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ABSTRACT: Direct observation of individual T4 DNA molecules during steady field gel electrophoresis was
carried out with fluorescence microscopy. Statistical analyses of the image data show that (i) DNA molecules
change their conformation and velocity periodically even under a steady field, (ii) the characteristic time of
the periodic motion decreases with an increase of the electric field and with a decrease of the gel concentration,
and (iii) the rear end of DNA shows a periodic stick—slip motion, while the front end moves with almost
constant speed. A possible interpretation for the periodic behavior is presented.

1. Introduction

Gel electrophoresisis a technique widely used toseparate
DNA fragments of different lengths. Despite its wide
usage, the detail of the underlying physics is not fully
understood. The migration velocity of a DNA is a
nonlinear function of the applied field, and its theoretical
prediction has not been successful, especially when the
applied field is time dependent.:2

Alarge number of studies have been made to understand
the nonlinear transport phenomena in the gel electro-
phoresis. A powerful technique is fluorescence micro-
scopy,3 which enables a direct observation of the motion
of DNA molecules during gel electrophoresis. By this
technique, it has been found that even in the steady field,
the dynamics of the DNA molecules is rather complex.*?
As a DNA migrates through a gel network, it repeats a
cycleof elongation and contraction. The DNA is elongated
when it is hooked by an obstacle, while it contracts when
itslides off the obstacle. This behavior has been described
as a cyclic or inch-worm motion.

Similar behavior of DNA has also been found by
computer simulations.'®* Deutsch et al.l? solved a
Langevin equation for a DNA chain in a field of obstacles
and found that the velocity and the radius of gyration of
DNA fluctuate violently around the mean value. Es-
sentially the same phenomena have also been observed
for other models.!14 Furthermore, it has been conjectured
that the cyclic motion is related to the phenomena of the
minimum in the mobility in the field inversion gel
electrophoresis (FIGE).15

While the dynamics of DNA has been studied extensively
by computer simulations, there have been few quantitative
studies on the actual conformational change of DNA
molecules. We have conducted a statistical analysis of
the video images of DNA molecules obtained by fluores-
cence microscopy and reported preliminary results.® In
this paper, we describe the results in more detail and also
give their gel concentration dependence.

2. Experimental Section

2.1. Materials. Bacteriophage T4 DNA (166kbp; contour
length, 55 pm) was purchased from Nippon Gene. Agarose (FMC
SeaKem LE) was dissolved in distilled water, using a microwave
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Figure 1. Schematic cross-sectional view of the gel electro-
phoresis cell specially designed for direct observation. The buffer
wells, each with an Ag electrode, are filled with X0.5 TBE buffer.

oven. After the agarose solution was cooled to about 60 °C, Tris-
borate (TBE; pH7.8) buffer, T4 DNA, ethidium bromide (EB;
intercalating fluorescent dye), and 2-mercaptoethanol (2-ME; as
an antioxidant) were added to the solution. The final concentra-
tions are as follows: T4 DNA, 0.15 uM (in nucleotide); EB, 0.15
uM; Tris-borate, 45 mM; EDTA, 1.25 mM; 2-ME, 4% (v/v);
agarose, 0.756% (w/v), 0.9% (w/v), 1.26% (w/v), or 1.5% (w/v).
Under these conditions, the intercalated EB has a negligible effect
on the static properties of DNA.16.17

2.2. Gel Electrophoresis and Direct Observation. The
observation of DNA molecules during gel electrophoresis was
carried out in a specially-designed gel electrophoresis cell shown
in Figure 1. The cell was prepared as follows. A DNA/agarose
solution was placed on a 30 mm X 40 mm glass plate and covered
by another glass plate of the same size, and then the whole solution
was cooled to be a gel. The thickness of the agarose layer was
about 100 um, which is sufficient to eliminate boundary effects
of the glass plates.’® The electric field was applied by a
potentiostat through a pair of silver wire electrodes 40 mm apart.
To compensate the polarization effect of the Ag electrodes, the
cell had another pair of electrodes (Ag-AgCl) 32 mm apart. The
Ag-AgCl electrodes monitor the actual field strength in the
observation area, and the applied field strength was adjusted to
keep the monitored field constant. The gel was excited by 520
nm UV, and individual DNA molecules were observed as
fluorescence images with an inverted microscope (Nikon TMD)
equipped with a X100 oil-immersed objective lens. The images
were recorded on S-VHS video tapes with a high sensitivity SIT
camera and an image processor, Argus10 (Hamamatsu Photonics).

Two series of experiments were done. First, the gel concen-
tration Cyg, was fixed at 0.9 wt % and the strength of the electric
field E was changed as 2, 4, 6, and 8 V/cm. Second, E was fixed
at 8 V/cm and Cy was varied as 0.75, 0.9, 1.25, and 1.5 wt %. All
experiments were done at room temperature (about 20 + 1 °C).

2.3. Image Analyses. The recorded images were processed
by a programmable image analysis system PIAS3 (PIAS) which
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converts the analog image data into digital data of 512 X 512
pixels with 256 degrees of brightness.

After elimination of the background noise with filters of PIAS3,

the DNA image function I(x,y,t), which takes 1 if the pixel (x,
y) is brighter than a certain threshold or 0 if it is not, is obtained
as a function of t. Here the x-axis is taken along the direction
of the applied field. Then, the position vector of the center of
mass of a DNA molecule r(t) = (ry(t), ry(t)) was calculated by

r(y =) xlxyn/l, M
x oy

r( =Y vy, @)
Ty

where

Iy= ZZI(x,y,t) 3
Ty

From the series of data r(t), the center of mass velocity v,(t)
along the applied field was computed by

r,(t + -;—At) -rfe- %At]
At

v () = )

Although the video image was obtained every !/3 s, At was taken
to be 0.4 s, since small At gives large statistical fluctuations of
U ().

To characterize the size of a DNA molecule, the radii R; and
R, (R, > R,) which are along the two principal axes repsectively
were computed as

ko = [%(M” + MJ’.V) + %[(Mxx - Myy)2 + 4Mxy2] 1"‘2] v (5)

1/2
R® =[S0, + M -Lioa, - M2+, 12]” @

where M,,, M,,, and M,, are the components of the two-
dimensional radius of gyration tensor defined as

M, =YY @-r) ey, (7
Ty
My, =" =)yt ®)
x Y
M=) "> -r)o -y, ©)
Ty

We use R; and R, separately here instead of R, = {§ (RZ2+ R2]V2
as in ref 9 to characterize the size of DNA, because thus defined
R, overestimates the radius of gyration when the DNA is
extremely elongated in one direction.

Tracing the image of each DNA molecule was possible for
about 25 s at most in the usual measurement, due to the effect
that DNA molecules go out of the observation area (about 80 ym
X 60 um) by electrophoresis or go out of focus by vertical diffusion.
The sampling interval was 0.1 s. From the observed data, about
10sequences of images (i.e., 10 molecules) at each condition were
chosen for further analyses.

3. Results

3.1. Image Data. Figure 2 is an example of the time
development of v,(t), R)(t), and Rs(¢). Itisseen that R(t)
and v,(t) show large fluctuations from the average value,
while fluctuations of Ry(f) remain rather small. As has
been reported already,*? the large fluctuations of R(t)
and v,(t) are related to the characteristic motion of DNA.
Figure 3 shows the actual conformations of DNA at each
stage indicated by I-VI in Figure 2:
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Figure 2. Example of the time development of v,, R}, and R, of
T4 DNA during gel electrophoresis. The field strengthis8V/cm,
and the gel concentration is 1.5 wt %.
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Figure 3. Digitized images of T4 DNA at the stages I-VI in
Figure 2. The scale bar is 20 um long.
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Figure 4. Ensemble averages of v, of T4 DNA under various
field strengths E. The gel concentration is 0.9 wt %. Error bars
are the standard deviation calculated for the set of molecules at

each condition. A function v, « E'5is shown by the solid curve.

Stage I. A DNA molecule in the gel has a coiled
conformation. At this stage, R;and R, are about the same
size as those in buffer solutions.17:18

Stage II. The DNA begins to be stretched since its
middle part is caught by a gel fiber.

Stage III. The A-conformation of the DNA grows with
its apex fixed at the gel fiber. At this stage, the migration
velocity v,(t) becomes the smallest.

Stage IV. The longer arm in the A-conformation
becomes dominant and begins to pull the other arm.
Consequently, the dominant arm becomes longer and the
shorter one becomes even shorter.

Stages V and VI. The DNA is released from the gel
fiber and shrinks rapidly, retrieving the coiled conforma-
tion. During this process, the velocity of migration
becomes a maximum.

Before going to the detailed discussion on such time-
dependent conformational change, we first describe the
results of the time-averaged quantities.

3.2. Average Velocity and Average Size. Figures 4

and 5 show the average velocity v, as a function of the
field strength E and the gel concentration Cg. The
velocity v, increases in proportion to E* with & ~ 1.5 and
decreases in proportion to Cgef with 8 ~ -0.9. These
results are consistent with the standard macroscale gel
electrophoresis.!%2% The values of v, are also in reason-
able agreement with reported values obtained by the usual
gel electrophoresis; for example, Shikata and Kotaka®

reported that v, is about 0.6 um/s under E = 2.5 V/cm and
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Figure 5. Ensemble averages of v, of T4 DNA under various gel
concentrations Cg. The field strength is 8 V/em. A function

v, « Cgi®? is shown by the solid curve.
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Figure 6. Ensemble averages of R; of T4 DNA under various
field strengths E. The gel concentration is 0.9 wt %. R,are the

time averages, and R, ., are the average peak values of R;. The
set of solid curves are to guide the eye.
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Figure 7. Ensemble averages of R; of T4 DNA under various
Cea The field strength is 8 V/em. The set of solid curves are
to guide the eye.

Cge = 1.0 wt % agarose. Therefore, we believe that our
experimental condition is very similar to that of the usual
macroscale gel electrophoresis.

Figures 6 and 7 respectively show how the average size
of DNA depends on E and Cge1. Here R, denotes the time

average of R;(¢) and R, .., denotes the average of the
height of the peaks of Ri(¢) as in stage V in Figure 2. For
given data of the time sequence of Ri(t), the peaks are
identified as follows: First, the times at which R(t)
becomes the local maximum are picked up and numbered
as ti, tg, ... Then, if the value R(t;) is larger than the
threshold value of R, plus the standard deviation of R;(t)
and if it is the largest one in the time interval between ¢;
~-0.5 and ¢; + 0.5 s, the local peak at ¢; is recognized as a

true peak. R, is the average of about 30 such peaks.

Notice that the average —I?, increass sharply with the
increase of E, while it is rather insensitive to Cg, or
decreases slightly as the gel concentration increases.

3.3. Periodic Behavior. Figure 2 suggests that there
is a certain kind of periodicity in the motion of DNA. To
show this quantitatively, we calculated the autocorrelation
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Figure 8. Ensemble averages of autocorrelation functions of R;
under various E. Cq is 0.9 wt %.
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Figure 9. Similar to Figure 8 under various Cg.. E is 8 V/cm.
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Figure 10. Ensemble averages of autocorrelation functions of
v, under various E. Cq is 0.9 wt %.

function Cgp(t) defined by
[ R+ -R)®R)-R) dt’
f @) -Ry*dr

Crp(®) =

S (Rt+0) - R)R(t) - Ry
~— — (10)
>_(Ry(t) - R)’

and C,,(¢), the autocorrelation function of v.(t). The
results are shown in Figures 8-10.

It is seen that Cgg(t) and C,,(t) do not decay monotoni-
cally but decay with some oscillation. The oscillatory
behavior is not clear in a weak electric field but becomes
clearer as the field strength increases. The oscillatory
behavior is also seen in the autocorrelation functions of
vx(?), although it is less obvious due to the large noises in
U.(t). Nevertheless, one canseethatboth Crg(t) and C,.(t)
oscillate with a similar characteristic time.

To obtain the characteristic time of oscillation, we took
to at which the autocorrelation function Crp(t) first
becomes zero and defined the oscillation period 7 by

T =4, (11)

In Figures 11 and 12, 7 is plotted against E and Cy,
respectively. The period 7 decreases as the field strength
increases or the gel concentration decreases. This behavior
issimilar to that of 1/v,. We shall come back to this point
later.
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Figure 11. Oscillation period 7 estimated from Cgp plotted
against the field strengths E. Cg is 0.9 wt %. The solid curve
is a function 7 « E-11,
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Figure 12. 7 plotted against the gel concentrations Cy.. E is 8
V/em. The solid curve is a function 7 « Cgg®*.

3.4. Phase Difference between Rit) and v.(¢t).
Figure 2 indicates that there is a strong correlation between
Ri(t) and v,(t): the peaks of Ri(t) and v,(t) take place at
about the same time. To study this in more detail, we
calculated the cross-correlation function C z(t) defined
by

C,p(t) = % [ a+n - )R -Rydt' (12

The result (not shown here) indicates that the peak of
.(t) takes place slightly later than that of Ri(t), and the
delay time (about 0.3 s) is rather insensitive to the electric
field E and the gel concentration Cge.

3.5. Wave Shapes. Figures 2 and 3 indicate that there
is a characteristic pattern in the time development of R;-
(t) near the peak: R)(t) increases slowly but decreases
rapidly. To study the shape of R;(¢) near the peak, we
calculated the ensemble-averaged shape around the peak
in the following way. For a given condition of E and Cg,
we chose about 15 peaks in the graphs of R;(t). We then
determined their peak position tn.y and took the average
of R(t) for the same value of t - tnax. The result is shown
in Figure 13, where the time is normalized by the

characteristic time 7 determined by eq 11 and R;(t - tmax)

is normalized by the average peak R,(0). It is seen that
the results for different E and Cyg can be superimposed
in this scaled plot. The slope of Ri(f) after the peak is
about 3 times larger than that before the peak, and the
ratio is constant and independent of E and Cie.

3.6. Motion of the Front End and the Rear End. To
study the motion of DNA near the peak position, we
focused our attention on the positions of the center of
mass r.(t), the front end r¢(¢), and the rear end r.(¢). The
latter two are calculated as follows. If polymer segments
are uniformly distributed within an ellipse

(x - x0)2 N & - ¥p)? _

a? b?

1 (e>b (13)
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Figure 13. Ensemble averages of time development of R; of T4
DNA under the various field strengths and gel concentrations.
R (t ~ tmex) and ¢ - trer are normalized with respect to R,(0) and
7, respectively.
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Figure 14. Ensemble averages of the migration distances of the
front end, the rear end, and the center of mass of the DNA against
time under various conditions in a scaled plot.

R;is equal to a/2. Thus the positions of the front end and
the rear end can be estimated by

re () = 1 (t) + 2R() (14)
ro(t) = 1,(8) - 2R,(t) 15)

We calculated the average time evolution of these quanti-
ties around the peak by the same procedure discussed in
section 3.5; for given a electric field and gel concentration,
about 15 peaks in the graphs of R(t) were chosen, and the
averaged displacements r.(t), re(t), and r,(t) were cal-
culated for the same value of ¢t — tymax With ry(tmas) taken
tobe zero. Theresults are shownin Figure 14 in thescaled
plot. It is seen that the time evolution of r.(t), rs(¢), and
r(t) can be superimposed in the scaled plot. The
interesting point is that the front end moves with almost
constant speed, while the rear end shows a stick-slip
motion: the rear end stays at a constant position for a
while (i.e., for 0.4 < (¢ — tmax)/7 < 0) and then starts to
move fast trying to catch up the front end. Such motion
isunderstandable if one notes that the rear end corresponds
to the apex of the A-conformation before the peak of R;(t)
and corresponds to the trailing end of the chain after the
peak.

From these data, it becomes thus clear that the front
end is moving with almost constant speed and that the
fluctuation of the velocity of the center of mass reflects
the motion of the rear end.

4. Discussion

4.1. Periodic Behavior of DNA Molecules. We have
shown that the autocorrelation functions Cpp(t) and C,,(t)
do not decay monotonically but decay with some oscil-
lation. Such periodic behavior is surprising, considering
that the structure of the gel is random and that the applied
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Ri1)

Figure 15. Schematic example of the time evolution of R,(t)
modeled by a series of A-shape peaks.

field E is constant. However, the periodic behavior is not
anartifact. The characteristic time 7 changes consistently
with E and Cqge as has been shown in the preceding section.
Furthermore, it is noted that the periodic behavior has
also been observed in a computer simulation. Matsumoto
and Doil4 solved the Langevin equation for a DNA in
randomly placed obstacles under strong electric field and
showed that the autocorrelation function Crg(t) shows a
characteristic oscillation. The characteristic time 7 of the
oscillation decreased with an increase of the electric field
in accordance with our experimental results.

The field dependence of 7 indicates that the oscillation
is a nonlinear phenomenon driven by the electric field.
However, this does not mean that there is a certain kind
of regular nonlinear oscillation. Such motion is hardly
probable for a DNA moving in a random network. At
present, we interpret the origin of the oscillation as follows.

Notice that the conformational change of DNA around
the peak of R;(t) is essentially deterministic; the process
going from stage I to V in Figure 3 can be described by
a deterministic model such as proposed by Deutsch et
al.10 If the initial configuration at stage I is given, the
time evolution of R(t) is calculable.?* On the other hand,
the process of going from stage V to VIis not deterministic;
when (or which part of) the DNA is caught by the next
obstacle depends on the gel structure and is unpredictable.
Therefore, the initial configuration for stage I is random.
Therefore, time development of R;(t) involves a stochastic
factor. However, if the characteristic time of the process
from stage V to V1is much shorter than the characteristic
time needed for stages I to V, the autocorrelation function
can have an oscillation. We can demonstrate this by a
simple example.

Let us suppose that, during stages I to VI, Ri(t) increases
or decreases linearly with time. Thus the time evolution
of R;(t) may be modeled by a series of A-shape peaks,
where each A peak represents one cycle of elongation and
contraction of DNA (see Figure 15). The width T of the
A peak and the separation 7" between the A peaks are not
necessarily constant. As long as the fluctuations of T and
T’ are small, however, the autocorrelation function of R;-
(t) can show a damped oscillation. For an illustrative
purpose, we calculated the autocorrelation function Cgp(t)
assuming that the distribution P(T) is Gaussian and P(T")
is Poissonian:

2
P = et e - D] g

P(T") = X exp[-AT"] an

Here, T is the mean width of a peak, A2is its variance, and
1/Nis the mean separation time between the A peaks. The
calculation is described in the appendix, and the result is
shown in Figure 16. Notice that the correlation function

becomes oscillatory even if A/T is as large as 0.5.
Although the “periodicity” in the graph of R)(¢) is only

approximate, the notion is useful in interpreting various

data. In Figure 17, we plotted R,.,,/v, against the
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Figure 16. Examples of the autocorrelation function of R;(t)
modeled by a series of A-shape peaks.
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Figure 17. Plots of IT,(M,/U_,, vs 7 and L/;);_VS  under various

E and Cyq. The solid line is the function of R,(,m)/v_,r = 7/4.The
dotted line is to guide the eye.

period of the cycle 7. Although the scatter of the data is
significant, one can see that the points are roughly on the

line R,,,/v, = 7/4. Notice that, if the separation time
T’ is negligible, i.e., if the DNA is immediately caught by
anew obstacle when it slides off the previous obstacle, the
average step length of the cyclic motion is 22 =

4R, .., Where a is the radius of the longer axis of the
ellipse defined in eq 13. Figure 17 thus indicates that the
DNA motion can be modeled by an inch-worm-like motion;

the average step length is 4R, .., and the period is 7. In

Figure 17, we also showed the plot of L/v, against 7 since
it has been conjectured?® that the characteristic time of

the fluctuation is on the order of L/v,. (L is the contour
length of the DNA.) In this plot, however, the scatter of
the data points is larger than that for the plot of
Ryax)/Uy V8 T

4.2. Relation to “Antiresonance” Phenomena. In
recent works, detailed descriptions of dynamics of a DNA
molecule during gel electrophoresis were given by computer
simulations.132627 In thesereports, it has been conjectured
that the time needed to go through one cycle, which
corresponds to our characteristic time 7, is closely related
to the phenomenon of mobility minimum (or antireso-
nance!®) in nonsteady electric field.2325:2829 We now
examine whether such a relation exists for real systems.

In the field inversion gel electrophoresis (FIGE), the
electric field is varied as

5 E, 0<t<t
0= {—Eo b, <t<t, +t,

with a period ¢; + to. Kobayashi et al.26 reported that the
mobility becomes minimum at a certain period T'min, which
is about 8 s in the case of T4 DNA when E = 7.72 V/cm,
ti/ta=3,and Cg = 1 wt %. They also reported that Ty,
decreases with increases of E. Heller et al.Z8 reported that
this period depends on the E as

(18)

Toin < E2 (19)
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This field dependence is roughly consistent with that found
in Figure 11.

Shikata and Kotaka?? carried out a gel electrophoresis
with a biased sinusoidal field F(t) = E}, + E, sin(27ft) and
reported that the mobility of T4 DNA takes a local
minimum at a certain frequency f, which they call the
pin-down frequency. In the case of T4 DNA, 1/f,is about
8 s when Ey, = 2.5 V/em, E; = 7.5V/cm and about 2.5 s
when Ey = 7.5 V/em, E, = 12.5V/cm (Cge is equal to 1.0
wt %) inboth cases. The period 1/f, hasa field dependence
similar to that we obtained here. They also reported that
1/f, depends on Cgq as

Uf, = € (20)

gel

This dependence of the gel concentration is very similar
to our result shown in Figure 12. Therefore, the close
relation between the periodic behavior in the steady field
gel electrophoresis and the antiresonance phenomena in
the nonsteady field gel electrophoresis is also confirmed
for real systems.

We have shown that, in one cycle of the DNA motion,
the elongation takes place slowly, but the contraction is
rapid (see Figure 13). The ratio of the speed |dR)/
dtletongation/ |AR1/ dt|contraction i about 1/3 and independent
of Eand Cye. Itisinterestingthat thisratio approximately
corresponds to the optimum ratio to/ £; of the pulse duration
time of the field inversion gel electrophoresis. We
conjecture that this has the following reason. Suppose
that the field is reversed at stage IV, after which the DNA
will strink to conformation I. If the conditions ¢;|dRy/
dtlelongation =t 2|d-Rl/ dt Icontraction and ¢y + ty= 7 (r = oscillation
period, see eq 11) are satisfied, the conformation of DNA
changes from I to IV cyclically, and its center of mass will
not migrate. This will cause a large minimum in the
mobility. On the other hand, if the ratio between the
forward and the backward switch times is greater than 3,
the switch time does not match the stretching and recoil
processes of DNA molecules even if the condition t; + 1
= 7 is satisfied. This will weaken the antiresonance.
Macroscale FIGE experiments may encourage our sup-
position; in FIGE experiments, a ratio of 3 between forward
and backward switch times brings good resolution and
has been generally taken in various conditions. Inaddition,
it is known that using a ratio greater than 3 decreases
resolution.?? The above interpretation is qualitative. To
confirm this, direct observation of DNA in FIGE and a
quantitative modeling of DNA dynamics in the gel
electrophoresis are needed. We applied a similar experi-
mental technique to study the motion of DNA molecules
during nonsteady field gel electrophoresis, the results of
which are reported elsewhere.
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Appendix: Calculation of the Autocorrelation
Function of a Model Process

Here we calculate the autocorrelation function for a
model process described in Figure 15. We assume that
each A-shape peak in Figure 15 is represented bv the
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following function:

0 t<0
t  0<t<T/2
T-t T/2<t<T
0 T<t

Notice that the slope df/dt is independent of T. Thus
R(t) is written as

f&;1) = (A1)

R(t) = ) f(t-t,;T,) + const. (A2)
with
n-1
t = Z(Tm +T) (A3)
m=0

where T, and Tn are random variables whose prob-
abilities are given by egs 16 and 17, respectively.

To calculate the autocorrelation function, we use the
Fourier transform:

Ryw) = fdt e“Ryt)

w©

= ) e“fwT) (A4)
where
fl) = fdt ;)
- %(2ein/2 —eeT o) (A5)
w
Then

(R@)f) = Y~ (e ™f(wiT,) fwiT,,))
=Y Inm) (A6)

Each term on the right-hand side of eq A6 depends on n
~m only as I, », = I(n,m) and can be calculated using the
fact that T, and T, are independent of each other. For
example, we have for n > 0

n-1
1, = (explio) (T, +TIfT,) fHw;Ty)
m=0

= () )" N TP (@D (fwT)  (AT)
Substituting this into eq A6, we have
(R = (fw D) +
T Wl e o .
2Re[ (e ) (e f‘ (T'W,D)T(vf(w,n) ] (A8)
1 — <elw >(elw )
The averages in eq A8 can be easily calculated using eqs

16 and 17. Substituting these results and doing the
numerical integration for

Canth) = 52 (R @) (49)
we obtain Figure 16.
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