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Direct Mechanical Measurements of the Elasticity
of Single DNA Molecules by Using Magnetic Beads

Steven B. Smith, Laura Finzi,* Carlos Bustamantet

Single DNA molecules were chemically attached by one end to a glass surface and by their
other end to a magnetic bead. Equilibrium positions of the beads were observed in an
optical microscope while the beads were acted on by known magnetic and hydrodynamic
forces. Extension versus force curves were obtained for individual DNA molecules at three
different salt concentrations with forces between 10~'4 and 10~'" newtons. Deviations
from the force curves predicted by the freely jointed chain model suggest that DNA has
significant local curvature in solution. Ethidium bromide and 4',6-diamidino-2-phenylindole
had little effect on the elastic response of the molecules, but their extent of intercalation
was directly measured. Conversely, the effect of bend-inducing cis-diamminedichloroplat-
inum (Il) was large and supports the hypothesis of natural curvature in DNA.

The ability of DNA to pack and fold into

chromosomes or to serve as a template

during transcription and replication de- ,

pends on the particular elastic properties of
the molecule as modified by local interac-
tions. Light scattering, sedimentation ve-
locity, viscometry, electro-optics, and li-
gase-catalyzed cyclization have been used to
characterize these properties, but these bulk
methods have several limitations (1). First,
the elastic parameters are not directly ob-
served in these measurements and must be
obtained through model-dependent theo-
ries. Second, these macroscopic measure-
ments represent ensemble averages over all
accessible molecular configurations, provid-
ing little information about unlikely, ex-
tended states of the molecule. Third, mea-
surements are often restricted to a limited
range of ionic strength, temperature, and
other variables.

Real-time fluorescence microscopy of
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single DNA molecules in solution (2-6)
suggests that it should be possible to deter-
mine directly the strain-stress relation of
single DNA molecules (7). These mechan-
ical measurements could: (i) reveal the
molecular mechanisms responsible for the
elastic response of the molecule over a full
range of forces and extensions; (ii) provide
a more strict test of theories of polymer
elasticity with molecules of known compo-
sition and size over a broad range of exper-
imental conditions; and (iii) help improve
present theories of gel electrophoresis (8),
linear dichroism (9), and charge density
(10).

The freely jointed chain model (FJC)
treats the polymer as a chain of statistically
independent (Kuhn) segments of length b
whose orientations are uncorrelated in the
absence of external forces. A force F acting
on the free end of a molecule whose other
end is attached to a fixed point stretches the
polymer as each segment tends to align with
the force. The external force is opposed by
the polymer because of thermal agitation,
which tends to disorder the segments. In
this model, the elastic response of the
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molecule is purely entropic, and the force-
dependent end-to-end distance, (x), in
terms of the molecular contour length (L),
the temperature T, and the Boltzmann
constant kg is (11):

_L th ksT L Fb
(x)— cot kBT - Fb)— m)

D
The expression in brackets is the Langevin
function (£). This relation can be inverted

to give:
_ kBT _ (x)
F=7e (f) @

This model accounts for the bending rigid-
ity of the molecule in terms of the single
parameter b. The stiffer the molecule, the
longer the Kuhn segment. An alternative
description, the worm-like chain (WLC)
(12), uses persistence length as a measure of
chain stiffness. In the absence of external
forces the Kuhn segment corresponds to
twice the persistence length of the molecule
(12).

Individual multimers of N\-DNA (48.5
kbp) were chemically attached by one of
their ends to a glass slide and by their other
end to a magnetic bead (13). A cover slip
was used to enclose the anchored molecules
into a fluid microchamber that fits on a
microscope stage (Fig. 1A). The tethered
beads were subjected to various combina-
tions of magnetic and hydrodynamic forces
applied along perpendicular directions by
using movable magnets and variable flows
(Fig. 1A). Arbitrarily large forces could be
applied with flow, but their magnitude was
difficult to determine directly because flow
shear next to the glass surfaces made fluid
velocity difficult to estimate there. Con-
versely, magnetic forces are typically not
greater than 1 piconewton (pN) but can be
made arbitrarily small and are easier to
measure (see below). Flow forces could
then be calibrated against the measured
magnetic forces.

During an experiment, each combina-
tion of magnetic and hydrodynamic force
displaced the bead and extended the mole-
cule along a particular angle 0 relative to
the direction of the magnetic force (Fig.
1B). The greater the flow, the larger the
angle with the horizontal axis. As opposite
directions of the magnetic and flow forces
were combined, the bead positions de-
scribed a characteristic “ellipse” (Fig. 1B).
Positions were observed on a television
monitor and recorded by means of a com-
puter cursor (I4). From these data, the
extension of the molecule from its point of
attachment to the glass and the relative
magnitudes of the magnetic and hydrody-
namic forces were obtained.

Four ethidium-stained A-dimers tether-



Fig. 1. (A) Microchamber made from glass
slide and cover slip. Nd-Fe-B magnets (1-cm
diameter) were moved to repeatable positions
as close as 9 mm from the objective’s center.
Buffer flow was maintained by a constant pres-
sure system. A computer cursor superimposed
on the microscope image was used to record
the equilibrium bead positions, time-averaged
over their Brownian motion. Video and optical
distortions were canceled by a computer map-
ping program calibrated against an objective
micrometer. The magnetic bead was tethered
by a DNA molecule (72). (B) Ellipse of bead
positions obtained from various combinations
of flow and magnetic forces. Magnetic forces
were determined by Stokes’ law for all magnet
positions. The strongest magnet force is F,. (®)
High-force positions with the strongest magnet-
ic force and various flows. The flow force is
Ftan(e), and the total force stretching the DNA
along angle 0 is Fsec(6). () Positions with
zero magnetic force and high flow forces as
determined previously with magnets and hold-
ing flow constant. (O) Low-force positions at
zero flow and weak magnetic forces. (C) The
extension of the DNA is the shortest path from
its point of attachment on the bead to that on
the glass. Each bead is internally anisotropic,
giving it a permanent magnetic dipole p, which
very nearly aligns with the external magnetic
field B. The bead attachment point is con-
strained to some arbitrary latitude line, with the
bead free to rotate about p. and thus minimize
the DNA extension. This constraint is removed

A [Mousel—=={iBM AT computer Mixer T
+
Sync Video + E
Solid-state TV camera| ++ +
Monitor
Zeiss Axioplan
nonmagnetic
100X oil

objective

in the high-flow zero-magnet cases (*). By selecting a “best fit" latitude for each bead, the force
versus extension data from all points on the ellipse converge to one continuous curve, characteristic

‘of the polymer.

ing magnetic beads are shown in Fig. 2A.
Normally, the DNA was not stained and
the molecular extensions were inferred from
the positions of the bead as seen in trans-
mission under dim light.

To determine the tension in the mole-
cule for each bead position, the maximum
magnetic force, Fy,, acting on the bead was
needed. Because the magnetic susceptibility
varied considerably among beads, F,, had
to be separately determined for each bead.
Therefore, after the ellipse was generated,
each bead was unleashed from its DNA
tether and its velocity measured when acted
upon by the maximum magnetic force. The
value of F), was determined with the well-
known Stokes’ relation (15):

Fyp = 6y 3)

where 7 is the bead’s radius (16), m the
buffer viscosity, and v was the bead’s mea-
sured velocity through the stationary buffer.
Knowing the magnetic force, the resultant
of the magnetic and hydrodynamic forces
acting on the bead and on the molecule
(17) at each position was determined by
angle 0 in Fig. 1B.

Application of Stokes’ law is justified by
the Reynolds numbers in this experiment
(~1073). However, beads moving close to
the glass surfaces experience increased vis-
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cous drag, which was manifested as poor
velocity repeatability. Experiments were
done in which the bead was timed while
flying it halfway between the surfaces for
various separations. These results (Fig. 2B)
were compared to an expression derived by
Lorentz (18) that corrects Stokes’ law for a
sphere moving parallel to a flat wetted
surface:

3 9r
Fu= 6171]10(1 + E) “4)

where d is the distance from the center of
the bead to the wall. Good repeatability
was obtained by flying the bead halfway
between the slide and cover slip in micro-
chambers ~80 wm deep, where the correc-
tion is only 4%.

Typical force versus extension plots are
shown in Fig. 3 for A-dimers in 10 mM
Na*. For comparison, the predictions of
the FJC model are plotted as continuous
curves for three different Kuhn lengths and
a contour length of 32.7 um (Fig. 3A). At
low extensions (inset, Fig. 3A), the data
approach the middle curve, corresponding
to a persistence length of 500 A. However,
the force required to further extend the
molecules rises faster than predicted by the
FJC model. The data appear to “cut the
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Table 1. Persistence length values as a func-
tion of salt concentration.

.
[(ﬁ\?\/l)] 8o (R) aayn (A) aga A
10 500* 700t 1750%
1.0 6758 1100t 1750
0.1 13008 4000t 1750

*Average obtained from bulk measurements (7).
1Obtained by fitting the data to a contour length of 26
wm.  3Calculated from a,,, and at 10 mM
Na* with Eq. 5. This value ls assumed to be salt-
independent. §Calculated with Eq. 5.

corner,” rejoining the theoretical curves at
forces greater than 10 pN.

The FJC model may fail because of its
coarse description of DNA in terms of
discrete segments. Perhaps the WLC mod-
el applied to force versus extension could
account for the data but, to_our knowl-
edge, such a treatment is not available.
Alternatively, the FJC and WLC models
may both fail because they assume inex-
tensibility of the molecule and ignore the
possibility that DNA deforms under stress.
Deformation would give rise to an enthal-
pic as well as an entropic component to
the elasticity. The additional work done
to extend the molecule, equal to the area
between the data and the FJC curve, is
then the enthalpy change of the molecule.
Such enthalpic component could be asso-
ciated with permanent small bends or
local curvature of the DNA axis (19).
Sequence-dependent bends are known to
reduce the persistence length of the mol-
ecule (20, 21), which would increase the
molecule’s contractibility.

The data might be better fit by an
extensible FJC. A first model could involve
a modified FJC constructed from a fixed
number of bent segments whose length
increase upon stress. At low forces, most of
the work done on the chain would go
toward orienting these segments’ end-end
vectors (decreasing entropy), whereas at
higher forces additional work would be
required to straighten the bends (increasing
enthalpy).

A second model could involve a mod-
ified FJC made up of constant length
(straight) segments whose number in-
creases with stress. This chain would be-
have, at low stress, as if it had a shorter
contour length (fewer Kuhn segments),
but its elastic properties would be those of
an ideal FJC chain possessing no bends or
curvature. By choosing a shorter contour
length, the data can be fit to FJC curves
and we can estimate the value of the
persistence length DNA should have
would it not possess bends or curvature.
Indeed, the low-force data (inset, Fig. 3B)
is best fit by a FJC curve for a contour
length of 26 pm and a persistence length
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value of 700 A (b = 0.14 wm), whereas
the high-force data approaches the nomi-
nal contour length of 32.7 pm. The low-

186) because the low-stress data corre-
sponds to only 1% of the force required to
completely extend the molecule, where N

= 32.7/0.14 = 234.

est number of segments is used for the FJC
The value of 700 A is the persistence

curve (inset, Fig. 3B) (N = 26/0.14 =
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Fig. 2. (A) Magnetic beads tethered
by single DNA molecules stained
with ethidium as seen in a fluores-
cence microscope equipped with
an image-intensified video camera
(3). The beads were forced upward
by flow and pulled to the right by a
magnet. The mean diameter of the
streptavidin-coated polystyrene
paramagnetic beads (Dynabeads
M-280, Streptavidin, Dynal, Oslo, Norway) was determined by transmission electron microscopy to
be 2.9 pm with a 3% coefficient of variation (cv, standard deviation/mean). Magnetic susceptibilities
of the beads were less uniform (cv = 33%) as determined with Stokes’ law. With our magnets, F,
values ranged between 0.4 and 2 pN. (B) The transit times of a single bead were measured as it was
repeatedly pulled back and forth across a 70-um space by the maximum magnetic force fy. The
bead was levitated halfway between slide and cover slip. Each data point represents 10 to 20 transit
times with the vertical bar being the standard deviation in those times. The depth of the chamber
was adjusted by changing its internal pressure. Circles and squares represent two different beads.
The continuous line is the correction factor of Eq. 4, but with its second term doubled to account for
the presence of two surfaces instead of one. The transit times were normalized to agree exactly with
the continuous line at the largest chamber depth used.

length of a molecule having no bends or
curvature and has been called by Trifonov et
al. (20) the “dynamic persistence length,”
a4,- Accordingly, the typical value of 500 A
determined in bulk measurements (1) corre-
sponds to an “apparent persistence length,”
@,0p» CONtaining contributions from the dy-
namic and the “static persistence length,”
a,.,, associated with permanent local curva-

ture (22). Because
Va,p, = Vagy, + 1ag,

(20), this analysis yields a_, = 1750 A.

In Fig. 4A, semilogarithmic plots of
force versus extension for individual mole-
cules in three different ionic strengths are
compared, illustrating the electrostatic con-
tribution to DNA stiffness. At lower ionic
strengths, the molecule becomes less con-
tractile and therefore stiffer according to
the FJC model. The data do not follow any
particular FJC curve obtained with a 32.7-
pm contour length. Instead, they span
several FJC curves, making it difficult to
assign unique persistence lengths at low-salt
concentrations. If the FJC curves are re-
drawn with a contour length of 26 pm (Fig.
4B), the data conform more closely to FJC
curves and values of dynamic persistence
length can be estimated for the three ionic
strengths, (Table 1).

These results assume invariance of the
static persistence length, a reasonable albeit
untested hypothesis. The apparent persis-
tence lengths obtained in this way are well
within the range of values determined by
bulk methods (23). The dynamic persis-
tence length is more sensitive to the ionic
strength than the apparent value measured
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2000 A (lower). L = 32.7 um was chosen to agree with the accepted value
of 3.37 A rise per base pair (30), not to fit the data. (B) The same data
compared with a Langevin curve L = 26 pum and b = 1400 A These
values were chosen to match the low-force slope.

Fig. 3. (A) Force versus extension data for four different A-dimer mol-
ecules (@, O, +, and O) in 5 mM Na,HPO, buffer (10 mM Na*, pH 8.3).
Inset: expanded vertical scale (0 to 0.5 pN). Continuous curves are from
Eq. 2 assuming L = 32.7 um and b = 500 A (top), 1000 A (middle), and
SCIENCE » 13 NOVEMBER 1992
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in bulk experiments, a consequence of the
finite value of the static persistence length
in naturally occurring DNA.

The effect of ethidium bromide on the
force curves is shown in Fig. 5A. As the
molecule is exposed to higher dye concen-
trations, its contour length increases until a
maximum elongation of ~40% is attained,
in agreement with other estimates (24).
Surprisingly, the elasticity of the molecule
is not altered by ethidium intercalation,
suggesting that the dye changes neither the
short-range nor the long-range (electrostat-
ic) components of the bending rigidity. To
within the sensitivity of the method, the
fully intercalated molecules behave as un-
complexed molecules that are 40% longer
(25). A similar result is observed for A

molecules complexed with 4',6-diamidino-
2-phenylindole (DAPI). Extensions of 10
and 17% were observed at DAPI concen-
trations of 0.05 and 0.5 pg/ml, respective-
ly, in 10 mM Na, with force curves similar
to those of ethidium. DAPI exhibits various
modes of interaction, including minor
groove binding, and preferential intercala-
tion next to GC base pairs (26). The
elongation value of 17% obtained here
strongly confirms the existence of an inter-
calative mode but indicates fewer binding
sites than the usual intercalator, in agree-
ment with hydrodynamic and spectroscopic
studies (27).

Apparent binding constants for ethid-
jum (3.9 X 10° M~1) and for DAPI (8.0 X
106 M~1) in 10 mM Na* are readily ob-
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Fig. 4. (A) Semilogarithmic plot of force versus extension for a single A-dimer molecule in three
different Na* concentrations (from Na,HPO,): [Na*] = 10=2 M (@®); 103 M (+); and 10~ M (0O0).
The dotted curves are from Eq. 2 for L = 32.7 mm, b = 500 A (top), and 1,000, 2,000, 4,000, 8,000,
and 16,000 A (bottom). (B) The same data compared with Eq. 2 force curves where L = 26 pm.
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Fig. 5. (A) Force curves of a A-dimer in 5 mM Na,HPO, with various concentrations of ethidium
bromide (Aldrich): (®) unstained; (O) 0.03 ng/ml; (x) 0.10 pg/ml; (O) 1.0 pg/ml; and (+) 2.0 pg/ml.
If the intrinsic elastic properties of DNA do not change with intercalation, but molecules simply
become longer by some factor, then the extensions would be increased by the same factor for all
forces in the curve. In a log-log plot (see inset), the curve of the stained molecule would reproduce
the curve of the native molecule but would be shifted to the right. Indeed, the curves are quite
parallel except at the lowest forces where they diverge somewhat, perhaps because of an
increasing persistence length with intercalation. The divergence, however, is close to the low-
extension repeatability error of =1 pm. (B) Four native A-dimers (@, [0, X, and +; same data as in
Fig. 3), compared with three DDP-treated DNA molecules. Two of these are A-monomers (A), shown
double length for comparison, and one is a A-dimer (A). The DNA (concentration 400 ng/ml) and
DDP (100 ng/ml) were reacted in 10 mM NaClO, buffer, in darkness, at 37°C for 24 hours.
SCIENCE
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tained as the inverse of the dye concentra-
tions required to lengthen the molecule by
one-half of the maximum elongation ob-
served (40%).

The elastic response of three molecules
pretreated with cis-diamminedichloroplati-
num (II) (DDP), which introduces local
bends in DNA by cross-linking adjacent
adenines (28), is shown in Fig. 5B. DDP
incorporation did not always show the ex-
pected stoichiometric yield, but the number
of bends introduced can be estimated indi-
rectly. One treated molecule from Fig. 5B,
upon exposure to ethidium bromide,
lengthened only 30% instead of the usual
40%. Presumably one-fourth of the possible
intercalation sites had been excluded by
cross-linking, as described in other studies
(29). These molecules are more contractile
than natural DNA at all extensions, prob-
ably because of the extra work required to
straighten the artificial bends. The maxi-
mum extension is the same as for untreated
DNA, suggesting that high forces com-
pletely straighten the bends. The observed
“corner cutting” is more pronounced than
in natural DNA, supporting the hypothesis
that bends in natural DNA cause its devi-
ation from FJC theory.

The low-force data approach the upper
FJC curve indicating that a,,, = 250 A. Ifwe
assume thata, = 700 A, as in natural DNA
at 10 mM Na*, then a,, = 390 A. Indeed,
the data conform to the 700 A FJC curve if
treated as in Fig. 3B with the contour length
reduced 40% to 20 pm. This analysis is
supported by electron micrographs of DDP-
treated molecules that show an apparent 40%
contour length reduction under similar condi-
tions (29).

These results illustrate the limitations of
the simple FJC theory to describe the force
versus extension data of DNA molecules. It
has not been our intention here to present
an alternative theoretical model but to
suggest a line of reasoning that supports the
interpretation of the data in terms of se-
quence-dependent permanent bends in nat-
urally occurring DNA. Better theoretical
models incorporating the rapidly growing
knowledge on sequence dependence curva-
ture in DNA (21) will be necessary. Similar
experiments carried out on chromatin may
provide insight on how the elastic proper-
ties of DNA are modified by its interaction
with histones. If a tethered DNA molecule
can be prevented from swiveling at its
points of attachment, then the permanent
magnetic dipole of the bead can be used,
along with a rotating magnetic field, to spin
the bead and supercoil the molecule. Com-
parison of force versus extension curves of
supercoiled molecules to those obtained
here, should make it possible to determine
the energy of supercoiling of DNA and its
torsional rigidity.
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Complete Wetting from Polymer Mixtures

Ullrich Steiner, Jacob Klein,* Erika Eiser, Andrzej Budkowski,t
Lewis J. Fetters

Coexisting polymer phases are characterized by very small interfacial energies, even well
below their critical solution temperature. This situation should readily lead to the exclusion
of one of the phases from any interface that favors the other. Such complete wetting
behavior from a binary mixture of statistical olefinic copolymers is reported. By means of
a self-regulating geometry, it is found that the thickness of a wetting layer of one of the
phases at the polymer-air interface, growing from the other coexisting phase, attains
macroscopic dimensions, increasing logarithmically with time. These results indicate that
binary polymer mixtures could be attractive models for the study of wetting phenomena.

A surface in contact with a mixture of two
fluid phases will generally favor one of
them. The surface may be partially wetted,
in which case it will be covered by a
microscopic layer of the favored phase, or it
may be covered by a thick, macroscopic
layer of this phase for the case of complete
wetting (1). This transition between partial
and complete wetting is implicit in the
early work of Young (and of Laplace) on the
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contact angle of liquid drops on a surface
(2), but it is only recently that the physics
of such transitions has come into sharper
focus. In a seminal paper (3), Cahn in 1977
proposed that a transition from partial to
complete wetting from a binary mixture
must always occur when the temperature T
is raised sufficiently close to the upper crit-
ical solution temperature T, (the highest
temperature at which two phases can coex-
ist) of the mixture. In the ensuing years,
there have been extensive theoretical and
experimental studies of such transitions (4,
5). Among the outstanding unresolved is-
sues is that of wetting from macromolecular
mixtures (6, 7). In these mixtures, com-
plete wetting is predicted to occur readily,
and far from T_ (7); yet such wetting has





