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Force Measurements of a Single DNA Molecule
in the Collapsing Phase Transition
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The elastic force for a single DNA molecule (15.7 kilobasepairs) during a transition between an
elongated coil and a collapsed globule state was measured by dual-trap optical tweezers. Under
highly diluted conditions, the DNA concentration was 2nM in nucleotides, the force change in
a collapsing process and the elastic response in the collapsed state were observed at the single
molecule level. To induce the transition, a trivalent cation, spermidine, was used. Two types
of force changes in different timescales occurred in the intramolecular collapsing process; a fast
force change from about 0.2 to 0.9 pN within 20s, and a slow force change from 0.9 to 1.5pN
for 100s. After the force change, a force plateau at about 1.8 pN was observed in a stretching
process; however, after the process, the elastic response was the same as the one in a coil state.
This hysteresis indicates the existence of a metastable state such as a supercooling liquid state.
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It is known that multivalent cations induce the tran-
sition in the higher-order structure of a single DNA
molecule between an elongated coil and a collapsed glob-
ule state.’?) Many experimental®® and theoretical®?)
studies have examined the interplay between multiva-
lent cations and DNA. Although theory predicts that
the transition can be discrete for stiff polymers,!% 11 in-
cluding double-strand DNA molecules, experimental re-
sults have indicated that it becomes very steep but is
still continuous with respect to the concentration of con-
densing agents.™?) Single molecule observations by flu-
orescence microscopy have shown that the transition is
discontinuous, i.e., a first-order phase transition at the
single molecule level, and it is continuous for the en-
semble average.!2"14) These experiments verify the dis-
crepancy between theory and experiment. Since the
elastic force and the extension of a polymer chain are
considered as the pressure and volume of gas/liquid, re-
spectively, the coil-globule transition in a polymer chain
resembles a gas-liquid phase transition. Although sin-
gle molecule observation by fluorescence microscopy is a
powerful method to investigate the coil-globule transition
at the single molecule level, it is difficult to determine
the practical force which the molecule is subjected to in
the transition. Force measurements of the single DNA
molecule enable the investigation of the elastic behavior
during the transition and permit the calculation of the
energy required for collapsing the molecule directly from
the measurements.

In the present study, the elastic force for a single DNA
molecule in the coil-globule transition induced by sper-
midine, a trivalent cation, was measured using dual-trap
optical tweezers. Two types of force changes in different
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timescales were observed during an intramolecular col-
lapse. After the intramolecular collapse, a force plateau
was observed in the molecule stretched process at first.
The force plateau indicates the existence of a coil-globule
bimodal state in a single DNA molecule. However, after
the first stretching, the extension response to the force
in the stretched and relaxed processes was the same as
that in a coil state. It is expected that a metastable state
such as the one of supercooling liquid was observed.
DNA molecules were prepared by PCR amplifica-
tion and tethered between two kinds of protein-coated
polystyrene beads to prevent both ends of a single DNA
molecule from attaching to the same bead.!®) Both ends
were labeled using 5’ end-labeled primers; one was la-
beled with biotin (Takara, Japan) and the other was
labeled with digoxigenin (Takara, Japan). The re-
action was performed using DNA polymerase LA-Taq
(Takara, Japan) and A-phage DNA as a template. Af-
ter agarose gel electrophoresis for amplified fragments,
DNA molecules whose contour length L = 5.3 ym, 15.7
kilobasepairs (kbp), were purified. Streptavidin (Vector
Laboratories, USA) was coupled to 2.0-pum-diameter car-
boxylated polystyrene beads (Polyscience, USA) accord-
ing to the manufacturer’s protocol and anti-digoxigenin
(Boehringer Mannheim, Germany) was coupled to 3.0-
pm-diameter beads by the same method. DNA frag-
ments were mixed with two kinds of protein-coated beads
in buffer solution (10 mM Tris-HCl, pH 7.0); the ratio of
the number of beads to DNA molecules was 1:1~1:10.
After 1h incubation at room temperature, the mixed
solution was highly diluted by the same buffer solu-
tion to prevent a multimolecular aggregation. The final
concentration of DNA was 2nM in nucleotides. Dur-
ing force measurements, DNA-beads solution was intro-
duced into a sample cell made of two glass coverslips
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Fig. 1. Schematic diagram of experimental setup. To generate

dual optical traps an infrared Nd:YAG laser (1064 nm, 450 mW
in max., CrystaLaser, USA) was used. The laser beam was
passed through a quarterwave plate and divided in two by polar-
izing beam splitters (BS). The position of one beam was fixed and
the other one was moved by altering the angle of the mirror with
a two-axis controller (Sigma Koki, Japan). A 100 xoil-immersion
objective lens (NA 1.4, Plan Apochromat, Zeiss, Germany) was
used. The temperature around the trapping spots was controlled
using a water circulator through the objective lens and immer-
sion oil. In the present experiments, the temperature was main-
tained at 23°C.

and a spacer. The spacer was a nitrile rubber o-ring
(diameter 17.5mm, thickness 1.5mm) and two nylon
tubes were connected to the spacer to exchange solu-
tion using a microsyringe. To minimize the adsorption
of DNA into the glass surface, coverslips were washed in
0.1 M KOH, distilled water (p > 18 MQ-cm) and ethanol.
Spermidine-3HCI (Sigma, USA) was prepared as 0.1 M
stock in distilled water and the final concentration was
prepared in buffer solution.

A single DNA molecule attached to beads was
stretched using dual-trap optical tweezers.!®16) A
schematic diagram of the experimental setup is shown
in Fig. 1. A 3-pm-diameter bead was always trapped by
a fixed beam, and DNA was stretched through a 2-pum-
diameter bead which was trapped by a moving beam.
Bead images were captured and analyzed on a computer
using NTH image software (developed by the US National
Institutes of Health). The extension of DNA was deter-
mined from the distance between the two bead centers
by subtracting the bead’s radius, and the force acting on
the molecule was determined from the displacement of
the 3-pm-diameter bead from the fixed beam spot. The
force was calibrated against the viscous drag on a bead
using Stokes law.
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Fig. 2. The f — x curve of a single DNA molecule (15.7kbp)

in buffer solution in stretched (solid circle) and relaxed (open
circle) processes. The extension response to an applied force is
well described as a WLC with P = 44nm and L = 5.1 um (solid
curve). Each data point is the average value for 10 measurements
within 10s and the error bar is its standard deviation.

It has been confirmed that the elastic behavior of a
single DNA molecule is well described by the wormlike
chain (WLC) model.'”-'®) An interpolation formula for
the WLC force f versus extension x is

P 1 1 =z
kT ~— 4(1—z/L)? 4 T (1)

where kg is the Boltzmann constant, P is the persis-
tence length and T is the absolute temperature. Figure 2
shows the force-extension (f —x) curve for a single DNA
molecule in the absence of spermidine. The data points
are fit by eq. (1) with P = 44nm and L = 5.1 ym. In this
case, when the DNA molecule was stretched and relaxed
there is no hysteresis on the f — x curve.

Next, for the same DNA molecule, after stretching
the molecule with the force ~5pN, the molecule was re-
laxed at 2.9 um. The elastic force in response to the
extension at this position was less than 0.4 pN. Then,
the solution in the sample cell was exchanged for 2 mM
spermidine using a microsyringe. This exchange was in-
troduced at ~0.6 ul/s. The force as a function of time
during the exchange of solution is shown in Fig. 3. Dur-
ing the exchange, a fast change of the force from about
0.2 to 0.9pN was observed within 20s. After the fast
change, the force slowly increased to about 1.5pN dur-
ing ~100s. The solution exchange was finished at 360s.
The amount of exchanged solution was less than the ca-
pacity of the sample cell. If the solution was homoge-
nized in the sample cell, the concentration of spermidine
was 700 uM; the exact concentration around the mea-
sured molecule might be higher than this value. This
concentration of spermidine is sufficient to collapse the
DNA molecule; for TADNA (166 kbp) it is about 200 uM
in 10mM Tris, 1mM NaCl at pH 5.2'? and the value
increases as the salt concentration increases.?) Since the
molecule was stretched at the extension of about 55% of
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Fig. 3. The force as a function of time every 0.7 s during and after

the exchange of the solution in the sample cell from only buffer
solution to 2 mM spermidine. The force was almost constant for
the first 260 s during the exchange. After about 270s, two types
of force changes in different timescales were observed: a fast
change within 20s and a slow one during ~100s. The solution
exchange was finished at 360s.

the contour length and the interaction between molecules
was negligible under the highly diluted condition, this
change of the force is due to the effect of an intramolec-
ular collapse.

Figure 4 shows the force-extension curve before and
after the solution exchange. The above force change
was observed at (A—B). When the DNA molecule was
stretched after the solution exchange a force plateau at
1.6~2pN was observed at (B—C). It is considered that
the force plateau indicates a coil-globule bimodal state
due to an intramolecular collapse. After the molecule
was stretched at D, the molecule was relaxed. In this
relaxed process, the force plateau could not be observed
(D—C—A). Then, the stretched and relaxed processes
were repeated; however, the force plateau could not be
observed (A=C=D). In this case, the f —z curve is well
fit in eq. (1) with P = 27nm and L = 5.0 yum. After the
intramolecular collapse, the hysteresis on the f —x curve
was observed in the stretched and relaxed processes.

On the basis of the above results, the work for extend-
ing the molecule against the tension was calculated both
for the coil-globule bimodal state (W},) and the coil state
(Wo).

Wb(c) = /; fd.’E, (2)

where z* denotes the extension at which the force re-
sponse coincides in both states (z* = 4.25 ym). Assum-
ing that a 1.8 pN force plateau can be observed at z < x*
for the coil-globule bimodal state and the f — x response
is described as WLC in eq. (1) with P = 27nm and
L = 5.0 um for the coil state, W}, — W, ~ 1.6 x 103 kgT.
This value corresponds to 0.10 kg7 /bp. Since the force
is only due to the elastic entropy for the coil state, the
excess work for the coil-globule bimodal state is due to
the attractive force between the molecule segments.
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Fig. 4. The f — x curve before and after the exchange of the

solution in the sample cell from buffer solution to 2mM sper-
midine. Before the exchange (open circle) the DNA molecule
was stretched at A. After the exchange the force increased at
B, and then the DNA molecule was stretched (solid square) to
D following the force plateau (B—C). When the molecule was
relaxed (open square) the force plateau could not be observed
(D—C—A). After reaching A, though the stretched (solid tri-
angle) and relaxed (open triangle) processes were repeated, the
force plateau could not be observed (A=C+=D). The solid line
describes the WLC in eq. (1) with P = 27nm and L = 5.0 um.

The two types of force changes that occurred in dif-
ferent timescales are considered as follows. In the pres-
ence of applied force, several globule structures might
be formed along a molecule, as seen in the presence of
an external electric field.'3) When the concentration of
spermidine reaches the threshold value where a molecule
is collapsed, the nucleation of the collapsed globule can
be induced at some positions along the molecule. The in-
tramolecular collapse proceeds at each position and small
collapsed modules are formed along the molecule. Then,
these modules interact with each other and further col-
lapsed structures are formed at several positions. It is
understood that the first process is faster than the last
one as the effect of the molecule thermal fluctuation is
taken into consideration. The process of DNA conden-
sation with multivalent cations (i.e., spermine and sper-
midine) is observed by light scattering; there are two
processes, a fast reaction in the millisecond time range
with the intramolecular collapse and a slow reaction with
the time constants of ~100s which is assigned to an in-
termolecular condensation.!® In our experiments, since
the concentration of DNA molecules was very low, the
interaction between molecules are negligible. However,
assuming that many small collapsed modules are formed
initially, the interaction between these modules can be
considered as multimolecular interactions which cause a
slow condensation.

The force plateau which was observed in the first
stretched process indicates a coil-globule bimodal state
in single DNA| because the molecule was prevented from
fully collapsing. This indicates that the coil-globule tran-
sition of a single DNA molecule induced by multivalent
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cations can be described as the same as that of the gas-
liquid phase transition. Recently, a force plateau was
observed by Baumann et al. in the presence of sper-
midine and hexaammine cobalt (III).2%) According to
their report, the force plateau was observed in both
stretched and relaxed processes for A-DNA (48.5kbp)
and both plateau and stick-release pattern for plasmid
DNA (3.8kbp). In the present experiments, however,
the hysteresis on the f — x curve was observed in the
stretched and relaxed processes although the salt concen-
tration and buffer solution are different from Baumann
et al.’s. The state between A and C in Fig. 4 represents
a metastable state such as a supercooling state of lig-
uid; in stretching and relaxing a polymer chain, it would
be a superrelaxed state. If this state is metastable, how-
ever, once the intramolecular collapse is induced by some
perturbation such as a small vibration or larger thermal
fluctuation, the force plateau would be observed again.
In fact, the reversible force plateau can be observed un-
der the same solution condition at high temperature in
our experiments.??) Moreover, the stretched and relaxed
processes were in a range much larger than the diame-
ter of the fully collapsed state which is expected. If the
molecule is more relaxed, since the thermal fluctuation of
the polymer chain increases, the intramolecular collapse
will reoccur.

To conclude, we measured the elastic force of a sin-
gle DNA molecule in the coil-globule transition induced
by a trivalent cation, spermidine. Two types of force
changes in different timescales were observed with an
intramolecular collapse. The hysteresis behavior in the
elastic response in a coil-globule bimodal state indicates
the existence of a metastable state.
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