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Electrophoresis using gel and uncrosslinked polymer solutions is widely used to separate DNA
chains by chain length. We studied the electrophoretic behavior of chains using Brownian
dynamics with an anisotropic friction tensor. We show the anisotropic-friction model proposed
by Curtiss and Bird is an effective method to describe dynamics of polyelectrolyte chains under
an electric field in gel and polymer solutions. With a low anisotropy of friction (dilute polymer
solutions), a chain fluctuates between elongated and compact states with no periodicity under a
steady electric field. On the other hand, with a high anisotropy of friction {gel or entangled
polymer solutions), a chain oscillates periodically: Polyelectrolyte chain is trapped by gel fibers
with a U-shaped conformation, stretches out, and re-acquires a compact conformation. The
above results agree well with experiments on DNA electrophoresis.
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1. INTRODUCTION

Sieving media such as gel and polymer so-
lutions are used for separation of DNA by elec-
trophoresis, because the mobility of linear polyelec-
trolytes is independent on their chain length in free
solution. To find better conditions for separation,
the dynamics of DNA electrophoresis using gel [1-5]
and polymer solutions [5-9] have been extensively
studied. Some authors {1-5], using simulation, as
well as direct observation, have revealed that DNA
migrates in a gel matrix under a steady field with os-
cillation between elongation and contraction: DNA
is trapped by gel fibers to show U-shaped confor-
mation, and then stretches out and re-acquires a
coiled conformation. The oscillation period under a
steady field reportedly corresponds to the antireso-
nance period, at which the mobility of DNA is min-
imal in field-inversion gel electrophoresis.

In the past decade, a linear uncrosslinked
polymer solution has been used instead of a slab
gel in capillary electrophoresis based on advantages
such as a higher resolution and rapid separation
[6]. Long DNA fragments (ca. 20 kilo base pairs)
can be separated even in ultradilute solutions by
steady-field electrophoresis [6]. Some studies [7,8]
using direct observation have described the confor-
mational dynamics of DNA, i.e., the formation and
deformation of a U-shape, under a steady field in
linear-polymer solutions both above and below the
overlap concentration c*. Ueda et al. [8] reported
that DNA migrates in a linear conformation, which
they called an I-shaped motion, in 6-10% polyacry-
lamide solutions, which is ca. 10 times more con-
centrated than c*. In the I-shaped motion, DNA is
not fully stretched and has high segment-density re-
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gions, which remain at the same positions in space
during migration of the entire chain.

Some theories [2-4] on gel electrophoresis are
based on a tube model {9]. On the other hand,
another theory [10] on electrophoresis using dilute
polymer solutions is based on a transient entan-
glement coupling mechanism: DNA drags solvent
polymers after collision.

In Refs. 11-13, we showed that the
anisotropic-friction model proposed by Curtiss and
Bird [14] is applicable to electrophoresis using both
gel matrix and polymer solutions. We used two
models: segments corresponding to 8 in Ref. 11
(model 1) and A/4 in Refs. 12, 13 {model II), where
X is the persistence length. The following types of
migration behavior are shown. With low anisotropy
of friction, chains of both models fluctuate with no
periodicity between elongated and compact states.
With high anisotropy of friction, chains of model 1
oscillate periodically between elongated and com-
pact states and chains of model II migrate with
linear conformation with high segment-density re-
gions. The segment size of model should correspond
to the mesh size of polymer solutions or a gel ma-
trix. An increase in anisotropy should correspond
to an increase in the length of solvent polymers with
constant monomer concentration.

The purpose of our study is to examine the
mechanism of the migration of DNA in a gel matrix
in comparison with the migration in polymer solu-
tions. We simulated model I (1 segment = 8X) using
Brownian dynamics in a three-dimensional space.

2. MODEL
As detail numerical procedure has been de-
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scribed in Ref. 11, here we would explain the
method only briefly. A DNA chain is modeled using
N + 1 beads tethered by elastic joints. The motion
of the i-th bead follows the underdamped Langevin
equation with a leapfrog algorithm:

dzf'i dr;
Mo = —[Couiu; + Ca(T ~ uzui)}‘(ﬁ +g,(t)

+-fbond(ri - ri+1) + fbond(ri - 7'1'_1) + fexa (1)

where m is the mass of a bead and u; is the vec-
tor tangential to the chain. g,(¢) is the Gaussian
white noise and obeys the fluctuation-dissipation
theorem. (o and (, represent friction for motion
parallel and normal to the chain, respectively. We
set (n/Co = Aat2<i< Nand (/¢ = A/2 at
i = 1, N + 1, since the end segments are affected
less by entanglement with solvent polymers than
the middle segments.

The neighboring beads along the chains are
connected with the bond force f..4(7),

Fuona() = AbsT (g + 7 - D5 (@)

where kg is the Boltzmann constant and T is the
temperature. ! is the maximum stretched length.
The force f,,.4(r) asymptotically corresponds to
an analytical solution of a wormlike chain at large
and small force limits in the case of | >> 1 [15]. We
choose the values A = 1.7 and [ = 2, which indicate
[ = 8X. We set the external force as f,, =(fex, 0,
0).

We used /2 as the unit length, kg7 as the
unit energy, and (o(I/2)?/ksT as a unit time step.
In this paper, N is fixed 64 (corresponding to 90
kbp of DNA) and fex = 0.125,0.25,0.5,1,2,4, and
8 (corresponding to the electric field E = 0.3 — 20
V/em in a typical experiment). We changed the
anisotropy parameter A = 10, 20, 100, and 1000.

3. RESULTS AND DISCUSSION

Figure 1 shows snapshots of a polyelectrolyte
chain at A = 10. A chain forms a U-shaped or
W-shaped conformation. These conformation is in-
duced by the external force and the anisotropy of
friction, and is not stable without the external force.
The z coordinate of the apex of the U-shape is not
fixed and moves 25 units from Fig. 1(b) to (c) and
23 units from (c) to (d). These snapshots agree with
fluorescence images of TADNA in dilute (c<c*) or
semidilute (c ~ c*) polymer solutions [7.8].

Figure 2 shows snapshots of a chain at A =
1000. A chain forms a stretched U-shaped confor-
mation in Fig. 1(a), (b), and (¢). The z coordi-
nate of the apex of the U-shape almost fixed and
moves only 4 units from Fig. I(a) to (b). The
chain becomes the compact conformation as soon
as the apex of U-shape vanishes at the chain end.
Though the leading end stretches at U-shaped con-
formations by pulling force along the chain, the end
unorients in z-direction by thermal fluctuation at
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Fig. 1 Chain conformation at anisotropy param-
eter A = 10 in steady-field electrophoresis. The
snapshots are displayed as projections to the zy
plane. Chain length is N = 64 and the external
force is fex = 4 in the z direction.

the linear shaped conformation, and is caught by
the back segments. Similar conformational changes
have been reported in simulations [1,2], where a
polyelectrolyte chain migrates on a plane of dotted
obstacles, and in direct observations of DNA in



Hiroshi Noguchi

50

L AL LN B B R B 0
- =400 |
of a
-50- L L L L i I ;. I 1. L ]
sof 11 1 ]
i =420
T ==~ ]
SOy v oo ]
so Tt ]
[ 1=440
0 :' cd_,./"'\ —'-
r :
1 I R S T ST i
50[:1 LA I B B B B I B
[ =460 ]
y 0-— ~ta -
‘50‘-1 AR I T R SR T B R I

so[ v+ T +— 111
- =48 ]
= .
o ~aomrend -
1] I R R T T T B T

so[ | N I B R B N L
- =500 %
0 : L amnans sl =
: ]

SOy o b

300 400

Fig. 2 Chain conformation at anisotropy parame-
ter A = 1000 in steady-field electrophoresis. Snap-
shots are displayed as projections to the zy plane.
The other parameters are the same as those shown
in Fig. 1.

gel [3,4] or in entangled polymer solutions (c>c*)
[7]. As anisotropy of friction increases, the chain
has more stretched U-shaped conformation. Figure
3 shows the time development of the end-to-end dis-
tance Rend for the same examples as in Figs. 1
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Fig. 3 Time development of the end-to-end dis-
tance Reng at A = 10 and 1000 from the same
data shown in Figs. 1 and 2.

and 2 at A = 10 and 1000. These conformational
dynamics are not dependent on initial states. A
large fluctuation of Renq is seen for both A = 10
and 1000. That at A = 1000 looks more periodic
than that at A = 10.

To evaluate periodicity, We calculate the au-
tocorrelation functions of physical quantities, such
as the end-to-end distance, the radius of gyration,
and the velocity of the center of mass calculated
from three runs with 160000 time steps (see Fig. 6
in Ref. 11). All of them have very similar shape.
At A = 10, the autocorrelation function decreases
as a single exponential function of time with no
periodicity. At A = 100 and 1000, the autocor-
relation functions are oscillatory. The period of
oscillation is 170(£30) and 100(+30) at A = 100
and 1000, respectively. The increase in anisotropy
of friction induces the periodicity of conformation
change. This trend is caused by faster growth to U-
shaped conformation at higher anisotropic friction.
At A = 10, Rend increases slowly from a coiled to U-
shaped conformation, and U-shaped conformation
often deforms at small Renq as shown in Fig. 3. On
the other hand, at A = 1000, R.nq increases faster
from a coiled to U-shaped conformation. Since the
duration of coiled conformations is short, the chain
conformation is U-shape at most of the time. Thus,
the duration of U-shaped conformation equals al-
most the period of the autocorrelation function.

The period of oscillation is proportional to
N [11]. As the chain becomes shorter, the peri-
odicity of chain becomes weaker and disappears at
N = 8. This suggests that a sufficient chain length
is needed to generate periodicity. These period in
steady field corresponds to the antiresonance period
in field-inversion gel electrophoresis {11]. These re-
sults agree with experimental results {1-4].
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Fig. 4 Dependence of mobility p on steady field
strength fex at N = 64 and A = 10, 20,100, or
1000. Thick lines represent slopes of 0.1 and 0.4.

Figure 4 shows that mobility u =< V, > /fex is
proportional to f& under a steady field at A =
10,20, 100, and 1000, where V; is the z-component
of the velocity of the center of mass. As A in-
creases, « increases from 0.1 to 0.4. This agrees
with an experiment on CE using polymer solution
by Mitnik et al. [16]. They estimated that o was
0.07,0.27,0.3, and 0.4 for 0.1,0.2,0.4, and 1% hy-
droxypropylcellulose (HPC) solutions, respectively
(c*= 0.37%). A = 10 agrees with 0.1 — 0.2% di-
Iute HPC solutions. A = 1000 agree with entangled
HPC solutions (¢>c*), and the exponent in gel elec-
trophoresis [4] is 0.4—0.5. As anisotoropy of friction
increases, the mobility u has larger fex dependence.
Thus, the high exponent 0.4 in gel and entangled
polymer solutions is generated by the strong con-
finement of high anisotropy of friction.

We show that the chain fluctuates between
elongated and compact states with no periodicity
at low anisotropic friction and oscillates between
elongated and compact states at high anisotropic
friction. The former corresponds to dilute polymer
solutions, and the latter corresponds to gel or entan-
gled polymer solutions. Periodic oscillation between
elongated and compact states causes an antireso-
nance of mobility in field-inversion gel electrophore-
sis. U-shaped conformations accompany such pe-
riodic oscillation. For a shorter chain or a lower
concentration of gel fibers, the U-shaped conforma-
tion disappears as periodicity disappears. We have
found that in dilute polymer solutions the periodic-
ity disappears whereas U-shaped conformation ex-
ists.
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