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Force Spectroscopy with Dual-Trap Optical Tweezers: Molecular Stiffness
Measurements and Coupled Fluctuations Analysis
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ABSTRACT Dual-trap optical tweezers are often used in high-resolution measurements in single-molecule biophysics. Such
measurements can be hindered by the presence of extraneous noise sources, the most prominent of which is the coupling of
fluctuations along different spatial directions, which may affect any optical tweezers setup. In this article, we analyze, both
from the theoretical and the experimental points of view, the most common source for these couplings in dual-trap optical-
tweezers setups: the misalignment of traps and tether. We give criteria to distinguish different kinds of misalignment, to estimate
their quantitative relevance and to include them in the data analysis. The experimental data is obtained in a, to our knowledge,
novel dual-trap optical-tweezers setup that directly measures forces. In the case in which misalignment is negligible, we provide
a method to measure the stiffness of traps and tether based on variance analysis. This method can be seen as a calibration
technique valid beyond the linear trap region. Our analysis is then employed to measure the persistence length of dsDNA tethers
of three different lengths spanning two orders of magnitude. The effective persistence length of such tethers is shown to

decrease with the contour length, in accordance with previous studies.

INTRODUCTION

Optical tweezers (OT) have been often employed to measure
the elastic properties of polymers tethered between dielec-
tric beads. A direct measurement of the tether stiffness is
possible through fluctuation analysis (1). This kind of
measurement is appealing from the experimental point of
view because they require the measurement of a single
quantity, either force or extension, so that they do not
need a prior determination of the trap stiffness. One major
source of error in these measurements is the coupling of
fluctuations along different spatial directions, mainly in
and out of the focal plane. This is a nontrivial effect that
is expected to affect (although to different extents) any
OT setup. The relevance of such effect is not limited to fluc-
tuation measurements: it can also affect the correct mea-
surement of force-extension curves, especially for short
tethers. A clear understanding of the physical basis of
such couplings is useful to determine under which condi-
tions they lead to systematic errors in the measurements.
In this article, we study fluctuation coupling in double-
trap optical-tweezers (DTOT) setups commonly used in
high-resolution force spectroscopy. The most important
coupling sources are misalignment effects affecting both
traps and tether. Through theoretical modeling, we establish
a criterion to identify the kind of misalignment that causes
the coupling and give explicit formulas to quantify its effect
based on the parameters characterizing the experimental
setup. These considerations are also relevant for single-
trap optical tweezers (STOT). Moreover, we show that, if
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coupling effects are negligible, the analysis of the variance
of the measured signals, either force or position, may be
used to simultaneously measure the tether and trap stiff-
nesses, including possible asymmetries between the two
traps.

This kind of measurement can be used as a calibration
technique, suitable for any DTOT, which works beyond
the linear region of the traps. When instead couplings are
nonnegligible, we show how to include them in the data
analysis. To illustrate this methodology we carried out
measurements in a, to our knowledge, novel DTOT setup
that uses counterpropagating beams and measures forces
directly using linear momentum conservation. This system
is especially well suited for stiffness measurements as the
force measurement calibration is independent of the shape
and size of the trapped object. This is not true when using
other techniques, e.g., back-focal plane interferometry,
which require a specific calibration of the position mea-
surement for each bead. We performed direct measurements
of the stiffness of dsDNA tethers whose contour length
spans two decades.

MATERIALS AND METHODS
Optical tweezers setup

The DTOT setup is shown in Fig. 1 and is very similar to the one designed
by Smith et al. (2) and described in Huguet et al. (3), which operates with
a single trap and a pipette. Force measurement is based on the conservation
of linear momentum (2), making force calibration very robust. Calibration
factors are determined by the optical setup and the detector response but
they are independent of other details of the experimental setup, such as
the index of refraction of the trapped object, its size or shape, the refractive
index of the buffer medium, and laser power. Unless the optics or the
detector are changed, there is no need for continued calibration (2).
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FIGURE 1 Experimental setup. The scheme of
the optical setup, with the optical paths of the lasers
and the LED. Fiber-coupled diode lasers are
focused inside a fluidics chamber to form optical
traps using underfilling beams in high NA objec-
tives. All the light leaving from the trap is collected
PBS by a second objective, and sent to a position-sensi-

CCD camera : | ]

tive detector that integrates the light momentum
flux, measuring changes in light momentum (2).
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Fluctuation measurements were performed using an acquisition board
(Agilent Technologies, Santa Clara, CA) with a 50 kHz bandwidth, which
is higher than corner frequencies of the measured signals. In a typical exper-
iment, fluctuations were measured for 10 s, by increasing the force in 2-pN
steps between subsequent measurements.

Molecular synthesis

For our experiments, we used dsDNA tethers of four different lengths. The
24 kb tether was obtained by digesting the phage-A plasmid with the XbAI
restriction enzyme. The tether was then ligated to a biotin-labeled oligo on
one side and with a dig-labeled oligo on the other side. The 3 kb tether was
obtained by PCR amplification of a section of the phage-A plasmid using
biotin-modified primers. The amplified segment was then restricted with
Xbal and ligated to a dig-modified oligo. The 1.2 kb and 58 b tethers
were synthesized according to the protocol described in Forns et al. (4).
Experiments were performed in a microfluidic chamber formed by two
coverslips interspaced with parafilm. Anti-dig coated beads were first
incubated with the molecule of interest and then introduced one at a time
in the microfluidics chamber through a dispenser tube. Once the anti-dig
coated bead was trapped, a streptavidin-coated bead was introduced
through a second dispenser tube and trapped in the second trap. The con-
nection was then formed directly inside the microfluidics chamber. All
experiments on DNA tethers were performed in phosphate-buffered saline
solution at pH 7.4, NaCl 1 M, at 25°C. This buffer solution was found to
greatly reduce the nonspecific adsorption of DNA on silica. We dissolved
1 mg/uL bovine serum albumin in the buffer to reduce nonspecific silica-
silica interactions.

RESULTS
Coupled fluctuations in a plane

To introduce the main subject of this article, it is useful to
consider a pedagogical example that shows how a small
coupling between two fluctuating degrees of freedom can
have a large effect on their variances. Let us consider
a particle moving on a plane while constrained by two
harmonic springs (Fig. 2 A). The position of the particle is
given by a vector p = (y,z) and the springs are oriented along
the coordinate axes (y,7) (Fig. 2 A). The stiffness matrix k
is given by
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The laser beams share part of their optical paths
and are separated by polarization. Part of the laser
light (= 5%) is deviated by a pellicle before
focusing and used to monitor the trap position
(light lever). Each trap is moved by pushing the
tip of the optical fiber by piezos coupled to a brass
tube (wigglers).
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where kk, are the stiffnesses along y,z, respectively. The
equilibrium Boltzmann distribution for p can be written in
compact form as

i 3
p(p) = Sexp (— 'z’kB‘T’), @

FIGURE 2 Coupled fluctuations in a plane. (A) A particle (P) is con-
strained by two springs that are oriented along the y,z coordinate axes
(shown by the two arrows). The values ky,k, denote the spring stiffnesses
along y,z. (B) A particle (P) constrained by two springs that are misaligned
by an angle # with respect to the coordinate axes. (C) Level curves and
marginal distributions for the joint equilibrium probability distribution of
the particle position in the two systems shown in panels A (solid curves)
and B (dashed curves). If the two springs have very different stiffnesses,
the level curves form highly eccentric ellipses. In this situation a rotation
by a small angle ¢ in the joint distribution can lead to a large change in
the marginal distribution for y. The large difference in stiffness acts as
a lever arm amplifying the strength of the coupling.
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Z = /dzdyexp (_[2)]:(;)’ 3)
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where kg is the Boltzmann constant, 7 is the absolute
temperature, and Z is the partition function. The variance
of p is thus

1
2\ __ 71 ,J‘BT
<p > = kBTk = ky 0

“

R|I—O

In the case k, >> k. (a << 1), the variance of spatial fluc-
tuations along z is much bigger than the variance along y
and the level curves of the probability distribution in Eq. 2
are highly eccentric ellipses (Fig. 2 C, red solid curves).

If the springs are misaligned by an angle 6 with respect to
the reference frame (Fig. 2 B), the stiffness tensor changes as

K = R(OKR (0)
[k cos’0 + k. sin’0  (k, — k.)cosf sind 5)
~ \ (ky — k.)cosf sinf k. cosd + k, sin’0 )’

where k' is the new stiffness and R(#) is a rotation of angle 6.
In this situation, because k, # k,, the off-diagonal terms
in Eq. 5 couple the motion of the particle along y and z.
We define ¢ = sinf as the coupling parameter. To lowest
order in &, we get

1 1
1—|—<——1)62 6(1——)
kBT [o4 o

ky 1 1 2 L2
6(1&) &(1*6)4’6

(p?) = ks TR "=

For a small coupling &, the variance of y is increased to

2y _ kT o Ne) 28T (.¢
) 5T (1 (1)) =57 (1), ey
)

This shows that the effect of a small coupling & (small
misalignment of the springs) on the variance of y can be
large if € /o~ 1. In other words, the small «a-value acts
as a lever arm, amplifying the effect of a small rotation
(Fig. 2 C). Only when

€<a ®)

can the coupling of fluctuations be ignored. So far, we gave
the general picture of the effect of a coupling between two
fluctuating degrees of freedom. In the next section, we
will show how this simple model can be extended to study
fluctuations in a DTOT. Generally speaking, when a mole-
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cule is pulled at high forces the rigidity of the tether is
much higher along the pulling direction (y) than in the
perpendicular direction (z) and Eq. 8 can be violated even
if € is very small (= 0.1). At low forces and for long tethers,
Eq. 8 is instead fulfilled and the coupling can be ignored. A
quantitative treatment of these effects and the corresponding
data analysis are described next.

Coupled fluctuations in a DTOT setup

Correlation functions of fluctuation measurements in
a DTOT do often show a double-exponential nature. This
is usually interpreted in terms of a coupling of the fluctua-
tions in the optical plane and along the optical axis (5,6).
Couplings affect the variance of the measured force (or
position) signal and the spurious contribution must be
removed from the measurements. Yet, coupling effects
reflect some defect in the design of the experimental setup
and their study can provide valuable diagnostic tools for
the fine tuning of a DTOT setup, crucial for high-resolution
measurements.

Most prominent coupling sources are misalignment
effects, due to at least two causes:

A first cause is tether misalignment, i.e., a configuration
in which the centers of the traps lie in different planes
(Fig. 3 O).

A second case is trap misalignment, when the principal
axes of the traps are tilted with respect to the direction along
which the tether is stretched (Fig. 3 D).

Remarkably, these two scenarios lead to different
coupling structures making possible the identification of
misalignment effects. To discuss coupling effects, it is
necessary to consider a four-dimensional configuration
space, describing the position of the beads both along the
optical axis and the pulling direction. The laser beams
(black arrows in Fig. 3 A) define the optical axis, which
we identify with the Z direction in our reference frame. In
the optical plane (perpendicular to the optical axis), we shall
use the coordinate y to denote the direction along which
the tether is oriented. The coordinate X, perpendicular to
both y and Z, will play no role in our analysis. The effect
of both traps and tether on the dynamics of the beads can
be modeled by a potential energy function, which depends
on the positions of the beads in the y—z plane. When con-
sidering equilibrium fluctuations at constant trap-to-trap
distance, a linear approximation around the equilibrium
positions can be used,

1
U(y17y2721722) = EpTK/p> (9)

with p = (v, ¥2, 21, 22), and K’ the stiffness tensor (tensors
are primed when they are represented in the y—z coordinate
system). In the ideal case (Fig. 3 B), the stiffness tensor,
which is now 4 X 4, reads

Biophysical Journal 103(9) 1919-1928
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FIGURE 3 Misaligned experimental configurations. (A) The coordinate
system used throughout the text. The direction of light propagation (black
horizontal arrows) defines the optical (Z) axis. The stretching direction,
perpendicular to Z, defines the y axis. The positions of the beads ((y1,z;)
and (y,,22)) are measured with respect to the equilibrium positions and ry
denotes the mean separation between the centers of the beads. (B) In the
aligned configuration, the tether is perfectly oriented along the y axis.
(C) Misaligned tether, the two traps are focused at different positions along
the optical axis and the tether forms an angle # with the y axis. (D) In mis-
aligned traps, the principal axes of the traps form an angle ¢ with the y-z
reference frame. (E) The value of «, Eq. 28, as a function of the mean force,
for different tethers (3 kbp and 24 kbp dsDNA) and trap stiffnesses.
(Continuous lines, i.e., low trap stiffness) Setup similar to that used for
the measurements discussed in this article, with k, = 0.02 pN/nm, k, =
0.01 pN/nm. (Dotted line, i.e., high trap stiffness) Setup 10-times stiffer
(such as that described in Gebhardt et al. (7) and Comstock et al. (8)).
(Shaded area) Values of « for which a coupling ¢ = 0.1 causes a 10% error
(¥ = 0.1).
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by Y2 4 Z;
¥, k,+k, -k, 0 0
7P k. k+k, 0 0 (10)
Tz 0 0 k+Lf LI
1 o o
| 0 0 -L k+L

The stiffness tensor is two-block diagonal, with the first
block describing the effect of traps and tether along the y
axis, and the second block describing the effect of traps
and tether in the Z direction, sharing the same structure.
Here k, is the stiffness of the trap in the y direction (the
two traps are assumed identical for simplicity), k, is
the trap stiffness in the Z direction, k,, is the stiffness of
the tether connecting the two beads, f is the mean force,
and rg is the mean distance between the centers of the
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beads. In this case, the stiffness tensor can be diagonalized,
switching to the coordinate system defined by

y o nt»m y R ) an
+ — » J— )

V2 V2
Z+:ZI+22 R :21—22 (12)

V2 T V2

where y_,z, represent the center-of-mass position and y_,z_
represent the differential coordinate. In this second coordi-
nate system, the stiffness tensor reads

Yy Ve zZ, z
vk, 0 0 0
=D 0 k,+2k, 0 0 (13)
z,| 0 0 k, 0 I
z |0 0 0 k +2L

which shows that the four different fluctuation modes are
uncoupled (we dropped the prime because we switched to
a different reference frame). The tensor K can be written
as the sum of two contributions,

K = K; + 2K, (14)
with
k, 0 0 0
— |0 &k 0 0
Kr=10 o kK 0] as)
0 0 0 &

N

which accounts for the trap contribution to the stiffness, and

0O 0 0 O

0 Lk, 0 O
K,.=10 0 0 0|, (16)

0O 0 O L

o

which accounts for the tether contribution to the stiffness.
Tether misalignment effects

In the presence of tether misalignment, i.e., if the two
traps are focused at different depths along the optical axis
(Fig. 3 C), the tether forms an angle § with respect to the
y axis. This can be incorporated in the stiffness tensor
through a rotation of K,,, Eq. 16, of the same angle:

0 0 0 0
Ko = | 0 10 0 et ) )
0 ew(e) 0 (e
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with
u(e) = km(l - 62) —|—£62 (18)
To
_ L 2 2
v(e) =7 (1 =€) + kue (19)
0
w(e) = (k,,, —{—)vl — e, (20)
0

and & = sin(6).
The total stiffness tensor is now

y+ Ve Z+ Z
v, [k, 0 0 0
= v | 0k +2u(e) 0 ew(e) 1)
K=3 10 o kK o |
z 0 ew(e) 0 i+ v(e)

which must be compared to Eq. 13. Looking at the
nondiagonal terms of this tensor, it is evident that the
coupling will only affect the two differential modes,
y_,z_, leaving the motion of the center of mass, y,,z,,
unchanged.

Trap misalignment effect

In the second configuration, the trap stiffness tensor is
rotated (Fig. 3 D), and the stiffness tensor becomes

Y. Y- z, z_

v.( p(e) 0 eq(c) 0
=\ Y 0 p(e)+2km 0 fq(e) . (22)

K(E)_z* eq(e) 0 m(e) 0

z| 0 eq(e) 0 me)+2L
with

ple) = k(1 — &) + k&, (23)
m(e) = k(1 — €) + k€, 24)
q(e) = (ky — k_,)vl — e, (25)

and e = sin(f). In contrast to the previous case, the nondiag-
onal terms show that the coupling will affect both the differ-
ential and center-of-mass coordinates. This important
difference provides a simple tool to distinguish between
tether and trap misalignments.

On the relevance of coupling effects

In the case of tether misalignment, the off-diagonal terms
in Eq. 21 couple the fluctuations along the y_ and z_ direc-
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tions. A reduced description addressing these two coordi-
nates is possible using a subtensor of K(¢) (see Eq. 21):

e zZ
R (€)= ¥y {k} +2u(e)  ew(e) J (26)

z | ew(e) k +2v(e))

The variance of y_ is given by

(L) = kﬂ(@e)‘) : @7
y-y-
which, to leading order in &, is
2 2
) ¢
—r =1+ (28)
<y2—>e:0 o

with

 (ky + k) (e + 2f /o)
“ T 2k, + k) 2k — 2f o) &

The value of « can be computed if the stiffnesses are known.
In Fig. 3 E, we show the behavior of « as a function of the
force for two different dsDNA tethers (3 kbp and 24 kbp)
and for two different trap stiffnesses. The continuous curves
show the value of o computed in a low stiffness setup (k, =
0.02 pN/nm, k, = 0.001 pN/nm, the condition in which our
DTOT operates) whereas the dotted lines show the value of
« for high trap stiffness (k, = 0.2 pN/nm, k, = 0.01 pN/nm,
as reported for the DTOT in Gebhardt et al. (7) and Com-
stock et al. (8)). Even in the case of high trap stiffness, the
attained value of « is small (=10"") at high forces for the
shorter tether. In Fig. 3 E, the shaded area shows the values
of o for which a misalignment & = 0.1 causes a 10% error in
the measurements of y_ fluctuations Eq. 28. In our DTOT
setup, such coupling in negligible when using long mole-
cules (8 um) at low and moderate forces (up to =10 pN).

In the case of trap misalignment, both the variances of
y_ and y, are affected and similar formulas hold:

2 2 2 2
<y*> _ 1 € <y+> _ € (30)

= =14+—,
<y2—>5:0 Y <y3L>e:0 6

(ky + 2k, ) (k. + 2f /1o)
(ky - k—’) (ky + 2f/ro) 7

Y = (31

(32)

Equations 28, 31, and 32 estimate the error due to misalign-
ment as a function of the stiffnesses contributing to the
experimental setup (Fig. 3 E). As such, they are useful to
understand in which force regimes misalignment is going
to be important.

Biophysical Journal 103(9) 1919-1928
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Neglecting coupling effects: variance analysis

In experimental setups where force is directly measured, the
trap stiffness is used to measure the extension of the fiber.
Conversely, when the bead displacement is measured (e.g.,
by video microscopy or by back-focal-plane interferometry
(9)), the stiffness is used to measure force. In both cases, the
trap stiffness depends on the details of the experimental
setup, i.e., laser power, bead size, and shape or buffer
medium (via its refraction index). Optical traps are assumed
to be linear close to the trap center, so that a stiffness
measurement at zero force can be used to characterize the
trap shape in this region. This kind of calibration has been
shown to achieve 1% accuracy (10). Nevertheless, when
one needs to do measurements at high forces, nonlinear
effects may become relevant, especially at low trap power
and the full force field of the trap should be measured (11).

When the coupling is negligible, motions along the y and
7 directions are uncoupled and the stiffnesses of traps and
tethers can be obtained from a straightforward analysis of
the experimental force (or position) variances. We will
model traps and tether by the dumbbell shown in Fig. 4.
It consists of three serially connected harmonic springs. In
this setting we allow for a different stiffness in the two
traps: ki, k, (Fig. 4 A). Together with the tether stiffness
k,, we get the stiffness tensor,

! kl + km *km
K= ( _km k2 + km >’ (33)

which is just the first block of Eq. 10, and the potential
energy of the system is written as

1

U(ylayZ) = 5()’17)’2)'?()’1’)’2)’ (34)

where (y1,y,) have the same meaning as in the previous
sections. The equilibrium distribution for (y;,y,) is related
to K’ by

1
P(yi,y,) = —eXP( - (35)

Lo - L02).

ksT

The variances and covariance of (y;,y,) are linked to the
inverse of the stiffness tensor. In terms of the experimentally
measured variances and covariances,
2
() = i)

k) = k2=t -0 36
1 K kBT 9 ( )

<y%> — (Y1)

ky = k>~ -0 37

2 K kBT 9 ( )
)

kn = & kol (38)
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FIGURE 4 Trap and molecular stiffness measurements. (A) A linear
dumbbell model, where three elastic elements with different stiffnesses
are arranged in series: Trap 1 (k;), Trap 2 (k,), and the tether (k,,). (B)
Measured force variance as a function of trace length. The two data sets
refer to the variance in each trap, measured on a 24-kbp tether and pulled
at 10 pN. Force fluctuations in each trap are the superposition of two
different linear modes. (Solid curves) Fits to the expected behavior in the
case of a superposition of two modes (see the Supporting Material). The
good agreement between theory and experiment shows that the effect of
low-frequency noise is not relevant on our experimental timescales
(<1%). (C) Molecular stiffness (k,,) measured and averaged over different
molecules. (Continuous line) Fit to the extensible WLC model Eq. 44,
giving a persistence length P = 52 = 4 nm and a stretch modulus S =
1000 = 200 pN, consistent with what it is reported in Smith et al. (19).
(Shaded area) Region where misalignment is expected to be relevant.
The fair points are not included in the fit and show the effect of misalign-
ment. (D) Comparison of the stiffness values of the two traps, k; and k;,
measured through Eqs. 3941 (solid symbols) with those measured by
immobilizing the bead on the micropipette (open symbols); see Materials
and Methods. Measurements agree within experimental errors. Note that
stiffness is measured correctly even when misalignment is relevant (shaded
region). This happens because the measurement of trap stiffness is mostly
based on the center-of-mass coordinate, which is not affected in the case
of tether misalignment.

with

k= o) 03) — Oy
(kBT)2 '

In experimental setups that directly measure forces,
different formulas apply: the experimental values (0211,
02, 012, 0% = ()~ (M), i = 1,2) and the model
parameters (k,, k», k,,,) are related by

2 2
oy, t0p

k =
1 kBT )

(39)
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0%, +a?
ky = %, (40)
B
k, = L”%z (‘7%1 + ‘7%2) (‘732 + ”%2). 1)

2 2 7
keT 0110 — 0

The method we have introduced in this section is similar
to the one used by Meiners and Quake (1), the difference
being that here we use equal-time force covariance whereas
Meiners and Quake (1) uses time-dependent correlation func-
tions. Both methods can be affected by the presence of extra-
neous noise sources. The effect of low-frequency noises (such
as line noise, drift or air flows) can be minimized by com-
puting the variance of the force (or distance) signal on traces
which are much longer than the corner frequency of the
dumbbell, but short enough so that the low frequency noise
sources never dominate the power spectrum (Fig. 4 B). The
method just presented can be used in any DTOT setup to cali-
brate the two traps (by measuring k;,k,) at different forces.

Equations 36-38 are useful in experimental setups that
directly measure bead positions, whereas Eqs. 39-41 refer
to setups that directly measure forces. Fig. 4 C shows the re-
sults of direct stiffness measurements, based on Eqs. 3941
on a 24 kbp dsDNA molecule. In the shaded region,
misalignment effects gain importance and the measured
stiffness departs from the WLC fit obtained at low forces.
Note that the effect of tether misalignment on trap stiffness
measurements is negligible (Fig. 4 D). This happens
because the measurement of trap stiffness, in the absence
of large asymmetries between the traps, depends only on
the variance of the center-of-mass coordinate. In our setup,
a force-dependent trap stiffness calibration appears to be
crucial if we want to measure the force-versus-molecular
extension curve as the trap response is strongly nonlinear
(Fig. 4). This is also the case for many other DTOT and
STOT setups, especially at high-enough forces.

Measurement of the molecular stiffness

The method discussed in the previous section is only useful
if coupling effects are negligible, i.e., for long molecules
(10* bp) at small forces (<10 pN). To extend the applica-
bility of direct stiffness measurements to shorter molecules
or wider force ranges, coupling effects must be taken into
account. Because removing couplings while performing
experiments is generally unpractical, it may be convenient
to include the data analysis. To illustrate how this is done,
we will use fluctuation measured on dsDNA tethers of
four different lengths: two sections of the phage-A genome
of 24 kb and 3 kb, respectively, and two tethers (1.2 kb
and 58 b), which are used as handles in single-molecule
experiments (4). The differential, y_ and center-of-mass
coordinate y, correlation functions, measured in our coun-
terpropagating DTOT setup, are shown in Fig. 5.
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FIGURE 5 Time correlation functions in dsDNA tethers of varying
contour length at different forces. Time correlation functions were measured
along the y axis ((y°4.(0) y,(t)), (y_(0) y_(#)) and normalized by the vari-
ances ((y21.), (y*1.)). (Upper panels) Correlation function for fluctuations of
the center of mass. The correlation function shows a simple exponential
decay as expected for a single-component noise. The correlation function
changes with force due to trap nonlinearity (change in trap stiffness) but
does not show dependence on the length of the tether. (Lower panels) Corre-
lation function for the distance between the centers of the beads. These
correlation functions show a double-exponential behavior (Fig. 6) which
denotes the presence of two relaxational processes. Data for 58 bp and
1.2 kbp DNA tethers are not shown at 16 pN as these experiments were
carried out on tethers with an inserted hairpin which unfolds at ~14 pN
(4), and the released ssDNA would affect the stiffness measurement.

Whereas the correlation function for the center of mass
shows a single-exponential behavior (upper panels), the
differential coordinate displays a double-exponential
behavior that derives from the coupling of fluctuations (lower
panels). This is the expected phenomenology for tether
misalignment, which is the dominant effect in our setup. On
the contrary, in the case of trap misalignment, both the differ-
ential and center-of-mass coordinates would be affected. Ac-
cording to Eqs. 27 and 28 and neglecting the trap stiffness
with respect to the molecular stiffness (k,, >> k,, k;; flro
>> k), we have that, in the presence of tether misalignment,
the variance of the differential coordinate y_ changes to

()=t (1 + (”;f - 1>€2>. 42)

As the value of € is not known, the derivation of the molec-
ular stiffness cannot be performed on the basis of variance
analysis. Fortunately, as already noted in Meiners and
Quake (5), the decay rate of fluctuations in the optical
plane w, is much bigger than that of fluctuations along
the optical axis w_. The correlation function for y_ (derived
in the Supporting Material) reads as

—2w_t
2]"06

%, T2

—2w4t

43)

by (1) = (1-&)¢

and the molecular stiffness can still be recovered by select-
ing the amplitude of the fast decaying component of the
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correlation function (Fig. 6). Using this data analysis tech-
nique, we measured the force-dependent stiffness of the
different tethers (Fig. 7).

The nonlinear elasticity of dsDNA is usually modeled
with the wormlike chain (WLC) model. When a contribution

24 kbp

40 (e
30 7* y.,.a'.a € = 0.12 ;
20-:'““\ _-
10F = _
0_ METITRETTT E ..Nt\‘ \..m\_'
0.1 1 10
1.2 kbp
30 e
25t ¢ ea. € = O.l

20} .
— 15F "
] 10 -

g s -
= L T i
- - O 1 IIHlIII 1 \IIIIIMIIILLI
A 0.1 1 10
= 3 kbp
§ 15 . € — 012 )
<10 -
]
B e 4
0 1 J\LIIIIJ M 1 L L LLill
0.1 1 10
58 bp
40 T '\TIH'HT T II'\TII!I T T TTT00m

Ofmuﬁ"n‘rﬂl—_l EEEIT
0.1 1 10

Time (ms)

FIGURE 6 Fast and slow components of the correlation function of
the differential coordinate. Double-exponential fits to (y_(0), y_(#)) in
semi-log plot. (Dots) For experimental data, the continuous fair curve
superimposed on the data shows a double-exponential fit to the measured
data. (Dark solid curves) Fast and slow components of the double-exponen-
tial fit. Every plot reports the value of &, the coupling strength as obtained
from Eq. 42. As the molecules get shorter, the relative weight of slow fluc-
tuations increases, indicating a stronger coupling.
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FIGURE 7 Measurement of the molecular stiffness. (Main figure)
Measured molecular stiffness for four tethers 58 bp (triangles), 1.2 kbp (dia-
monds), 3 kbp (squares), and 24 kbp (circles), as a function of the mean force
along the tether. (Symbols) For measured quantities, data from at least three
different molecules have been averaged in the four cases. (Solid lines) EWLC
fit to the data (main text). The Marko-Siggia approximation is not valid in the
case of the shortest (58 bp) molecule. In this case, the fit is only meant to
compare the results obtained in the DTOT with those reported in Forns
et al. (4) obtained in a STOT. The fit results are shown in Table 1. (Upper-
right panel) Comparison of the measured persistence length (P) of the three
longer tethers to the empirical scaling law proposed by Seol et al. (14) in Eq.
45 (solid line). Fit parameters are discussed in the main text. (Lower-right
panel) Measured stretch modulus for the three longer tethers. Errors in P
and S values are standard deviation over at least three different molecules.

for enthalpic stretching and overwinding (12) is added, the
so-called extensible WLC (EWLC) (13) model is obtained.
The Marko-Siggia approximation formula for the force-
dependent stiffness of an EWLC is

(1 e /1?2 1)
kin(f) “u\a P<f> 5 44

where P is the persistence length of the polymer, ¢ is its
contour length, and S is the stretch modulus. This approxi-
mation is valid for molecules whose contour length is larger
than the persistence length, (Io < P) (13). The EWLC model
was fitted to the data, letting the persistence length P and the
stretch modulus § vary. Fit results are shown in Table 1. In
all cases, the results are compatible with the existing litera-
ture, although they were derived in a different force range.
In particular, the 3-kbp molecule shows a decrease in persis-
tence length, which is compatible with theoretical pre-
dictions based on finite-size effects as recently shown in
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TABLE1 Persistence length and stretch modulus for different
dsDNA tethers
Fit results

Molecule P (nm) S (pN)
24 kbp 48 = 5 1400 = 300
3 kbp 39 + 4 1800 + 400
1.2 kbp 34 +£5 850 = 100
58 bp 14 £08 20 = 2

Errors are standard deviations over different molecules. In all cases the
measurements were obtained on at least three different molecules. The
Marko-Siggia approximation is not valid in the case of the shortest tether
and Eq. 44 cannot consistently be used to estimate the persistence length
of such tether. Nevertheless, we included this result to compare it with
that obtained in Forns et al. (4) using a STOT. The data for the persistence
length of two shortest molecules agree with those obtained using a STOT
(4), which are P = 31 = 3 nm, for the 1.2-kb molecule and P = 1.6 =
0.3 nm for the 58-bp molecule.

Seol et al. (14). Data for the 1.2-kbp and 58-bp tethers are
instead consistent with measurements performed in an
STOT (4). In principle, 58-bp data should not be fitted
with the Marko-Siggia approximation (/, < P), and a semi-
flexible rod model is required. Nevertheless, we decided to
include the results for such short tether in Fig. 7 to stress the
agreement between our dual-trap measurements and those
reported in Forns et al. (4) for a STOT.

Several recent measurements on dsDNA suggest a strong
reduction of the persistence length as the contour length of
the molecule decreases. This could be the result of scale-
dependent DNA elasticity, as already found in microtubules
(15), or a finite-size effect due to the boundary conditions
(14). Here we carry out persistence-length measurements
in the highly stretched regime (2—-15 pN), i.e., when the
molecule is almost fully stretched and the enthalpic contri-
bution is important (13,16). In this regime and in contrast to
low force measurements (14,17,18), excluded volume
effects between the trapped beads are negligible. Moreover,
the effect of fluctuating boundary conditions on the force-
extension curve should become less and less relevant as
f R, grows, with f the mean tension along the tether and
R, the bead radius (=2 um in our experiments). Seol
et al. (14) propose a phenomenological scaling equation:

Pco
P(ty) = —p_ 45)
l+a—=
Lo

We fitted such empirical formula to our persistence-length
measurements, leaving out the shortest tether whose persis-
tence length cannot be correctly measured using the Marko-
Siggia approximation. The parameters obtained from the fit
are P, =49 *+ 2 nm, in accordance with those measured in
Seol etal. (14) and a =4 = 1, which is bigger than the value
(2.78) measured in Seol et al. (14) and later confirmed in
Chen et al. (17). It must be stressed that our experiments
are performed in a dumbbell configuration, whereas both
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Seol et al. (14) and Chen et al. (17) have one of the ends
of the molecule attached to a surface, and the boundary
conditions imposed on the molecule are different in the
two cases. The finite size WLC theory (14) does indeed
predict a faster decrease of the effective persistence length
with the contour length in the dumbbell configuration.

CONCLUSIONS

Misalignment effects may affect any optical-tweezers setup
and the effect of a small misalignment can be enhanced by
the large difference in stiffness between fluctuations along
the pulling direction and along the optical axis. For analyzing
these effects, we have provided tools to estimate their rele-
vance; we have shown that trap and tether misalignments
lead to different coupling structures and explained how to
include couplings in the data analysis. When misalignment
is negligible, it is possible to measure the stiffnesses of traps
and tether from a straightforward analysis of the measured
variance of force (or position) signals. This technique may
be used as a calibration technique, valid beyond the linear
trap region, in any DTOT. Otherwise, it is possible to include
misalignment effects in data analysis. Such techniques have
been used to measure the stiffness of dsDNA tethers of three
different lengths, from 24 kbp to 1200 bp. The stiffness was
interpreted in the framework of the EWLC model and we
confirmed the decrease in apparent persistence length previ-
ously reported in Seol et al. (14) and Chen et al. (17),
although our measurements were performed in a wider force
range and with a different setup.

SUPPORTING MATERIAL

The mathematical derivation of some of the results discussed in the
main text is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(12)01059-4.
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