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Single-molecule studies of DNA andDNA–protein interactions
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Abstract

Two experiments are described that examine the properties of a single DNA molecule. The experimental system is based
on optical tweezers and on a protocol that allows to attach one end of the DNA molecule to the bottom of the sample and the
other to a bead of micron size. First, the reaction of the RecA protein with DNA is monitored in a particular DNA molecule.
This is made possible by the fact that the DNA is locally extended by a factor of 1:5 whenever a RecA molecule binds.
Second, we monitor the dynamics of a DNA molecule as it relaxes from a fully stretched state to the coil con�guration.
? 2001 Elsevier Science B.V. All rights reserved.

PACS: 87.15.−v; 87.15.By

Keywords: Single-molecule biophysics; DNA–protein interactions; Optical tweezers

1. Introduction

Molecular Biology relies on biochemical methods
whereby macroscopic amounts of the various com-
pounds are being mixed yielding chemical reactions.
Recently, however, a variety of techniques were devel-
oped that enable manipulation and observation of sin-
gle molecules, and, in particular, biological molecules
like DNA. These techniques combine high-precision
optical methods with the latest developments in molec-
ular biology. In the group of Bensimon [1], magnetic
beads were used to modify the twist of dsDNA and
study the resulting changes in its elastic properties. In
the context of molecular motors, an optical tweezer
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system of nanometer precision was used to monitor
the motion of kinesin on microtubules showing that
it consists of steps that are 8 nm in size [2,3]. Other
molecular motor systems were also studied [4,5]. The
elastic properties of DNA were studied in various
force ranges and salt concentrations [6–9]. In an in-
teresting experiment, the dsDNA was slowly opened
up by pulling the two strands apart. The force required
to separate the strands was monitored and found to be
larger in the (G–C)-rich regions of the DNA [10].
Single DNA stretching experiments were performed

using micropipettes, electric or magnetic �elds and
optical tweezers. In our approach [9,11], we attach
individual molecules that are tens of microns long
(but only 2 nm thick) to the cover slip at one end
and to micron size beads at the other end. Using
an optical tweezer to trap the bead, this arrangement
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Fig. 1. The experimental setup.

allows to stretch the DNA by pulling on the bead
(Fig. 1).
The optical tweezer consists of a strongly focused

laser beam [12,13]. The focusing is typically achieved
using a high-numerical aperture microscope objective.
At the focus, the forces of the light due to di�raction
on a small transparent object are all oriented inwards
such that the object experiences light trapping. The
trapped object can be moved with high precision by
corresponding changes in the position of the focus
making the optical tweezer a delicate manipulation
technique.
Consequently, the tension in the DNA �lament can

be measured as a function of the extension, z, by mon-
itoring the position of the bead within the optical trap.
Speci�cally, knowing the shape of the trapping po-
tential one can relate between the force that the DNA
exerts on the bead, FDNA, and the corresponding dis-
placement of the bead from the bottom of this poten-
tial, dx. The value of dx can be obtained from the
changes in the intensity of scattered light from the
bead of a laser beam, an approach analogous to that
used in atomic force microscopy (AFM). Such ex-
periments yield the force–extension curve, FDNA(z),

which was found to be in agreement with the theoret-
ical predictions from a worm like chain model. The
force–extension curve and other related properties of
the DNA were measured in quite a few di�erent ex-
perimental con�gurations and for a wide variety of
parameter values. The single DNA molecule method
is presently a well-established technique that can be
used as a powerful instrument to probe various pro-
cesses in which the DNA plays a role.

2. DNA–protein interactions

The single DNA molecule techniques were used
in order to monitor the reaction between a DNA
molecule and the RecA protein (molecular weight
37.8 kDa). RecA plays an essential role in bacterial
recombination [15–17]. In particular, it mediates the
strand exchange reaction whereby a single-stranded
DNA (ssDNA) replaces the homologous strand on
a double-stranded DNA (dsDNA) [18–20]. From in
vitro measurements it was found that RecA poly-
merizes both on single-stranded and double-stranded
DNA in the presence of ATP (or ATP-S). RecA
monomers also polymerize in the absence of DNA.
Depolymerization of RecA is thought to occur via
hydrolysis of ATP [21–24]. Accordingly, an impor-
tant control in this system is the use of ATP-S, a
non-hydrolizable form of ATP. When used it pre-
vents RecA from disassembling. DNA is structurally
modi�ed by its association with RecA. It is stretched
by a factor of 1.5 with respect to the naked form and
has a twist of 20◦ per base pair (bp) instead of 35◦ in
dsDNA [18,25].
In this work we directly measured the kinetics of

polymerization of RecA on a dsDNA and the result-
ing changes in the entropic elasticity of DNA [11].
Single-molecule measurements of the role of ATP
hydrolysis in RecA polymerization were performed.
First, force–extension measurements were performed
during the various stages of the RecA assembly pro-
cess along DNA [14,11]. This allows to deduce the
changes in the persistence length, A, of the DNA
molecule. We �nd that A increases monotonically as
a function of coverage such that at maximal RecA
coverage it is about 4 times larger than in the naked
form. Second, the length of the DNA–RecA complex
is measured at small time intervals both for the case of
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Fig. 2. The relative change in the length of DNA during the
assembly of RecA on DNA in the presence of ATP (bullets).

Fig. 3. The relative change in the length of DNA during the
assembly of RecA on DNA in the presence of ATP-S (bullets).
The curve represents the theoretical model. A schematic illustration
of the corresponding mechanism is shown in the inset.

RecA–ATP and RecA–ATP–S reactions. One thus
monitors the detailed kinetics of the reaction. For
RecA–ATP, nucleation is relatively slow and the
growth is fast (see Fig. 2); the opposite is observed
for RecA–ATP-S, namely, nucleation faster than
growth (see Fig. 3). In parallel, this reaction was also
followed at the macroscopic level via a 32P isotope
ATPase assay from which the [ATP]

/
[ADP] ratio

is monitored throughout the experiment. In the ATP
reaction, the length of the polymer increases �rst to
1.5 its original contour length and, after some time,
reverses slowly to its original size by RecA depoly-
merization. This reversal starts for an [ATP]

/
[ADP]

ratio of about 5 and ends at a value of about 0.25,
clearly associated with ATP hydrolysis. On the other

hand, the dynamics of the ATP-S reaction lacks the
depolymerization phase. Furthermore, we have shown
that the dynamics of both the ATP and ATP-S can
be well described by a nucleation and growth model.

3. Can we see single-protein events ?

In the experiments we performed, the variation in
the length of the DNA was obtained from the im-
age processing of the video recording. The resolution
of this approach is ≈ 0:13�m which, in turn, corre-
sponds to the e�ect of about 250 RecA monomers.
Accordingly, the theoretical model of Fig. 3 relies on
mean-�eld equations. In other words, uctuations are
too small to be of consequence. In order to study those,
one needs to increase the resolution of the measure-
ment. This can be done by either improving the image
processing or using a second laser beam which scat-
ters o� the bead. This way one can reach a resolution
of about 20 nm corresponding to 40 RecA monomers.
At this scale, further accuracy is prevented by the ther-
mal uctuations of the bead. While time averaging can
be used to further improve spatial resolution one is
paying for this with time resolution which is equally
important. The 20 nm thermal limit is related to the
sti�ness of the tweezer potential which cannot be made
signi�cantly larger. We are presently developing an
alternative approach which will allow us to monitor
the polymerization process with the accuracy of a sin-
gle monomer binding event. It uses the fact that in ad-
dition to extending the length of the DNA the RecA
also partially unwinds the DNA such that the twist per
base pair that is 35◦ for naked DNA is decreased to
only 20◦. Therefore, during the entire polymerization
process which takes about 1 h, the bead at the end of
the DNA rotates about 2000 times. We suggest using
aspherical beads in order to obtain the time sequence
of the individual protein-binding events. The corre-
sponding rotation can be detected either by analyzing
the video recording or from a laser beam that scatters
o� the bead.

4. DNA dynamics

We measure the relaxation dynamics of the single
DNA molecule by pulling the tethered bead with the
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tweezer all the way to the escape point and turning
o� the laser. When the optical trap is no longer active
the bead moves due to the force exerted by the DNA
and against the friction from the surrounding uid.
The DNA tends to relax back to its coiled con�gura-
tion in order to increase entropy. To model the force
extension-curves for naked DNA, Marko and Siggia
[26] used a worm like chain model. A good approxi-
mation to their result is

FDNA(z) =
kT
A

(
z
L
+

1
4(1− z=L)2 −

1
4

)
; (1)

where k is the Boltzmann constant, T the temperature,
L0 the contour length and A the persistence length.
While the �rst, linear term in Eq. (1) dominates in
the z.L0 regime, the second term describes the sharp
raise in the force that occurs where z approaches L0.
Eq. (1) fails when z¿ 0:97L0. To understand the ori-
gin of the linear term in Eq. (1), note that the prob-
ability of a Gaussian chain to have an extension z is
P(z) = c exp(−3z2=2R20), where c is the normalization
constant and R0 is the radius of gyration of the coil,
R0 = 2AL0. The corresponding free energy E is purely
entropic, E =−TS =−kT ln P(z) = 3kTz2=4AL0 and
F = dE=dz = 3kTz=2AL0. The di�erent prefactor is ac-
counted for by the part of the second term in Eq. (1)
that is linear in z and which can be obtained by ex-
panding in a Taylor series.
On the other hand, the inertia of the beads turns out

to be six orders of magnitude smaller than the other
forces involved and therefore

FDNA = FStokes = 6��a
(
1 +

9
16
a
h

)
vb ; (2)

where a is the radius of the bead, h is the height of
its center over the cover slip, � is the viscosity and
vb is the velocity. The correction to the Stokes law is
due to the proximity to a boundary, namely, the bot-
tom of the sample. The relaxation dynamics of the
DNA–bead system is monitored via image process-
ing of the video recording at 10 frames/s. The time
scale for the motion of the bead, �b ≈ 5 s, is much
larger than the equilibration time for the DNA (the
Zimm time), �Z ≈ 0:1 s, and, therefore, the DNA re-
laxation is expected to be quasistatic. That is, during
relaxation DNA is passing only through equilibrium
stretched states [27]. One can use Eq. (1) for FDNA to
show that a simple rescaling of the variables makes
the recoil dynamic dependent only on A. Replacing v

Fig. 4. Recoil dynamics of DNA. Two di�erent experiments (di-
amonds and plusses) and the best �tting theoretical curve for the
plusses experiment which corresponds to AD = 152.

by dz=dt in Eq. (2) and rescaling both the extension,
z′ = z=L0, and the time, t′ = t=L0, the di�erential equa-
tion for z′(t′) becomes dependent only on the persis-
tence length A. Moreover, the value of t′ during which
the DNA relaxes to some fraction of its length, z′, t′z′ ,
is proportional to the persistence length, t′z′ = c(z

′)A.
In Fig. 4, the data points correspond to two di�erent
DNA molecules with di�erent L0’s and within exper-
imental error they coincide.
The equation of motion of Eq. (2) can be explic-

itly integrated to yield the theoretical z′(t′). The best
�tting z′(t′) with respect to the persistence length,
AD = 152± 2 nm, is also shown in Fig. 4. This value is
three times larger than that obtained from static force
measurements [28] and biophysical methods [29], A ≈
50 nm. This discrepancy could be due to either (1)
dynamical e�ects of DNA relaxation which are being
neglected in Eq. (2) or (2) friction between the DNA
and the bottom of the sample. In order to reduce the
e�ect of the friction with the bottom, we also extract
the persistence length only from the initial part of the
recoil during which the DNA is less likely to come in
contact with the bottom of the sample. Indeed, a rather
sharp change in AD is found for t′ ≈ 0:2. For t′¡ 0:2
the best �t corresponds to AD = 128± 4 nm. Never-
theless, this value is still signi�cantly larger than A in-
dicating that non-stationary e�ects need to be closely
examined in order to understand the dynamics of the
DNA recoil.
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5. Conclusions

The two single DNA molecule experiments that are
described in this paper are examples from a relatively
new �eld, namely, that of single molecule biophysics.
The advantages of the single-molecule methods are at
least threefold. First, the size of the system is typically
in the few nanometers range. The ability to manipu-
late and modify objects of this size is important for
miniaturization technologies [30]. In turn, such tech-
nologies are used for electronic devices, biological or
medical instruments and hybrid systems where tradi-
tional electronics is mixed with organic components.
Second, such methods are characterized by high ac-
curacy whereby very �ne e�ects are being observed.
In particular, forces of less than a single pN are mea-
sured with high precision. This allows, for example, to
monitor the unfolding of a chemical reaction between
only two molecules. Finally, single-molecule methods
represent a direct observation of the phenomenon in
question. In other words, there is no loss of informa-
tion due to averaging over 1023 molecules as is done
in biochemistry.
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