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Introduction

Field-inversion gel electrophoresis (FIGE) was invented
by Olson et al.2 to separate DNA of high molecular weight.
The method involves applying an electric field periodically
in the forward direction for a time period ¢; and in the
backward direction for a time period 5. As t; is chosen
to be longer than t,, the DNA molecules are moved in the
forward direction on the whole. Olson et al. showed that
when t,, to, and the field strength are appropriately chosen,
the method can separate large DNA molecules (of a few
hundred kilobase pairs) that cannot be separated by the
conventional stationary field method.

Despite the utility, the basic mechanism of separation
in FIGE is not well understood. It is generally believed
that the motion of DNA in a gel is described by the rep-
tation model.? which indeed can explain the observed
behavior of stationary field gel electrophoresis.t® However,
analysis of the model in the case of FIGE is difficult, and
the existing theory? seems still tentative and qualitative.
Recently, several computer simulations of FIGE!*13 have
been done, but for real systems, only a few experimental
results are available.1415 In this note we report our FIGE
results and propose a possible mechanism for FIGE.

Experimental Section

The DNA samples used in the experiment are summarized in
Table I. They are double-stranded DNA of contour length of a
few tens of microns. As the persistence length of DNA is
estimated to be 70 nm, these DNA samples can be regarded as
flexible polymers. The gelis a1l wt % agarose gel, the mean pore
size of which is estimated to be 90 nm. The buffer is X05 TBE
and its Debye length is estimated to be 1.5 nm. Since this is much
smaller than the persistence length of DNA, the effect of the
electrostatic repulsion on the DNA conformation will be negligible.

The instrument consists of a vertical gel electrophoresis unit
(Type SE600, Hoeffer Scientific Instruments), a pulse controller,
and a circulator. While the electrophoresis is carried out, the
temperature of the gel is kept at 8 £ 1 °C by the circulator. By
direct measurement of the electric potential in the gel, we
confirmed that the electric field is constant throughout the gel.

The electrophoresis is done for both stationary and alternating
pulse fields. In the latter case, the magnitude of the electric field
of the forward pulse and that of the reverse pulse are set to be
equal to each other. The pulse duration time of the forward field
(t1) and that of the reverse field (¢;) are varied, with their ratio
ti/t, fixed at 3.

After the electrophoresis is carried out, the DNAs in the gel
are stained by ethidium bromide, a fluorescent dye, and
photographs are taken under ultraviolet rays for the measurement
of displacement of DNA. The electrophoretic mobility ug of DNA
is calculated by

ug = d/ftE (1)

where d, t, and E stand for the displacement of DNA, total time
for electrophoresis, and electric field strength, respectively, and
f = (ty — ta)/(t; + t2) is a correction factor which is put so that
eq 1 reduces to the mobility in the stationary field in the limit
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Table I
DNA Samples

DNA fragment
T4dC A MK-I-1 MK-I-2 MK-I3

no. of base pairs X 103 166.0 48.50 23.13 9.42 6.56
contour length/um 56.4 16.5 7.86 3.20 2.23

of t;/ts — e; f is equal to 1 for the stationary field and !/, for
our pulse field.

Results and Discussion

Figure 1 shows typical FIGE results. The mobilities are
plotted against the duration time of the forward field ¢;.

When ¢; goes to infinity, the mobilities are almost
independent of the molecular size of DNA, indicating that
the separation of DNA by the stationary field is not
possible. The mobility uz depends on the field strength
E. The field dependence is much weaker than that
predicted by the low-field-limit equation ug « E2. This
indicates that the present experiment corresponds to the
nonlinear regime,*> where DNA molecules are considerably
elongated along the field direction.

As t; decreases, the mobility has a sharp drop at a certain
time ¢1*, which we shall call the resonance time, following
Olson.? The resonance time depends on the contour length
of DNA and the field strength as shown in Figure 2. It
is seen that the resonance time increases almost linearly
with increasing contour length L. The slope is a function
of E: the higher the field is, the smaller the resonance time
becomes.

To understand the physical significance of the resonance
time, we plotted ¢,* against the disengagement time in the
continuous field tgis = L/ Veont in figure 3, where Viop, is
the electrophoretic velocity in the continuous field. It is
seen that t;* and tg4j; are proportional to each other:

L
ty* = Aty = A_V'_ (2)

cont

The proportionality constant A is 0.31 and is independent
of the electric field (at least in the regime of the exper-
iments we have done). The constant A may depend on
t1/ts, but the dependence has not been studied.

Various interpretations can be made for eq 2. Our
tentative interpretation is the following.

Recent computer simulations”1%!2 and a theory!® have
shown that DNA migrating through a gel takes two
distinctive states: the elongated state, in which the end-
to-end distance h of the DNA is comparable to the contour
length L, and the compact state, in which » «< L. For most
of the time, the DNA is in the elongated state, but
occasionally it falls in the compact state. If a DNA falls
in the compact state, it stays there for a relatively long
time, during which it migrates very slowly since the
mobility of DNA is proportional to h,% where h, is the
component of the end-to-end vector of DNA in the
direction of the electric field. For simplicity we shall
assume that the DNA can be in either the elongated or
compact state, with mobilities u. and u., respectively; then
the overall mobility is written as

pp= (1-¢Juy + b= (1 —dJu, (forp, <p,)  (3)

where ¢, is the fraction of DNA in the compact state.

The time necessary for the DNA to recover from the
compact state to the elongated state can be estimated by
eq 14 in ref 16. If one neglects the random force, the
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Figure 1. Electrophoretic mobilities under field-inversion plotted
against the pulse duration time ¢, of the forward field. The field
strength is £ = 15.4 V/em. The five curves correspond to DNA
of different number of base pairs: from top to bottom, MK-I-3
(6.56 kbp), MK-I-2 (9.42 kbp), MK-I-1 (23.13 kbp), ) (48.50 kbp),
and T4dC (166.0 kbp).
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Figure 2. Resonance time t;* of DNA plotted against its contour
length. The four lines correspond to different field strengths:
from top to bottom, 7.72, 15.4, 30.7, and 38.3 V/cm.
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Figure 3. Resonance time t,* plotted against the disengagement
time of the stationary field gel electrophoresis. The symbols
represent results for different fields.

equation is written as
dh, V

i cont _ hx ] h

dt LP(E) LPEY1*
where P(E) = (cos 6) is a constant that depends on E and
takes a value between 0 and 1. From eq 4 it is easy to show
that the characteristic time of h, is LP(E)/V ont. Since
P(E) is of the order of unity in the present experiment
where the nonlinear effect is large, the time necessary for
the compact DNA to regain the elongated conformation
will be approximately equal to L/ Veont = tais-

With this background, we conjecture that the mobility
minima appear by the following reason.

The field reversal presumably increases the chance for
the DNA to be trapped in the compact conformation.
Indeed recent computer simulation! has shown that when
the field is reversed, the average mobility of DNA drops
for a certain time. Various mechanisms are conceivable:13
(i) additional kinks are introduced at the chain ends or
(ii) the stretched chain snaps back upon field reversal. Thus

(4)
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Figure 4. Time evolution of the fraction of the compact
conformation in the FIGE: (a) t; > tais; (b) 1 2 tas; (€) £1 K tais

if t1 > tais, ¢.(t) will change as shown in Figure 4a. When
the field is reversed, ¢.(t) will become larger than the
steady-state value but then will relax to the steady-state
value after a time ¢q;. If t1 > tais, the effects of each field
inversion are independent of each other, so that the overall
mobility is reduced only by a factor [1 - tgis/(t1 + to)], which
is close to 1 for t4;s < t1.

If t; = tdis, ¢ will behave as shown in Figure 4b. In this
case, the field is inverted before the effect of the previous
inversion dies out, so that after one cycle of FIGE, ¢.(t)
will become larger than the value before the cycle; i.e.,
@c(t +t1 + t9)/ dc(t) > 1. Thus if the cycle is repeated many
times, ¢.(t) increases exponentially with time untill it levels
off. This will cause a large reduction of the mobility.

If t; « tqis, the exponential growth of ¢, will not occur
since the DNA will move essentially in the same tube
during a cycle of the field reversal. In this case, ¢.(t) will
behave as shown in Figure 4c, and there will be no
significant reduction of the mobility.

In the above explanation, the tube length fluctuation
that has been accounted for in recent computer simula-
tions1%13 and theory? is not considered explicitly. The
fluctuation may be important, but our experimental result
seems to be explained without considering the fluctuation:
the mobility minima will appear as long as the field reversal
creates compact conformations that last for the time tg4;s.
If this is the case, the minima will appear in the computer
simulation for the simple biased reptation model.
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