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The dynamics of individual DNA molecules in a thin
el were studied with fluorescence microscopy.
riven by an electric field, molecules hooked around

solated obstacles and became extended. By analyzing
olecular images, we identified the reptation tube

nd primitive chain. When the field was turned off, the
olecules relaxed. The relaxation time t1 and primi-

ive chain length ^̂L&& at equilibrium depend on N, the
ize of the molecule in base pairs, consistently with
eptation theory. Using five yeast chromosomal DNAs
anging in size from 245 kb to 980 kb, we found that:

L&&(mm) 5 0.0749[N/1000] 2 6.94

t1(sec) 5 0.017[N/1000] 1.45 [1]

hese results constitute a way of sizing individual
NA molecules by imaging rather than by gel
lectrophoresis. © 1999 Academic Press

Quicker DNA mapping and sequencing rate would
xpedite the human genome project. Physical mapping
nvolves measuring the sizes of DNA molecules or frag-

ents. Among today’s techniques for sizing large DNA
olecules, pulsed field gel electrophoresis (PFGE) is
ost popular (1-3). PFGE sizes molecules by compar-

ng their electrophoretic mobilities with those of co-
unning standards, such as l-bacteriophage DNA con-
atamers. Size standards are needed because the
bsolute mobility of a molecule depends on gel concen-
rations, pulse times, and other experimental condi-
ions. Other reported approaches include the viscoelas-
ic technique (4) and electron microscopy (5), which
ave many physical limitations.
To find a new way of quickly sizing large single DNA
olecules, we have developed OCM, or optical contour
aximization (6-9). In OCM, a DNA molecule in the

nterface between an agarose gel and a glass coverslip

1 To whom reprint requests should be addressed. Fax: 212-995-
681. E-mail: d.c.schwartz@nyu.edu.
102006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
elaxes, imaged by fluorescence microscopy. The im-
ges are analyzed to measure the primitive chain con-
our length L(t) of the molecule as a function of time.
he process is repeated many times in order to emulate
thermodynamic ensemble of such molecules. Late in

he relaxation process, the ensemble average contour
ength ^L(t)& should obey

^L~t!& 5 ^L& 1 A exp(2t/t1) [2]

ince the equilibrium length ^L& is proportional to N,
he size of the molecule in base pairs, while the relax-
tion time t1 varies as a power of N, there should be
wo ways of obtaining N from ^L(t)&.

HEORETICAL DEVELOPMENT

Reptation model of DNA in a gel. Consider an indi-
idual DNA molecule embedded in a gel. The rigid
esh of gel fibers, spaced an average distance a apart,

onstrains the molecule. Conformations accessible to
he molecule belong to two broad categories: simple
onformations, where the molecule always remains
ithin an imaginary tube of radius a, and branched

onformations, where at one or more places the mole-
ule kinks out a distance h . a, doubles back on itself,
nd returns to its original path. A kink of size h , a is
nown as a ‘defect’ or ‘repton’ (10). Simple and
ranched conformations are illustrated in Figs. 1A and
B, respectively.
DeGennes has shown that kinking costs entropy pro-

ortional to h/L (11) where L, the persistence length, is
bout 50nm for DNA (12). Thus a branched conforma-
ion always lies within a narrow channel in the space of
ccessible conformations. A molecule in a simple con-
ormation should take many tube disengagement times
D to reach a branched conformation (10). tD } N 3b 4/
Ta 2, where b, the separation between successive base
airs, averages 0.34 nm, k is Boltzmann’s constant, and
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temperature. For large molecules, tD is much longer
han the linear relaxation times tm defined below.

While any particular branched conformation is hard
o reach, branched conformations collectively dominate
he thermal equilibrium distribution. Since a large
olymer in a gel reaches branched conformations
lowly, the polymer should take a very long time to
each thermal equilibrium. Zimm and others (13) ar-
ue that over times sufficiently long compared to tD,
uch a polymer will collapse to an isotropic random
oil. For a multi-kilobase DNA embedded in an agarose
el to collapse may take many years.
On the shorter time scales relevant to our experiments,
e can assume that the gel always confines DNA mole-

ules to tubular domains. This fundamental assumption
f deGennes’ reptation model (11, 14, 15) permits the
artition function of a molecule to be factored (10)

ZdG 5 E dLV~L!z~L! where V~L! } exp~3L/a!

[3]

s the number of distinct tubes of length L that can fit
hrough the mesh, and z(L) is the partition function of
molecule confined to one such tube. If Nb @ L, the
olecule may be modeled as a random flight of Ñ steps

f length b̃, where b̃ ' 2L and Ñb̃ 5 Nb. Then

z(L) } exp(23L 2/ 2Ñb̃ 2) [4]

FIG. 1. Cartoons of a polymer embedded in a gel.
103
nd the contour length at thermal equilibrium is eval-
ated straightforwardly

^L& 5 Z dG
21 E dLV~L!z~L!L 5 Ñb̃ 2/a [5]

s is the variance in L:

^DL& 2 5 Z dG
21 E dLV~L!z~L!~L 2 ^L&! 2 5 a^L&/3 [6]

When DNA is highly concentrated, mutual entangle-
ent of molecules should constrain each molecule’s
ovement as would a gel (10). Under such conditions,

he reptation model should also apply. By manipulat-
ng single, fluorescently labeled molecules with optical
weezers, Perkins (16) has observed tube-like motion of
ntangled DNA molecules.
The reptation model of DNA has been verified in

oth constant and pulsed field gel electrophoresis, and
n DNA migrating through two-dimensional microli-
hographic arrays (17, 18). Reptation approximates
ell the behavior of DNA molecules smaller than
00 kb (19, 20). Reptation is somewhat less accurate
or larger molecules, which are more easily driven out
f the tube (21-25). Nevertheless, the model should be
alid for long DNA molecules in the absence of an
pplied electric field.

Simple conformation. (B) Branched conformation.
(A)



Dynamics of free DNA in solution. To understand
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he dynamics of a DNA molecule in a gel, it is useful
rst to examine the dynamics of DNA free in solution.
y chemically fixing one end of a DNA molecule and
ttaching the other end to a magnetic bead, Smith et
l. (26) measured the mean end-to-end distance ^x& as
function of applied force F. Bustamante et al. (27)

ound an approximate analytical relation between the
ractional extension of the molecule e [ ^x&/Nb and F:

L

kT F <
1
4 F 1

~1 2 e! 2 2 1G 1 e [7]

he nonlinear part of F grows with e. Define

f~e! ; S 2L

3kT
F
e D 2 1 [8]

o be the fractional excess over linear restoring force.
If f is small, the molecule may be modeled using

inear forces. In the Rouse model (28), a molecule is
epresented by a series of Ñ beads at positions
rW 0, . . . , rW Ñ21}, each having coefficient of friction z with
olvent and interconnected by Hookean forces

i,i11 5
2­

­~rW i11 2 rW i!
VH where

VH [
3
2

kT

b̃ 2 O
i50

Ñ21

urW i11 2 rW iu 2 [9]

he dynamics of a Rouse chain are a superposition of
ormal modes {mu1 # m # Ñ} which decay with

ifetimes (29) tm. For small m and large Ñ,

tm <
1

3p 2

b̃ 2z

kT S Ñ
mD2

[10]

he Zimm model (30) approximates solvent-mediated
nteractions among the beads with long-range pairwise
otentials. In Zimm’s model (30), the chain has a sim-
lar spectrum of modes, but with lifetimes

tm }
b̃ 2z

kT S Ñ
mD3/ 2

[11]

Dynamics of DNA in OCM. At the interface with
he coverslip, the gel used in OCM is a loose mesh a few
m deep, just dense enough to ensnare DNA mole-
ules. At greater depths, the gel reaches its normal
ensity. Denser gel below confines DNA to the inter-
ace. Sparse gel in the interface offers little resistance
o DNA moving parallel to the coverslip. Nonetheless,
104
olecule to a reptation tube.
In OCM, an electric field is used to manipulate a
NA molecule in the interface. As soon as the molecule
ets significantly extended, the electric field is re-
oved, allowing the molecule to relax. If the primitive

hain length L of the molecule is short enough that
(L/Nb) ! 1, a Rouse or Zimm model can describe the
elaxation process. The Hookean potentials Eqs. [9]
an be separated into contributions along and trans-
erse to the reptation tube:

VH 5
3
2

kT

b̃ 2 O
i50

Ñ21

~s i11
\ 2 s i

\! 2 1
3
2

kT

b̃ 2 O
i50

Ñ21

uŝ i11
' 2 ŝ i

'u 2

[12]

ere, s \ is the axial coordinate and ŝ' are the two local
ransverse coordinates. Since the molecule is confined
o a reptation tube, transverse modes cannot be excited
ignificantly. From the expressions for the normal
odes (30), we see that L(t) 5 (sÑ(t)

\ 2 s 0
\ (t)) varies

ith time only in longitudinal modes with m odd.
tretching the molecule with an electric field excites
hese odd-ordered, longitudinal modes. After the field
s turned off, each mode will decay according to its
haracteristic lifetime t 2n11. As relaxation nears com-
letion, the mode m 5 1, which has the longest life-
ime, dominates, so that Eq. [2] holds.

ATERIALS AND METHODS

Materials. Yeast chromosomal DNA was resolved by Pulsed Ori-
nted Electrophoresis (21) in 1% Seakem low melting agarose (FMC),
/23 TBE (42.5 mM Tris, 44.5 mM boric acid, 1.25 mM disodium
DTA). Excised gel bands were equilibrated repeatedly in TE (10
M Tris, 1 mM EDTA, pH 8.0) (31). Bands were equilibrated further

n TE containing 10 mM NaCl, melted at 72°C for 10-15 min and
ooled to 37°C. Ethidium bromide (final concentration 1 mg/mL) and
-mercaptoethanol (final concentration 10 mg/mL) for minimizing
hotodamage (32) were added to the melted sample, which was
aintained at 37°C from 10 min to a few hours. Using a cut-off

ellow pipette tip, 10 mL of the sample was placed on a preheated
lide with 1.8 cm 3 1.8 cm coverslip in a staged electrophoresis
hamber with 2 cm electrode spacing (21). The edges were sealed
ith mineral oil to prevent evaporation. Coverslips and slides were

leaned by boiling in 0.075 M HCl for one hour, rinsed with distilled
ater several times, and stored in 100% ethanol before use. Mounted

amples were incubated at 4°C for at least 15 min before image
ollection at 37°C.

Instrumentation. A Zeiss Axioplan epifluorescence microscope
as used with filter cube #15 (green excitation, red observation), and
ol Plan-Neofluar 100 3 1.30 numerical aperture objective. The
istance per pixel was calibrated using the USAF-1951 resolution
arget and determined to be 0.217 mM. A 6115A precision power
upply (Hewlett-Packard) was used to provide potential across the
hamber electrodes. Frames from a C2400-SIT camera (Hamamatsu)
ere averaged by PixelPipeline (Perceptics), digitized (480 3 512 3
bits) and stored in a Macintosh IIfx computer. Averaged images
ere processed later to remove background, reduce noise, and sim-
late shadowing using NIH Image (http://rsb.info.nih.gov/nih-



i
M

a
r
o
‘
fi
f
q
s
a
S
t
w

m
m
A
fi
i

e

p

e
p
l

p
o

R

i
c
T
m
d
t
m
r
f
t

C

Vol. 258, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
mage/) and NCSA Image (http://www.ncsa.uiuc.edu) software for
acintosh, and photographed by a film recorder (Polaroid).

Methods. A common phenomenon facilitates making digital im-
ges of DNA in a gel which permit quantitative comparison with
eptation theory. DNA molecules in gels often become hooked around
bstacles when driven by an applied electric field (21, 24, 33, 34). The

arms’ of such a hook extend as the molecule aligns with the electric
eld. The arms, of course, are never exactly equal in length. Since the
orce of the electric field is greater on the longer arm, the molecule
uickly slides off the obstacle. At the moment that the molecule has
lid off, it is significantly extended and roughly straight. The ends
nd reptation contour of the molecule then may be imaged readily.
ince this extended conformation is disfavored thermodynamically,
he molecule will begin to relax as soon as the field is turned off. Here
e summarize our procedure for measuring this relaxation:

1. Locate a molecule under the microscope and bring it into focus.
2. Impose an electric field on a selected molecule and keep that
olecule in view by alternating the direction of the field. Move the
olecule back and forth until it becomes hooked around an obstacle.
s soon as the molecule slides off the obstacle, turn off the electric
eld. If the whole molecule is still in the focal plane, start collecting

mages immediately.
3. Collect images at times t i 10 or 20 seconds apart, averaging

very 8 or 16 frames to obtain a total of up to 50 images.

FIG. 2. A DNA molecule undergoing relaxation, after being stret
onsecutive digital images. (B) Primitive chains determined by perf
105
4. Repeat steps 2 and 3 for a given molecule as many times as
ossible.
5. Analyze and process (reduce noise, smooth, threshold and skel-

tonize) each set of images with a program written in the macro-
rogramming language of NIH Image. Measure the primitive chain
engths L(t i).

6. Average all the relaxation curves for a given molecule to ap-
roximate a thermal ensemble. Determine ^L& from the final plateau
f the relaxation curve and fit the curve to Eq. [2] to obtain t1.

ESULTS AND DISCUSSION

Reptation. In Fig. 2A, we present a typical set of
mages showing the relaxation of a 345 kb DNA mole-
ule that had been subjected to the above procedure.
he images confirm the assumptions of the reptation
odel, i.e. that the molecule is constrained to a tubular

omain and retracts along its own contour. The repta-
ion tube can be inferred from the trajectory of the
olecule and the axis of the primitive chain can be

esolved by image processing. As an example, we per-
ormed threshold, skeleton and analysis operations on
he images in Fig. 2A, and present the results in Fig.

d according to the experimental procedure described in the text. (A)
ing enhancement operations on the images in A.
che
orm
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B. In this manner, it is straightforward to determine
he length of the primitive chain at various times.

Relaxation. The relaxation process was recorded
even times for the same 345 kb DNA molecule. Figure
shows plots of length versus time and Table 1 other

uantities derived from each of these recordings. As
he second column of the table indicates, e 5 L(t 0)/Nb,
he fractional extension at the beginning of the process,

FIG. 3. Relaxation curves and fitted parameters obtained for
even OCM measurements made on a single molecule. The y-axis
epresents the contour length in mm and the x-axis the time in
econds. Experimental points are represented by empty circles, and
he average by empty diamonds. The solid lines are nonlinear least
quares fits to Eq. [2]. Each successive plot is offset by 50 sec
orizontally and 10 mm vertically for clarity. The solid lines indicate
he zero length and the zero time for each plot.

TABLE 1

Relaxation Time and Equilibrium Length for a 345 kb DNA

Measurement e 5 L(t 0)/Nb f(e) t1 (sec) ^L& (mm)

1 0.24 0.17 86 6 13 18.0
2 0.38 0.37 72 6 3 19.7
3 0.31 0.26 93 6 11 21.9
4 0.29 0.23 35 6 2 19.1
5 0.34 0.30 198 6 21 16.3
6 0.31 0.26 79 6 4 16.7
7 0.27 0.21 124 6 17 16.7

Average* 0.31 0.26 98 18.4
Average† 0.31 0.26 83 6 3 18.9
Std. Dev. 0.046 0.065 51 2.0

* Here, L(t 0)/Nb, t 1, and ^L& were obtained by fitting to each
elaxation curve, and then averaged.

† Here, all relaxation curves were averaged, then L(t 0)/Nb, t 1, and
L& were obtained by fitting to the averaged curve.
106
ngly, f(e), the fractional excess over linear restoring
orce, averaged 0.26 at the beginning of relaxation.

For each relaxation, ^L& was estimated by averaging
(t i) over the last 15 time points. The results are listed

n the last column of Table 1. The distribution in ^L& is
elatively narrow, with standard deviation ^DL& about
0% of the average ^L&. To our knowledge, this is the
rst direct measurement of the length of the primitive
hain for DNA at equilibrium in a gel.
The relaxation time t1 was estimated by fitting a

urve of the form Eq. [2] to L(t i) at the first 20 or 30
ime points and ^L&. The third column of Table 1 lists
he values obtained for each relaxation. The distribu-
ion in t1 is quite broad, with standard deviation
round 50%. Part of this imprecision was due to the
onlinear part of the restoring force, which, as column
wo of Table 1 shows, varied with each relaxation.

A more important source of error, however, probably
as variation in frictional forces. Each time the DNA
olecule relaxed, it moved through a different area of

he gel-coverslip interface, encountering a different set
f obstacles. During the course of each relaxation, the
rictional forces between the molecule and the gel were
hanging as the molecule made and lost contacts with
el fibers. This variation of friction with time depended
n exactly where in the interface the molecule hap-
ened to be. As a result, the detailed course of relax-
tion with time likewise depended on the exact location
f the molecule.
The value for t1 shown in the eighth row of the fourth

olumn of Table 1, is the average of the values shown
n rows one through six. The value for t1 given in the
inth row was obtained by calculating an average
ime-course for all seven relaxations

L# ~ti! 5
1
7 O

J51

7

LJ~ti! [13]

nd then fitting a curve of the form Eq. [2] to L# (t i).
ecause such time point by time point averaging

TABLE 2

Comparison of Measurements among Samples

Sample
Relaxations

Recorded t1 (sec) ^L& (mm)

1 3 78 19.1
2 8 114 19.1
3 4 102 18.0
4 5 133 18.9
5 5 97 20.8

Average 105 19.1
td. Dev. 20.4 1.0
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etailed course of relaxation, it should yield a more
ccurate value for t1.

Reproducibility. Sample preparation involves melt-
ng and cooling a small piece of gel. The procedure for
elation of agarose in a thin region between a slide and
coverslip is rather complicated (7). We found that

xperiments using different samples of the same kind
f DNA give consistent results when the gels are well-
ormed and extra water on the gels has been removed.

The results of such a set of experiments are presented
n Table 2. For each sample, the relaxation of a molecule
as recorded a number of times. The relaxations were
ggregated to generate an averaged relaxation time
ourse. The values for t1 and ^L& listed in columns three
nd four, respectively, were found by fitting a curve to the
veraged time course. The distribution in t1 among the
amples is much narrower than that obtained above,
sing a single sample but without such time point by
ime point averaging. The standard deviation ^DL& and
t1 are listed in row seven of Table 2.

Sizing yeast chromosomes. We performed relax-
tion measurements on DNAs from five different yeast
hromosomes: (I) 245 kb, (VI) 280 kb, (III) 345 kb, (XI)
80 kb, (XIII) 980 kb. All of these molecules exhibited
he anticipated relaxation behavior. Figure 4 shows

FIG. 4. Averaged relaxation curves and fitted parameters for five
NA molecules from Saccharomyces cerevisiae (36). As in Fig. 3, the

olid lines are nonlinear least squares fits, and each line includes an
ndication of the zero time and zero length offset for the plot. Suc-
essive curves represent chromosome I (N 5 245 kb), chromosome VI
N 5 280 kb), chromosome III (N 5 345 kb), chromosome XI (N 5
80 kb), chromosome XIII (N 5 980 kb). Each plot is offset by 20 sec
orizontally and 10 mm vertically for clarity. The 680 kb molecule is
lotted against time 4 2 (full scale is 1200 sec) and the 980 kb
olecule is plotted against time 4 5 (full scale is 3000 sec).
107
herelaxation curves for these DNAs and the ^L& and t1

alues obtained by nonlinear least-squares fitting.
Figures 5A and 5B are plots of ^L& and t1 versus mo-

ecular size N respectively. In keeping with theoretical
xpectation, we performed a linear fit of ^L& to N and a
og-log fit of t1 to N and obtained Eqs. [1]. That the fit
f ^L& to N has a negative intercept probably reflects
he failure of the reptation model for short DNA mol-
cules. A molecule whose fully extended length Nb is
ot too great compared to the mesh spacing a will not
e restricted significantly by the gel. Such a molecule
hould behave as a self-avoiding random coil. Properly
hen, ^L& should change from being proportional to N
or large N to varying as N n, where the Flory exponent

(11) is about 3/5, in the limit of small N. The good
uality of the fit in Fig. 5B shows that t1 is an accurate,
f imprecise, means of measuring size. Indeed, t1

hould be a particularly useful measure, because it is
ore sensitive to small changes in N than is ^L&.

Zimm chain. That the exponent 1.45 in the fit Eqs.
1] of t1 to N is closer to the exponent 3/2 which appears
n Eq. [11] than the exponent 2 in Eq. [10] suggests
hat a DNA molecule in an OCM gel should be modeled
y a Zimm chain rather than a Rouse chain. Heretofore
e have assumed that the gel network screens out

olvent-mediated long-range interactions among chain
egments. As noted above, however, OCM uses a rela-
ively loose gel, which may not block all such interac-
ions. Using optical tweezers to hold individual DNA
olecules in a flowing solvent, Perkins et al. (35) also

ave measured the relaxation spectra of DNA. They

FIG. 5. Correlation of ^L& and t1 with N based on data given in
ig. 4. Solid lines indicate linear least squares fit. Symbols are data
oints. (A) Plot of equilibrium length ^L& versus N. (B) Plot of
elaxation time t1 versus molecular size N.



found that t1 varies as ^L& l, with l 5 1.65 6 0.13. Since
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L& } N, their results are nearly in agreement with
urs.
In summary, we have presented a new technique for

bserving the dynamics of DNA molecules in a gel
irectly. The primitive chain can be seen easily and
uantified by computer image processing. The relax-
tion time t1 and equilibrium length ^L& depend on N,
he size of the molecule, in a manner consistent with
eptation theory. This study potentially provides a new
pproach for measuring the size of a DNA molecule or
ragment by means of fluorescence microscopy.
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