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Abstract

Hydrodynamic wall effects are treated with an image or reflection method. This method uses a mirror image of
the molecule, with the opposite velocity, to satisfy the non-slip boundary condition of zero velocity of the liquid at
the wall. Molecules moving inside a slit require an infinite series of images, or reflections from both walls, whose
effects converge slower for thinner slits. It is shown that, with the same external field, wall effects increase the
electrophoretic stretch of DNA, more so for thinner slits. The theory is in fairly good agreement with stretch
experiments on T4 DNA in slits of width 5, 0.3, and 0.A8n by Bakajin et al.(Phys. Rev. Let. 81999 2737).

For the same slits relaxation data are available for T4 DNA first hooked around an obstacle, stretched in a U-shape
in an external electric field, and sliding off until the stretched molecule moves away in free electrophoresis. The
theory approximates the relaxation of the molecule, after detachment from the obstacle, as the relaxation of tethered
DNA stretched in a temporary electric field. The theory agrees fairly well with the experiments. The significance of
electroosmotic flow is discussed for electrophoretic experiments. An Appendix gives numerical data on the free
electrophoresis of unstained and stained DNA, and discusses problems of the kinetic diameter of DNA.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction cell walls. The object is to interpret the results of
Bakajin et al.[3] who measured the electrophoretic

In recent years theories have been developed forstretch and relaxation of single T4 DNA molecules
the electrophoretic stretch and relaxation of teth- in buffer solutions confined to thin slits. Walls
ered DNA in free solution and in agarose gels may modify the elastic and the hydrodynamic
[1,2]. In this paper we treat the effects of nearby properties of DNA. We apply a reflection method
[4] to approximately satisfy the hydrodynamic
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next section we first review various aspects of the
DNA model.

2. Model of DNA
2.1. Hydrodynamics

We use the model introduced by Stigter and
Bustamante[1] and developed pictorially in Fig.
1. The traditional pearl necklace polymer model
of Fig. 1a is well chosen for treating the long-
range hydrodynamic interactions between remote
sections of the polymer, but it is unsuitable for
dealing with the much shorter range, steeper liquid
velocity gradients around a polyelectrolyte chain
in electrophoresis. For the latter purpose we use
the freely jointed chain model in Fig. 1b, the
segmented chain witN cylindrical Kuhn segments
of length 2P whereP is the persistence length of
the chain. The hydrodynamics of short cylinders,
however, is not known with any accuracy. For this

reason the cylindrical segments are recast as pro-

late ellipsoids of the same length and volume. The
friction coefficient of such ellipsoids is known as
a function of size and orientatiofb]. The flow
field around a moving ellipsoid is not available in
closed form, but requires about half a page of
computer code for exact evaluation. Fortunately,
this flow field can be well approximated by that
around a solid sphere with the same friction
coefficient as the ellipsoid2]. For hydrodynamic
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Fig. 1. Models of DNA:(b) for electrophoresis and chain sta-
tistics. (c)-(e) For hydrodynamics of segments of stained
DNA. See text.

purposes, therefore, we represent each cylindricalthe pearl necklace model this reduces the pair

chain segmentin Fig. 1b by an equivalent sphere
with a radiusg, that reflects the size of the segment
and its orientation, compare Fig. 1c—e

D

where#; is the angle between the long axis of the
segment and the direction of its motion along the
z-axis. We assume the earlier val{@] 2P=1300
A for the length of a stained DNA segment and,
following Eimer and Pecorg6], we take 20 A for
the hydrodynamic diameter of B-DNA. This gives
[1] ¢;=104.0 A anda, =167.8 A.

The pearl necklace model of stained DNA with
a contour length of 1300 A has 6%V spheres. We
now treat the hydrodynamics of the same DNA
with a constellation ofV spheres. Compared with

a;=a,Cos0,+a , Sin?0;

interactions by a factor 654225, without signif-
icant loss of accuracy. In his treatment of hydro-
dynamic stretch of DNA Zimm[7] defines
hydrodynamic chain segments in a different way;,
but with the same purpose of reducing the number
of pair interactions.

2.2. Electrophoresis

We use the freely jointed chain model of Fig.
1b. The electrophoretic motion of an isolated,
cylindrical chain segment is in the directianof
the applied fieldE only for parallel or transverse
orientation. In general, when the isolated segment
i makes an anglé; with the field E, the segment
does not move in the direction & Here we need
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the projection of the electrophoretic velocity of
segment on thez-axis [1]

8= ﬂ[ (2)
n

' 3

where( is the surface potential of the stained B-
DNA in the solution with viscosityn and dielectric
constantD, g, is the permittivity of free space,
and g, is a numerical factor for the cylindrical
segment in transverse electrophoref$. Since
the electrophoretic flow field is very short range
[2], we shall ignore wall effects in Eq2) and on
the electrophoretic force on a single segment in
Eq. (10) below. Numerical details for the free
solution electrophoresis of DNA are given in
Appendix A.

2
cos0, + —glsinze,]

2.3. Elasticity of DNA

When a DNA chain is stretched by pulling the
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instead of the average valué;os®;)y, from Eqgs.
(3a) and (3b). In Refs.[1] and[2] we have used
(co¥ 6, =(cosH,)?, shown to be a good approx-
imation for the hydrodynamic stretch of freely
jointed chaing1]. At present we use fo¢cos’ 6,)

a more satisfactory expression derived from fluc-
tuation theory[10]

9(C0Y;
<co§6i>=(cosaf>2+%[ teo >] (5

ot

where Egs(3a) and(3b) is now used also for the
derivative term in Eq(5). Zimm [7] has used an
equivalent of Eq.(5) to describe the observed
density distribution of the chain image in hydro-
dynamic stretch. More recently Bouchiat et[dl1]
have derived a ten term expression fBGras a
function of cos,, the inverse of Eqs(3a and
(3b), which in Eq.(5) is less convenient to use
than Egs.(3a) and (3b). The accuracy of Egs.

ends apart, it can access fewer conformations than(3a and(3b) is of the order of 1%, sufficient for
in the unstretched state. This difference gives rise present purposes.

to an entropic elasticity. We use the theory of
Marko and Siggid9] for the entropic elasticity of
wormlike chains under constant tension. The
results, as given by Zimrf7], are applied to single
Kuhn segments of contour lengtiP2When the
extension of a segmeritunder tensiorT; is z;=
2P{cos#,), the orientation of the segment is given

by

Li

_ 0.6667t+0.8080r2+0.10363° <o
1+1.1118+1.10762+0.103653 b
(3a
0.5
(cosﬂ,->=1—t1—/2 t>9 (3b)

In Egs. (33 and (3b) ¢ is the dimensionless
reduced tension

_Ir

ksT
wherekgT is Boltzmann'’s constant times the abso-
lute temperature.

In Egs. (1) and (2), and in other relations
below, we need the average square vaues 6,),

(4)

t

Egs.(3a) and(3b) has been derived for a chain
stretched in bulk solvent, unhindered by any walls.
Is this elasticity changed when the chain is con-
fined in a slit? We consider a polymer chain inside
a slit with walls aty=0 andy=w. The chain is
stretched parallel to the walls, in thedirection.
Chain statistics are often based on the assumption
that the statistics in the, y, andz directions are
independent of each other. For example, for a
Gaussian distribution the probabili#y(r) of find-
ing the end-to-end distangeof a randomly coiled
polymer is the product of three factors that depend,
respectively, on the componentsy, andz of r

W(r)=XY(Z(z) (6)

Confinement of the chain in the slit affects the
Y(y) factor of W(r), but the elasticity of the
stretched chain depends @fz). So, to the extent
that Eq.(6) is valid, the chain elasticity does not
depend on the slit widtlv. This cannot be gener-
ally true. The conditionx?+y2?+z2=r2 restricts
the independence of, y, and z in Eq. (6).
Furthermore, when the slit widthh becomes small
compared to the persistence lengtlof the chain,
we go from three-dimensional to two-dimensional
chain statistics, with a longer end-to-end distance
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[12]. Incorporating wall effects in the Marko— 25005
Siggia theory[9] is beyond the scope of this paper.
We shall use Eqgs.(3a) and (3b) without
corrections.

2e-05
1.5e-05

2.4. Chain statistics

1e-05

extension, microns

As before[1,2], we use the freely jointed chain
model, dividing the chain intav Kuhn segments
with segmentt=1 tethered and segmehkt=N at 56-06
the free end of the chain. The chain is stretched
in the z direction, and Eqs.(3a and (3b) is o o
applied to each segmeitto find the (average 0 5 0 15 2 25 0 35 40 45 50
cosine of the anglé#, with the z-axis from the '
tens'onTk in the Segm_ent; The angle, between Fig. 2. Electrophoretic stretch of stained DNA wi= 200
the x-axis and the projection of segmehion the segments versus external electric fig§dlid curve: with fluc-
xy-plane completes the orientation of the segment. tuations from Eq(7). Dashed curve: without fluctuations.

In the earlier work[1,2] all anglesd, were chosen

randomly, beginning with the tethered segmest 3. Electrophoretic stretch of DNA in thin dlits

1. Here we proceed in the same way, knowing that

the beginning of segment 1, at the tether point, is  With the foregoing model we now consider the
inside the slit. After a random choice of, DNA chain consisting ofk=1 to N Kuhn seg-
between 0 and 2 we test whether the segment is ments, tethered in solution at the=1 end, and
completely inside the slit. If notp, is divided by ~ Stretched by an external electric field in the z

2 and the segment is tested again, etc. The ang|ed|rect|on_. The tensiofT, in segment is assumed
&, is halved until the projection of the segment O be L_mlform and equal to the sum of the electro-
on they-axis, 2P sin 0, sin &,, is small enough to ~ Phoretic forcesF; on segments=k+1 to N, on
keep the segment fully inside the slit. In the same the free end of the chain

way each succeeding segment is also confined N

inside the slit. =Y F (8

In electrophoretic stretch calculations Eh) ikt
allows the inclusion of fluctuations in the chain with
extension. Instead of using the average extension, N
Ex=2PY" N (co®;), we now add the rm.s. Fi=F+6mma; Y Aul  j+i 9

Jj=1

fluctuations
F? is the electrophoretic force on the single seg-

N v (0{cos,)Y 1v? menti given by [1]
Ex=2PY (cod)+P| Y | ——— (7
i=1 i=1 ot TP FO= soDLE
Fig. 2 shows the difference for a chain of stained n

N2
DNA with N=200 segments in 0:;5TBE buffer. X (6mna CoS8; +4mma g, sind) (10

The changes are minor, except at low extensions The sum of terms in Eq(9) is due to the
where Ex does not vanish any longer, but now hydrodynamic interaction of segmentith all the
extrapolates to a finite value, as found in the early other segmentg, of the chain, as caused by the
experiments by Smith and Bendi¢h3]. electric force on the countercharge in the solution

For the average values from Eq8a), (3b) and around the DNA. In an unrestricted solution the
(5), we shall omit the brackets in the text below. flow perturbation of segmentis [1]
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between segmentin the real chain and segment

jin its image, ang=i is included.

635 - 4 Extending to a molecule in a slit, we have
multiple reflections from both walls, with the flow

63 | //"—’—'_—‘ § changing sign at each reflection. With parallel

walls aty=0 andy=w a segmenj at y, inside

g e25r . the slit has an infinite series of images,-a¥; and
5 at 2nw—y;, —2mw—y;, 2mw+y;, and —2mw+y;
& e2f . with m=1 to «. Each of the 4m images of
the molecule contributes to the electrophoretic
615 . force F; terms as in Eq(11), where in Eq.(9)
the sum is subtracted for an odd number of
8152 ¢ & & 10 12 14 16 reflections, and added for an even number of
reflection number m reflections
Fig. 3. Electrophoretic extension of T4 DNA versus reflection o N o
numberm in Eq. (12) in different slits and different fields. F,=F; +6"T”ﬂaf2{Auij_AMg;(_)’j)
From top to bottom: w=5 pm, E=40 Vcm *; w=0.3 um, - j=1
- —1.. _ _1
E=17 Vcm ,W—0.09}Lm,E—9 Vem™ . + Z [_Aul](zmw_yj)_Aul](_zmw_y])
m=1
Ao (_ 34 _Ea_}s) + Auy(2mw +yj)+Au,-j(—2mw+yj)]} (12
v 4r; 4r)

3 34 Eqg. (12) contains a series im whose conver-
_C0§9U[_&_ _a_é]} i (11) gence depends on the raiig/q;. Fig. 3 shows the
dr; 4r; electrophoretic stretch of a 74m long DNA
] o molecule tethered in three different slits, calculated
In Eq. (11) u;=F;/6wng; is the local liquid a5 4 function ofm. The results show that, from
velocity at segmeni, r; is the distance between top to bottom, the series in Eq12) converges
segmentsi and j with the conditionr;>a;+a;, slower for narrower slits.
and 0, is the angle between the distance vector Egs.(8)—(12) give the tensions in the segments
r; and thez-axis. The expression in square brackets and Eqs(3a) and(3b) the corresponding segment
is the relative magnitude in the direction at extensions. As explained in Reffl], an iterative
segment of the flow originating at segmerit computation produces sets of selfconsistent values
For the effect of a single wall on the hydrody- for 7, and co®9k, and with Eq.(7) the chain
namics, we use the image or reflection method extension.
which is well established in fluid dynamicig],
and has been employed e.g. by ZimiMl. To 4 Rejaxation of DNA stretched in thin dits
satisfy the condition of zero liquid velocity at the
wall, located aty=0, it is a good approximation
to replace the wall by the mirror image of the
chain with the same velocity in the opposite
direction. When the real molecule has segments at
(x;, y;, z)), its image has segments @, —y;, z,).
Reflection means that in Eq9) we subtract a

ij

The relaxation of deformed DNA in solution to
form a random coil is driven by its entropic
elasticity. We treat the relaxation dynamics of
stretched DNA as a mechanical equilibrium
between elastic forces contracting the chain and
. . 1 friction forces of the chain with the solvent oppos-
second interaction term proportional t0 & SUM .o guch contraction, beginning with ideas used
Y Auy(—y;). This sum is similar to that in Eq. already in Ref[2]. In the experiments of Bakajin
(9), but in Eq.(11) r; now refers to the distances et al. [3] single DNA molecules, first hooked
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differenceAT,=T,—T,.,. This difference is com-
pensated by the friction force on the free end of
the chain, on segmenis-k+1 toi=N, all moving
with the velocityv, that shortens segmeht

70 T

60 [

ATk=Uk i fi (13)

i=k+1

40 F
o whereu, f, is the friction force on segment For
the free floating chain we assume that the relaxa-
tion is not coupled to the electrophoresis of the
chain, that is, electrophoretic motion does not
change the elastic tension in the molecule. The
L T T T T T T e elastic tension vanishes at both ends of the chain

electric field, V/iem and, hence, it must be maximdl,, in a segment

m, at some distance from the ends. In the leading

Fig. 4 E!ectr(_)pho_retic extgnsion of T4 DNA versus external part of the chain, fromk=m to N, the relaxation
electric field in slits of widthw=0.09 um (curve a, dia- is the same as above, as if the chain were tethered
mond9; w=0.3 wm (curve b, crossey w=5 um (curvesc, . .o
d, and e, squares Solid curves for same random number at gegmentn without e)_(temal ?lecmc field. In th_e
sequence. Curves b, ande tethered in center plane of slit, trailing part of the chain the sign of the relaxation
andd at 0.1p.m from wall. Points from experiments by Bakajin ~ process is reversed. Here the relaxation velocity of
et al.[3]. segmentk for k=1 to k=m—1 is v, =(T,—
T 1)/ Y “=Ifi, wheref; is the friction coefficient

around a post and stretched in a U-shape by theof segment in the trailing free end of the chain,
external electric field, were allowed to slide off segments 1 t&—1. In summary, the free floating
the post. Contraction, or relaxation, of the stretched chain relaxes from both ends toward the point of
molecule was observed starting immediately after maximum tension in segment. We approximate
detachment from the post. The relaxation was the position of segment: on the basis of two
found to be slower in thinner slits. To fit the experimental observations.

experimental conditions above, the earlier relaxa-  Gurrieri et al.[14] have published a series of
tion theory[2] needs to be extended in two ways. pictures of the unhooking and subsequent relaxa-
First, the relaxing molecule is not tethered as in tion of a stained 1.6 Mbp DNA molecule in an
Ref. [2], but free floating in the applied electric agarose gel. The pictures show that relaxation of
field, and, second, wall effects are significant. As the stretched molecule into a random coil is evi-
in Ref. [2] the relaxation is driven by elastic dent only at the leading end, but not at all at the
tension gradients. So the treatment should starttrailing end. This suggests that in the detaching
with the tension distribution along the stretched, molecule the tension peaks relatively close to the
just detached molecule. At present there are no trailing end, so that relaxation from the leading
suitable experiments or theory that yield the end dominates and relaxation from the trailing end
desired tension distribution. We first review the is negligible. A paper by Song and Maesf{5]
relaxation of free floating chains, and then show on the unhooking dynamics provides supporting
how relevant experiments lead to some useful evidence. Measurements on U-shaped DNA during

extension, microns

approximations. gel electrophoresis show that the extension of five
In the tethered chain of Ref2] the tension,T, molecules during unhooking varied on average
in segmentk, increases from the free end, =0 less than 15%. As in Refl14] a small amount of

in segmentV, to a maximum,T; in the tethered relaxation was evident in the later stages of
segmentk=1. During relaxation of the chain the unhooking. This may show that electrophoretic
shortening of segmerit is driven by the tension  stretch is the major factor in determining the
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molecular extension during unhooking. On this 74 um long. As in Refs.[2] and [3] we assume

basis we approximate the tension distribution at that staining increased the persistence length of

the end of the unhooking process as if it were the DNA also by 30%.

determined purely by electrophoretic stretch of a

tethered molecule. In our model we assume 1 5.1. Electrophoretic stretch

and we treat the relaxation of the detaching mol-

ecule, moving in free electrophoresis, as if it Fig. 4 is a modified copy of Fig. 2 of Bakajin

remains tethered at segment 1 with the external et al. [3] showing the extension of the DNA

field turned off. With this approximation we now stretched in fields of approximatelf=1 to 50

introduce wall effects. Vcem~?t in three different slits. In Ref[3] the
The relaxation treatment in Rdf2] is for DNA extensions are plotted versus a flow velocity

relaxing in an infinite amount of solution. In Eq. u,FE, whereu,, is the electrophoretic mobility of

(27) of Ref. [2] the segmental friction forces are coiled DNA as measured in an obstacle-free part

given for chain relaxation in a gel. In the present of the solution. The value of,, however, is not

case of relaxation in a slit we have, in view of reported in Ref[3], causing some uncertainty in

Egs. (11) and (12), for the friction force on a  the data. The points in Fig. 2 of R€f3] cover the

segment in the free end of the chain range ofv=2.14 to 128u.m s~ !, somewhat larger
~ than the 50-fold range, 1 to 50 V cm , reported
vif i =6mmav,+6mna; Y for E. To make progress we have assumed that the
j=k+1 highest field used wag=50 V cm . The result-
o o ing mobility of coiled DNA, u,,=128 um s~1/50
X{A“U_A”L:/(_YJ)JF Y [~ Auy(2mw—y) Vem 1=256x10"* cn? V-1s?t, gives el/
m=t kT=-2.01 and g, =0.684, see Appendix A,
— Auy(—2mw—y)) Table 2. With this information we have used Egs.

(33, (3b), (7), (8 and (12) above with the
numerical iteration method of Ref[1l], and
obtained the curves in Fig. 4.

with in Eq. (11) the local liquid velocity at From top to bottom the curves in Fig. 4 are for
segmentj now given byu;=v,f;/6mma. As i increasing widthw of the cell. The two top curves,
Ref. [2] we keep the velocities, constant over  markeda andb, are fairly close to the experiments
short time intervalsiz. The fully relaxed free end  for w=0.09 and 0.3um The three lower curves
of the chain is treated as a random coil. Chain are for w=5 pm, calculated for different condi-

extensions are obtained by adding segment exten-tions. For narrow slits the DNA chain is frequently
sions. Plotting these versus the relevant sum of jn contact with one of the walls, fixing the-

+Au,«j(2mw+yj)+Au,~j(—2mw+yj)]} (1%

time intervals gives the relaxation curve. position of the chain within narrow limits. There-
_ _ . fore, the stretch curve is not very sensitive to the
5. Comparison with experiments assumed tether position of the chain on the post,

or to the random sequence used for the chain

In this section we consider the experiments of conformations. This is different for relatively wide
Bakajin et al.[3] who measured the electrophoretic slits such as forw=5 um. The lowest curveg, in
stretch and the relaxation of single DNA molecules Fig. 4 is for DNA tethered in the center plane of
in thin slits filled with Tris—Borate—EDTA buffer  the cell, as in curves andb. Curvesc andd are
(0.5xTBE). Observations of electrophoretic for DNA tethered close to a wall, at(1)=0.1
stretch were on T4 DNA167 kbp stained with wm, compared withy(1) =2.5 um for curvee. We
TOTO-1 dye, hooked symmetrically over a post find that the difference is quite significant. For
between the cell walls. Staining of the DNA added curvesc and d the chain approaches the wall at
approximately 30% to the contour length of the y=0 much closer than for curveand, hence, the
molecules which were found to be approximately first hydrodynamic reflection increases the friction
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extension, microns

0 2 4 6 8 10 12 14 16 18 20
time, seconds

Fig. 5. Relaxation of stretched T4 DNA in slits of different
widths. From left to right: slit width w=5, 0.3, 0.09um.
Points from experiments by Bakajin et §8].

of the chain much more. All solid curves are for

D. Stigter / Biophysical Chemistry 101—102 (2002) 447-459

coefficients. Therefore, we have used relaxation of
shorter molecules and scaling to obtain the relax-
ation curves for T4 DNA.

As pointed out in[2], scaling is not perfect
because a plot of Idgx) versus timer is not
quite linear. So the exponent in the scaling
equation Ex=r/N* depends on the range of the
relative chain extension Ex selected to evaluate
We have used Ex0.6 and 0.1, andv=100 and
200, to find the exponents for the three different
slits: « =1.465 for slit widthw=5 pm, a =1.655
for w=0.3 pm, anda=1.790 for w=0.09 pm.
The relaxation forN=563, extrapolated from the
N=200 results by scaling, is shown in Fig. 5 as
solid curves for the three slits. In the widest slit,
w=5 um, relaxation was also computed directly
for N=563. The results, shown as the dashed
curve in Fig. 5, are very close to the relevant solid
curve, evidence of the good quality of the scaled

the same random sequence for the conformations,curves.

but for the dashed curve a different random

The computations assume that the molecules are

sequence was chosen, leading to a significant tethered in the center of the slits. As in Fig. 4

difference between curves and 4. From the
differences between curves d, ande we antici-

above, this might not correspond to the experi-
ments. If the relaxing molecule was off center and

pate that, if we evaluate stretch curves for various close to a wall, its friction factor increased and its
tether points across the slit and for various random relaxation was slower than calculated. This effect

sequences, the average stretch curvesfer5 um

would be most significant in the wide slit, with

would agree reasonably well with the experimental w=5 wm, and might explain why the theoretical
points. The uncertainty of the electrophoretic relaxation is significantly faster than the experi-

mobility and, hence, thé potential of DNA, and

ments in this slit. In view of the various approxi-

the possible significance of electroosmotic flow mations and uncertainties the agreement between

(see below might also influence the fit between
theory and experiment in Fig. 4.

5.2. Relaxation

In Ref. [3] U-shaped DNA molecules were

theory and experiment is satisfactory.
6. Discussion

As shown in Table 2 of the Appendix A, in
0.5X TBE buffer solution the smallest estimate of

stretched in the three different slits by electric the surface potential of DNA, stained with TOTO-
fields that were adjusted to give an extension of 1, ise{/kT=—1.98. The potential estimated from

approximately 44um at detachment. The experi-

the measurements of Bakajin et B8], e( /kT= —

mental extension-time observations of the subse-2.01, is nearly the same. This close agreement
guent relaxation are shown in Fig. 5. For the T4 might be accidental, see Appendix A, and does

DNA molecules, with a contour length of approx-
imately 74 um [3], relaxation calculations with

not rule out electroosmotic flow. Without present-
ing evidence, Bakajin et al[3] state that ‘Elec-

N=563 segments for the tethered molecule require troosmotic flow, induced by surface charges, was
very long computer times. This is so in particular negligible.’

for narrow slits, where many reflections are needed

in Eq. (14) with every update of the friction

In general, the most effective way to prevent
electroosmosis in electrophoretic experiments is
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Table 1 Table 1(Continued)
Electrophoresis of DNA in solutions of KCI (CH,),Cl " "
(TMACI), Tris—Acetate(TA) Yo : =
KCI TMACI TA

¢ Yo uy U,

0.40 2.92 5.83 251 2.43 2.33

KCI TMACI TA 0.45 3.17 6.34 2.64 2.55 2.43

0.50 3.41 6.81 2.75 2.65 2.51
Cear=0.003 M 0.55 362 724 284 272 257
0.05 0.81 1.62 0.81 0.81 0.81 0.60 3.82 7.64 291 2.79 2.62
0.10 159 318 154 152 150 0.5 400 801 297 284 2.67
0.15 2.31 4.61 2.12 2.09 2.04 0.70 4.18 8.35 3.03 2.89 2.70
0.20 295 590 257 251 241 075 434 867 307 293 2.73
0.25 3.52 7.03 2.90 2.81 2.66 0.80 4.49 8.97 3.12 2.96 2.76
0.30 401 802 314 3.01 2.83 085 463 925 315 299 2.78
0.35 4.44 887 331 316 294 090 476 951 318 3.01 2.79
0.40 481 962 344 3.26 3.02 095 488 976 320 3.03 2.81
0.45 5.14 10.28 3.54 3.33 3.08 1.00 5.00 10.00 3.23 3.05 2.82
0.50 5.43 10.86 3.61 3.39 3.12
0.55 5.69 11.38 3.67 3.44 3.15 Csar=0.1M
0.60 5.93 11.85 3.72 3.47 3.17 0.05 0.29 0.57 0.32 0.32 0.32
0.65 6.14 12.27 3.75 3.49 3.19 0.10 0.57 1.14 0.63 0.63 0.63
0.70 6.33 12.66 3.78 3.52 3.20 0.15 0.85 1.70 0.93 0.92 0.92
0.75 6.51 13.02 3.81 3.53 3.21 0.20 112 2.23 1.20 1.19 1.18
0.80 6.68 13.35 3.83 3.55 3.22 0.25 1.37 2.74 1.44 1.43 1.41
0.85 6.83 13.66 3.85 3.56 3.23 0.30 1.62 3.23 1.66 1.64 1.61
0.90 6.97 13.94 3.86 3.57 3.23 0.35 1.85 3.69 1.85 1.83 1.78
0.95 7.11 14.21 3.88 3.58 3.24 040 2.06 4.13 2.02 1.98 1.93
1.00 7.24 14.46 3.89 3.59 3.25 045 2.27 4.54 2.16 2.12 2.05

0.50 2.46 4,92 2.29 2.23 2.15
Coar=0.01 M 0.55 264 528 240 233 2.23
0.05 0.60 1.20 0.61 0.61 0.61 0.60 2.81 5.62 2.49 2.42 2.31
0.10 1.18 2.36 1.18 1.17 1.16 0.65 2.97 5.94 257 2.49 2.37
0.15 1.73 3.46 1.66 1.65 1.62 0.70 3.12 6.25 2.64 2.55 2.42
0.20 2.23 4.46 2.06 2.03 1.97 0.75 3.27 6.53 2.70 2.60 2.47
0.25 2.69 5.37 2.37 2.32 2.23 0.80 3.40 6.80 2.76 2.65 2.50
0.30 3.10 6.19 2.62 2.54 2.43 0.85 3.53 7.06 2.80 2.69 254
0.35 3.46 6.92 2.81 2.71 2.57 0.90 3.65 7.30 2.84 2.72 2,56
0.40 3.79 7.57 2.96 2.84 2.68 0.95 3.77 7.53 2.88 2.75 259
0.45 4.08 8.16 3.07 2.94 2.75 1.00 3.88 7.76 291 2.78 261
0.50 4.35 8.69 3.16 3.01 2.81
0.55 4.59 9.17 324 3.08 2.86 Charge—ae per DNA phosphate. Surface potentigk= —
0.60 4.80 960 330 3.12 2.90 el/kT. Mobilities u, andu, in 10~ cn? V-! s* . Equivalent
0.65 5.00 10.01 3.35 3.17 2.93 conductancg21,23 of counterionsig+ =73.5\yya+ =42.1,
0.70 519 10.37 340 3.20 2.95  Apise=29.7; of COIONSA¢- =76.3, Nacetare =40.9.
0.75 536 10.72 3.43 3.22 2.97
0.80 552 11.03 346 3.25 2.99
0.85 5.67 11.33 3.48 3.27 3.00
0.90 581 11.61 351 3.28 301 Ccoating the glass surfaces with a brushlike layer
0.95 5.94 11.87 353 3.30 3.02 of an uncharged polymer such as polyacrylamide,
1.00 6.06 1211 354 331 3.03  used by Stellwagen et al. in capillary electropho-
Cea=0.03 M resis [16]. Such a precaution is strongly advised
0.05 043 0.87 046 0.46 0.46 since the large variations among experimental
0.10 0.86 172 089 0.89 088 results in important studies of electrophoretic
0.15 127 253 128 127 126 stretch[13] and unhooking[15] of DNA near a
0.20 1.65 3.30 1.62 1.61 1.58 . .
0.25 201 401 191 188 184 gel/glass interface, _suggest the influence of uncon-
0.30 2.34 467 2.15 211 204 trolled electroosmotic flow.

0.35 2.64 528 234 228 2.20
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Table 2 field, the mobility
Electrophoretic mobility, in 10* cfh V! s , of DNA in
0.5X TBE buffer
5 U, =g, 220D€ (A2)
—e/A? —Yo uy u, Uay mn
0.593 5.30 10.59 2.88 545 IS lowered not only by the electrophoretic effect,
0.351 4.06 8.11 2.69 450 but also by an asymmetry of the ionic atmosphere
0.38% 4.27 8.53 2.74 467  (relaxation effect which decreases the applied
0.2268 3.05 6.09 239 362 field locally, depending on ionic mobilities and on
0.197 2.75 5.50 2.26 3.34 . ; . )
0.320 384 768 246 432 C in a nonlinear fashion. The nqmerlcal factg_)[
0.189 266 533 221 325 in Eq. (A2) depends on properties of the cylinder
0.13Z 1.98 3.96 1.81 253  and of the ionic medium. Some values are given
0.134 2.01 4.02 1.83 256 in Ref. [8]. Table 1 lists for DNA at 25°C, with
aCharge density. a charge—ae per phosphate group, the dimen-
b Estimate for staining with Ethidium bromide. sionless surface potentigl,= —e{/kT, and the
¢ Estimate for staining with TOTO-1. mobilities «#, and u, in solutions of KClI,

_ N(CH,)Cl, (TMACI) and Tris—Acetate, as com-
free electrophoresis the same as relaxation Ofgl=3ul/2u" follow also from the data. The

agreement in Fig. 5 seems to validate the under-ig strongly nonlinear. The difference betweep
lying assumption that elastic relaxation is the only 5nq u, shows the large effect of the orientation

process in both cases. of the cylinder. The dependenceof on ion type
through the relaxation effect is substantial, in
Acknowledgments particular at high potential and low ionic strength.

) The random average mobility
The author thanks Prof T.A.J. Duke for sharing

i in Fi 1 2
the experimental data in Figs. 2 and 4 of R&i. o= 5 N S (A3)
Appendix A: Free solution electrophoresis of
Dﬁfa\l P is observed in free solution electrophoresis of
DNA.

We model ‘kinetic’ B-DNA as a cylinder with We now discuss some data relevant to gel

a hydrodynamic diameter of 20 A, and a phosphate electrophoresis of DNA and related experiments.
charge density of—2/3.37= —0.593 ¢/A, sur- Using capillary electrophoresis, Stellwagen et al.

rounded by a Poisson—Boltzmann atmosphere of [16] measured the free solution mobility of DNA

small ions. Electrophoresis of the cylinder depends ragments of various sizes at 2% in buffer

on its orientation. For long rods oriented parallel Solution of 0.04 M Tris—Acetate and 0.001 M
to the applied field, neglecting end effects, the EDTA, pH 8.0. For fragments longer than approx-

mobility is given by von Smoluchowski's Equa- imately 400 base pairgbp) the mobility was

tion, accounting for the backflow of the ionic Constant at,,=3.75x10"* cn? V' s*. At pH
atmospherdelectrophoretic effedt 8 about half of the Tris—base is ionized, and

neutralized by acetic acid. Neglecting the presence
DY (A1) of EDTA, we assume that the ionic strength of the
buffer solution is 0.02 M. For this solution the
long rod theory[17,1§ givesa=0.39, suggesting
that more than half of the Tris counterions are
*Upon request the author will email hi=orRTRAN program inside the shear surface of the DNA. We compare
for electrophoresi§18] to interested readers. this with the classic study by Ross and Scruggs

u =

For rods oriented perpendicular to the external
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Table 3
Effects of kinetic diameter of B-DNA on its electrophoresis in
TMACI solutions

Diameter(A)

Mrmaci Yo uy u, Uay

B-DNA, charge density-0.593¢/A

20 0.002 7.63 15.26 3.68 7.54
20 0.005 6.73 13.46 3.48 6.80
20 0.010 6.06 12.11 3.31 6.25
20 0.020 5.39 10.77 3.14 5.69
20 0.050 4,52 9.03 2.93 4.97
20 0.100 3.88 7.75 2.78 4.44
22 0.002 7.44 14.88 3.64 7.39
22 0.005 6.55 13.09 3.43 6.65
22 0.010 5.87 11.74 3.27 6.09
22 0.020 5.21 10.41 3.10 5.53
22 0.050 4.34 8.68 2.89 4.82
22 0.100 3.70 7.41 2.74 4.30
24 0.002 7.27 14.54 3.60 7.25
24 0.005 6.38 12.75 3.39 6.51
24 0.010 5.70 11.41 3.22 5.95
24 0.020 5.04 10.08 3.06 5.40
24 0.050 4.18 8.35 2.85 4.69
24 0.100 3.55 7.09 2.71 4.17
Stained-DNA, charge density 0.383¢/A

20 0.002 6.51 13.01 3.60 6.73
20 0.005 5.64 11.27 3.35 5.99
20 0.010 4.99 9.97 3.16 5.43
20 0.020 4.35 8.70 2.96 4.87
20 0.050 3.54 7.08 2.69 4.15
20 0.100 2.96 591 2.48 3.63
22 0.002 6.32 12.64 3.55 6.58
22 0.005 5.46 10.91 3.31 5.84
22 0.010 4.81 9.62 3.11 5.28
22 0.020 4.18 8.36 2.90 4,72
22 0.050 3.38 6.75 2.63 4.00
22 0.100 2.80 5.61 2.42 3.48
24 0.002 6.16 12.31 3.52 6.45
24 0.005 5.29 10.58 3.25 5.70
24 0.010 4.65 9.30 3.06 5.14
24 0.020 4.02 8.04 2.85 4.58
24 0.050 3.23 6.46 2.58 3.87
24 0.100 2.67 5.33 2.37 3.36

Surface potentiayo= — e{/kT. Mobilities u, u, , anduy,, in
1074 cn? V-' s1. Equivalent conductanceipya+=42.1,
Aei-=T76.3.

[19] who measured electrophoresis of calf thymus
DNA in various salt solutions at 1.3, using the
Tiselius moving boundary method. As shown ear-
lier [17], their results in 0.05—-0.6 M solutions of
TMACI lead to DNA surface charges correspond-
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ing to approximatelyxr = 1. The difference between

a=0.39 in Tris—Acetate andi=1 in TMACI is

at least partly of electrostatic origin, due to the
location of the charge in the cations. In Tris the
N* charge is at the outside of the ion, giving a
high local positive potential for binding to the

negative DNA surface, in addition to the possibil-
ity of hydrogen bonding with the OH groups of
Tris. On the other hand, in TMA the N charge
is in the center of the ion, giving a much smaller
potential for local binding to DNA, and no hydro-

gen bonding with the DNA surface.

Gel electrophoresis of DNA is often carried out
in 0.045 M Tris—Borate-1 mM EDTA buffer
(0.5X TBE). Stellwagen et al[16] found in this
buffer u,,=4.5x10"% cn? V"' st for the free
solution mobility of DNA fragments larger than
400 bp. Taking an ionic strength of 0.022 M
(correcting the previously used vali#&] of 0.01
M), and assuming the same equivalent conduc-
tance of Borate as of Acetate, this mobility corre-
sponds to a DNA charge af=0.59. Compared
with a=0.39 for DNA in Tris—Acetate buffer, the
replacement of Acetate by Borate ions makes DNA
substantially more negative.

As in Ref. [3], single molecule experiments
related to gel electrophoresis are often carried out
by fluorescent microscopy of DNA stained with
an intercalating dye. In general, the charge of the
stained DNA is uncertain because there are no
suitable electrophoretic experiments. Here we
derive some estimates for DNA in O&TBE
buffer, stained with Ethidium bromide, a much
used monovalent, monointercalating dye. At a
typical dye concentration of 0.apg ml~?* interca-
lation of Ethidium bromide increases the contour
length of DNA by 31%[20]. We assume a rise of
3.37 A per bp and the same per intercalating dye
molecule. Then the intrinsic linear charge density
of unstained DNA, —2/3.37=—0.593 ¢/A,
changes to —(2-0.31)/(3.37x1.3) = —0.383
e/A for the stained DNA. It is likely that stained
DNA interacts with bufferions in much the same
way as unstained DNA, that is, giving a charge
reduction of approximately 41%, see above. In
stained DNA we can apply this reduction to the
net charge, giving a linear charge density of
0.59% (2—0.31)/(3.37x1.3D) = —0.226 ¢/A, or
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reduce just the phosphate charge by 41%, giving [3] O.B. Bakajin, T.A.J. Duke, C.F. Chou, S.S. Chan, R.H.

—(0.59x2—0. 31)/(3 37x1.30)=—0. 197e/A Austin, E.C. Cox, Electrohydrodynamic stretching of
Bakajin et al.[3] stained T4 DNA with TOTO- (Dl'\éga'nz;:so;'_fgefo environments, Phys. Rev. Let. 80
1,a bls-lntercalatlng dye with four positive charges [4] 3. Happel, H. Brenner, Low Reynolds Number Hydro-
per molecule. With a 30% increase in contour dynamics, Prentice Hall, Englewood Cliffs, NJ, 1965.
length, the intrinsic charge of the stained DNA is  [5] A. Oberbeck, Ueber stationare Flussigkeitbewegungen
—(2—-2x%0.30/(3.37x1.30=—-0.320 e/A mit Berucksichtigung der inneren Reibung, Crelles. J.
Assuming the same interaction with buffer as 81 (1876) 62-80.
above, the net charge density becomd?&SEXZ— [6] W. Eimer, R. Pecora, Rotational and translational dif-
2%0. 30)/(3 37%x1. 30) =_-0.189 e/A or fusion of short rodlike molecules in solution: oligonu-

cleotides, J. Chem. Phys. $4991) 2324-2329.
[7] B.H. Zimm, Extension in flow of a DNA molecule
tethered at one end, Macromolecules 319998

—(0.59x2—-2x0. 30)/(3.37x1.300=—0.132¢/
A. Table 2 gives the potentials and the electro-

phoretic mobilities of DNA with the charge 6089-6098.

densities derived above. [8] D. Stigter, Shielding effects of small ions in gel electro-
The results in Table 1 and 2 depend significantly phoresis of DNA, Biopolymers 3(1991) 169-176.

on the value assumed for the kinetic diameter of [9 J.F. Marko, E.D. Siggia, Stretching DNA, Macromole-

DNA, d=20 A in this paper. Actually, this value cules 28(1999 8759-8770.

. . . . . [10] T.L. Hill, An Introduction to Statistical Thermodynam-
is rather uncertain. An associated problem is using ics, Addison-Wesley, Reading, MA, 1960, Chapter 13.

the same shear surface for interpreting electropho- 11 ¢ Bouchiat, M.D. Wang, J.F. Allemand, T. Strick, S.M.

resis and friction experiments. Earlier computa- Block, V. Croquette, Estimating the persistence length
tions were based on different kinetic diameters, of a worm-like chain molecule from force-extension
d=24 A [1,8,17 and d=22 A [2]. Suitable measurements, Biophys. J. {6999 409-413.

experiments on DNA with a known electrophoretic [12] C. Rivetti, M. Guthold, C. Bustamante, Scanning force

. . microscopy of DNA deposited onto mica: equilibrium
charge density could be used to determine the versus kinetic trapping studied by statistical polymer

kinetic diameter of DNA more accurately. The chain analysis, J. Mol. Biol. 2641996 919-932.
electrophoretic experiments by Ross and Scruggs [13] S.B. Smith, A.J. Bendich, Electrophoretic charge density
[19,23 on DNA in various ionic solutions suggest and persistence length of DNA as measured by fluores-
strongly that TMA" counterions do not interact cence microscopy, Biopolymers 29990 1167-1173.

; megabase-sized DNA molecules during agarose gel
TMACI one expects that the electrophoretic charge electrophoresis, Proc. Natl. Acad. USA 9999

of DNA equals its intrinsic phosphate charge with 453458

linear charge density- 2/3.37=—0. 5936/A For [15] L. Song, M. Maestre, Unhooking of U-shaped DNA
DNA stained with Ethidium bromide, 0.5 molecule undergoing gel electrophoresis, J. Biomol.
pg mli—%, a reasonable estimate of the intrinsic Struct. Dynamics 91991 87-99, The extension-time
charge density is—0.383 e//_\ see above. For curves in this paper of the two legs of the U during
these cases Table 3 gives the predicted electro- unhooking can be extrapolated back to equal extension

of both legs. This gives the electrophoretic stretch of

phoretic mobilities for DNA cylinders with diam- the stationary molecules, unaffected by any contact
etersd=20, 22, and 24 A as a function of TMACI friction with the gel. For five T4 DNA molecules in 4
concentration. V/cm these equilibrium extensions range from about
21 to 40 um, less than estimated for electrophoretic
stretch in the gel or in gel-free buffer. This strongl
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