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Dynamics of DNA during Pulsed-Field Gel Electrophoresis
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We study polymer pulsed-field gel electrophoresis by an off'-lattice computer simulation. The eA'ects

of 90' rotations of the field on the chains' conformations are analyzed. We find that 90' pulsed fields
can be used to increase significantly the resolution of the chains' separation according to size.

PACS numbers: 82.45.+z, 87.22.Fy

Gel electrophoresis is a technique widely used in
modern molecular biology to separate proteins and nu-
cleic acids according to size. At constant electric fields,
however, the technique is unable to separate long DNA
molecules. Pulsed-field techniques' based on empirical
observations have been developed to separate long
chains. Great advances towards the understanding of
the chain dynamics during gel electrophoresis have been
recently made by computer simulations.

A long polymer chain diffusing through a network of
fixed obstacles in the presence of an electric field under-
goes molecular-weight-dependent cyclic changes from
expanded to contracted conformations. The mobility,
on the other hand, loses its molecular-weight dependence
as the chain size and/or the electric field increase. It pla-
teaus to a constant value, resulting in the inability to
separate long chains.

The molecular-weight dependence of the chains'
modes of oscillations can be used to optimize the separa-
tion process. Pulsed-field gel electrophoresis (PFGE)
with switching angles of 180' & 8 & 90', for example,
has shown to increase the resolution of the separation
technique. ' In this paper we study the separation of long
chains according to size by orthogonal PFGE. We de-
scribe the effect of 90' rotations on the chain conforma-
tions as a function of field strength and molecular
weight. We find that when perpendicular fields are used
the chains can be prevented from contracting; they can
be kept in open U conformations, in agreement with the
microscope observations of Schwartz and Koval. 2 We
analyze the mobility as a function of chain length and
pulse time. We find that the chain dynamics cannot be
described by the tube reptation models of gel electro-
phoresis even at small electric fields.

In the reptation model' an ideal chain of N units of
length I in a gel is confined to diffuse along the path of a
tube whose diameter is the average distance a between
gel points. The tube is constructed following the chain
conformation in the gel which is known by statistical
mechanics. Therefore, in the absence of a driving force,
leaking of the chain through the gel junction points is not
allowed due to the entropic barriers associated with these
fluctuations.

Various groups have extended the tube-model concepts
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FIG. 1. The average radius of gyration (Rg) scaled by the
unperturbed value &Rg),d,al vs time for diA'erent chain lengths W
at constant electric field F., =0.1. (Rg) d .

l is the average radius
of gyration in the absence of an electric field. Each point in
the figure corresponds to an average over ten realizations of the
process all with diA'erent initial Gaussian configuration.

to describe gel electrophoresis. They postulate the
chain statistics in the steady state, assuming that in the
presence of a field leaking is also forbidden. The dynam-
ics are, therefore, determined by the end leading seg-
ment, which in the presence of a field E, is biased in the
field direction, giving rise to an average orientation. The
mobility is then predicted to lose its molecular-weight
dependence as NE increases. At high electric fields
these assumptions are wrong, as a stretched chain under-

goes fluctuations that entangle it back in the gel.
Even in the presence of a small field, leaking is an impor-
tant factor determining the chain dynamics. The
breakdown of the tube models is more apparent when
pulsed fields are used. '
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In order to simulate gel electrophoresis a continuous
model which includes the internal degrees of freedom of
the chain between gel points is required. We used a
two-dimensional off-lattice computer simulation to solve

the Langevin equation of motion. In the simulation the
diffusion of the chains is restricted by a periodic array of
obstacles that represents the gel junction points. The
chain has N beads and N I s—prings, each of charge q.
The root mean square of the spring length is /. The
Langevin equation of motion, described in detail else-
where, includes a thermal force rl, a viscous drag, entro-
pic spring forces, and the applied field force,

t)r;(t)/8t rf;(t)+2Dtr;~~(t)+r; 1(t) —2r;(r)/+E, D,

where r;(t) is the position of the ith bead, D is the
diffusion coefficient of the bead, and

where 1 is the unit matrix. In the simulation we used a
scaled field E, qlE/knT and the gel spacing is 2l. The
dynamics are set by small time iterations such that a

continuous diffusive drift is simulated. At each itera-
tion all beads are moved in the order of a random per-
mutation from 1 to N and according to forces dictated
by the equation of motion, rejecting the moves that cross
the gel. ' '

In Fig. 1 we show the average chain radius of gyration
as time evolves under a constant electric field E, =0.1.
The mobility in this case is molecular-weight and field-
strength independent. A chain stretches when regions
higher in monomer concentration (formed by leaking)
pull the rest of the chain, bringing the chain end seg-
ments close together. Closed J (hooks) and U-shaped
conformations result [Fig. 2(a)]. When the net electric
force decreases, the denser regions tend to form towards
the chain ends, resulting in more open and shorter J
chain conformations [Fig. 2(c)). The hooked chain is

pulled by the leading segment which collides with the
gel, increasing the concentration of monomers around it.
When a new dense region is formed, this process is re-
peated, leading to the oscillations shown in Fig. l. Our
results agree qualitatively with other simulations. '

We examine the effects of rotating the electric field
90' in the chain conformation. If the field is rotated
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FIG. 2. The chain conformation during gel electrophoresis. The arrows indicate the direction of the electric field; (a), (b) and
(c),(d) correspond to E, 0.15 and E, 0.1, respectively. In both sequences N 80. The snapshots (a) and (c) are taken at 800
time steps with the chain starting in a random coil configuration. The snapshots (b) and (d) show the conformations at 400 time
steps after the rotation of the field by 90' [the starting configurations were those of (a) and (c), respectively].
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when the chain is in the hooked J or nearly U conforma-
tion, the chain is pulled by the denser end segment, in-

creasing the component of the end-to-end vector perpen-
dicular to the new field direction, resulting in very open
U conformations [Fig. 2(b)]. On the other hand, if the
field is rotated while dense monomer regions are present
around the middle part of the chain, leaking occurs, re-

sulting in coiled-up conformations.
At smaller electric fields, the mechanism by which the

chain migrates is also governed by the starting confor-
mation of the chain. If the field is rotated when the
chain is almost free of dense regions, instabilities can
form along the chain. When they are sufficiently near
the ends, they pull the end segments and leak through
the entanglements [Fig. 2(d)]. Meanwhile, if the field is
rotated when dense regions are concentrated near the
ends of the chain, the end that is more dense is the one
that pulls the chain, forming open U shapes.

Our simulation shows that perpendicular pulsed-field
rotations prevent the collapse of the chain and give rise
to open U conformations (Fig. 2), as shown experimen-
tally. Since the larger the chain, the longer the cycle
from stretched to contracted conformations (Fig. 1), for
a given chain length there is an optimum switching time
between rotations to prevent the collapse of the chain. If
the switching time is much shorter than the stretching
time of the chain (the case of longer chains for a fixed
pulsed rate), leaking can occur when the chain aligns
along the new field direction. The changes in conforma-
tions during pulsed-field rotations as a function of molec-
ular weight can be used to separate the chains according

to size.
In Fig. 3 we show the center of mass as a function of

time during orthogonal PFGE. The switching time
800 and E, 0.1 in both directions. For E, =0.1 the

chain mobility for N ~ 40 at constant-field gel electro-
phoresis is the saturation value p, . For a gel spacing of
2l, the mobility at constant fields saturates to the con-
stant value p, 0.25po, where po is the mobility of a
free chain [that is, when there is no gel, in which case
the mobility pp is independent of N and E (Refs. 4 and
7)]. When 90' pulsed fields are used we find that the
mobility along the x direction p" is roughly p, /2 for
N 40. Meanwhile p" is approximately p, /4 for N 60
and 100. Figure 1 shows that after t 800, chains of
N ~ 40 have at least completed one cycle of stretched-
to-contracted conformations so one would expect p" to
be half the mobility at constant field. As longer chains
have longer cycles, the orientation effects during pulsed
fields cause a higher reduction in p". The saturation of
p" for long chains leads to a window of molecular
weights for which the resolution is optimum for a fixed
pulse rate, in agreement with experiments. If the pulse
time is reduced to 100, keeping F., 0. 1 in both direc-
tions, no increase in the resolution of separation is ob-
served (Fig. 4), as the pulse time in this case is much
smaller than the stretching time of the chains. For

100 we find that p" is roughly p, /3 for N ~ 40, re-
vealing a minimum in the mobility versus pulse time for
long chains (compare Figs. 3 and 4).

Our simulation explains how pulsed-field rotation
methods separate the chains according to size. We find a
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FIG. 3. The center of mass R, , vs time during orthogonal
pulsed fields for chains of N 20, 40, 60, and 100. The pulse
rate between x and y directions is 800 and E, 0.1 along both
directions.

FIG. 4. The center of mass R, vs time during orthogonal
pulsed fields for chains of N 20, 40, 60, and 100. The pulse
rate between x and y directions is 100 and F., 0.1 along both
directions.
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window of resolution of molecular sizes as a function of
pulse time. The mechanism of orientation during or-
thogonal PFGE is more complicated than what
simplified theories using the reptation model would lead
us to believe. Our conclusion applies to small fields
widely used experimentally for pulsed-field separation
techniques, for example, those used in Ref. 2.
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