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DNA electrophoresis in dilute polymer solutions: A nonbinary mechanism

Axel Ekani-Nkodd and Bernard Tinland
Institut Charles Sadron-CNRS, 6 rue Boussingault, 67083 Strasbourg Cedex, France
(Received 7 November 2002; revised manuscript received 5 March 2003; published 21 May 2003

The dynamical behavior of the neutral polynielextran,M,,=2x 10°) is investigated during DNA elec-
trophoresis in a dilute solution. Using a fluorescence recovery after photobleaching setup, we measured the
velocity of fluorescein-labeled dextran induced by the migration of the DNA. We found that each DNA
molecule drags a large number of dextrans with it. We show that DNA-dextran interactions are not only binary
but long range and indirect. We conclude that the DNA-dextran complex creates a hydrodynamic field that
entrains polymers far from the DNA during electrophoresis.
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[. INTRODUCTION trophoresis in dilute polymer solutions, interactions between
the DNA and the polymer molecules should be direct, com-
Capillary electrophoresis has become a routine techniquéng only from collisions and/or entanglements. Here, we
allowing fast separation of nucleic acids. Thanks to the capshow that the DNA-dextran interaction is not based solely on
illaries’ small cross sectiofusually 50—20Qum internal di-  transient entanglements and collisions. We propose that the
ameter(ID) and 30 cm longywhich allows fast heat evacu- DNA-dextran complex creates a hydrodynamic field that
ation, high electric fields up to 300 V crh can be applied. drags many neutral polymers along.
To mimic gels, for which detailed models exist, semidilute In this work, we measure the dextran mobility and com-
polymer solutions are generally used since they yield thgare it to that of the DNA under the same conditions to gain
same kind of topology. A refinement of the biased reptationmore insight about the mechanisms in dilute solutions. The
with fluctuation mode[1] developed for gel2], taking into  principle is as follows: By labeling DNA molecules, we were
account constraint releagee relaxation of the polymer ma- able to measure simultaneously the mobility and the diffu-
trix), was proposed to describe the mechanism in such polysion coefficient of DNA fragments with a fluorescence recov-
mer solutions. Since then, much experimental work has bee@ry after photobleaching=RAP) setup[7]. By labeling the
done to improve the technique and determine which polyneutral polymefand not theDNA), we were able to measure
mers to usé3]. However, finding the best conditions to op- the velocity at which they are dragged by the DNA during
timize DNA fragment separation is rather empirical andelectrophoresis. Our results show that the large number of
more theoretical work is still needed. neutral polymers dragged is not compatible with the binary
Although high-resolution separation is mostly achieved ininteraction.
semidilute solutions of neutral polymers, Barron, Blanch,
and Soand4] reported in 1996 that they could separate Il. MATERIAL AND METHODS
ﬁjotiL:)tr):se :vﬁiﬁ&dgc:eal\lrﬁimjcttescﬁ?\se n cricl)lute a(;l?hulttr{ar\]dnute SO° The setup we have used is the same as described by Tin-
) Lo : y proposed that the SeparaFand, Meistermann, and Weil[8]; two laser beams are
t'r?n mech?mslm 'S basgdhonDtlr\laES_lreﬁt en:]anlglemen:] beé\mi\%?ossed on the sample, creating a fringe pattern with a fringe
molecule, the more. polymers it drags. Hubert, Slater, angP2cng - At =0, & high power puise is generated that
Viovy [5]’developed 2 model based on. this aséumptioﬁ th%Ie_aches the dyes in the_brlght fringes and generates a sinu-
fits the experimental results fairly well for small DNA chains Oldal concentration profll_e of fluorescence mole_cules. The
and low concentrations. Sunada and Blaf@hstressed that f'ampl_ltud_e of .thls pattern is d_etected_ by modL_JIauon o_f the
most DNA-polymer intéractions are collisions with no en- |Ilgm|nat|ng fnngg p03|t|or_1 using a p|ezoelgctr|cally driven
tanglement and proposed their own model, although the fin irror and lock-in detectl_on. of the emerging fluorescence
equation they derive is not significantly d'ifferent from the oIIec'ted' at thg photo.mult|pl|e.r by an optical fiber. When an
electric fieldE is applied, motion of the molecules yield a
one proposed by Hubert, Blanch, and Soane.

Concerning the mechanism. it i mmonl med th Tinusoidal signal of period. Additionally, under the condi-
oncerning the mechanism, it1s commonly assumed g, chosen, the signal decreases due to the molecules that
DNA is completely free draining during free solution elec-

trophoresis. This hypothesis explains why the mobility érgug?génge?;vﬁg{ fl.rﬁ? thippg?gfg gggl(;ge:]ezlélt;ﬂ?e&ntoa
=q/¢ is independent of the chain lengthin free solution the expression:

electrophoresis, since botl and ¢ are proportional tolL. '
Assuming that this property is maintained during DNA elec-
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*Corresponding author. Email address: tinland@ics.u-strasbg.fr from which we deduced the mobility of the labeled mol-
"Present address: Physics Department, University of California agcules,u=V/E=i/(ET). Note that, for analogy with DNA
Santa Barbara, Santa Barbara, CA 93106. mobility, we define the dextran mobility gs=V/E.
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FIG. 1. Typical FRAP signals for pure dextran soluti@01%)
and DNA(5 ug ml~Y)-dextran(0.01% solution. Without DNA, the FIG. 2. Velocity of dextran dragged by DN wugmi~?) as a

dextran moves due to the residual electric charge from the dy&nction of the fieldE for several DNA/dextran ratios: 1/1650
When DNA is present, it |_nduces momentum to dextran that thertcdextranzo-OS%)r 1/6600(0.2%, and 1/33 000(1%). Linear fits
travels with a higher velocity. yield the mobilities: 0.840.12 (0.05%, 0.60+0.08 (0.2%, and
0.36:0.05cnfV-1s 1
The measurements were carried out in fused silica,
square-section capillarie@Vales Apparatus Cp.with 0.5
mm ID and 100 mm length as described in Ref0]. The
capillary walls were “conditioned” with a 1%w/w poly-
dimethyl-acrylamide ,,=150000, provided by Galin,
ICS, Strasbourgsolution overnight in order to reduce the
electro-osmotic flow(EOF. Under these conditions, the
electrophoretic mobility of the DNA in free solution was  For an electric field of 50 V cm!, FRAP signals from a
measured to bgiy=4.2x10"% cm?V~1s7! [10]. This is  fluorescent dextran solution at a concentrat®s 0.01%,
very close to the value given by Stellwagen, Gelfi, andand from the same solution but containing 48 500 bp DNA
Righetti, where they prevent EOF by polymerizing poly- are shown in Fig. 1. Even when there is no DNA in the
acrylamide on the capillary wallf11]. Thus, our coating solution, fluoresceinated dextran exhibits a net velocity.
procedure is very efficient and mostly eliminates the EOF. This signal goes to zero very quickliypically after one
The sieving matrix consists of dextran. This polysaccha-oscillation. From many measurements of this oscillation,
ride belongs to the same family as agarose. It was choseme determine the average valpe=(0.25+0.15%x10 * cn?
because it is soluble and neutral and therefore has no trivial " s™2. In the presence of DNA, this mobility can be up to
interaction with the DNA. We prepared our own fluorescein-five times larger and decreases when the dextran concentra-
labeled dextran with seven to eight dyes per chain as detetion approaches the critical concentrati@i. Also, many
mined by fluorescence measurements. Dextrih, €2 oscillations can be seen and the exponential envelope is well
X 10P,C*=1%) and isothiocyanatofluorescein were pur-defined. This is an evidence for the existence of a strong
chased from Sigma. Isothiocyanatofluorescein reacts witinteraction between the DNA and the neutral polymer.
dextran in dimethyl sulfoxide at 95 °C. The reaction is cata- Does the fact that dextran moves even when no DNA is
lyzed by dibutyltin dilaurate. The complete procedure is defpresent indicates that there is a residual EOF dragging all
scribed in Ref[12]. polymer molecules? Using a pure DNA solution, we deter-
We purchased phage DNA[48 500 base pairdp)] from  mined that the EOF is correctly cancelled. To investigate the
Biolabs. The 2100 bp fragment was restricted and linearizedirection of the motion of the dextran molecules, we carried
from the corresponding vector with the help of Jean-Marieout a fluorescent flow experiment. The capillary was half
Garnier (IGBMC, Strasbouryy DNA and dextran solutions filled with a solution of DNA/fluorescent dextran on one side
were mixed to the desired concentrations in a 0.1 M trisand DNA/nonfluorescent dextran on the other. The concen-
ethylenediamine tetra-acetic acid bufferpdd=8.3. tration profile of the interface was monitored using a laser
Electric fields, ranging from 5 to 50 V cnf, were applied beam. At a given position on the interface, we examined how
during the time of the experiment, which ranged from a fewthe amount of fluorescengthat is, the number of fluorescent
seconds to a minute. For these short times, no increase of tieolecule$ was changed when an electric field was applied.
temperature in the capillary was detected. In this field rangeWe found that fluorescent dextran molecules migrate towards
all mobilities were found to be field independent as predictedhe positive electrode. Moreover, the experiment was revers-
by theoretical models. For one experiment, that is one cellible (the fluorescent gradient would increasenen the po-
the error between the measurements is less than 5%, but ftarity of the field was changed. However, the same experi-
two experimentgafter having removed the solution, rinsed ment performed with fluoresceinated dextran alone showed

the capillary, and coated it agaithe measured mobility
value can change by 15%.

Ill. RESULTS AND DISCUSSION
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FIG. 3. Expected FRAP signals for differing dragged/
nondragged dextran ratio. The time scales are experimental values. FIG. 4. Mobility of dextran C=0.1%) dragged by 48 500 bp
and 2100 bp DNA chains as a function 8f The DNA concentra-
that molecules were also moving toward the anode, but witf§ons were adjusted to give approximately the same DNA/dextran
a significantly lower velocity, in agreement with the FRAP 'atio. Linear fits yield 08%0.13 (2100 bp and 061
measurement. The explanation is that fluorescein is nega'rto'9 cnfV™ts™* (48500 bp.
tively charged at thippH [13]. Since the dextranM,,=2
X 10°) bears seven to eight dyes per molecule, it has a netescein and T, for the dragged oned. is the fraction of
charge that results in a low electrophoretic mobility. nondragged molecules. Curves were drawn for various
Figure 2 illustrates the mobility of dextran measured as gpondragged/dragged ratios and experimentally measured
function of the electric field strength. The 48500 bp DNA time constants. We found the boundary limits: when the dex-
concentration was kept constant, but the relative numbers gfan is along100% nondragged/0% draggetie decreasing
dextran m0|ecu|eS Varied. In these experiments, the Velocitﬁxponentiaj presents a sma” bump Coming from the dis_
is 1.5-3.5 times higher than that of dextran alone. We havg|acement of the slightly charged dextran that was used to
observed it as five times highétata not shownin the pres-  estimate the residual mobility of dextran without DNA; the
ence of DNA. As expected, when there were more dextragjgnal hecomes more and more sinusoidal as the nondragged/
molecules per DNA chains, the mobility decreased. dragged ratio decreases. Consequently, since the time scales
It must be emphasized that, in E@), the velocity de-  gre very similar, we estimate roughly the fraction of dragged
rived from periodT is the aver.age'velocity of all the r_nol- dextran from the ratio of the signal amplitudeg/ly, ne-
ecules that have a net velocity (i.e., not those moving byjecting the slight decrease of due to thermal diffusion.
diffusion only) Thus, the problem can be simplified by as- Tjs fraction ranges from 50—80% in all our experiments
suming that any given dextran molecule is either dragged by1 4], showing that at least 50% of the dextran is moving at
the DNA molecules and moves constantly at the velocityihis higher velocity. This is quite surprising since the number
i/T, or not draggedand, in this case, onlgiffuses. of dextran molecules per DNA ranges from hundreds to
Figure 3 shows the expected shape of the experimentghoysands.
signal for various ratios of nondragged/dragged dextran. The Considering the relative number of dextrans and DNA
expression was chains existing in the solutiofTable |), this means that one
DNA can impart momentum to several thousands of dextran
fsin(ﬁ 2 molecules. Under the same conditions, the electrophoretic
T, ' mobility of DNA was found to decrease only by 10% from
its value in free solution. Thus there is an apparent contra-
whereT; is the time of oscillations for nondragged dextransdiction between the observation that many dextran molecules
(which have a low mobility due to the slight charge of fluo- are dragged by the DNA, whereas the mobility of the DNA is

=1 Oe—(t/T)Z

[ 2t
+(1—f)S|n(T—2)

TABLE |. DNA (48500 bp, 5ug ml~Y) and dextran concentration®.05% in number and relative
numbers of dextran per DNA chain. In the case with hydrodynamic interactions, the number of dextran
molecules was calculated using the results from Ri].

Dextran DNA
concentration concentration Dextrans/ DNA chains Dextrans/ DNA chains Dextrans inside
(molecules/n®)  (molecules/nr) (no hydrodynamig (hydrodynamic fielgl a DNA chain

1.5x10°7 9.2x10 11 1650 5000 110
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only slightly affected. Many dextran molecules are entrainedThey will eventually escape only to be replaced by other
but only a few directly through the entanglement-collision molecules that the DNA encounters.
mechanism. Instead, collective effects are observed, involv- Surprisingly, the velocity of dextran in the presence of the
ing a large number of neutral polymers per DNA chain.smaller DNA molecules was found to be higher than in the
Since the direct entanglement-collision interactions cannopresence of the longer DNA moleculéBig. 4), although
explain the observed behavior, we propose to consider hyconcentrations were adjusted to give approximately the same
drodynamic interactions as an explanation. DNA/dextran ratio. The result is counterintuitive, but highly
Assuming that the DNA ision-free-drainingas in a dif-  reproducible. The explanation is still unclear. It might be that
fusion experiment, a very naive calculatiptb] suggests a some dextran molecules never interact with the hydrody-
hydrodynamic field acting over several micrometers, whichnamic field created by the smaller DNA chains. Accordingly,
would drive a number of dextran molecules comparable tahe ratiol ; /I, was found to be closer to 50% with 2100 bp
the values in our experimen(Fable ). Thus, one DNA mol- (and ~75% with 48500 bp Thus, fewer molecules would
ecule would be able to impart momentum to many neutrabe dragged at a higher velocity.
polymers. A more accurate calculation is called for, but this  Although it is likely that only polymers colliding with the
rough estimate serves to emphasize the potential importand@NA molecules are relevant for the separation, a global de-
of the hydrodynamic field. The presence of the neutral polyscription of the mechanism must take into account the long-
mers makes the DNA-dextran complex a composite “hard’range interactions we report. These observations constitute

sphere yielding a hydrodynamic field. stimulating results that need to be more deeply investigated.
Long, Viovy, and Ajdari[16] showed that, when electric
and nonelectric forces are acting simultaneously on a poly- ACKNOWLEDGMENTS
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