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Optical traps are useful for studying the effects of forces on single molecules. Feedback-based force
clamps are often used to maintain a constant load, but the response time of the feedback limits bandwidth
and can introduce instability. We developed a novel force clamp that operates without feedback, taking
advantage of the anharmonic region of the trapping potential where the differential stiffness vanishes. We
demonstrate the utility of such a force clamp by measuring the unfolding of DNA hairpins and the effect of

trap stiffness on opening distance and transition rates.
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Optical traps (also known as optical tweezers) use light
from a tightly focused laser beam to trap small, polarizable
objects, such as dielectric beads, in a three-dimensional
potential well centered near the focal point [1]. For suffi-
ciently small displacements from equilibrium, the trapping
potential is harmonic: The restoring force F varies linearly
with the displacement from the trap center x with a con-
stant stiffness k that can be calibrated by several well-
established methods. A number of groups have used optical
traps in this linear regime to study the properties of im-
portant biological systems by attaching single molecules to
microscopic beads. Such systems include motor proteins
(e.g., kinesin [2], myosin [3], and dynein [4]), processive
nucleic acid enzymes (e.g., polymerases [5,6], helicases
[7], and exonucleases [8]), and nucleic acid structures
[9,10].

For biophysical experiments, a force clamp that fixes the
load on the bead (a mechanical analog of the voltage clamp
widely used in neuroscience) offers several advantages.
The maintenance of constant load facilitates measurement
of position by eliminating the need for series elastic cor-
rections to displacement signals [11,12]. Furthermore, con-
stant force avoids complications arising from changes to
the potential energy landscape that are generated by mo-
lecular motions against a changing load. Techniques such
as magnetic tweezers [13] and laminar fluid flow [14] can
be used to generate constant force but have been limited in
practice to no better than ~10 nm/~/Hz spatial resolution
and have, thus far, been unable to match the resolution
attained by optical traps.

In optical traps, a force clamp is typically implemented
using a feedback system that measures the instantaneous
position of the trapped object and then moves the trap to
maintain a set displacement between the object and the trap
center. Such active force clamps have proven to be power-
ful tools for biomechanical studies, but they suffer from
two inherent limitations. First, the devices used to control
the trapping beam (e.g., mechanically driven mirrors or
acousto-optic deflectors) can exhibit nonlinear or hyste-
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retic responses, leading to variable loads or feedback
instabilities. Second, and more importantly, the finite re-
sponse time of the feedback loop limits the bandwidth of
measurements, typically to less than 1 kHz [15]. These
drawbacks make it difficult to use active force clamps with
biological systems requiring both high bandwidth and high
precision. For example, molecular events such as kinesin
steps or short DNA hairpin unfolding occur too rapidly for
the feedback system to respond. An innovative system
developed by Nambiar et al. [16] addresses these limita-
tions by rapidly line scanning the trapping light while
simultaneously modulating its intensity, in such a way as
to create a one-dimensional region of constant force ex-
tending over several micrometers. This approach elimi-
nates the need for feedback but at the cost of fairly
complex instrumentation, limited bandwidth, and greatly
reduced trapping force.

Here we introduce a simpler approach that operates
passively by taking advantage of the anharmonic region
of the trapping potential. As displacement from the center
of the trap increases, force initially increases linearly (i.e.,
constant positive stiffness), then rolls over upon reaching a
maximum, and decreases to zero in the region outside the
trap [Fig. 1(a)]. Near the peak of the force-displacement
(F-x) curve, there exists a region where the force is ap-
proximately constant for small displacements (i.e., zero
stiffness). An object that is pulled into this region is
effectively force clamped, in the sense that the optical
force acting on it does not vary with displacement. The
load applied by such a force clamp can be set to the desired
value simply by adjusting the intensity of the laser light.

Our instrument, an improvement over one described
previously [17], uses two 1064 nm trap beams with or-
thogonal linear polarizations produced by a single
Nd:YVO, laser, whose positions and intensities are con-
trolled independently by acousto-optic deflectors. Two
independently positioned 633 nm detector beams with
orthogonal polarizations produced by a single HeNe laser
measure the positions of objects in the two traps, using
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FIG. 1 (color). (a) Experimental geometry for the dual trap
apparatus (not to scale). Force-displacement (F-x) curves for
beads held in the two optical traps are drawn schematically; the
beads (blue) are connected by a dsDNA tether. Near the trap
center, force rises linearly with displacement; farther out, force
rolls over and falls to zero. The beam intensity in T1 is weaker
than that in T2, so that at equilibrium the bead in T1 sits at the
maximum of its F-x curve, where the stiffness is zero. The bead
in T2 remains inside the calibrated linear region, permitting
measurement of the applied force. (b) F-x curves for T1. The
force is measured in T2 as a function of displacement in T1
(black diamonds) and fit to the derivative of a Gaussian (solid red
line). An independent measurement of the F-x curve based on
the drag force on an untethered bead (open blue circles) is
obtained by moving the microscope stage and sample at prede-
termined rates while measuring the displacement from the trap
center.

position-sensitive detectors that monitor the light scattered
by the trapped objects in the back focal plane [18]. The
force clamp is implemented as follows: First, one of the
two traps [T1 in Fig. 1(a)] is made roughly threefold less
intense than the other (T2). Then, by attaching a molecule
of double-stranded DNA (dsDNA) between two beads, the
bead in the weaker trap (T1) can be pulled out from the
center of T1 into the region of constant force (zero stiff-
ness), while the bead in the stronger trap (T2) remains
within the calibrated linear region. Displacements at con-
stant force can, thus, be followed in T1 while force is
recorded simultaneously in T2.

We measured the F-x curve of T1 using a 550 nm tether
of dsDNA, attached at one end by a biotin:avidin linkage to
a 600 nm diameter polystyrene bead and at the opposite
end by a digoxigenin:antidigoxigenin linkage to a 700 nm
diameter polystyrene bead. The displacement of the bead
in T1 versus the force measured in T2 is shown in Fig. 1(b).

For small displacements, the stiffness is constant, and the
nearly linear F-x curve agrees very well with an indepen-
dent calibration of T1 based on the Stokes drag force for an
untethered bead of the same size [1]. For displacements
~240 nm from T1, there is a zone >50 nm wide where
force remains constant to within <5%: We use this zero-
stiffness region for the force clamp. For positive displace-
ments beyond this zone, the stiffness becomes negative as
the force falls toward zero. The measured F-x relation fits
well to the derivative of a Gaussian, the shape expected for
a Gaussian beam in the paraxial, small-bead approximation
[19], and is in qualitative agreement with previous mea-
surements of the nonlinear portion of an optical trap [11].

We note that the measured F-x relationship exhibits
significant nonlinearity in the restoring force even for
relatively modest displacements from the trap center.
From the fit to the F-x curve in Fig. 1(a), we find that the
stiffness at x = 50 nm is ~8% less than the stiffness at the
center of the trap, while at x = 100 nm it is ~25% less.
This deviation represents an important yet generally ne-
glected source of systematic error when using optical traps
to make quantitative measurements of force, especially
when operating at typical displacements of 50—100 nm
or more from the trap center.

We explored the effects of local trap stiffness
on measurements of biomolecular motions, includ-
ing the zero-stiffness force-clamp regime, by study-
ing the mechanically induced unfolding and refold-
ing of short DNA hairpins [9]. A tetraloop hairpin
with a 20 basepair (bp), self-complementary stem
(sequence: 5'-GAGTCAACGTCTGGATCCTA-T,-
TAGGATCCAGACGTTGACTC-3/) was attached to
~1 kb dsDNA ‘handles” at either end, creating a con-
struct ~550 nm in length. This DNA construct was then
linked to beads at each end, as described above. Under
~14 pN of tension, hairpins of this size are bistable, driven
by thermal fluctuations between completely folded and
fully unfolded states [9]. Measurements of the extension
of the hairpin construct when poised near equilibrium
(13.6 pN) clearly display two stable positions, correspond-
ing to the closed and open states [Fig. 2(a); data recorded at
10 kHz and median filtered with a 5 ms window]. To
measure the opening distance of the hairpin, we con-
structed histograms of extension and fitted these to two
Gaussians, taking the distance between the peaks to repre-
sent the opening distance. Note that the width of the
Gaussian peaks supplies an estimate of ~0.1 nm/+/Hz
for the spatial resolution of the measurement.

Because of the finite compliance associated with the
dsDNA handles, the measured change in extension due to
unfolding of the hairpin changes as a function of the
average position of the bead in trap T1. An intrinsic length
change upon unfolding 6L produces a corresponding
change in extension 6x given by

ox = 5L/(1 + ktraps/kDNA)) (1)
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FIG. 2 (color). (a) A DNA tetraloop hairpin with 20 bp stem
(inset) attached to dsDNA handles is unfolded near equilibrium
by a force of ~14 pN. The extension alternates between folded
and unfolded states of the hairpin. A histogram of the extension
of this hairpin collected over 30 s and fit to two Gaussians (red)
shows two peaks separated by an opening distance of 17.9 nm.
(b) The change in extension upon hairpin opening (black circles)
increases as a function of the average displacement from the trap
center as the trap stiffness (blue line) decreases. Data are fit to
Eq. (1) (red line), using parameters from the F-x curve in Fig. 1.

where kpnpa is the stiffness of the unfolded hairpin con-
struct and ki, represents the series stiffness of the two
optical traps, 1/ky,, = 1/kry + 1/kr,. By tuning the trap
power, the hairpin can be unfolded near equilibrium
(13.6 pN) at increasing average displacement from T1.
The local stiffness decreases, leading to an increase in
ox, as seen in Fig. 2(b). Note that, for a displacement of
~240 nm from T1, where the differential stiffness drops to
zero, the compliance of the dsDNA handles becomes ir-
relevant, 6x = 6L, and the expected value of 6L for this
hairpin, ~18 nm, is fully recovered in the measurement
[9,20]. In regions of negative stiffness, 6x becomes greater
than OL, corresponding to an amplification of the motion
[21]. This phenomenon is the mechanical analog of nega-
tive differential resistance, which displays similar amplifi-
cation characteristics. The amplification of displacement
does not lead to an improvement in the signal-to-noise
ratio, however, because thermal fluctuations are equally
amplified [22]. We fit the extension change éx to Eq. (1)
using the local trap stiffness calculated from the F-x curve
in Fig. 1 (scaled by the trap intensity required to produce a
constant unzipping force). Taking the stiffness of the un-
folded hairpin construct at the equilibrium unfolding force
of 13.6 pN as a free parameter, we find satisfactory agree-

ment with the predicted behavior, assuming a hairpin con-
struct stiffness of 0.2 pN/nm, in line with the stiff-
ness estimated from force-extension curves of the con-
struct (~0.3 pN/nm, data not shown).

Changes in local stiffness can also exert important ef-
fects on the apparent rates of hairpin folding and unfold-
ing. The average transition rate at equilibrium, calculated
from the lifetimes of the open and closed states, decreases
as a function of the displacement from the trap center
[Fig. 3(b)]. This occurs because a changing stiffness modi-
fies the energy landscape for the folding/unfolding re-
action, as illustrated in Fig. 3(a). The work done on the
hairpin by the trap and DNA handles is given by W(¢) =

gF(f’)df’, where F is the force on the hairpin and ¢ is
the compliance-corrected end-to-end distance of the hair-
pin (the reaction coordinate). This work is added to the
energy landscape of the unloaded hairpin. Qualitatively, for
constant force (zero stiffness), W is linear in £ and, hence,
does not change the energy barrier. For positive stiffness,
W is superlinear in £, lowering the effective energy barrier
and increasing the transition rates. For negative stiffness,
W is sublinear in £, raising the barrier and decreasing the
rates.

Quantitatively, we calculate the effect of the trap stiff-
ness on the rates by assuming that the force F on the hair-
pin during folding/unfolding varies linearly with the re-
action coordinate around the equilibrium unfolding force
Feq: F(§) — Foq = k(¢ — 6L/2). Here k is the effective
stiffness experienced by the hairpin, consisting of the
stiffnesses of the traps and dsDNA handles in series [23].
Integrating this force along the reaction coordinate gives
the change in the energy landscape 8E(¢) = — $k&(SL —
£). With a transition state at £*, the folding/unfolding rate
r as a function of stiffness is therefore

r(k) = roexptké* (5L — £*4)/2kgT}, 2

where r( is the rate at constant force. We fit the measured
rates to this function using the same trap parameters as in
Fig. 2, with x* as a free parameter. Again, we find good
agreement, assuming the transition state is located ~3 nm
from the top of the stem. Note that this simple model
assumes that motions of the hairpin are communicated
instantaneously to the beads and handles. In reality, viscous
drag on these two components places a fundamental limit
on the response time of the system, which can modify the
effective energy landscape experienced by the hairpin.
However, an advantage of the passive force clamp is that
these effects are decoupled from feedback artifacts, afford-
ing an opportunity to resolve the contribution of drag
effects to equilibrium behavior by further experimentation.

In addition to the bandwidth limit arising from the
relaxation time for the bead/handle attachments, a second
practical limitation of the passive force-clamp technique
described here is the size of the zero-stiffness region used
for the force clamp (~50 nm). While sufficiently large to
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FIG. 3 (color online). (a) The presence of the optical trap
modifies the potential landscape of the unloaded hairpin, reduc-
ing it by the work performed by the trap. Positive effective
stiffness of the trap and dsDNA handles reduces the height of
the energy barrier, while negative stiffness increases the barrier
height. (b) The unfolding/folding rate at equilibrium decreases as
a function of the average displacement from the trap center
(black circles). The data are fit to Eq. (2) (solid line), using
parameters from the F-x curve in Fig. 1.

study the folding/unfolding of small molecules, this region
may be too small for the study of processive motors that
can move hundreds of nanometers. This difficulty can be
overcome fairly simply, however, by using traditional ac-
tive feedback methods to keep the bead within the zero-
stiffness region of the trap as the molecule moves. A
constant force is maintained during the feedback-induced
motion of the trap as long as the bead remains in the zero-
stiffness region.

In summary, we have shown that, by operating an optical
trap in the zero-stiffness region of the trapping potential,
we can exert a nearly constant force over a useful range of
displacements (>50 nm) while achieving very high posi-
tion resolution. The passive nature of this technique en-
sures that the force remains invariant during molecular
motions of interest, limited only by the viscous relaxation
time of the bead and not by the often slower response time
of any feedback loop. Studying the mechanical unfolding
of DNA hairpins, we find that variations in the local stiff-
ness across an optical trap affect the apparent hairpin
extension upon unfolding, due to compliance effects, as
well as the unfolding rate at equilibrium, due to changes in
the effective energy landscape. By adjusting the trap stiff-
ness appropriately, we can therefore modulate the rates of

molecular motions, allowing fast transitions to be slowed
down to more easily measured time scales.
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