between two microspheres and we move them apart to
stretch the DNA while measuring applied force (delToro and Smith, 2014). In many biophysical
studies one wants to measure force and changes in the molecular length or extension due to
translocation by a molecular motor or interactions with other biomolecules/ligands that induce
conformational changes. In our system, several parameters need to be determined: force and trap

Edited by:
Michael W. Berns,

University of California, Irvine,
United States

Reviewed by:
Bahman Anvari,

University of California, Riverside,
United States
Veikko Linko,

Aalto University, Finland

*Correspondence:
Douglas E. Smith

des@ucsd.edu

Specialty section:
This article was submitted to

Nanobiotechnology,
a section of the journal

Frontiers in Molecular Biosciences

Received: 11 September 2020
Accepted: 05 February 2021
Published: 22 March 2021

Citation:
Mo Y, Fizari M, Koharchik K and

Smith DE (2021) Determining Trap
Compliances, Microsphere Size

Variations, and Response Linearities in
Single DNA Molecule Elasticity

Measurements with Optical Tweezers.
Front. Mol. Biosci. 8:605102.

doi: 10.3389/fmolb.2021.605102

Frontiers in Molecular Biosciences | www.frontiersin.org March 2021 | Volume 8 | Article 6051021

BRIEF RESEARCH REPORT
published: 22 March 2021

doi: 10.3389/fmolb.2021.605102

http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2021.605102&domain=pdf&date_stamp=2021-03-22
https://www.frontiersin.org/articles/10.3389/fmolb.2021.605102/full
https://www.frontiersin.org/articles/10.3389/fmolb.2021.605102/full
https://www.frontiersin.org/articles/10.3389/fmolb.2021.605102/full
https://www.frontiersin.org/articles/10.3389/fmolb.2021.605102/full
https://www.frontiersin.org/articles/10.3389/fmolb.2021.605102/full
http://creativecommons.org/licenses/by/4.0/
mailto:des@ucsd.edu
https://doi.org/10.3389/fmolb.2021.605102
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2021.605102


displacement scale factors, separation offset between the traps,
and trap compliances (Rickgauer et al., 2006). Conventional
methods for calibrating displacement include microsphere
tracking via calibrated imaging systems and displacement
with calibrated positioning stages; and methods for
calibrating force and compliance include analyses of
Brownian fluctuations, applied fluid drag forces, and trapping
beam momentum changes (Smith et al., 2003; Berg-Sørensen
and Flyvbjerg, 2004; Neuman and Block, 2004; Tolić-
Nørrelykke et al., 2006; Viana et al., 2006; Jahnel et al., 2011;
Sarshar et al., 2014; Jones et al., 2015; Bui et al., 2018; Yale et al.,
2018; Melo et al., 2020). We introduced an alternative approach
using DNA molecules for calibration based on their known
lengths and elastic properties (Rickgauer et al., 2006; delToro
and Smith, 2014). This is not intended to be a more accurate
method than others, but rather a complementary one that has
several useful attributes: 1) all four needed calibration factors
can be determined simultaneously via a single type of
measurement; 2) it is relatively easy to implement, especially
if one is already working with DNA; 3) it does not require a
calibrated imaging system, characterization of the optical
system, precise control of sample stage position, or
application of fluid drag forces; 4) it is an independent
calibration method that can be used to check other methods;
and 5) calibration extends to high forces (45 pN) and the
linearity of system responses can be assessed. Advantages of
DNA are that its elasticity is well characterized (Wang et al.,
1997; Bustamante et al., 2000b; Wenner et al., 2002), its length
can be precisely controlled in increments of 1 basepair
(0.34 nm), and particular DNAs can be exactly replicated in
any lab.

We determine force scale factor based on the DNA overstretch
transition that occurs at ∼64 pN in the conditions used (Smith
et al., 1996; Wenner et al., 2002; delToro and Smith, 2014).
Displacement scale factor is determined by measuring two DNA
molecules having different lengths (Rickgauer et al., 2006;
delToro and Smith, 2014). Series compliance of the traps and
relative trap positions can be determined by fitting of a nonlinear
DNA elastic force model to measurements, however this may not
be reliable due to measurement noise and offsets, particularly in
the low-force regime (Rickgauer et al., 2006; delToro and Smith,
2014). We describe here a more reliable method using high-force
range data (25–45 pN) where a linearized DNA elasticity model is
accurate. This method can be used to check assumed linearities of
system responses and errors in DNA length measurements
caused by variations in the microsphere sizes. We describe
methods to correct these errors. We also describe how
combined microsphere imaging can be used to check
positioning and compliances of individual traps.

The concept of using DNA measurements for calibration
could also be applied, with minor modifications, to other types
of optical tweezers setups, magnetic tweezers, and AFM/
microneedle instruments that use force-cantilevers (Neuman
and Nagy, 2008), in any case where single DNA stretching can
be measured. In single optical trap and cantilever systems, DNA
can be attached at one end to the sample chamber surface and
stretched via a piezo-actuated stage (Neuman and Nagy, 2008).

METHODS, RESULTS, AND DISCUSSION

Linear Approximation for DNA Elasticity
The elasticity of DNA is well described by the extensible worm-
like chain (WLC) model that predicts:

x
L
� 1 −

����
kT
4FP

√
+ F
S

(1)

where F is the stretching force, x is the DNA end-to-end
extension, L is the unstretched DNA contour length (0.34 nm
per basepair), k the Boltzmann constant, T the absolute
temperature (kT�4.14 pN nm at room temperature), S the
DNA stretch modulus, and P the DNA persistence length
(Marko and Siggia, 1995; Odijk, 1995; Bustamante et al.,
2000b). In the conditions we use, 10 mM Tris-HCl, pH 7.5,
150 mM NaCl, S � 1275 pN and P � 45 nm according to
published studies by Wenner et al. that consider ionic
dependence (Wang et al., 1997; Wenner et al., 2002; Lipfert
et al., 2014).

A difficulty is that parameter determination via nonlinear
fitting of data to this model is sensitive to experimental noise/
drift/offsets, particularly at low force (delToro and Smith,

FIGURE 1 | (A) Plots of the magnitudes of the two force-dependent
terms in Eq. (1); the linear term in blue. The square-root term (black) can be
accurately approximated by a line over the range from F � 25–45 pN (red
dashed line). (B) % error made in the square-root term by the linear
approximation. (C) Schematic illustration of the variables involved in force-
extension measurements of DNA stretched between two optically trapped
microspheres. The distance between the trap centers is d, the end-to-end
extension of the DNA is x, the radii of the microspheres are r1 and r2, the force
exerted by the tensioned DNA on the microspheres is F, and the
displacements of the microspheres from the trap centers are Δx1 and Δx2.
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2014). However, a linear approximation of the square-root
term in Eq. (1) is valid in a restricted high-force range. We use
a maximum of 45 pN to stay well below the onset of non-linear
behavior caused by the DNA overstretch transition (Wenner
et al., 2002) and reduce the probability DNA detachment
(Fuller et al., 2006). From 25 to 45 pN the square-root term
can be approximated with the function y�(-3.78E-4)F +
0.0391 (Figure 1A; F in pN). The average error is ∼0.3%
and maximum error ∼2% (Figure 1B). This results in a
linearized Eq. (1):

x
L
� A + BF (2)

Where A � 0.961 and B � 1.16E-3 for the conditions we use.

Method to Determine Trap Compliances
A single DNA molecule is stretched by increasing the
separation, d, between the two traps as illustrated in
Figure 1C. This is done by steering one of the beams using a
mirror tilted by a piezoelectric actuator. Further details and a
schematic diagram of the system are given in the
Supplementary Materials and Ref. (delToro, 2015). The
voltage applied to control the mirror actuator is referred to
as Vmirror and the value of Vmirror when the two traps overlap is
referred to as Voverlap. The system is intended to have a linear
response so that d � β(Vmirror−Voverlap). Once the calibration
parameters β and Voverlap are known, the separation of the two
traps in nanometers can be determined. We showed previously
that the displacement scale factor β can be accurately
determined by measuring two DNA molecules of known
lengths (see Supplementary Materials and Ref. (delToro and
Smith, 2014). For our system β � 980 nm/V. Below we will
describe methods for determining Voverlap and checking the
assumed linearity of this relationship.

Force F � αVPSD is determined by measuring laser deflections
with a position-sensing detector (PSD), where VPSD is the
detector signal and α the force scale factor. We showed
previously that α can be accurately determined by
measurements of the DNA overstretch transition (see
Supplementary Materials and Refs. (delToro and Smith, 2014;
Farré et al., 2010). For our system α � 38.3 pN/V. Below we will
discuss a method for checking the linearity of this relationship.
Note that in a dual-trap system F can be measured with either
trap. DNA is stretched under tension between the two
microspheres, so the magnitude of the force acting on each is
the same.

In the Hookean regime a trapped microsphere subject to
force F is displaced from its equilibrium position by Δx � c′F,
where γ′ is the trap compliance (Polimeno et al., 2018). The
two traps may have different compliances c1 and c2, but
determination of the series compliance c � c1 + c2 is
usually the only parameter needed for our applications.
The sum of the displacements of the two microspheres
when a force is applied is Δx � Δx1 + Δx2 � c1F + c2F �
cF. We will discuss a method for checking the assumed
linearity of this relationship.

When a single DNA molecule is stretched between the two
trapped microspheres, as illustrated in Figure 1C, the separation
between the centers of the two traps is

d � x + (Δx1 + Δx2) + (r1 + r2) (3)

where x is the end-to-end extension of the DNA, Δx1 and Δx2 are
the displacements of the microspheres from the trap centers, and
r1 and r2 are the radii of the microspheres. When d �
β(Vmirror−Voverlap) and x/L� A + BF are substituted into Eq.
(3) we obtain

β(Vmirror − Voverlap) � (LB + γ) F + (LA + r1 + r2) (4)

This equation has a linear form in which βVmirror is
experimentally controlled and F is measured. Thus, linear fits
can be used to determine the slope η � c + LB and thereby the
series compliance c � η-LB, since L and B are known.

Experimental Results for Trap Compliance
We prepared 10.7 kilobasepair (kbp) DNA molecules with one
end biotin labeled for attachment to streptavidin-coated
polystyrene microspheres (∼2.1 μm diameter; Spherotech) and
the other end labeled with digoxygenin for attachment to anti-
digoxygenin coated microspheres (∼2.3 μm diameter;
Spherotech). These are commonly used, non-covalent
attachments and details are given in the Supplementary
Materials and prior publications (Fuller et al., 2006; Rickgauer
et al., 2006; delToro and Smith, 2014; delToro, 2015). We
recorded N � 99 stretching measurements in which Vmirror

was varied and F was measured. Examples shown in
Figure 2A confirm the dependence is linear as expected. Each
dataset was fit to Eq. 4 to determine series compliance c � η–LB,
yielding an average value c � 12.8 nm/pN (standard deviation �
0.56 nm/pN). Additional measurements were done with a
25.3 kbp DNA and yielded a consistent value c � 12.5 nm/pN
(standard deviation � 1.8, N � 180).

Sources of error in determining c include (details are given in
Supplementary Materials): 1) 0.2% uncertainty due to
uncertainty in the value of P reported by Wenner et al.,
(2002); 2) 3.8% due to uncertainty in S (Wenner et al., 2002);
3) 1.5% due to uncertainty in force calibration factor (α) (delToro
and Smith, 2014; Wenner et al., 2002); 4) 0.95% due to
uncertainty in trap displacement calibration factor (β); 5)
0.96% error due to the linearized DNA elasticity
approximation (Eq. 2); 6) 0.3% due to noise in the force
measurement. Here (1–5) are systematic errors. They are not
independent, but together contribute a maximum uncertainty of
∼6%. Although (6) considers a source of random (measurement)
error, the actual measured standard deviation is higher (e.g., 4.3%
for the 10.7 kbp DNA). While this is acceptably small uncertainty
for our applications it suggests there are additional random error
sources. Our intuition is these include factors such as the small
variations in microsphere size, possibly small variations in
microsphere shape, and variations in DNA elasticity due to
degradation (such as occasional nicks, i.e. single-stranded
breaks) which can occur in individual molecules.
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Microsphere Size Variations
The y-intercept of Eq. (4) is ϵ � LA + r1 + r2. L and A are
constants, but the microsphere radii r1 and r2 vary by small
amounts. This is undesirable since it causes errors in DNA length
measurements. The ϵ values determined by the linear fits can be
used to characterize these variations. A histogram of ϵ values,
with the mean subtracted, is shown in Figure 2B. The standard
deviation is 144 nm. A similar standard deviation of 138 nm was
determined from the measurements with the 25.3 kbp DNA.
These values are consistent with the standard deviations in the
microsphere radii of ∼140 nm reported by the manufacturer.
Below we will discuss methods for correcting for these errors.

A related question is whether the differences in microsphere
size cause detectible differences in trap compliances. In regime we
operate, where microsphere diameter is larger than the trapping
laser focal spot, a larger microsphere could cause larger trap
compliance (Bormuth et al., 2008). To investigate if this effect is
significant, we checked to see if there was any correlation between
ϵ and γ values in the ensemble of individual measurements. We
did not find a significant correlation (correlation coefficient �
−0.2). This is likely because the standard deviation in the
microsphere size is only ∼7%, so any effect is too small to
measure.

Average Displacement Offset Factor
A simplified method can be used when neglecting the small
variations in microsphere sizes is acceptable. Instead of
considering Voverlap, we define Vcontact to be the value of the
mirror control voltage Vmirror when the two microspheres come
into contact. In principle this could be detected by measuring the
force signal when the two microspheres touch, but we find this
can be inaccurate due to optical cross-talk/interference between
the beams and transverse offsets in trap positions (delToro and
Smith, 2014). Instead, one can determine this parameter from the
DNAmeasurements. The value βVcontact � βVoverlap + (r1 + r2), so
Eq. (4) an be rewritten as

βVmirror � (LB + γ)F + (LA + βVcontact) (5)

Measurements of ϵ � LA + βVcontact allow one to determine
values of Vcontact, since L, A, and β are known. Individual
measurements depend on the individual microsphere sizes but
from an ensemble of measurements an average value Vcontact is
determined. The imposed DNA extension is then given by

x � β(Vmirror − Vcontact) − γF (6)

which can be controlled since all the variables are known or
measured.

Correction for Microsphere Size Variations
Variation in the trap separation determination caused by
variations in microsphere sizes causes error in DNA length
measurements. Above we determined a standard deviation of
144 nm in r1 + r2. Here we describe methods to correct for this
error. While in many types of biophysical studies only relative
changes in DNA/biopolymer length may be of interest, in some
cases it is desirable to determine absolute length (Keller et al.,
2018; Mo et al., 2020).

As an example, we discuss studies of motor-driven viral DNA
packaging. We attach a viral procapsid-motor complex to one
microsphere and a DNA molecule is translocated into the
procapsid by the motor (Keller et al., 2018; Ortiz et al., 2018).
We attach the other end of the DNA to a second trapped
microsphere, such that the motor pulls the two microspheres
together as the tethered DNA is translocated. The length of DNA
packaged into the procapsid is equal to the full DNA substrate
minus the unpackaged DNA between the two microspheres.
Since the operation of the motor and rate of DNA
translocation is affected by the length of DNA packaged in the
procapsid (Berndsen et al., 2015) we want to measure the absolute
DNA length.

One of the viruses we study, bacteriophage phi29, has a
19.3 kbp genome (∼6600 nm), so uncertainty of 144 nm would

FIGURE 2 | (A) Examples of plots of separation between the traps d � β(Vmirror−Voverlap) vs. F for data recorded when stretching DNA molecules between the two
optically trapped microspheres. The points are experimental measurements and the lines are fits to Eq. (4), used to determine trap compliances, microsphere size
variations, and average displacement offset factor. (B) Histogram of variations in ϵ values determined by the linear fits of the DNA stretching data to Eq. (4), which
characterizes the effect of variations in microsphere sizes.
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cause uncertainty of 2.2% in the determination of the fraction of
the genome packaged. However, since the motor has a relatively
slow translocation rate (maximum of ∼180 bp/s in the conditions
we use), a simple method to reduce this error is to use the
measured starting tether length as a reference. Packaging is
initiated by moving the microsphere carrying DNA near a
second trapped microsphere carrying procapsid-motor
complexes. The time delay between initiation of packaging and
start of data recording is ∼0.2–0.8 s. With a packaging rate of
∼180 bp/s, ∼36–144 bp is packaged during this time,
corresponding to ∼12–50 nm, yielding an uncertainty of
∼38 nm. Since this is less than that of ∼144 nm caused by
microsphere size variations, use of the measured starting DNA
length as a reference in each measurement should be useful for
improving accuracy.

To demonstrate this, we analyzed a dataset of N � 60 phage
phi29 packaging events where the DNA translocation rate was
∼180 bp/s and found a standard deviation in measured starting
lengths of ∼175 nm. This is roughly consistent with the expected
uncertainty of ∼144 nm due to microsphere size variations plus
∼38 nm due to variations in initial length of DNA packaged,
which implies that subtracting the initial starting length reduces
the uncertainty in measurement of absolute length of DNA from
∼175 nm to ∼38 nm. A limitation of this technique is that it would
not be beneficial if the DNA translocation rate was so fast that the
error caused by the uncertainty in the time delay between
initiation and data recording was larger than the error caused
by the variation in microsphere sizes.

A second method is based on defining a minimum separation
where the two trapped microspheres nearly touch as a reference.
This method can be used in cases where DNA translocation
proceeds for long enough to bring the microspheres into near
contact, or if they can be moved together after the measurement.
To test this, we conducted measurements in which we brought
two microspheres together into near contact. They are observed
using a video imaging system described in the next section. Each
microsphere appears as a bright spot surrounded by a dark
circular ring. We defined the minimum separation reference as
the point where the two dark rings were first observed to touch as
the separation was decreased. We then recorded the value of the
control voltage, V ’

mirror , and repeated this measurement with N �
32 different pairs of microspheres. The standard deviation in the
inferred relative positions was 136 nm, which is close to the
estimated uncertainty of 144 nm in r1 + r2 determined from the
DNA stretching measurements discussed above. This indicates
that if βV ’

mirror is recorded for each pair of microspheres these can
be used to correct length measurements to reduce error caused by
microsphere size variations.

Checking System Response Linearities
Equation 4 assumes several instrument response relationships
are linear. We expect these to be valid based on the system design,
but describe here how they can be checked by analysis of the DNA
stretching data.

Trap separation is assumed to obey d � β(Vmirror−Voverlap),
where Vmirror is the control voltage. This is expected since the
trapping beam is steered by a feedback-controlled piezo-actuated

mirror. However, the DNA stretching measurements provide a
check. Suppose there was a nonlinear response in which the
actual relationship deviated from the assumed one by a
quadratic term, so that dactual � dassumed + δ1(Δd)2, where δ1
is a constant and Δd is the separation change. The actual DNA
extension would be greater than assumed based on the linear
relationship, but this would cause the force at each value of the
assumed extension to be higher than predicted by the DNA
force-extension relationship. The F vs. d plot is predicted to be
linear over 25–45 pN but the error term would cause curvature.
That our data does not show significant curvature (Figure 2A)
suggests there is no significant error of this type. To quantify the
effect of such an error, we subtract the error term δ1(Δd)2 from
the plotted extension values and keep the measured force values
unchanged. As an example, assume the error increases from
zero at F � 25 pN to 15% of Δd at F � 45 pN. This results in
simulated data plot where curvature is resolvable within the
experimental noise (Figure 3A). That curvature of this
magnitude is not observed in the actual data implies that an
error of this magnitude does not occur. A limitation is that this
method only probes a narrow range of trap separations. Below
we discuss a method using microsphere imaging to test a much
wider range of trap separations.

Force measurement is assumed to obey F � αVPSD, where VPSD

is the detector signal and α the force scale factor. This is expected
based on the system design, but it is conceivable that a nonlinear
error could occur, for example due to optical misalignments. We
perform a similar analysis as above to consider an error Factual �
Fassumed + δ1(ΔF)2, where δ2 is a constant and ΔF is the change in
force. As shown in Figure 3A we again find that if this error
increased from zero at 25 pN to 15% of ΔF at 45 pN this would
cause detectible curvature in the F vs. d plot, but this is not
observed in our recorded data.

Displacement of the microsphere from the trap is assumed to
be Hookean, Δx � cF, where c is the compliance, but there could
be deviations. Some studies find that beyond a low-force
Hookean regime compliance decreases slightly, before
ultimately increasing again at the highest forces when the
bead begins to escape the trap (Richardson et al., 2008;
Jahnel et al., 2011). If this occurred and was neglected, it
would cause the measured forces in the force vs. DNA
extension (x � d − Δx) plot to be higher than predicted. We
find that a quadratic error term of 15% maximum magnitude in
Δx would cause detectible curvature, but curvature of this
magnitude is not observed (Figure 3B).

Checking Trap Positioning Linearity
The DNA force-extension measurements described above
provided a test of the validity of the trap separation control
linearity d � β(Vmirror−Voverlap), but only over a limited range of
separations. To check that the relationship is valid over the full
range one can also use video imaging and tracking of the
microsphere centroid.

We recorded the image formed by the upstream microscope
objective with a video camera and a video capture card (NI-PCI-
1405, National Instruments, Inc.) (see Supplemental Material).
The centroid of the microsphere was tracked by locating the dark

Frontiers in Molecular Biosciences | www.frontiersin.org March 2021 | Volume 8 | Article 6051025

Mo et al. Parameters in DNA Elasticity Measurements

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


circular ring in the microsphere image with the “imfindcircles”
function in theMatlab Image Processing Toolbox, which employs
a circular Hough transform algorithm. Pixels in the video image
were converted to nm using the known value of β. In this manner
we could confirm that trap position is linearly proportional to
mirror-tilt control voltage over the full range of ∼13 μm
(Figure 4A).

Individual Trap Compliances
Fitting DNA stretching data to Eq. (4) described above
provides a convenient way to determine the series
compliance of the traps, which is sufficient for most of our
studies since one can determine the change in DNA extension.
However, some studies may require knowledge of individual
trap compliances (Moffitt et al., 2006). This can be done by
combining microsphere imaging with DNA stretching to
apply controlled forces. It can be challenging to determine
the compliance of a movable trap because a small

displacement due to force needs to be discerned from a
much larger imposed movement of the trap. A method
described below provides a solution to this issue.

When high forces are applied to stretch the DNA after some
time the molecule detaches due to force-induced dissociation of
the digoxygenin-anti-digoxygenin linkage (Fuller et al., 2006). An
example is shown in Figure 4B. The DNA was stretched by
increasing the trap separation in small steps but it suddenly
detached at F ∼ 40 pN, causing the force to drop to zero. Such
events can be used to determine the trap compliance because the
separation between the traps remains constant while the
microsphere suddenly moves a distance Δx1 � d c1ΔF, where
c1 is the trap compliance and ΔF is the force drop. Because
detachments occur randomly at different forces ranging from ∼5
to 50 pN, the predicted relationship Δx1 � c1ΔF can be tested over
a wide force range to confirm a Hookean response and determine
c1. Examples of such measurements are shown in Figure 4C and
are consistent with an assumed linear Δx1 � c1ΔF relationship.

FIGURE 3 | Analyses of the predicted effects of nonlinear errors in system responses. (A) The blue points are recorded force vs. separation data and the blue line
shows a linear fit, which describes the data well. The red points predict the effect of a quadratic error term affecting the separation control, which causes detectible
curvature in the plot. The red line is a linear fit to these points. Similarly, the green points predict the effect of a quadratic error term affecting the force determination, which
again causes detectible curvature. The green line is a linear fit to these points. (B) The blue points are recorded force vs. DNA extension measurements and the blue
line shows a linear fit. The red points predict the effect of a quadratic error in the displacement of the microspheres from the trap centers (Δx), which causes detectible
curvature, and the red line is a linear fit to these points.

FIGURE 4 | (A)Microsphere position, determined by image centroid tracking, vs. mirror control signal (blue points). The red line shows a linear fit. (B) Example of a
measured DNA detachment event where the separation of the traps is increased (by increasing Vmirror) and the force is measured to suddenly drop to zero. (C)
Measurements of the movement of the microsphere back to the trap center, determined by image centroid tracking, after DNA detachment events that occurred at
different force levels. The red line is a linear fit to the data.
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The value of c1 we obtain by a linear fit to these data is 10.9 ±
1.1 nm/pN. The significant scatter in the data points is
attributable to the low resolution of our imaging system,
which was originally only designed to allow the user to check
for the presence of a microsphere. Since methods have been
developed to measure microsphere movements with nanometer-
level resolution (Ueberschär et al., 2012), the method has
potential to be improved significantly.

CONCLUSION

We demonstrated methods by which trap compliance can be
determined in a robust matter via measurements of DNA
stretching in the regime where a linear elasticity
approximation is valid. This method is especially useful if one
is already working with DNA, but more generally provides an
independent method to confirm other calibration methods in the
literature (Smith et al., 2003; Berg-Sørensen and Flyvbjerg, 2004;
Neuman and Block, 2004; Tolić-Nørrelykke et al., 2006; Viana
et al., 2006; Jahnel et al., 2011; Sarshar et al., 2014; Jones et al.,
2015; Bui et al., 2018; Yale et al., 2018; Melo et al., 2020). In
comparison to many other methods, it does not require a
calibrated imaging/optical system, fluid flow, or precise sample
stage control, and four calibration parameters (force scale, trap
displacement scale, relative trap position, and compliance) can be
simultaneously determined. Calibration extends to high forces
(45 pN) and the linearity of system responses can be tested. The
method is also useful for characterizing and correcting for the
effect of variations in microsphere sizes on extension
measurements. Finally, we show that combined microsphere
imaging can be further used to check individual trap positions
and compliances.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

YM and MF developed methods, conducted measurements,
analyzed data, and edited the text. KK conducted
measurements and developed methods. DS supervised the
project, developed methods, analyzed data, and wrote the text.

FUNDING

This research was supported by NSF grant MCB-1716219 and
NIH/NIGMS grant R01GM118817 to DES, and by an MBTG
Fellowship award to MF (NIH Grant T32 GM008326).

ACKNOWLEDGMENTS

We thank Damian delToro and Nick Keller for optical tweezer
design and construction and protocols, Paul Jardine for supplying
phage phi29 components, and Brandon Rawson for discussions.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2021.605102/
full#supplementary-material.

REFERENCES

Abbondanzieri, E. A., Greenleaf, W. J., Shaevitz, J. W., Landick, R., and Block, S. M.
(2005). Direct observation of base-pair stepping by RNA polymerase. Nature.
438, 460–465. doi:10.1038/nature04268

Berg-Sørensen, K., and Flyvbjerg, H. (2004). Power spectrum analysis for optical
tweezers. Rev. Scientific Instr. 75, 594–612. doi:10.1063/1.1645654

Berndsen, Z. T., Keller, N., and Smith, D. E. (2015). Continuous allosteric regulation
of a viral packaging motor by a sensor that detects the density and conformation
of packaged DNA. Biophys. J. 108, 315–324. doi:10.1016/j.bpj.2014.11.3469

Berns, M. W. (2020). Laser scissors and tweezers to study chromosomes: a review.
Front. Bioeng. Biotechnol. 8, 721. doi:10.3389/fbioe.2020.00721

Bormuth, V., Jannasch, A., Ander, M., van Kats, C. M., van Blaaderen, A., Howard,
J., et al. (2008). Optical trapping of coated microspheres. Opt. Express. 16,
13831–13844. doi:10.1364/oe.16.013831

Bui, A. A. M., Kashchuk, A. V., Balanant, M. A., Nieminen, T. A., Rubinsztein-
Dunlop, H., and Stilgoe, A. B. (2018). Calibration of force detection for
arbitrarily shaped particles in optical tweezers. Sci. Rep. 8, 10798–10812.
doi:10.1038/s41598-018-28876-y

Bustamante, C., Macosko, J. C., and Wuite, G. J. (2000a). Grabbing the cat by the
tail: manipulating molecules one by one. Nat. Rev. Mol. Cell Biol. 1, 130–136.
doi:10.1038/35040072

Bustamante, C., Smith, S. B., Liphardt, J., and Smith, D. (2000b). Single-molecule
studies of DNA mechanics. Curr. Opin. Struct. Biol. 10, 279–285. doi:10.1016/
s0959-440x(00)00085-3

Bustamante, C., Alexander, L., Maciuba, K., and Kaiser, C. M. (2020). Single-
molecule studies of protein folding with optical tweezers. Annu. Rev. Biochem.
89, 443–470. doi:10.1146/annurev-biochem-013118-111442

Chemla, Y. R., and Smith, D. E. (2012). Single-molecule studies of viral DNA
packaging. Adv. Exp. Med. Biol. 726, 549–584. doi:10.1007/978-1-4614-
0980-9_24

Choudhary, D., Mossa, A., Jadhav, M., and Cecconi, C. (2019). Bio-molecular
applications of recent developments in optical tweezers. Biomolecules. 9, 23 89,
443–470. doi:10.3390/biom9010023

delToro, D., and Smith, D. E. (2014). Accurate measurement of force and
displacement with optical tweezers using DNA molecules as metrology
standards. Appl. Phys. Lett. 104, 143701. doi:10.1063/1.4871005

delToro, D. (2015). Doctoral dissertation. San Diego: University of California.
Farré, A., van der Horst, A., Blab, G. A., Downing, B. P., and Forde, N. R. (2010).

Stretching single DNA molecules to demonstrate high-force capabilities of
holographic optical tweezers. J. Biophotonics. 3, 224–233. doi:10.1002/jbio.
200900107

Fazal, F. M., and Block, S. M. (2011). Optical tweezers study life under tension.Nat.
Photon. 5, 318–321. doi:10.1038/nphoton.2011.100

Fuller, D. N., Gemmen, G. J., Rickgauer, J. P., Dupont, A., Millin, R., Recouvreux,
P., et al. (2006). A general method for manipulating DNA sequences from any
organism with optical tweezers. Nucleic Acids Res. 34, e15. doi:10.1093/nar/
gnj016

Gemmen, G. J., Millin, R., and Smith, D. E. (2006). DNA looping by two-site
restriction endonucleases: heterogeneous probability distributions for loop size
and unbinding force. Nucleic Acids Res. 34, 2864–2877. doi:10.1093/nar/gkl382

Frontiers in Molecular Biosciences | www.frontiersin.org March 2021 | Volume 8 | Article 6051027

Mo et al. Parameters in DNA Elasticity Measurements

https://www.frontiersin.org/articles/10.3389/fmolb.2021.605102/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2021.605102/full#supplementary-material
https://doi.org/10.1038/nature04268
https://doi.org/10.1063/1.1645654
https://doi.org/10.1016/j.bpj.2014.11.3469
https://doi.org/10.3389/fbioe.2020.00721
https://doi.org/10.1364/oe.16.013831
https://doi.org/10.1038/s41598-018-28876-y
https://doi.org/10.1038/35040072
https://doi.org/10.1016/s0959-440x(00)00085-3
https://doi.org/10.1016/s0959-440x(00)00085-3
https://doi.org/10.1146/annurev-biochem-013118-111442
https://doi.org/10.1007/978-1-4614-0980-9_24
https://doi.org/10.1007/978-1-4614-0980-9_24
https://doi.org/10.3390/biom9010023
https://doi.org/10.1063/1.4871005
https://doi.org/10.1002/jbio.200900107
https://doi.org/10.1002/jbio.200900107
https://doi.org/10.1038/nphoton.2011.100
https://doi.org/10.1093/nar/gnj016
https://doi.org/10.1093/nar/gnj016
https://doi.org/10.1093/nar/gkl382
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Hashemi Shabestari, M., Meijering, A. E. C., Roos, W. H., Wuite, G. J. L., and
Peterman, E. J. G. (2017). Recent advances in biological single-molecule
applications of optical tweezers and fluorescence microscopy. Meth
Enzymol. 582, 85–119. doi:10.1016/bs.mie.2016.09.047

Jahnel, M., Behrndt, M., Jannasch, A., Schäffer, E., and Grill, S. W. (2011).
Measuring the complete force field of an optical trap. Opt. Lett. 36,
1260–1262. doi:10.1364/OL.36.001260

Jones, P. H., Maragò, O. M., and Volpe, G. (2015). Optical tweezers: principles and
applications. Cambridge, UK: Cambridge University Press, 547.

Keller, N., delToro, D., Grimes, S., Jardine, P. J., and Smith, D. E. (2014). Repulsive
DNA-DNA interactions accelerate viral DNA packaging in phage phi29. Phys.
Rev. Lett. 112, 248101. doi:10.1103/PhysRevLett.112.248101

Keller, N., delToro, D., and Smith, D. E. (2018). “Single-molecule measurements of
motor-driven viral DNA packaging in bacteriophages Phi29, lambda, and T4
with optical tweezers,” in Molecular motors methods and protocols. Editor
C. Lavelle (New York, NY: Humana Press).

Lehmann, K., Shayegan, M., Blab, G. A., and Forde, N. R. (2020). Optical tweezers
approaches for probing multiscale protein mechanics and assembly. Front. Mol.
Biosci. 7, 577314. doi:10.3389/fmolb.2020.577314

Lipfert, J., Skinner, G. M., Keegstra, J. M., Hensgens, T., Jager, T., Dulin, D., et al.
(2014). Double-stranded RNA under force and torque: similarities to and
striking differences from double-stranded DNA. Proc. Natl. Acad. Sci. USA.
111, 15408–15413. doi:10.1073/pnas.1407197111

Marko, J. F., and Siggia, E. D. (1995). Stretching dna. Macromolecules. 28,
8759–8770. doi:10.1021/ma00130a008

Melo, B., Almeida, F., Temporão, G., and Guerreiro, T. (2020). Relaxing constraints
on data acquisition and position detection for trap stiffness calibration in
optical tweezers. Opt. Express. 28, 16256–16269. doi:10.1364/OE.394632

Migliori, A. D., Keller, N., Alam, T. I., Mahalingam, M., Rao, V. B., Arya, G., et al.
(2014). Evidence for an electrostatic mechanism of force generation by the
bacteriophage T4 DNA packaging motor. Nat. Commun. 5, 4173. doi:10.1038/
ncomms5173

Mo, Y., Keller, N., delToro, D., Ananthaswamy, N., Harvey, S. C., Rao, V. B., et al.
(2020). Function of a viral genome packaging motor from bacteriophage T4 is
insensitive to DNA sequence. Nucleic Acids Res. 48, 11602–11614. doi:10.1093/
nar/gkaa875

Moffitt, J. R., Chemla, Y. R., Izhaky, D., and Bustamante, C. (2006). Differential
detection of dual traps improves the spatial resolution of optical tweezers. Proc.
Natl. Acad. Sci. USA. 103, 9006–9011. doi:10.1073/pnas.0603342103

Moffitt, J. R., Chemla, Y. R., Smith, S. B., and Bustamante, C. (2008). Recent
advances in optical tweezers. Annu. Rev. Biochem. 77, 205–228. doi:10.1146/
annurev.biochem.77.043007.090225

Neuman, K. C., and Block, S. M. (2004). Optical trapping. Rev. Sci. Instrum. 75,
2787–2809. doi:10.1063/1.1785844

Neuman, K. C., and Nagy, A. (2008). Single-molecule force spectroscopy: optical
tweezers, magnetic tweezers and atomic force microscopy. Nat. Methods. 5,
491–505. doi:10.1038/nmeth.1218

Odijk, T. (1995). Stiff chains and filaments under tension. Macromolecules. 28,
7016–7018. doi:10.1021/ma00124a044

Ortiz, D., delToro, D., Ordyan, M., Pajak, J., Sippy, J., Catala, A., et al. (2018).
Evidence that a catalytic glutamate and an ’Arginine Toggle’ act in concert
to mediate ATP hydrolysis and mechanochemical coupling in a viral DNA
packaging motor. Nucleic Acids Res. 47, 1404–1415. doi:10.1093/nar/
gky1217

Polimeno, P., Magazzù, A., Iatì, M. A., Patti, F., Saija, R., Esposti Boschi, C. D., et al.
(2018). Optical tweezers and their applications. J. Quant. Spectrosc. Radiat.
Transf. 218, 131–150. doi:10.1016/j.jqsrt.2018.07.013

Pongor, C. I., Bianco, P., Ferenczy, G., Kellermayer, R., and Kellermayer, M. (2017).
Optical trapping nanometry of hypermethylated CPG-island DNA. Biophys. J.
112, 512–522. doi:10.1016/j.bpj.2016.12.029

Richardson, A. C., Reihani, S. N., and Oddershede, L. B. (2008). Non-harmonic
potential of a single beam optical trap. Opt. Express. 16, 15709–15717. doi:10.
1364/oe.16.015709

Rickgauer, J. P., Fuller, D. N., and Smith, D. E. (2006). DNA as a metrology
standard for length and force measurements with optical tweezers. Biophys. J.
91, 4253–4257. doi:10.1529/biophysj.106.089524

Robertson-Anderson, R. M. (2018). Optical tweezers microrheology: from the
basics to advanced techniques and applications. ACS Macro Lett. 8, 968–975.
doi:10.1021/acsmacrolett.8b00498

Sarshar, M., Wong, W. T., and Anvari, B. (2014). Comparative study of methods to
calibrate the stiffness of a single-beam gradient-force optical tweezers over
various laser trapping powers. J. Biomed. Opt. 19, 115001. doi:10.1117/1.JBO.19.
11.115001

Smith, S. B., Cui, Y., and Bustamante, C. (1996). Overstretching B-DNA: the elastic
response of individual double-stranded and single-stranded DNA molecules.
Science. 271, 795–799. doi:10.1126/science.271.5250.795

Smith, S. B., Cui, Y., and Bustamante, C. (2003). Optical-trap force transducer that
operates by direct measurement of light momentum. Meth. Enzymol. 361,
134–162. doi:10.1016/s0076-6879(03)61009-8

Tolić-Nørrelykke, S. F., Schäffer, E., Howard, J., Pavone, F. S., Jülicher, F., and
Flyvbjerg, H. (2006). Calibration of optical tweezers with positional detection in
the back focal plane. Rev. scientific Instr. 77, 103101. doi:10.1063/1.2356852

Tsay, J. M., Sippy, J., DelToro, D., Andrews, B. T., Draper, B., Rao, V., et al. (2010).
Mutations altering a structurally conserved loop-helix-loop region of a viral
packaging motor change DNA translocation velocity and processivity. J. Biol.
Chem. 285, 24282–24289. doi:10.1074/jbc.M110.129395

Ueberschär, O., Wagner, C., Stangner, T., Gutsche, C., and Kremer, F. (2012). A
novel video-based microsphere localization algorithm for low contrast silica
particles under white light illumination. Opt. Lasers Eng. 50, 423–439. doi:10.
1016/j.optlaseng.2011.10.012

Viana, N. B., Mazolli, A., Maia Neto, P. A., Nussenzveig, H. M., Rocha, M. S., and
Mesquita, O. N. (2006). Absolute calibration of optical tweezers. Appl. Phys.
Lett. 88, 131110. doi:10.1063/1.2189148

Wang, M. D., Yin, H., Landick, R., Gelles, J., and Block, S. M. (1997). Stretching
DNA with optical tweezers. Biophys. J. 72, 1335–1346. doi:10.1016/S0006-
3495(97)78780-0

Wenner, J. R., Williams, M. C., Rouzina, I., and Bloomfield, V. A. (2002). Salt
dependence of the elasticity and overstretching transition of single DNA
molecules. Biophys. J. 82, 3160–3169. doi:10.1016/S0006-3495(02)75658-0

Yale, P., Konin, J.-M., Kouacou, M., and Zoueu, J. (2018). New detector sensitivity
calibration and the calculation of the interaction force between particles using
an optical tweezer. Micromachines. 9, 425. doi:10.3390/mi9090425

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Mo, Fizari, Koharchik and Smith. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org March 2021 | Volume 8 | Article 6051028

Mo et al. Parameters in DNA Elasticity Measurements

https://doi.org/10.1016/bs.mie.2016.09.047
https://doi.org/10.1364/OL.36.001260
https://doi.org/10.1103/PhysRevLett.112.248101
https://doi.org/10.3389/fmolb.2020.577314
https://doi.org/10.1073/pnas.1407197111
https://doi.org/10.1021/ma00130a008
https://doi.org/10.1364/OE.394632
https://doi.org/10.1038/ncomms5173
https://doi.org/10.1038/ncomms5173
https://doi.org/10.1093/nar/gkaa875
https://doi.org/10.1093/nar/gkaa875
https://doi.org/10.1073/pnas.0603342103
https://doi.org/10.1146/annurev.biochem.77.043007.090225
https://doi.org/10.1146/annurev.biochem.77.043007.090225
https://doi.org/10.1063/1.1785844
https://doi.org/10.1038/nmeth.1218
https://doi.org/10.1021/ma00124a044
https://doi.org/10.1093/nar/gky1217
https://doi.org/10.1093/nar/gky1217
https://doi.org/10.1016/j.jqsrt.2018.07.013
https://doi.org/10.1016/j.bpj.2016.12.029
https://doi.org/10.1364/oe.16.015709
https://doi.org/10.1364/oe.16.015709
https://doi.org/10.1529/biophysj.106.089524
https://doi.org/10.1021/acsmacrolett.8b00498
https://doi.org/10.1117/1.JBO.19.11.115001
https://doi.org/10.1117/1.JBO.19.11.115001
https://doi.org/10.1126/science.271.5250.795
https://doi.org/10.1016/s0076-6879(03)61009-8
https://doi.org/10.1063/1.2356852
https://doi.org/10.1074/jbc.M110.129395
https://doi.org/10.1016/j.optlaseng.2011.10.012
https://doi.org/10.1016/j.optlaseng.2011.10.012
https://doi.org/10.1063/1.2189148
https://doi.org/10.1016/S0006-3495(97)78780-0
https://doi.org/10.1016/S0006-3495(97)78780-0
https://doi.org/10.1016/S0006-3495(02)75658-0
https://doi.org/10.3390/mi9090425
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Determining Trap Compliances, Microsphere Size Variations, and Response Linearities in Single DNA Molecule Elasticity Measu ...
	Introduction
	Methods, Results, and Discussion
	Linear Approximation for DNA Elasticity
	Method to Determine Trap Compliances
	Experimental Results for Trap Compliance
	Microsphere Size Variations
	Average Displacement Offset Factor
	Correction for Microsphere Size Variations
	Checking System Response Linearities
	Checking Trap Positioning Linearity
	Individual Trap Compliances

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


