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Self-Trapping and Anomalous Dispersion of DNA in Electrophoresis
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We present a high-field biased reptation model of gel electrophoresis. It is predicted that during their
migration, DNA fragments can get trapped for long periods of time in near-zero-velocity, looplike com-
pact conformations. As a consequence, the electrophoretic mobility of DNA is found to be a nonmono-
tonic function of the fragment size. We present experimental results showing this unique and unexpect-

ed consequence of anomalous dispersion due to DNA self-trapping in compact states.

PACS numbers: 36.20.Ey, 82.45.+z, 87.15.—v

The electrophoretic mobility x4 of a DNA fragment is
determined by its contour length S, its shape, and its
electric charge, as well as by the conditions of the (gel)
electrophoresis experiment. It is widely believed that the
empirical relation u«1/S, observed for moderately large
fragments in the limit of zero electric field,! is an indica-
tion that migration occurs by reptation, i.e., the molecule
goes head first through the obstacles of the gel. The first
models showed that a field-driven snakelike motion does
indeed lead to a p e 1/S law.??

For large fragments and finite electric fields, u be-
comes field dependent, but its dependence upon S de-
creases as the molecule stretches (the charge per unit
length of the DNA is then the only relevant parameter),
making electrophoretic separation of DNA very
difficult.* A biased reptation model showed that these
effects are due to a net stretching of the average molecu-
lar conformation in the field direction.>®

In this paper, we generalize the Slater and Noolandi®
(SN) model to long DNA fragments and high electric
fields. A computer simulation for this model predicts
that the fragments stop migrating during long intervals
of time because they get “trapped” in long-lived, loop-
like, compact conformations. These very stable confor-
mations do not contribute to chain motion because, con-
trary to the situation in a solution, only the total in-
tegrated longitudinal electric force acting on the mole-
cule leads to chain motion in a gel; in the case of a loop
conformation, this force is zero. As a consequence of
this self-trapping, the mobility 4 can become minimum
for fragments of finite size. Finally, we report the results
of a series of experiments showing a minimum mobility
for intermediate size fragments in large fields, in agree-
ment with our model.

In the biased reptation model,? the chain is considered
trapped in a tube (formed by the obstacles of the gel)
which allows only one-dimensional motion along the tube

axis. The effective (primitive) chain is made of NV seg-
ments of length a (the average pore size). The (one-
dimensional) motion of the chain is seen as a series of
forward (+) or backward (=) jumps in the tube, each of
length a, time duration Az +, and probabilities p +.

Without an electric field, we have p+ = L, i.e., pure
Brownian motion, and Ar+ =rB=a2/ZD=a2g’/2kBT
~ N, where D and & are the diffusion constant and fric-
tion coefficient of the chain in its tube (the Einstein rela-
tion gives ED =kgT).

With an electric field E=EX, the DNA chain has an
instantaneous longitudinal electric drift velocity (along
the tube axis) v;(r) and an average electrophoretic mo-
bility u given by 3¢

vilt)=QFh ()/LE, u=3uelh2/L>,

where Q is the total charge of the chain and L =Na is
the length of its “‘tube,” and puo=Q/3& is a measure of
the friction coefficient per unit charge of DNA. Finally,
h.(t) is the instantaneous end-to-end distance of the
tube in the field direction, while (h?2) is averaged over the
duration of the migration. The velocity v; and the
Brownian motion (with diffusicn constant D) are both
responsible for chain motion.

With each jump, an end segment leaves the tube to
create a new tube section. While this end segment goes
in a random direction at £=0, it tends to align in the
field direction when E#0 because it has an electric
charge ¢ =Q/N. If we assume that the projection x, of
this segment on the field axis (with —a < x, < a) fol-
lows a Boltzmann distribution taking into account the
electrostatic energy ¥ gEx; of the segment, we find that’

(xp)/a=coth® —1/6=06/3+ - - -, (1)

where © =gFEa/2kyT is the scaled electric field.
The SN model® assumes that p+=35(1%6) and

2428 © 1987 The American Physical Society



VOLUME 58, NUMBER 23

PHYSICAL REVIEW LETTERS

8 JUNE 1987

At + =g, with the bias 8§ =v,tg/a chosen to recover the
correct longitudinal velocity a(p+ —p —)/tg=v,. There-
fore, the main hypothesis here is that the field-driven
bias § modifies the probabilities p + to first order, but
the times At + only to second (or higher) order. Clearly,
this model is limited to |8§| <1, i.e., to small electric
fields.

To generalize the SN model, we map the motion of
DNA during a jump with the motion of a particle be-
tween two absorbing walls.® The chain moves in its tube
in response to the Brownian motion and the drift velocity
vi; a “jump” of length % a is the completion of a dis-
placement of length = a of the chain in its tube. This is
similar to the problem of a particle midway between two
absorbing walls at r= % a, with the particle having a
diffusion constant D and a constant velocity v;. We as-
sume that v;(h,) remains constant during the jump;
vi(h,) is fixed by the value of h, for the conformation
present before the jump, and it takes a new value only
after the jump is completed.

From Eq. (6.15) in Feller,” which treats the problem
of a particle between two absorbing walls, it is straight-
forward to show that the probabilities p + and the aver-
age first-passage times At + at distances * a are given
by

At + (h,) =tanh[8(h, )] tg/8h,, (2)
p+ () ={1+explF25(h )1} ", (3)

with tg=a?/2D and 8=v,rg/a. The low-bias limit
(8] <1) gives At + = 1g[1 — + 6%+ - - - ] and p + (k)
=~ +[1 £6+...], in agreement with the SN model to
first order in | 8|. The high bias limit (| 8] >1), on the
other hand, gives At + = tg/| 6| =a/| v/| and probabili-
ties p+ rapidly converging to [1,01 (jumps biased to-
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FIG. 1. Relative mobility u/uo as a function of 1/N, for

different values of the scaled electric field ©. The lines follow
the result of computer simulations. The points gives the mobil-
ities of the fragments on Fig. 3, with uo=25x10"*
cm?/V-sec, and 4=2.0%, (s(a))=0.10 kbp/pore (squares);
A=1.6%, (s(a))=0.24 kbp (circles); 4 =1.2%, (s(a))=0.57
kbp (triangles); 4 =0.8%, {a(s))=1.4 kbp (lozenges).

wards a single end segment), typical of a simple drift re-
gime where Brownian motion is negligible. In con-
clusion, the main effect of small biases is to modify the
probabilities p + (to first order in &), while large | &]’s
fully bias the jumps and reduce their time duration Az +.

Equations (2) and (3) include the Brownian motion of
the chain and give the correct longitudinal velocity
vi=I[p+—p-la/At + =ad/ts.

We used the following procedure: After each jump of
length *a along the tube axis, the value of &§(h,) is
computed and used in Egs. (2) and (3) to evaluate
At +(8) and p+(8) for the next jump. A randomly
chosen end segment (with probability p +) then leaves
the tube and goes in a random direction satisfying® Eq.
(1), while the others follow within the tube. At time
zero, the chains start with random-walk conformations.

The mobility is estimated after completion of 10°~7
jumps for each chain, i.e., after the chains have disen-
gaged completely from their tube at least 103 times. The
scaled mobility u/ug is calculated from the total dis-
placement 4 (measured in units of a) of the center of
mass of the chain (in the field direction) during these
jumps, and the total time duration of the jumps Y Ar +
(measured in units of t=1s/N): pu/uo=3(d/a)/
[INOY (Ar +/1p)].

Figure 1 shows u/ug as a function of the number of
segments /V of the primitive chain for some experimen-
tally relevant scaled electric fields ©. The curves show a
clear minimum for © > 0.20, with an asymptotic behav-
ior for large fragments.

In Fig. 2, the displacement d/a is plotted as a function
of time. For the small four-segment fragment, we have a
high and rapidly fluctuating velocity. The eight-segment
fragment shows some effect as its velocity drops down to
low values for relatively long periods. For these two
fragments, the thermal motion is strong enough to
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FIG. 2. Center-of-mass displacement d/a (solid lines) and
end-to-end distance |A,|/a (dotted line) as a function of
scaled time t/r} (where th=r1s/N is the Brownian time per
chain segment), for different values of NV and © =0.50. In the
circled regions, the chains go backward.
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trigger jumps opposite to the field (circled).

The instantaneous center-of-mass velocity V,(z), ve-
locity of the chain along its tube axis v;(z), and end-to-
end distance h.(¢), are related by V() =v;(t)h (t)/
L=1[aé(t)/tglh,(t)/L. Therefore, the low-velocity peri-
ods are related to conformations where A 8« h? is small,
i.e., to looplike conformations where both ends are close
to each other in the field direction.® Similarly, high-
velocity periods are related to extended conformations
(h2=L?). This correlation is clearly seen in Fig. 2 for
the seventy-segment fragment, the velocity of this frag-
ment is almost zero for the very long periods, and the
dotted curve shows that the fragment is then in a loop-
like state, with both ends close to each other.?

The probability that the motion of the chain through
the gel leads to a looplike state is decreasing (exponen-
tially) with /V, as for long chains this necessitates a large
number of consecutive unfavorable orientations of the
end segments against the field direction; in Fig. 2 for ex-
ample, the number of plateaus decreases very quickly for
larger N’s.

According to Eq. (2), jump times Af + decrease with
increasing S« h,; looplike conformations (h,— 0) are
therefore more stable (or long lived) than extended ones,
as the time that it takes to make a jump from the former
(= 7g) is longer than for the latter (= rg/|&]|, with
|81 >1). For extended conformations, the drift along
the tube axis leads to fast changes. However, the total
longitudinal electric force acting on a looplike conforma-
tion is negligible; slow unbiased reptation is then the only
mechanism leading to conformation changes. Moreover,
since 7gx=/V, the lifetime of the looplike states increase
(algebraically) with the size of the fragment; in Fig. 2,
the lifetime of the zero-velocity looplike states is indeed
very long for N =70.

These looplike states therefore act as traps, more like-
ly to happen for smaller fragments, but more stable for
longer ones. For small fragments, At + = 7 as | 8] <N
is always small, and although the fragments get trapped
very easily, the net effect is small (Fig. 2). For very long
fragments, the effect of the looplike states is reduced by
their small probability of occurrence. It is for intermedi-
ate fragments (N =70 in Fig. 2) that both the probabili-
ty of getting trapped and the relative lifetimes of the
looplike states are large; consequently, it is for these
fragments that the average mobility is the lowest.

In conclusion, intermediate-size fragments can get
trapped in slow-moving long-lived compact (or looplike)
states which reduce their average mobility as compared
to both short fragments (for which all states are relative-
ly short lived) and long fragments (for which a compact
state is highly improbable).

Gel electrophoresis of DNA fragments ranging in size
from 4.4 to 41.7 kilobase pairs (kbp) was performed in
(0.8-2.0)% agarose gels with electric fields between 0.3
and 2.3 V/cm (see legend of Fig. 3 for details). Our
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FIG. 3. Phage lambda/DNA Hind III fragments of 4.4 kbp
(lane 1), 6.6 kbp (lane 2), 9.4 kbp (lane 3), and 23.1 kbp (lane
4) fragments were separated by electrophoresis at 1 V/cm in
0.8% weight/volume agarose gels. The DNA fragments were
recovered from the gels by electroelution into dialysis bags
(Ref. 9). The lambda/DNA Hind III fragments have been
calibrated (Ref. 10) in terms of fragment size vs mobility in
agarose gels of approximately 1.0%. The 41.7-kbp (lane 5)
fragment is a monomeric DNA molecule isolated from the
lambda phage Charon 21A by standard procedures (Ref. 9).
Agarose (type NA, Lot MHO02661, Pharmacia, Uppsala,
Sweden) was dissolved by boiling in the electrophoresis buffer
[89 mM tris base, 89 mM boric acid, 2 mM ethylenediamine
tetra-acetic acid (EDTA)]. After cooling to 60°C, 100 ml of
agarose solution at concentrations of 4 =0.8% (panel A), 1.2%
(B), 1.6% (C), or 2.0% (D) was poured into a (11x 14)-cm gel
bed on which a 14-well gel slot former was mounted. The slots
were 2x4.8 mm in width. After solidification, the gel was sub-
merged in 900 ml of electrophoresis buffer to a depth of 4 mm
above the gel surface. The DNA samples were resuspended in
a loading buffer (Ref. 11) and added to separate slots. Down-
ward electrophopresis was performed for 16 h (panel A) or 22
h (B-D) in a horizontal gel electrophoresis apparatus (Model
H3, Bethesda Research Laboratories, Gaithersburg, Mary-
land) at 2.4 V/cm with use of a commercial constant voltage
output power supply. The electrophoresed DNA was stained
with the fluorescent dye ethedium bromide (1 ug/ml), visual-
ized with an ultraviolet transilluminator (Model T5-15, Ultra-
Violet Products, San Gabriel, California) and photographed
with a standard gel photography apparatus. Measurements of
migration distances were made directly from the photographs
of the gels.

model predicts a nonmonotonic mobility-fragment size
relation for ©>0.2 and N > 10-50; since O «E, it is
clear that higher fields are to be preferred. However,
while the number of segments N of a given chain is in-
versely proportional to the average pore size a, O xqa is
directly proportional to a. Therefore, the choice of the
agarose concentration 4 (in percent) is critical: Low A’s
would give too small N’s, while large 4’s would lead to
too small ©’s.

Figure 3 shows examples from a series of gel electro-
phoresis carried out for different agarose concentrations
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A with E=2.3 V/cm. The effect predicted in the previ-
ous section is seen, as the 9.4-kbp fragment has the
lowest mobility for 4 = 1.2%.

We also carried out experiments where the field was
varied at 4 =1.5% (not shown here). While the 23.1-
kbp fragment was found to have the minimum mobility
at E£=0.65 V/cm, the 9.4-kbp fragment had the
minimum mobility at E=1.94 V/cm, and both frag-
ments had approximately the same mobility at £ =0.97
V/cm.

The mobilities measured in Fig. 3 are shown in Fig. 1
for comparison; we have used pp=2.5x10 “4cm?/V-sec,
as obtained from previous experiments,'' to scale the
mobilities. The lines on Fig. 1 represent the best fits ob-
tained by the use of two parameters: the scaled electric
field © and the value of (s(a))=S/N, which acts as a
scaling factor between the length S of the fragments and
the corresponding number of segments N. Good agree-
ment is obtained with reasonable values for these param-
eters.

It is remarkable that such an important effect has
been overlooked up to now considering the extreme im-
portance of gel electrophoresis in today’s biotechnology.
This effect has been reported in the case of field-
inversion gel electrophoresis, but was interpreted as an
artifact of the method.'? Our results show that band in-
version is a natural phenomena bound to happen in any
condition where the field and the agarose concentration
are such that both /V and © are large for the fragments
used. These conditions are, in fact, typical working con-
ditions.

Possibly, results of many previous electrophoresis ex-
periments have been wrongly interpreted by the inability
to identify the bands in the right order. Our own experi-
ence tells us that band inversion can be reduced or even
eliminated by a correct but delicate choice of electric
field pulses, and that the effect generally occurs under

most conditions of pulsed fields. '3
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FIG. 3. Phage lambda/DNA Hind III fragments of 4.4 kbp
(lane 1), 6.6 kbp (lane 2), 9.4 kbp (lane 3), and 23.1 kbp (lane
4) fragments were separated by electrophoresis at 1 V/em in
0.8% weight/volume agarose gels. The DNA fragments were
recovered from the gels by electroelution into dialysis bags
(Ref. 9). The lambda/DNA Hind III fragments have been
calibrated (Ref. 10) in terms of fragment size vs mobility in
agarose gels of approximately 1.0%. The 41.7-kbp (lane 5)
fragment is a monomeric DNA molecule isolated from the
lambda phage Charon 21A by standard procedures (Ref. 9).
Agarose (type NA, Lot MH02661, Pharmacia, Uppsala,
Sweden) was dissolved by boiling in the electrophoresis buffer
[89 mM tris base, 89 mM boric acid, 2 mM ethylenediamine
tetra-acetic acid (EDTA)]. After cooling to 60°C, 100 ml of
agarose solution at concentrations of 4 =0.8% (panel A), 1.2%
(B), 1.6% (C), or 2.0% (D) was poured into a (11x14)-cm gel
bed on which a 14-well gel slot former was mounted. The slots
were 2% 4.8 mm in width. After solidification, the gel was sub-
merged in 900 ml of electrophoresis buffer to a depth of 4 mm
above the gel surface. The DNA samples were resuspended in
a loading buffer (Ref. 11) and added to separate slots. Down-
ward electrophopresis was performed for 16 h (panel A) or 22
h (B-D) in a horizontal gel electrophoresis apparatus (Model
H3, Bethesda Research Laboratories, Gaithersburg, Mary-
land) at 2.4 V/cm with use of a commercial constant voltage
output power supply. The electrophoresed DNA was stained
with the fluorescent dye ethedium bromide (1 ug/ml), visual-
ized with an ultraviolet transilluminator (Model T5-15, Ultra-
Violet Products, San Gabriel, California) and photographed
with a standard gel photography apparatus. Measurements of
migration distances were made directly from the photographs
of the gels.



