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ABSTRACT: Brownian dynamics simulation of DNA in the biased sinusoidal field gel electrophoresis
was performed. The time development of the velocity of the center of mass and the principal value of the
gyration tensor was measured as a function of the chain length and the frequency of the applied field. It
is found that (i) for short chains N < N¢(E), the mean migration velocity decreases monotonically with
the frequency, and that (ii) for long chains N > N¢(E), the mean migration velocity shows local minimum
and local maximum at characteristic frequencies f; and f, respectively. These results are in agreement
with the experiment of Shikata et al. Analysis of the data indicates that the DNA takes the stretched
V-conformation and compact conformation alternatively, while at the frequency f, the DNA frequently

takes the W-conformation.

1. Introduction

Gel electrophoresis is a technique widely used to
separate DNA molecules according to their length.
However the physics underlying the technique is not
well-understood.12 Under the usual experimental con-
dition, the mean migration velocity is a nonlinear
function of the applied field. If the applied field is time
dependent, the migration velocity shows a rather com-
plex behavior.

Carle et al.,® Heller and Pohl,* and Kobayashi et al.®
investigated the mobility of oligomers of A DNA and
yeast chromosomes during field inversion gel electro-
phoresis (FIGE) in which the field is varied as

E, nT <t<nT+t

E(®) —Ey nT+t <t<Mn+1T @
where n is an integer, t; is the duration time of the
forward pulse, and T is the periodicity. They found that
the mobility takes a minimum at a certain pulse time
which depends on the molecular weight of DNA. This
phenomenon is called the antiresonance.

Similar phenomenon has been observed by Shikata
et al.® who studied the mobility for biased sinusoidal
field gel electrophoresis (BSFGE) in which the field is
varied as E(t) = E, + Es sin 2aft. Their result is shown
in Figure 1. The mobility of small DNA (less than 10
kbp) decreases monotonically with the increase of the
frequency. On the other hand, the mobility of large
DNA shows a local minimum and a local maximum as
a function of the frequency. The local minimum corre-
sponds to the antiresonance found in the FIGE.

A clue to understand this mysterious phenomenon
was given by the study of the conformational dynamics
of DNA in steady field gel electrophoresis.”® Fluores-
cence microscopy®!® and computer simulation!! showed
that in steady field gel electrophoresis, large DNA
migrates with a stretch—contraction motion each char-
acterized by the V-conformation and a spherical coil
conformation, respectively. The conformational change

T Abbreviations: BSFGE, biased sinusoidal field gel electro-
phoresis; FIGE, field inversion gel electrophoresis; kbp, kilobase-
pairs; PFGE, pulsed field gel electrophoresis.
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Figure 1. The migration velocity of DNA fragments during
BSFGE.® Molecular weight is indicated on the left end of each
line. Other experimental conditions are follows: 1.0 wt %,
agarose gel, 50 mM TBE buffer, 20 °C, the field parameter E,
= 2.5V/cm and Es = 7.5V/cm.

is periodic and the period is close to the field switching
time when the antiresonance occurs.’?~14 This suggests
that the antiresonance is caused by some coupling of
the field switching and the conformational change of
DNA. However, the detail of the nature of the coupling
is not known.

In order to understand the conformational dynamics
of DNA in gel electrophoresis, we have been performing
a computer simulation and direct observation of DNA
during BSFGE. In the earlier work,15 we have shown
that in the antiresonance condition DNA motion is
hindered by several competitive kinks coexisting on
DNA: DNA frequently takes the W-conformation in-
stead of the V-conformation. In this study, however,
the molecular weight of DNA was fixed. In this paper,
we report on the molecular weight dependence of the
conformational change of DNA during BSFGE. We
shall demonstrate that the computer simulation give
results in good agreement with experiments. By the
computer simulation, we can study the conformational
change in detail and we shall propose a picture of DNA
motion during BSFGE.

2. Model

2.1. Equation of Motion. The model used in the
computer simulation is the same as that in ref 15 and

© 1997 American Chemical Society



Macromolecules, Vol. 30, No. 4, 1997

Gel fiber

ith-bead

Figure 2. The model of the computer simulation and a

schematic representation of the repulsive potential U2,

is schematically represented in Figure 2. The DNA
molecule is modeled by a chain composed of N beads,
each having charge g and friction constant &, connected
by bonds of constant length a. The DNA is placed in a
two dimensional plane. The gel is modeled by a set of
rigid fibers which are standing perpendicularly to the
plane. The circles in Figure 2 denote the cross section
of the fibers across which the DNA cannot move. The
circles are called obstacles. The position of the i -th
bead, rj, obeys the following Langevin equation;11.16.17

augel
8ri

&, =qE — + i+ A4 — ) — Ais(n —risy)

)

The right hand side of eq 2 represents various forces
acting on the bead:

(1) qE represents the force of the electric field.

(2) —aU%l/ar; represents the force exerted by the
obstacles. The force is introduced to prevent the chain
crossing the obstacles. The actual form of the potential
Ul is given later.

(3) fi represents the random force due to the thermal
fluctuations of the solvent molecules. It is generated
at every time step according to the Gaussian distribu-
tion characterized by the following moments.

F0=0 (3)
(1) f;(t) 0= 2kgTEO;16(t — 1) (4)

(4) Zi(ri+1 — r;) and Aj—1(rj — ri—1) represent the force
exerted by the neighboring beads, where {1} are the
Lagrange multipliers which are determined in every
time step to keep the bond length constant: For given
{ri} and {fi}, {ri(t + ot)} are determined by {ri(t + dt)
= ri(t) + ot} and {4;} are determined by the constraint
{(riza(t + Ot) — ri(t + 6t))? = a%}.
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2.2. The Potential. The potential U%!' represents
the interaction between the chain and the obstacles. The
role of the potential is to prevent the chain from crossing
the obstacles. In the earlier works,11617 this was
attained by a repulsive potential acting between the
obstacles and the beads. In such a model, however, one
has to assume a rather large range of repulsion (larger
than half of the bond length) in order to ensure the
noncrossability of the chain across the obstacles. Such
a model corresponds to a “fat” chain, where the diameter
of the chain is nearly the same as the bond length of
DNA. In order to perform a simulation for a “thin”
chain, we used the model that the interaction potential
is a sum of the interaction between the obstacles and

the bonds.
ust=% 5 ue (5)

where U2 is the repulsive potential between bond i
and obstacle o. This is determined as follows (see
Figure 2). We consider an ellipse Di, which is deter-
mined by the bond i and obstacle a: The foci of Dj, is
located at both ends of the bond i, i.e, at the beads i
and i + 1, and Dj, passes the center of the obstacle a.
We assume that U™ depends on the length of its
shorter principal axis, biy, as

U™ = kg T(olby,)° (6)

where ¢ is a parameter. Since bj, approaches zero as
the bond i comes close to the center of the obstacle o,
the potential of eq 6 prevents the bond i from crossing
the obstacle a. The length bj, is determined by the
position vectors rj, and rij;1q Of the bead i and i + 1
relative to the position of the obstacle o. It can be
shown that

1
bia - E[(er‘la' + |ri(1|)2 — |ria _ ri+la|2]1/2 (7)

Although the potential of eq 5 is sufficient to prevent
the bond crossing, we added another term to U®! in
order to make the equipotential surface of U%! smooth.
The added term consists of the interaction between the
obstacles and the beads, and is written as

Upe®® = K T(0/|r;))° (8)

Consequently, the total interaction potential is written

as
U= SIURETIUR

The parameter ¢ in egs 6 and 8 determines the size
of the obstacles. We fixed o at 0 = 0.25a. This is chosen
so that Uf’(fad is equal to ke T when [ri,| = 0.25a.

2.3. Parameters. We chose a as the unit of length,
keT as the unit of energy, and a?/kgT as the unit of
time. In this scale, the electric field is represented by
a dimensionless quantity,

_gEa
o=i7t (10)

We used the following field
O(t) = 0, + O, sin(2xft) (11)
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Figure 3. The average migration velocity Vi Solid lines are
drawn to guide the eyes.

where ®, and O are fixed at ®, = 0.1 and ©s = 0.3
and f was varied from 1074 to 1071,

The unit of length corresponds to the Kuhn length of
the double strand DNA and is about 120 nm (360 bp).18
For g = 720e x 0.17,° T = 300 K, and a = 120 nm, 1
V/cm corresponds to © = 0.04.

Gel concentration is represented by the number of
obstacles C per the area of a2. Since the radius of the
obstacle is 0.25a, the average pore size £ can be
estimated by

E=(C"Y-2x0.25)a (12)

We took C = 0.5, which gives § = 0.9a. This corresponds
to agarose gel of 1 wt %, where the average pore size is
about 100 nm.?

The chain length was varied as N = 10, 25, 50, 100,
which corresponds to contour length 1.2, 3, 6, 12 um or
to molecular weight 3.6, 9, 18, 36 kbp. Continuous
calculation was done more than 80 000 time steps for
N =10, 25, 50, and 60 000 time steps for N = 100. The
calculation time step was fixed at 6t = 0.002¢a?/kgT.

2.4, Simulation Procedure. Simulation Cell.
The size of the simulation cell was 300a along the field
direction and 100a along the direction perpendicular to
it. We employed the periodic boundary condition in both
direction.

Generation of the Obstacles. The centers of the
obstacles were placed randomly in the simulation cell.
Therefore the obstacles may overlap. The location of
the obstacles was the same under all conditions in the
present simulation.

Initial Conformation. An equilibrium conformation
of the chain in the field U%! was used as the initial
conformation of the chain.

Data Acquisition. The simulation was done over
60 000 time steps for N = 100. For other N, it was over
80 000 time steps. To eliminate the effect of the initial
configuration, we performed data acquisition after
10 000 time steps.

3. Results

3.1. Averaged Values. Velocity. Figure 3 shows
the average center of mass velocity, vy, plotted against
the frequency of the applied field, f, for various chain
length, N. Here x is the direction of the applied field
and vy is obtained by
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— rgx('t:'tl) - rgx(t:tf)
H L=t

(13)

where rg(t) is the x component of the position vector of
the center of mass:

1 N
roc(t) = NZ Fiy (14)

ts is the first time at which the data acquisition starts,
and t, is the last time at which the data acquisition ends.

It is seen that the frequency dependence of the
velocity is in good agreement with the experiment of
Shikata et al.8 For the shortest chain of N = 10, the
velocity vy changes from the high-frequency limiting
value to the low-frequency one at about f =~ 2 x 1073
For N = 25, a plateau-like region appears for 2 x 1073
<f <5 x 1071 For N = 50, the velocity shows a local
maximum at f = 1072 and a minimum at f = 5 x 1073,
the latter corresponding to the antiresonance phenom-
enon. The chain of N = 100 indicates more clearly the
antiresonance phenomenon.

The longer chains of N = 50 and 100 show a local
maximum which is independent of the chain length.
This is also consistent with the experiment. Shikata
et al.® suggested that the local maximum (and the
increase of the velocity with the decrease of the fre-
guency) is caused by some elastic response of the gel.
However, since the present simulation which uses fixed
obstacles shows the same results, we think that the local
maximum is due to an intrinsic internal motion of the
chain. A possible mechanism for this will be discussed
later.

Conformation. To investigate the conformational
change of the chain quantitatively, we calculated R((t),
which stands for the larger principal value of the radius
of gyration tensor; i.e,

1 1
R () = 5(Sxc+ Syy) +5[(S5 = S,)* + 45,1 (15)

where Sgs represents the radius of gyration tensor
defined by

1N )

Sxx(t) = NZ(rix - Ing) (16)
1 N

Syy('t) = NZ(riy - rgy)2 (7)

13 13
Sxy(t) = NZ(rix - rgx)(riy - rgy) = Nzriy (18)

The chain of a completely stretched linear conformation
gives Rj2 = N2a?/12, while the chain of an isotropic coiled
conformation gives R2 = Na?/12.

Figure 4 shows the average values of R(t) under each
condition. For comparison, vy values are also plotted.
It is seen that R, behaves quite differently from vy. For
N = 10, R, is almost independent of f, while v« de-
creases by a factor of 1/, as the frequency f increases.
For N = 25 and 50, R, changes from the low-frequency
limiting value to the high-frequency limiting value in
1078 < f <5 x 1072. On the other hand, v« changes its
value, showing the minimum and the maximum. For
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Figure 4. The average value of the larger principal values of
the gyration tensor R,. Lines are to guide the eyes.
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Figure 5. Time development of v and R, for N = 10.

N = 100, R, shows a local minimum at the same
frequency as the velocity does. R, also shows a local
maximum at the frequency which is different from the
frequency corresponding to the local maximum of v,.

3.2. Time Development. Figures 5 and 6 show an
example of the time evolution of v«(t) and Ry(t) for each
condition. vy(t) was calculated by the Savitzky—Golay
method:?°
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Figure 6. Time development of v, and R, for N = 100.

4

1 : : : :
v, (t) = @ Irg(t + 1AL) — irg(t — iAt) (19)

where At was taken to be one time step under all
conditions except for the case of N = 100 and f < 2 x
1072, where At was taken to be two time steps. For
comparison, the time variation of the field is also plotted
in each figure.

It is seen that the velocity of the center of mass vy(t)
follows the field even for the highest frequency. On the
other hand, the characteristic features of R(t) vary
depending on the chain length N.

For N = 10, the behavior of R((t) for each frequency
looks similar to each other. As itis indicated in Figure
4, the average value of Ri(t) is independent of f. Also
the magnitude of fluctuations and the relaxation time
seem to be independent of f.

For N =100, R|(t) shows large fluctuations which are
not directly correlated to the applied field. The large
fluctuation of R,(t) corresponds to the stretch—contract
motion:; the chain migrates, taking a stretched confor-
mation and a crumpled conformation alternatively. The
fluctuations become larger and more frequent as the
frequency f decreases. Also the amplitude of the
fluctuations of Ry(t) varies with the field strength |O(t)]
at low frequency.

To demonstrate the difference in the behavior of vy(t)
and R|(t), we calculated the autocorrelation functions
Caa(t) as

ba(t + t) — a)a(t) — a) dt

Caat) =
b(a(t') — a)® dt’

Z(a(ti +1) - a)a(t) — a)
~ F (20)

i(a(to - a)?

where a(t) stands for v4(t) or R(t). Figure 7 shows the
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autocorrelation functions for vy(t) and R(t) plotted
against the scaled time ft. The velocity autocorrelation
Cw oscillates with the frequency f. This is consistent
with the observation that the velocity varies responding
to the applied field. On the other hand, the autocorre-
lation function of R(t) decays with the characteristic
relaxation time independent of the frequency f, indicat-
ing that the conformational changes is governed by a
much slower dynamics of the chain.

3.3. Kink Motion. To characterize the chain con-
formation in more detail, we analyzed the time develop-
ment of the kink distribution along the chain. For a
given conformation of the chain, we find the bead iacross
which the component of the bond vector u; = riz; — r;j
changes the sign, i.e. we pick up the i at which ufu}_; <
0. We call such a point a kink. We then represent the
position of the kinks in a one-dimensional coordinate x
= i/N. Figure 8 shows the time evolution of the
distribution of the Kinks along the chain.

As it is seen in Figure 8, the kink density is high near
the chain ends. This is because the tension near the
ends is low, and the chain tends to be crumpled near
the ends. On the other hand, the kink density in the
middle of the chain shows large fluctuations. This
corresponds to the stretch—contraction motion. When
the chain is in the contracted state, the kink density is
uniform along the chain. When the chain is stretched,
the kink density in the middle of the chain becomes very
low. In such a region of sparse kinks, one can often see
a single kink moving along the chain. This kink
corresponds to the apex of the V-conformation (see
Figure 9). We call such a kink a “dominant kink”,
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because the stretch—contraction motion of DNA is
essentially dominated by such kinks.21-23

In BSFGE, the kink motion is affected by the field.
At the lowest frequency (f =5 x 1074), the sparse region
of the kinks appears with the same periodicity as that
of the applied field. In the sparse region one can see
the dominant kinks running through the chain. Near
the antiresonance condition, for f = 1073, the sparse
regions are seen periodically. In this case, one can see
two or more dominant kinks on the chain. The two
dominant kinks correspond to the two apexes of the
N-conformation, and the three dominant kinks cor-
respond to the three apexes of the W-conformation.

4. Discussion

4.1. Frequency Dependence of the Stretched
Stage. During the migration, the chain takes a stretched
and a compact conformation alternatively. As shown
in Figure 8, it is observed that the stretched conforma-
tion is strongly affected by the field modulation, while
the compact one is not. To quantify this, we picked up
the peaks and the bottoms of R|(t). R represents the
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Figure 10. The average extension of the stretched state,
R, and that of the shrinking state, R/, plotted against f for

various N. For comparison, the average extension, R, is also
plotted.

peak which corresponds to the stretched conformation
and R} represents the bottom which corresponds to the

compact one. The average of R and R,b are plotted
against the field frequency f for each N in Figure 10. It

is seen that &b is almost independent of f. On the

other hand, R} is strongly dependent on f and its
behavior is similar to that of R;. This indicates that it
is the stretched conformation which is affected by the
field modulation.

If we focus on the chain conformation in the stretched
stage, we can have a simple picture about the frequency
dependence of the chain conformation. We consider the
conformation of the chain which is migrating upward.
At very high frequency, the stretched conformation is
the V-conformation as it is in the steady field. The
average velocity and the average elongation are the
same as in the steady field without the sinusoidal part
(see Figure 4). At very low frequency, the stretched
conformation is again the V-conformation, but the
direction of the “V” changes alternatively as the field
direction changes. The stretched conformation at the
intermediate frequency is something between these two
limits. As we mentioned in section 3.3, we think that
the typical stretched conformation at the antiresonance
condition is the W-conformation. In such a configura-
tion, the chain has one hernia and two arms of compa-
rable size. These compete with each other and hinder
the chain slipping off the obstacles. We conjecture that
this causes the antiresonance phenomenon.

4.2. Modulation Length. To quantify the effect of
the field on the conformation, we calculated the mean
distance d that each segment migrates during the period
for which the field is negative:

d

= %Z Bix(t = i(Znn - a)) - rix(t = %T(Znn -+ OL))Dr1

= H (tzi(Znn - (x)) -r (t Zi(Znn -+ (x))D
Y\ 2af P\ 2af

n

_JZ—ZO. in

\

V.
2nf (21)
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where v, is the average migration velocity during ©-
(t) < 0 and a = |arcsin(Ou/Os)|. Notice that d is equal
to the averaged migration distance of the center of mass
during ©(t) < 0. We call this distance the “modulation
length”. Figure 11 shows d plotted against f. Itis seen
that d is dependent on f as d = 09 put it is almost
independent of N.

4.3. Picture of the Chain Dynamics. Using the
modulation length d, we construct a picture of the chain
dynamics, and explain the behavior of visshown in
Figure 3.

Region i: d < 1. The modulation length is smaller
than the Kuhn length of the chain, i.e, than the
minimum size of the hernia on the chain. In such a
situation, the kink motion is not affected by the field.
The motion is almost the same as in the steady field.
According to Figure 11, the region of d < 1corresponds
to the frequency region f > 2 x 1072, In this region,
the migration velocity is close to the steady field value
(see Figure 3). The characteristic conformation in this
region is the V-conformation, the same as it is in the
steady field.

Regionii: 1 <d < d.. When d becomes larger than
1, the V-conformation is affected by the field. There are
two possible effect of the field modulation: (i) it loosens
the apex of the V-conformation and decreases the
repulsive force between the chain and the obstacle at
the apex of the V-conformation and (ii) it creates many
hernias on the arm of the V-conformation and increases
the repulsive force between the chain and the obstacles.
These effects compete each other. Notice that, at high
frequency, the first effect dominates since the created
hernias are small and will evaporate due to thermal
agitation. For the second effect to be important, the
frequency must be smaller than a critical value, f.. The
critical frequency f; is estimated as follows: We assume
that the size of the created hernia is equal to the
modulation length d. Since the number of segment
included in the hernia of size d is 2d, the electrical
potential of the hernia is 2d®. Then, the average
potential of the hernia during ©(t) < Ois obtained by

(r — 20)

hernia _
U kg T = 20—

S o<odt[O, + O sin 2xft]
(22)

Substituting ®, = 0.1 and ©s = 0.3 into the above
equation, we obtain |Uhemia|/kgT = 0.26d. The critical
hernia size d. is estimated by |Uhe™ia|/kgT = 1. This
gives d. = 3.8. According to Figure 11, the critical
hernia size d. = 3.8 corresponds to the critical frequency
f. =5 x 1073, and the region 1 < d < d, corresponds to
the frequency region 2 x 1072 < f < 5 x 1073, This
region includes the local maximum of the migration
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velocity. We conjecture that this maximum is caused
by the competition between the apex loosening and the
hernia creation. The characteristic conformation in this
region is the loose apex V-conformation.

Region iii: d; < d < N/2. As the frequency de-
creases below f;, larger hernias are created, leading to
sluggish migration of the chain. In this region the
migration velocity decreases with the decrease of the
field frequency. This region includes the antiresonance
condition.

Antiresonance: d = N/4. When d = N/4, the hernia
size becomes 2d = N/2. In this case, the chain fre-
quently takes the W-conformation instead of the V-
conformation. Since the hernias and the arms compete
with each other, the driving force acting on the chain is
canceled out. Consequently, the migration velocity
becomes extremely low. This gives the antiresonance.
The antiresonance frequency is obtained from Figure
11 at which d is equal to N/4.

For the short chains, the antiresonance does not occur
because the antiresonance frequency is in the region ii,
where the thermal agitation is dominant. Therefore,
we can estimate the critical chain length for the anti-
resonance phenomenon to occur as N = 4d;. Under our
conditions, substituting d. = 3.8, we obtain N = 15. This
is consistent with the result shown in Figure 3 that the
antiresonance does not occur for N = 10.

Region iv: d > N/2. If the frequency is lowered
further, the chain motion is essentially the same as it
is in the steady field except it moves forward and
backward. If the mean migration velocity Vst(®) for
the steady field E is known, the velocity for the biased
sinusoidal field at the low-frequency limit is obtained

by

1A,

Jim Vos(f) = £/, Vsr(©, + O, sin 27ft) dt (23)
—0

This value is usually larger than Vs1(®y), since Vs1(0©)
is proportional to ®* with o =~ 1.5.12 The characteristic
conformation in this region is the turning V-conforma-
tion.

The Boundaries Between the Regions. The
boundaries between the regions are obtained from
Figure 11 and indicated in Figure 3. The boundary
between regions i and ii and that between regions ii and
iii are independent of the chain length. These are
indicated by the dashed lines in Figure 3. On the other
hand, the boundary between regions iii and iv depends
on the chain length. Each boundary is indicated by an
arrow head in Figure 3.

Comparison with Experiments. Shikata et al.®
performed BSFGE experiment varying the parameters
of the applied field E(t) = Ep + Es sin 2xft. They
reported that the antiresonance frequency f, depends
on the gel density Cge, the chain length N, and the field
strength Ey as

16—l
f, 0 CeaN "Ep (24)
In our result, it has been shown that d O f~°° corre-
sponding to f, 0 N~ This is close to eq 24.

Although the gel density is not varied in our simula-
tion, we can predict the effect using our picture. Ac-
cording to eq 21, the antiresonance frequency is given
by
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2(n —20)Vi"

== (25)

inv

The larger the gel density is, the smaller v, is.

Assuming that vix’“’ is proportional to the average ve-

locity in the steady field,’? we have vy 0 C3°. This
corresponds to f, 0 C,g° and is close to eq 24.

Comparison with Earlier Works. The above pic-
ture is consistent with the earlier pictures proposed for
FIGE: the antiresonance occurs when the field switch-
ing time matches the deformation time of DNA between
the “V"- and “A”-conformation.”® We suggest that the
W-conformation in our picture of the antiresonance
appears due to the difference of the applied field. We
are examining our picture for FIGE, and the results will
be published elsewhere.

5. Conclusion

In this study, we performed Brownian dynamics
simulation of the chain during BSFGE using a new
potential. The result is in good agreement with experi-
ments. We analyzed the motion of the Kkinks and
constructed a picture of the chain motion using the
modulation length d. This picture explains the experi-
mental results and it is consistent with the earlier
pictures in FIGE.
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