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a b s t r a c t

We report a new approach to probing DNA–protein interactions by combining optical tweezers with a
high-throughput DNA curtains technique. Here we determine the forces required to remove the individ-
ual lipid-anchored DNA molecules from the bilayer. We demonstrate that DNA anchored to the bilayer
through a single biotin–streptavidin linkage withstands �20 pN before being pulled free from the bilayer,
whereas molecules anchored to the bilayer through multiple attachment points can withstand P65 pN;
access to this higher force regime is sufficient to probe the responses of protein–DNA interactions to force
changes. As a proof-of-principle, we concurrently visualized DNA-bound fluorescently-tagged RNA poly-
merase while simultaneously stretching the DNA molecules. This work presents a step towards a power-
ful experimental platform that will enable concurrent visualization of DNA curtains while applying
defined forces through optical tweezers.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Single molecule measurements have proven to be powerful
tools that provide unique insights into the underlying mechanisms
of biological phenomena, many of which cannot be revealed
through traditional ensemble biochemical or biophysical ap-
proaches [1,2]. Most single molecule techniques fit into two clas-
ses: those based upon the detection of a fluorescence signal [3,4],
and those that rely upon force-based measurements [5–7]. There
is a growing interest in combining these two types of different
measurements [8–12].

To facilitate single molecule measurements, we have devel-
oped ‘‘DNA curtains’’ which utilize lipid bilayers, nano-fabricated
barriers, and hydrodynamic flow to organize lipid-tethered DNA
molecules into patterns on the surface of a microfluidic chamber
[13–15]. These molecules can be visualized by total internal
reflection fluorescence microscopy (TIRFM), allowing simulta-
neous observation of hundreds of individual molecules within a
single field-of-view, and this experimental platform can be
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adapted to a number of biochemical problems related to pro-
tein–nucleic acid interactions [16–19].

Here we developed a TIRFM with an integrated optical trap, and
using this combined TIRF-trap microscope we measured the rup-
ture force of single lipids within a supported bilayer by pulling
individual DNA molecules from DNA curtains. Optical tweezers
have proven to be powerful tools applying precise forces (0.1–
100 pN) on individual molecules and have been used to interrogate
various biological processes [20–24]. We show that DNA molecules
anchored to single lipids are pulled free from the bilayer with the
application of �20 pN. Increasing the number of attachment points
on the bilayer allows the application of forces in excess of �65 pN,
expanding the applicability of DNA curtains to combined fluores-
cence and forced-based measurements with a force regime rele-
vant to most protein–DNA interactions.

2. Materials and methods

2.1. DNA substrates

For single biotin or digoxigenin (dig) tags, k-DNA (48,502-base
pairs (bp); Invitrogen) was labeled at either end with oligonucleo-
tides, as described [16]. For multiple tags, multiple biotin or dig
tags were incorporated into a 1.4-kilobase k-DNA fragment by
PCR using low-fidelity Taq polymerase (Stratagene or Takara)
along with biotin-dUTP (Roche) or dig-dUTP (Roche), respectively.
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The PCR products were then ligated to connector oligonucleotides,
bearing a sequence complementary to the 4-nt overhang by the
ApaI along with a 12-nt sequence complementary to k-DNA COS
site. Excess connectors were removed with an S-400 HR column
(GE Healthcare). The PCR products bearing the multiple biotin or
dig tags (140 nM each) were ligated to the k-DNA (4.2 nM) using
T4 DNA ligase (4000U) and incubated overnight at room tempera-
ture. Finally, the k-DNA was purified by passage through an S-1000
gel filtration column (GE Healthcare).

2.2. Fluorescent beads conjugated to antidigoxigenin antibodies

Fluorescent anti-dig-coated beads were prepared using N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(EDAC), N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS) and
carboxylated non-fluorescent polystyrene beads (diameter
1.5 lm; Bangslabs). Briefly, 10 pM of beads were prepared for
labeling with successive washes of 10 mM NaOH, followed by
H2O. The carboxyl groups were then activated using 40 mg ml�1

EDAC (Sigma) and 25 mg ml�1 Sulfo-NHS (Sigma) in 0.1 M MES
buffer (pH 5.5). The activated beads were then washed with 1�
PBS (pH 7.4), and anti-dig (Novus Biological) and Alexa488-BSA
(Invitrogen) were added to the beads at �3 � 106:1 and
�3 � 105:1 M ratio, respectively. The reactions were then incu-
bated with gentle agitation overnight at 4 �C. Finally, the beads
were washed with buffer containing 1� PBS (pH 7.5), 1 mg ml�1

BSA, 10% glycerol, 0.1% azide, 0.1% Tween20, 1 mM EDTA, and
1 mM DTT and stored at 4 �C up to three months.

2.3. Microscope

Prism-type TIRFM was used for the fluorescence imaging
(Fig. 1). Optical tweezers were combined with the TIRFM through
the same objective lens, and an infrared-laser (1 W, 1064 nm; Crys-
talaser) was used for the optical trapping (Fig. 1B). The trap posi-
tion was controlled by maneuvering a mirror mounted on
motorized optical mount (8807; New Focus) and controlled remo-
tely with iPicomotor modules (New Focus), and a telescopic lens
system was adopted to maintain parallel beams such that the z-po-
sition of the trap did not move when the trap was moved in the x or
y-directions. The IR beam entered the microscope through the
back-port, and reflected toward the objective lens by a custom-
made dichroic mirror (z780dcspxr; Chroma Technology), which
transmits visible spectrum (400–800 nm) (Fig. 1C).

2.4. DNA pulling and rupture force

The bead trapping and DNA pulling were performed while
observing the YOYO1-stained DNA and Alexa488-labeled bead by
TIRFM. Individual bead-labeled DNA molecules were visually iden-
tified in the presence of buffer flow. The fluorescent bead attached
to the end of a DNA was then captured with the IR laser trap, and
buffer flow was then terminated. The DNA molecules were
stretched at a constant rate of 5.3 lm s�1 until the molecules rup-
tured, as determined by visualization. The location of the biotinyl-
ated end of the DNA was obtained from the intersection the barrier
and the DNA. The bead center position was obtained by fitting bead
fluorescence with 2D Gaussian function, and the DNA extension
was calculated by subtracting the bead radius from the distance
between biotinylated DNA end and the center of the fluorescent
bead DNA. The projection effect of the DNA extension was ignored
because the length of DNA is much larger than the bead size.

The optical trap was controlled by maneuvering a remotely
operated mirror. With this configuration, force measurements
based on the trap stiffness and bead displacement cannot be ob-
tained because the trap stiffness varies with the beam position.
Moreover, the prism-type TIRFM geometry precludes use of back-
focal-plane interferometry. Therefore, as an alternative to these ap-
proaches, the force exerted on the DNA was estimated using the
well-established force vs extension curve of dsDNA [7,24,25]. The
force vs extension curve is dependent on the salt concentration
and the presence of intercalation dyes [26,27]. But under our salt
condition (50–150 mM NaCl), the force vs extension curve is not
sensitive to the ionic strength change [26] and we adopted the
force vs extension curve measured at 150 mM Na+ [24]. YOYO1,
an intercalation dye, affects both mechanical and structural prop-
erties of dsDNA and hence changes the force vs extension curve
[10,12,28]. A significant effect of YOYO1 on the force vs extension
curve was previously reported at high YOYO1 concentration
(>10 nM). However, Murade et al. reported that the force vs exten-
sion curve at 1 nM YOYO1 is not distinguished from that in the ab-
sence of YOYO1 [10]. Our experiments required only a low
concentration of YOYO1 (0.1–0.2 nM), therefore, force vs extension
curve of dsDNA should be reliable for the force estimation.
3. Results and discussion

3.1. DNA molecules labeled with single tags detached from the bilayer
at low force

To make force measurements within DNA curtains we con-
structed a TIRF microscope with an integrated infrared optical trap
(Fig. 1A and B). An optical trap could be used to stretch a single
DNA by attaching a fluorescent bead to one end of DNA (Fig. 1A).
Initial experiments utilized substrates labeled with single biotin
and digoxigenin tags (Fig. 2). When the DNA molecules were
stretched under hydrodynamic flow, those molecules harboring
an anti-dig bead were readily distinguished by the bright signal
from the bead (Fig. 2A, upper panel). At 0.1 ml min�1 flow rate,
the DNA molecules lacking a fluorescent bead were stretched to
�12.5 lm in length (hXi/L = 0.78), corresponding to �0.5 pN of
flow-induced force, whereas DNA molecules harboring a bead were
extended to a slightly longer length (14 lm; hXi/L = 0.88), corre-
sponding to �2 pN of force. This difference in relative extended
length was attributed to the additional hydrodynamic force caused
by the 1.5 lm dia. bead. After visually identifying a labeled DNA,
the bead was captured in the optical trap. When flow was stopped,
the trapped bead and its associated DNA remained visible, whereas
all other DNA molecules diffused out of the evanescent field and
could no longer be visualized, confirming that the bead-labeled
DNA was trapped. (Fig. 2A, middle panel).

We next stretched the DNA to determine how much force the
molecules could resist before rupturing (Fig. 2A, lower panel). Mol-
ecules labeled with a single biotin/digoxigenin detached from the
bilayer when they were stretched to moderate lengths (Fig. 2). In
all cases, the DNA remained bound to the bead, indicating that rup-
ture occurred at or near the lipid bilayer (lower panel in Fig. 2A, B,
and see below). We then measured the mean extension at which
single DNA molecules were pulled free from the bilayer, which re-
vealed that the DNA molecules were pulled free from the bilayer at
a mean extended length of 16.8 ± 0.9 lm (Fig. 2C). Based on force-
extension curves of dsDNA, 16.8 ± 0.9 lm corresponds to an esti-
mated rupture force of �20 pN, with values ranging from 5 to
40 pN as determined from the FWHM of a Gaussian fit to the data
(Fig. 2C) [7,24,25]. The broad distribution of values associated with
this estimated force arises from the sharp increase in the force–
extension curve of k-DNA between 15 and 18 lm [7,24,25].

We next considered which of component was most likely to
rupture when force was applied. First, the DNA could potentially
experience YOYO1-induced photodamage. DNA breaks arising
from photodamage would be expected to occur randomly through-
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out length of the DNA. However, this was not observed, rather the
DNA most commonly ruptured near the barriers, arguing against
rupture due to DNA photodamage. Second, the observation that
the DNA detaches from the bilayer, but remains bound to the bead,
argues that the interaction between the digoxigenin and the anti-
dig coated bead are not disrupted. Third, we cannot exclude the
possibility that the biotin–streptavidin interactions are disrupted.
However, the biotin–streptavidin interaction can withstand at
least 60 pN of force, and the binding strength between biotin and
streptavidin has been reported to be as high as >200 pN [29–31],
arguing against breakage of the biotin–streptavidin interaction in
our experiments. Based upon these considerations, we consider
the most likely conclusion to be that the DNA ruptures from the
surface due to single lipids being pulled from the bilayer. This con-
clusion is strengthened by our finding that when the DNA is an-
chored to multiple lipids can no longer be pulled free from the
surface (see below). Finally, the finding that extra biotin tags pre-
vent DNA rupture under tension also rules out the possibility that
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rupture events reflect YOYO1-induced photodamage. If the rupture
were due to DNA photodamage, then the addition of extra biotins
to the DNA end should not eliminate rupture from the surface un-
der applied tension.

3.2. DNA molecules labeled with multiple tags resist detachment from
the bilayer

The finding that lipid rupture occurs around 20 pN is problematic
for experiments using the optical tweezers combined with DNA cur-
tains because many relevant protein–DNA interactions can only be
studied at higher force regimes [5,11,32–34]. We reasoned that
the strength of the attachment could be enhanced by increasing
the number of contacts with bilayer. We therefore made DNA mol-
ecules bearing multiple anchor points (Fig. 3). As anticipated, mole-
cules bearing multiple attachment points were resistant to force-
induced rupture and could be repeatedly stretched and relaxed
without detaching from the bilayer (Fig. 3A and B). The maximum
extension observed in these experiments was 26.1 ± 0.3 lm
(Fig. 3C), corresponding to the transition from B-form to S-form
DNA, which is a characteristic transition that takes place when
DNA is overstretched beyond the normal length of B-form DNA
[24,25]. The conclusion that the DNA has undergone the B–S transi-
tion is corroborated by the reversible, linear increase in YOYO1 fluo-
rescence signal that begins when the DNA was stretched more than
�1.5-fold beyond the mean extended contour length (hXi/L) for B-
form DNA (Fig. 3A, compare middle and lower panels; Fig. 3B and
C, inset). Previous studies have suggested this increase in signal
intensity occurs because YOYO1 more readily intercalates between
base pairs when the DNA is stretched to S-form [12]. The B–S tran-
sition occurs at a force of�65 pN [24,25], thus we infer that the mul-
ti-anchor DNA molecules can withstand at least this amount of force
without detaching from the bilayer. Once DNA has undergone the B–
S transition, small increases in force induce significant increases in
DNA length [24,25], and as a consequence we could not measure
the maximum amount of force the multi-anchor DNA molecules
could withstand before being pulled free from the bilayer.

3.3. Combined TIRF-trap measurements with RNA polymerase

The TIRF-trap microscope offers the ability to visualize proteins
and DNA while concurrently observing their responses to applied
force. As a proof-of-principle, we examined the force-induced re-
sponse of quantum dot (QD) tagged RNA polymerase (RNAP)
(Fig. 4A and B). QD-RNAP was injected into the sample chamber
and allowed to bind to the DNA curtains, as described [17]. A
bead-labeled DNA was then trapped and flow was terminated. To
confirm that the QD-tagged RNAP was bound to the bead-labeled
DNA, we moved the bead laterally and verified that QD-RNAP
tracked with the lateral movement of the YOYO1-stained DNA
(Fig. 4A). We next stretched and relaxed the DNA at a constant
speed of 4.8 lm s�1. Fig. 4A shows repeated extensions of a single
DNA bound by several molecules of QD-tagged RNAPs in a buffer
containing 25 mM KCl. At this low salt concentration QD-RNAP
bound to both specific and nonspecific sites, as expected [17]. At
low ionic strength both promoter-bound and nonspecifically-
bound RNAP remained on the DNA through multiple stretching
and relaxation cycles and the proteins remained bound even
though the DNA was stretched beyond the B–S transition
(Fig. 4A). We observed a total of 59 molecules of DNA-bound RNAP
(41 bound to promoter sites and 18 at nonspecific sites) at low io-
nic strength, and none of these proteins dissociated from the DNA
when it was stretched repeatedly beyond the B–S transition.

We next examined RNAP at a higher ionic strength. At 150 mM
KCl, most RNAP (93%, 28/30) was bound to the promoter sites, indi-
cating that nonspecific binding was suppressed at more physiolog-
ically relevant salt concentrations, as expected [17]. Approximately
39% of the promoter-bound RNAP (11/28) dissociated from the
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DNA during the stretching and relaxation cycles when the ionic
strength was increased to 150 mM KCl (Fig. 4B), yielding a lifetime
for the promoter-bound proteins of <1 min when the DNA was
stretched beyond the B–S transition. Interestingly, in the same flow
cells, RNAP bound to DNA lacking a bead and stretched only by
flow force (�0.5 pN) remained bound to the DNA for >7 min, as ex-
pected based on previous results [17]. These results show that
DNA-bound RNAP complexes are more readily destabilized when
the DNA template is stretched beyond the B–S transition under
physiological salt conditions.
The work described here involved development of a combined
TIRF-trap microscope for probing the physical properties of indi-
vidual DNA molecules aligned into DNA curtains at nanofabricated
barriers to lipid diffusion. This instrument allowed us to estimate
the force required to pull a single molecule of biotin-DPPE from a
supported lipid bilayer and also establishes methodologies neces-
sary for making force based measurements on the lipid-tethered
DNA molecules within the DNA curtains. The forces that maintain
lipids within lipid bilayers have been previously investigated both
at the experimental and theoretical levels [35,36]. Evans et al. re-
ported that the lipid rupture force is 20 ± 7 pN for receptor dissoci-
ation from the cell membrane using biomembrane force
spectroscopy [36], which is in excellent agreement with our re-
sults, supporting the conclusion that force-induced DNA detach-
ment from the DNA curtains reflects the extraction of single lipid
from the bilayer. The addition of multiple attachment point to
the bilayer allowed single molecules to be stretched with
P65 pN without being pulled free from the bilayer. However, the
primary advantage of DNA curtains as an experimental platform
lies in the ability to directly visualize hundreds of individual DNA
molecules, and to take full advantage of the statistical power of
DNA curtains will require future development of a system in which
multiple optical (or magnetic) traps that can be used to simulta-
neously capture all of the DNA molecules within a field-of-view.
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