
Published online 24 May 2015 Nucleic Acids Research, 2015, Vol. 43, No. 17 e113
doi: 10.1093/nar/gkv554

Disturbance-free rapid solution exchange for
magnetic tweezers single-molecule studies
Shimin Le1,†, Mingxi Yao1,†, Jin Chen1, Artem K. Efremov1, Sara Azimi2 and Jie Yan1,2,3,*

1Mechanobiology Institute, National University of Singapore, 117411, Singapore, 2Department of Physics, National
University of Singapore, 117542, Singapore and 3Centre for Bioimaging Sciences, National University of Singapore,
117557, Singapore

Received January 31, 2015; Revised April 15, 2015; Accepted May 15, 2015

ABSTRACT

Single-molecule manipulation technologies have
been extensively applied to studies of the struc-
tures and interactions of DNA and proteins. An
important aspect of such studies is to obtain the
dynamics of interactions; however the initial bind-
ing is often difficult to obtain due to large me-
chanical perturbation during solution introduction.
Here, we report a simple disturbance-free rapid
solution exchange method for magnetic tweezers
single-molecule manipulation experiments, which is
achieved by tethering the molecules inside microw-
ells (typical dimensions–diameter (D): 40–50 �m,
height (H): 100 �m; H:D∼2:1). Our simulations and
experiments show that the flow speed can be re-
duced by several orders of magnitude near the bot-
tom of the microwells from that in the flow cham-
ber, effectively eliminating the flow disturbance to
molecules tethered in the microwells. We demon-
strate a wide scope of applications of this method by
measuring the force dependent DNA structural tran-
sitions in response to solution condition change, and
polymerization dynamics of RecA on ssDNA/SSB-
coated ssDNA/dsDNA of various tether lengths un-
der constant forces, as well as the dynamics of vin-
culin binding to �-catenin at a constant force (< 5
pN) applied to the �-catenin protein.

INTRODUCTION

Over the past decades, single molecule manipulation meth-
ods have emerged as versatile and sensitive tools to inves-
tigate properties of DNA, proteins and their interactions.
Due to their capability of applying forces to molecules and
measuring molecular deformation at a nanometer resolu-
tion, they have become powerful tools to address important
questions in the emerging field of mechanobiology.

Optical tweezers and magnetic tweezers are two widely
applied technologies in single-molecule manipulation stud-
ies. Most of previous studies using these two technolo-
gies were conducted in the absence of flow to avoid me-
chanical perturbation that impairs high resolution single-
molecule measurements (1). As a result, data during so-
lution exchange often could not be recorded, causing loss
of important information regarding the initial conforma-
tion and binding dynamics in response to solution condi-
tion changes.

Several methods have been developed to probe the initial
binding for optical tweezers by quickly moving the trapped
bead and its attached molecule from one solution condition
to another in laminar flow, and the molecular binding was
monitored by fluorescence imaging (2,3). More recently, ad-
ditional method has been developed to avoid the influence
from the flow drag in the laminar flow by further moving
the bead attached molecule from the laminar flow into a
flow-free harbor which is connected to the laminar flow
through a thin neck (4,5). These rapid solution exchange
approaches have enabled optical tweezers to probe initial
binding dynamics of molecules in response to solution con-
dition changes.

However, the above bead-moving and laminar flow based
rapid solution exchange methods cannot be applied to typi-
cal magnetic tweezers experiments, as magnetic tweezers ap-
ply forces to a paramagnetic bead attached to molecules im-
mobilized on coverslip surfaces. Solution flow inevitably in-
troduces drag force to the tethered bead, resulting in loss of
measurement accuracy during flow exchange. High-speed
solution exchange makes things worse, as it would result
in large drag force to the bead that can cause large con-
formational perturbation to the molecule and cause tether
breakage. The scope of the applications of magnetic tweez-
ers would be greatly broadened if a rapid disturbance-free
solution exchange method could be developed.

In this work, we report a simple method to achieve rapid
disturbance-free solution exchange for magnetic tweezers
by tethering molecules at the bottom of microwells (typ-
ical dimensions tested in our experiments––diameter (D):
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40–50 �m; height (H): 100 �m) in a microwell array. Our
results show that complete solution exchange can take
place in the order of seconds, making it possible to obtain
early binding dynamics upon solution exchange at constant
forces. To demonstrate the wide scope of applications of this
method, we measured the force dependent DNA structural
transitions in response to solution condition changes, and
polymerization dynamics of RecA on ssDNA/SSB-coated
ssDNA/dsDNA of various lengths, as well as dynamics
of vinculin D1 domain binding to transiently exposed �-
catenin M1 domain under a low force, which were techni-
cally challenging in previous magnetic tweezers studies.

MATERIALS AND METHODS

Fabrication of the microwell array

The microwells were fabricated following the procedures de-
scribed in (6). Positive mould consisting of 40 �m-diameter,
100 �m-height microwells were constructed using UV light
lithography on a 4 inch silicone wafer with SU8 photo-
resist. The wafer was passivized by silanization and 10:1
PDMS mixture was casted on the SU8 wafer to form a
pillar-like negative mould. The PDMS mould was mounted
on a glass slide with the top of the pillar facing the slide
surface. Then UV curable polymer (OFN-134) was added
to the side of the mould and was allowed to completely fill
the gap between the PDMS mould and the slide. The slide
was then submerged in DI water cured under 200 W UV for
8 min. Then the PDMS mould was carefully lifted from the
assembly, leaving the cured polymer microwell membrane
on the slide for storage.

Flow channel design

A typical flow channel was assembled by sticking two pieces
of coverslips together by parafilm with a chamber volume
of ∼ 20 ul (22 mm (L) × 5 mm (W) × 0.2 mm (H)) (Fig-
ure 1A&B). The bottom coverslip (32 mm × 22 mm) was
functionalized with chemicals such as streptavidin for at-
taching biotin-labeled molecules of interest. The fabricated
array of polymer microwells was stuck to the center of the
bottom coverslip inside the flow channel. The channel was
placed on an in-house built magnetic tweezers that can ap-
ply a wide range of constant forces (7). One entry of the
channel was connected to a computer-controlled pump that
can draw solution from the channel to a syringe, while the
other entry was connected with a tube for flowing in new
solution (Figure 1C). Note that a flow speed in channel can
be roughly estimated by withdraw speed (unit of volume) di-
viding the channel size (W × H, unit of area). A preparation
protocol of flow channel with microwell array is included in
SI-text S1.

During the experiments, the molecules of interest were
tethered between the bottom coverslip surface and a para-
magnetic bead (2.8 �m-diameter Dynal bead (Invitrogen)
in our case) inside the microwells (Figure 1D). More details
of the magnetic tweezers used in this study and its applica-
tions can be found in our previous publications (7,8).

Flow dynamics simulation method

To evaluate flow dynamics inside the experimental cham-
ber, we used SOLIDWORKS Flow Simulation package to
solve the Navier-Stokes equation for the setup. In these cal-
culations we modeled the flow of buffer solution (density 1
g/cm3, dynamic viscosity 10−3 Pa s) in the central part of the
chamber (dimensions: 5 × 5 × 0.2 mm) containing a single
well with various dimensions (diameter 20–100 �m, height
40–200 �m). To estimate the upper bound of the flow veloc-
ity at the bottom of the well (where protein/DNA stretching
is performed) in the simulation we considered the extreme
case when the buffer solution is pumped into the chamber
at a very high speed (100 �l/s, ∼16 cm/s). The simulated
flow dynamics within the microwells are shown in Figure 2
and Supplementary Figure S1.

DNA and proteins

The end-labeled 576 bp dsDNA, 576 nt ssDNA, 600 bp
end-closed GC-rich DNA and 48,502 bp �-DNA are gener-
ated as previously described (9–12). The SSB and RecA pro-
teins are generous gifts from K. Muniyappa. The �-catenin
and vinculin proteins are prepared as previously described
(13,14).

RESULTS

Simulations of the flow dynamics in the microwell

We first searched for dimensions of the microwells such that
it could simultaneously achieve disturbance-free and rapid
exchange between the solution in the microwell and that in
the channel. The former requires high height-to-diameter
(H:D) aspect ratio while the latter requires low height of
the microwell (Figure 1D). The flow dynamics in the mi-
crowells in the presence of flow with constant velocity in the
channel was simulated using Flow Simulation package from
SOLIDWORKS (Methods). We found that microwells with
diameters of 20–100 �m with an aspect ratio of H:D ∼2:1
could meet our need.

As shown in Figure 2, for microwells with diameters of
20–100 �m and a fixed height of 100 �m, when a high-speed
flow of 100 �l/s (∼16 cm/s) was applied in the channel, flow
vortices are developed at the upper level of the microwells,
while the flow speeds are reduced significantly near microw-
ell bottom. For example, for microwells with diameter of
40–50 �m and height of 100 �m (H:D ∼ 2:1), the flow speed
is drastically reduced by ∼106-folds (< 0.1 �m/s) within
20 �m from the bottom. Hence the flow perturbation on
the tethered molecules (with extension < 20 �m for most
of single-molecule experiments) at the bottom is negligible.
In addition, the simulated flow dynamics of microwells with
40–200 �m heights at a fixed H:D ratio of 2:1 (Supplemen-
tary Figure S1) consistently shows drastically reduced flow
speed near bottom of microwells. Further, we estimated the
complete solution exchange takes a time scale of several sec-
onds for these microwells (SI-text S2, Supplementary Table
S1).



PAGE 3 OF 9 Nucleic Acids Research, 2015, Vol. 43, No. 17 e113

Figure 1. Microwell array and flow channel design. (A) Schematic of flow channel with a middle area covered by a thin microwell array. z- denotes the force
direction, x–y plane denotes the focal plane. (B) A part of microwell array (D: 40 �m; H: 100 �m) covered area imaged using a 20X objective (left panel)
and a DNA tethered bead at the bottom of a microwell imaged using a 100X objective (right panel). (C) A sketch of the instrument design. Solutions are
added to the flow channel entry at the left, while a pump withdraws the solution from the exit at the right. Force is applied to tethers by a pair of magnets
placed above the channel. (D) Sketches of the cross-section of the flow channel (top panel) and a tethered molecule at the bottom of a microwell (bottom
panel). A reference bead stuck to the coverslip surface used to eliminate spatial drift is also shown.

Experimental validation of disturbance elimination in the mi-
crowell

According to the above simulations, the flow velocity is dra-
matically reduced to a negligible level near the bottom of the
microwells in the presence of high-speed flow in the chan-
nel. We tested this prediction by monitoring the position of
a 2.8-�m-diameter paramagnetic bead attached to one end
of single dsDNA tethers before, during and after a flow of
60 �l/s (∼10 cm/s) was applied at constant forces generated
by the magnets. Figure 3A show results obtained from sin-
gle dsDNA tethers with various contour lengths (top: 576
bp; middle: ∼3.5 kbp, bottom: ∼48.5 kbp), where the flow
in channel has negligible perturbation to the extensions of
tethered molecules for all the molecules, consistent with the
simulation results. As such, the designed microwell array
is suitable for magnetic tweezers single-molecule manipu-
lation experiments with disturbance-free rapid solution ex-
change.

Quantification of the solution exchange time scale

In order to quantify the exchange rate between solution
in the microwells and that in the channel, we measured
the characteristic relaxation time of the ssDNA extension
change in response to salt concentration change. Being a
highly charged flexible polymer, the force-extension curve of
ssDNA has been known highly sensitive to salt concentra-
tion (9,15). At the same force, an ssDNA has a longer exten-
sion in lower salt concentration due to electric repelling and
shorter extension in higher salt concentration due to electric
screening. Utilizing this property, we examined the exten-
sion change time course of single 576 nt ssDNA tethers dur-
ing switching between 20 mM Tris without other salts and
20 mM Tris with 100 mM NaCl, 5 mM MgCl2 (Figure 3B).
The results show that it took ∼5 s (salt concentration in-
crease) to ∼10 s (salt concentration decrease) for the ssDNA
to be relaxed to a new steady extension level upon solu-
tion exchange in the channel, indicating that the microw-
ell is capable of rapid complete solution exchange within
several seconds during high speed solution introduction in
the channel, consistent with our theoretical estimation (SI-
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Figure 2. Simulated flow dynamics inside the microwells. (A–C). Flow dynamics inside microwells with a fixed height of 100 �m and various diameters
from 20 �m to 100 �m (from left to right), with different flow speed scale bars. In the simulations, the flow speed in the center of the channel is set at 100
�l/s (∼16 cm/s). The details of the simulations are described in the methods section.

text 2 and Supplementary Table S1). The slightly longer
time scale involved in the salt-decrease induced ssDNA ex-
tension elongation than ssDNA extension reduction during
salt increase can be explained by a longer time needed for
decreasing than increasing salt concentration (SI-text S3).

Interconversions between force-dependent DNA structures in-
duced by salt concentration change

In this and following sections, we demonstrate the appli-
cations of this disturbance-free, rapid solution exchange
method by probing the force dependent DNA struc-
tural transitions in response to solution change, and the
polymerization dynamics of RecA on ssDNA/SSB-coated
ssDNA/�-DNA, as well as binding of vinculin D1 domain
to transiently exposed �-catenin M1 domain under a low
force (∼2 pN).

Tensile force of ∼ 65 pN can induce a so-called DNA
overstretching transition for torsion-unconstrained DNA,
elongating the contour length of B-DNA by about ∼ 1.7

fold (16,17). Later studies have revealed three possible over-
stretched DNA structures (18–34): 1) peeled ssDNA––a
DNA strand peeling apart from the other at open ends
or nicks to produce a ssDNA under tension while the
other coils; 2) DNA bubble––two DNA stands separating
from inside to produce two antiparallel ssDNA sharing ten-
sion; and 3) S-DNA––a new form of elongated, base-paired
DNA.

The relative stability of different DNA structures is highly
sensitive to environmental factors that influence DNA base-
pair stability such as sequence, temperature and salt con-
centration (31–35). Therefore, their inter-conversions can
be induced by changing these factors while maintaining a
constant force applied to the DNA, as demonstrated in a
recent study through changing salt concentrations (36). Sur-
prisingly, in that study, the NaCl concentration decrease in-
duced B-to-S transition took > 40 s to finish, which was
> 10 times slower than that observed in previously re-
ported force-induced B-to-S transition at a constant NaCl
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Figure 3. Experimental test of the performance of the disturbance-
elimination method. (A) Representative extension time traces of ds-
DNA molecules with three different contour lengths (top––576 bp;
middle––∼3.5 kbp; bottom––∼48.5 kbp) at the bottom of a microwell
(H: 100 �m; D: 40 �m) before, during and after introduction of a flow
with speed of ∼10 cm/s. The horizontal blue arrows indicate the period of
flow. The results show that the extension fluctuation is not affected by the
flow. (B) Representative extension time traces of a 576 nt ssDNA switched
between a low salt concentration (20 mM Tris without other salts) and
a higher salt concentration (20 mM Tris with 100 mM NaCl and 5 mM
MgCl2), which indicates a time scale of several seconds needed for com-
plete solution exchange between fluids in the microwell and in the channel.
The blue dash boxes indicate the periods of solution exchange.

concentration. We reason that this slow salt decrease in-
duced B-to-S transition was caused by the slow solution ex-
change (> 5 minutes) that was needed to avoid flow per-
turbation in that study. To test it, we used the disturbance-
free rapid solution exchange method to revisit the dynamics
of inter-conversions between B-DNA and S-DNA induced

by increasing/decreasing NaCl concentrations under a con-
stant force.

Figure 4A shows the extension change of a 600 bp
GC-rich torsion-unconstrained, end-closed DNA, being
held at a constant force of ∼ 60 pN at 23o, induced
by decreasing/increasing NaCl concentration between 250
mM and 0 mM in 20 mM Tris (pH 7.4). We observed inter-
conversion between the B-DNA at 250 mM with a shorter
extension and an overstretched DNA structure at 0 mM
NaCl with an elongated extension by ∼ 1.6 fold. Due to
the use of the end-closed (therefore peeling is pre-excluded)
GC-rich DNA, the overstretched form is likely the S-DNA,
which could be mixed with some small fraction of internally
melted DNA (32,35).

Such DNA structural interconversion induced by
decreasing/increasing NaCl concentration was highly
reproducible, which took place immediately upon solution
exchange and completed within ∼ 3 s (during salt decrease)
and ∼ 0.3 s (during salt increase). Given that it takes ∼ 5
s for complete solution exchange in our system, the result
indicates that the actual transition dynamics are faster than
the observed time scales. The longer time scale involved
in the salt-decrease induced DNA elongation transition
than that in the reverse transition during salt increase
can be explained by a longer time needed for decreasing
than increasing salt concentration (supplementary SI-text
S3) and/or due to that the critical salt concentration
for the transition might not be in the middle of the two
concentrations we tested.

The polymerization dynamics of RecA on ssDNA

RecA is a crucial recombinase in bacteria that plays a crit-
ical role in homologous recombinational DNA damage re-
pair. It nucleates and polymerizes on ssDNA, forming a
rigid extended helical nucleoprotein filament (9,10,37–40).
RecA binds to ssDNA with a high affinity of ∼ 100 nM and
polymerizes with high cooperativity in a preferential 5′-to-3′
direction (37). RecA filament can also polymerize on one ss-
DNA strand inside a double-stranded DNA (10,37). Due to
a high nucleation barrier and slowed-down polymerization
rate inside dsDNA, its polymerization was able to be mea-
sured from 2 to 20 monomers/s on micrometer sized DNA
(37,38,41,42). In contrast to dsDNA, due to decreased nu-
cleation barrier and faster polymerization rate, the dynam-
ics of RecA polymerization on ssDNA has been difficult
to be probed in previous single-ssDNA stretching experi-
ments. To our knowledge, there was only one single-ssDNA
stretching experiment reporting the polymerization dynam-
ics of RecA, which was achieved using a long ssDNA (7.3
kb) that allowed a longer time of observation (40). Here we
show that the RecA nucleation and polymerization dynam-
ics can be conveniently recorded on much shorter (∼ 600
bp) ssDNA (therefore better signal-to-noise ratio in exten-
sion measurements) using the microwell based disturbance-
free rapid solution exchange method.

Figure 4B shows a typical time trace of the extension of
a 576 nt ssDNA under a constant force of ∼ 11.5 pN, be-
fore, during and after 200 nM RecA was introduced with
a flow speed of ∼7 mm/s, in the standard RecA reaction
buffered solution containing 50 mM NaCl, 10 mM MgCl2,
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Figure 4. Representative applications. (A) Interconversions of a ∼ 600 bp end-closed GC-rich dsDNA between the B-form and the overstretched S-form
DNA structures induced by salt concentration change at a constant force of ∼ 60 pN. During cycles of switching between 250 mM and 0 mM NaCl in
20 mM Tris (pH 7.4), the DNA extension correspondingly switched between a shorter level (B-DNA) in 250 mM NaCl and a longer level (S-DNA) in 0
mM NaCl. The orange dash boxes indicate the time windows during rapid solution exchange. (B) A typical extension time trace of a 576 nt ssDNA before,
during and after 200 nM RecA (with 1 mM ATP, 1x ATP regeneration system, 50 mM NaCl, 10 mM MgCl2, 20 mM Tris pH 7.4) was introduced at a
constant force of ∼ 11 pN. (C) A typical extension time trace of a 576 nt SSB-coated ssDNA before, during and after solution containing 1 �M RecA and
1 �M SSB (with 1 mM ATP, 1x ATP regeneration system, 50 mM NaCl, 10 mM MgCl2, 20 mM MES pH 6.2) was introduced at a force of ∼ 6.5 pN. For
B&C, schematics of the RecA polymerization process are shown in figure panels. (D) A representative extension time trace of a 48.5 kbp �-DNA before,
during and after 1 �M RecA (with 1 mM ATP, 1x ATP regeneration system, 50 mM NaCl, 10 mM MgCl2, 20 mM MES pH 6.1) was introduced at a
constant force of ∼ 10 pN. The solution was introduced within 10 s at the beginning of the time trace. The spike at ∼ 240 s is due to transient diffusion of
a polystyrene bead into the view area that affected the bead imaging. (E) A representative time trace of the extension of an �-catenin MI domain tether
during and after rapid introduction of 100 nM vinculin D1 solution at a constant low force of ∼ 2 pN. The short-lived spikes in 0–400 s are transient
unfolding of the �-catenin MI domain. A vinculin D1 molecule binds to transiently exposed �-catenin MI domain at ∼ 400 s, stabilizing it in the unfolded
state, as illustrated in the bottom panel. Blue dash boxes in panels B–E indicate the flow periods.
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1 mM ATP, 1x ATP regeneration system and 20 mM Tris-
HCl (pH 7.4), at 23◦C. The polymerization of RecA be-
gan several seconds after the complete solution exchange of
RecA solution. We reason that the several seconds lag time
(indicated by the magenta line) corresponds to the time for
RecA nucleation, as it has been known that RecA polymer-
ization requires a nucleation step (37). The elongation of the
ssDNA extension is due to formation of the rigid RecA nu-
cleoprotein filament (bending persistence of RecA filament
is ∼ 1000 nm (40)).

The progressive elongation shows an interesting jump-
pause-like dynamics of RecA polymerization (indicated by
orange arrows). We reason that the jump corresponds to a
cooperative polymerization from a newly nucleated RecA
patch till the canonical polymerizing end (the 3′ end) (37)
reached the end of ssDNA, or reached the 5′ end of an ex-
isting downstream RecA filament. Each pause can be ex-
plained to be the time for formation of a new nucleation
site. Overall, the results are consistent with previously re-
ported cooperative nucleation and polymerization of RecA
on ssDNA (37).

It took about 60 s to reach a steady elongated exten-
sion with a total extension increase of ∼ 80 nm. It has
been known that in RecA-ssDNA nucleoprotein filament,
a RecA monomer occupies 3 nt of ssDNA. Therefore, our
result of fully polymerization on the 576 nt ssDNA reveals
an overall polymerization rate of 3 ± 1 monomer s−1 (calcu-
lated from three independent experiments) in 200 nM RecA
solution under our solution condition. Given that multi-
ple nucleation sites might exist in the 576 nt ssDNA, the
observed overall polymerization rate might be greater than
that of a single filament.

Dynamics of RecA loading onto SSB coated ssDNA

In bacteria, newly generated ssDNA fragment is immedi-
ately bound by SSB to prevent the formation of secondary
structure or ssDNA degradation. The nucleoprotein array
formed on ssDNA by SSB on one hand facilitates RecA
loading onto ssDNA by removal of secondary structure, on
the other hand suppresses the RecA filament formation due
to the energy cost to remove the SSB on ssDNA (37). The
dynamics and kinetics of RecA loading onto SSB coated
ssDNA therefore are physiologically important. Recently,
the RecA loading onto SSB coated ssDNA was probed us-
ing combination of optical traps and fluorescent dynamic
imaging in the presence of laminar flow, which revealed
a bi-directional (5′-to-3′ and 3′-to-5′) loading processes of
RecA onto SSB-coated ssDNA (2). Here, we demonstrate
fluorescence-label-free measurements of the dynamics of
RecA loading onto SSB-ssDNA nucleoprotein array using
the disturbance-free rapid solution exchange method with
magnetic tweezers.

In the experiments, a fully covered SSB nucleoprotein ar-
ray was formed on ssDNA by incubating the ssDNA tether
with 1 �M SSB (in standard RecA reaction solution at
pH 6.2) at ∼ 6 pN. Then, a mixture of 1 �M SSB and 1
�M RecA was introduced. The extension of ssDNA was
recorded before, during and after the introduction of the
protein solution (Figure 4C). After a lag phase of ∼ 200
s (indicated by magenta line) following the protein intro-

duction, the extension began to gradually increase with-
out apparent pause-jump-like dynamics observed in the ab-
sence of SSB. It took ∼ 400 s till RecA fully covered the
ssDNA. From the extension time traces, a loading rate of
∼ 0.5 monomer s−1 was estimated, which is consistent with
recent reported speed of 0.1–1 monomer s−1 by fluorescent
dynamic imaging using optical tweezers (2).

Multiple independent experiments revealed that the lag
time before RecA loading onto SSB-coated ssDNA is over
∼10-folds longer than that of loading onto naked ssDNA.
Further, the growing rate of RecA filament on SSB-coated
ssDNA is ∼ 10 folds slower than that on the naked ss-
DNA. These results indicate that SSB imposes a large en-
ergy barrier for both RecA nucleation and polymerization
on ssDNA. Moreover, the lack of apparent jump-pause-like
nucleation and polymerization dynamics of on SSB coated
ssDNA indicates that the growing dynamics is likely re-
stricted by removing the SSB from ssDNA, which reduces
the level of polymerization cooperativity. Overall, these re-
sults demonstrated that the disturbance-free solution ex-
change method provides magnetic tweezers with new capa-
bility to investigate the dynamics of complex interplay be-
tween ssDNA processing proteins.

The polymerization dynamics of RecA on long double-
stranded �-DNA

To demonstrate that the disturbance-free rapid solution ex-
change method is also suitable for longer tethers, we used
RecA polymerization dynamics on long �-DNA (48,502 bp,
∼ 16 �m) as an example. As shown in Figure 4D, after RecA
solution (1 �M) was introduced, there was a lag phase of
over 200 s before RecA polymerization started. This long
lag phase likely corresponds to nucleation of RecA inside
dsDNA. After the nucleation step, RecA began to polymer-
ize on the dsDNA, indicated by progressive extension in-
crease of the dsDNA with a rapid growth phase followed
by a slowly growing phase after a transition point (indi-
cated by orange arrow in Figure 4E). These observations
are consistent with previous observations (37,38,41,42). To-
gether, these results demonstrate that this method is capable
to probe dynamics of DNA and DNA-protein interactions
over a wide range of length scales.

Dynamics of conformational change and interactions of
mechanosensing proteins

Fine-tuning transmission of mechanical load from cell to
extracellular matrix (ECM) and from cell to cell is essential
for cell survival, growth and migration (43). Recent stud-
ies have uncovered a set of mechanosensitive proteins that
are a part of the linkage between the cytoskeleton and cell
adhesions (43). They are responsible for sensing mechani-
cal force and regulating cell-ECM and cell-cell adhesions.
Such proteins are often activated at low forces (e.g. ∼ 5 pN
for talin and �-catenin) (13,14), leading to a difficulty in
single-molecule studies of the activation of these proteins.
This is because the drag force during solution introduction
can easily exceed 5 pN that may cause uncontrolled activa-
tion of such proteins. Here, we demonstrate the application
of the disturbance-free rapid solution exchange method to
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investigate the dynamics of vinculin binding to �-catenin
that plays crucial mechansensing function at cell-cell junc-
tion, at a constant force (< 5 pN) applied to �-catenin.

Figure 4E shows a typical time trace of a tether of �-
catenin central domain composed of a vinculin binding do-
main MI followed by the so-called modulation domains MII
and MIII (13), under a constant force of ∼ 2 pN after rapid
introduction (∼10 cm/s) of 100 nM vinculin D1 domain so-
lution in the channel. The vinculin D1 is known binding to
a single �-helix masked inside the folded �-catenin MI do-
main, and its binding requires unfolding of the MI domain
at forces > 5 pN (13) (illustration in Figure 4E). At 2 pN, the
�-catenin MI domain is predominated in the folded confor-
mation, with a very low unfolding probability of only 10%
(13). Such rare unfolding events are indicated by the spikes
in the extension (blue arrow in Figure 4E).

An interesting question is whether such transiently un-
folded conformation could expose the vinculin-binding site
for the vinculin D1 binding. Our experiments showed that
the vinculin D1 indeed could bind to the transiently exposed
vinculin binding site at 2 pN, indicated by the stable elon-
gated extension after binding occurred (Figure 4E, red ar-
row). The unfolded conformation of the �-catenin MI was
locked by a stably bound vinculin D1 domain, indicated by
the stable extension remained at the unfolded level for more
than 10 minutes. Note that the top panel of Figure 4E is
adapted from our previous publication (13). This example
also demonstrates the advantage of the method; otherwise,
unwanted unfolding of the �-catenin MI would occur due
to drag force during rapid introduction of vinculin D1 so-
lution.

DISCUSSION

In this work, we report a simple yet useful method that al-
lows disturbance-free rapid solution exchange for magnetic
tweezers single-molecule manipulation studies. We show
that the flow speed can be dramatically reduced to a neg-
ligible level near the bottom of a microwell in an array
while maintaining a high-speed flow in the channel, which
enables complete solution exchange between the microwell
and channel within 5–10 s. To our knowledge, this is the
first implementation of disturbance-free rapid solution ex-
change that is suitable for magnetic tweezers experiments.

We have used several examples to demonstrate the wide
scope of its applications to obtain the dynamics of: (i) DNA
structural changes in response to salt concentration change
under constant force, (ii) RecA polymerization on naked
ssDNA/SSB-coated ssDNA/long dsDNA upon RecA so-
lution was introduced and (iii) vinculin D1 domain bind-
ing to a transiently exposed �-catenin M1 domain under a
low force of ∼ 2 pN. The dynamics of molecular structural
changes or interactions revealed in these examples would
be difficult to be obtained without implementation of the
disturbance-free rapid solution exchange method. Thus, we
believe that this method will make magnetic tweezers a more
versatile single-molecule manipulation tool.
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