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Polyacrylamide gel electrophoresis (PAGE) is employed nearly 2 "a °,
universally in the analysis of nucleic acid fragments, whether it = S N
be for sequencing, the determination of kinetic parameters, 0.1 a, °
conformational analyses, or a wide variety of other applications. g
Resolution of DNA fragments by PAGE generally depends on a
length or molecular weight criterion, but sequence dependent 0-050 p 1o 15 20 25

curvaturé? as well as protein-induced beridsan result in Number of Nucleotide Residues
anomalous migration of sequences analyzed with nondenaturin

gels. Curvatu%e or bendi?lg effects te)r/1d to retard DNA Se_gFigure 1. Plots of calculated mobility.{) vs length of the DNA fragment
quenced; relative to corresponding random sequence fragments /(&”((’I':Ic)’f ggc}f?g?e 4%35)?&'3)5)’%6‘28%03;0' 3, for gels with pore sizes of 25
lacking those effects. In some experiments involving the analysis ' ' a :

of short enzymatically synthesized sequences under denaturing,qrkers have observed, in agreement with theoretical predic-
conditions, the relative mobility of the shorter DNA/RNA 51415 that the free solution mobility of DNAlecreasesvith a
fragments appears to be reverSetwith shorter sequences gecreasein molecular weight® (ii) Both simulations and
apparently retarded during gel migration, in a stepwise fashion, gyneriments indicate that there are fewer condensed counterions

such that very short sequences migrate anomalously. near the ends of a short oligonucleotide in comparison to a longer
Our current understanding of how DNA migrates Ehrough a DNA fragment'”18 (iii) By approximating a structural unit of
gel matrix is based either on the Ogstron m8delor on “tube the polyion as a point source of friction and by considering the

reptation ideasi™* both of which are dependent upon the inherent  goeening of the hydrodynamic interactions between the structural

“entanglement properties” of the gel network. In the former it Manning showedthat the translational friction coefficient
model, the gel fibers are viewed as a random meshwork with afis given by

characteristic distribution of pore siz&s! The electrophoretic

mobility of the DNA () is then a product of the free-solution 6my

mobility («,) and an exponential function of cross-sectional area f~N ()
of the polyion divided by the mesh size. The free solution NN .

electrophoretic mobilityu, of a polyion, however, depends on Z mij exp(_Krij)D

the ratio of the magnitude of the total chai@é¢o the translational iI=1i=Ti=j

frictional coefficientf. : . . . .
In the reptation model, the gel fibers impose a sideways where isy the viscosity of the solvent; is the distance between

constraint on the DNA and result in tube-like regiéfs4 The monomer units andj, N is the number of phosphates, the angular
motion of the polyion is snake-like along the tube axis. By brackets denote an average over the conformations of the polyion,
projecting the motion of the DNA along the field direction, an @nd « is the Debye screening parameter. Although DNA is
expression is obtained for the electrophoretic mobility of the generally viewed as a free-draining molecule in solutfbit is

polyion in terms of the total charg®, the contour length., the certainly not so in the range of base pairs considered in the
translational frictional coefficient, and the mean square end-to- €XPeriment. (iv) For a univalent salt, the number of condensed
end distancéh.z2Calong the direction of the fielgk13 counterions per polyion charge for an oligodies given by

The model proposed here is based on the following observa-

tions: (i) From a novel capillary electrophoresis technique which = M 2)
substantially reduces electroendosmotic flow, Stellwagen and co- £ In(L/b)
po BhKoo, . S.: Drak, J. Rice, J. A Crothers, D. Biochemistryl990 whereé is the reduced linear charge densityis the length of
(2) Koo, H. S.; Wu, H. M.; Crothers, D. Mature 1986 320, 501—506. the polyion, ancb = L/N is the spacing between the phosphate
(3) Zinkel, S. S.; Crothers, D. Ml. Mol. Biol. 1991, 219, 201—215. charges. (v) Both the Ogstrort! and reptation modeld!® are
(4) Wu, H. M.; Crothers, D. MNature 1984 308 509-513. i itati
(5) Marini. J. C.. Levene, S. D.. Crothers, D. M. Englund, P.PFoc. unablg to explain the quahtaﬂve features of the obgerved
Natl. Acad. Sci. U.S.AL982 80, 7678-7681. experimental data (see Figure 2). (vi) There are experimental
(6) Mendelman, L. V.; Richardson, C. C.Biol. Chem1991, 266, 23246~ observation®-??indicating that the ratio of the coil siZ@ to the
23250.
(7) Mendelman, L. V.; Notarnicola, S. M.; Richardson, CJCBiol. Chem. (15) Mohanty, U.; Stellwagen, N. @iopolymers1998 submitted.
1993 268 27208-27213. (16) Stellwagen, N. C.; Gelfi, C.; Righetti, P. Biopolymers1997, 42,
(8) Mendelman, L. V.; Kuimelis, R. G.; McLaughlin, L. W.; Richardson, = 687—703.
C. C.Biochemistry1995 34, 1018793. (17) Olmsted, M. C.; Anderson, C. F.; Record, M. T.,Rroc. Natl. Acad.
(9) Ogstron, A. GTrans. Faraday Socl958 54, 1754-1757. Sci. U.S.A1989 86, 7766-7770.
(10) Chrambach, A.; Rodbard, 3ciencel971 172 440-451. (18) Stein, V. M.; Bond, J. P.; Capp, M. W.; Anderson, C. F.; Record, M.
(11) Cobbs, GBiophys. J.1981, 35, 535-542. T., Jr. Biophys. J.1995 68, 1063-1072.
(12) de Gennes, P. G. Chem. Physl1971, 55, 572-578. (19) Manning, G. SJ. Phys. Cheml1981, 85, 1506-1515.
(13) Levine, S. D.; Zimn, B. HSciencel989 245 396-399. (20) Manning, G. S.; Mohanty, WPhysical997, A247 196-204.
(14) Perkins, T. T.; Smith, D. E.; Chu, Sciencel994 264, 819-822. (21) Arvanitidou, E.; Hoagland, CPhys. Re. Lett. 1991, 67, 1464-1466.
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Figure 2. Measurement of relative gel mobilityip/us (Whereup =
mobility of the DNA fragment, angis = mobility of the bromphenol
blue marker) for DNA fragments I,)N] containing from 2 to 20
nucleotides. Standard deviations varied freh0.01 to +0.03, the
maximum value is illustrated. Inset: raw data, before correction with
respect to the tracking dye, showing absolute mobilities for two
independent experiments.

mesh spacin@mesnmay govern the mode of transport in gels for
a certain range di. Probe diffusion studies in polyacrylamide
gels indicate that the diffusion coefficient in a gel is accurately
represented by the free diffusion coefficient in pure solvent times
an exponential function of (R/Cmes)®, Where the exponent is

of an order of unity?> On the basis of the above observations, it
is proposed that the electrophoretic mobility of short sSSDNA is
described by

U=t exp(— R/Cmest) (3)

Here, the free solution mobilityuf) is the ratio of the
magnitude of the total chard@ to the frictional coefficient of a
polyion of finite size with account taken for Manning?®

counterion condensation and end effects through eq 2.
To evaluate the frictional coefficient for a finite polyion, we

assume that parts of the chain are locally stiff on the length scale

comparable to the Debye lengtirl. Then eq 1 can be
numerically evaluated by first converting the double sum into a
single sum and then evaluating the single sum by the Euler
Maclaurin formula2® For ssDNA, the charge spacig~ 4 A,
while at 25°C, the viscosity of water and the dielectric constant
are respectively 0.89% 1073 kg/m+s and 78.3. From geometrical
considerations, the radil&of the probe is equal thib/2 [while
other choices oR exist?4?5they would not alter the qualitative
features of our predictions (Figure 1)].

In polyacrylamide gels, the pore size can vary between 22 and

70 A for gels prepared from solutions of 8.0% (w/v) monoRfet.
The TBE buffer consists of 1 mM EDTA and 45 mM Tris borate
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23, 1548-1553.
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(24) stellwagen, N. CBiochemistry1983 22, 6187-6193.
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(26) Fawcett, J. S.; Morris, C. J. O. Bep. Sci1966 1, 9—28.

(27) Tombs, M. PAnal. Biochem1965 13, 121-132.
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with pH = 8.4. The X, values for boric acid and Tris are 9.24
and 8.07, respectively. After Debydiuckel activity coefficient
corrections, the pH for the boric acid component is 9.16, while
that for the Tris component is 8.15. At pH 8.4, the EDTA

is the predominant EDTA species. To obtain the ionic strength
for this buffer, the Davies and the Hendersdiasselbach
equations are solved iteratively with the solutionl et 0.0256
M.282° The inverse of the Debye screening length follows from
the relationk = 0.327 x 1¥(1/A).

The theoretical predictions for the migration of short DNA
fragments in polyacrylamide gels indicate a linear relationship
between the electrophoretic mobility,(in units of cn#/Vs) and
the fragment length (number of nucleoside residues, wNere
number of internucleotide phosphate residues), except at very short
sequence lengths (Figure 1). At short sequence lengths, signifi-
cant anomalous migration is predicted to begin with sequences
of ~7 residues and continuing such that the mobility for the
shortest fragment in the series, tigNpN trimer°is comparable
to a 14-residue fragment (Figure 1). The onset of the anomalous
migration phenomenon is dependent upon the pore size of the
gel as determined for 25-, 30-, 40-, and 60-A pore sizes (Figure
1). The position in the series at which the anomalous migration
begins (transition point) also varies with pore size. These
transition points occur with sequence lengths eBfor the 60-A
pore size and decrease to sequence lengths 4ff8r pore sizes
of 25 A. The free solution mobility of poly(styrene sulfonate)
polyelectrolytes exhibits a similar anomalous effect at short
polymer lengths?

Experimental gels have substantiated this phenomenon (Figure
2). In the experimental case, data for the NpN sequence could
also be obtained, and this dimer sequence exhibited the largest
anomalous migration effect (migrating with an apparent sequence
length of >20). The transition point in the experimental gels
occurred at sequence lengths ef@a On the basis of theoretical
predictions, this transition point would correspond to a pore size
in the gel averaging 3640 A, consistent with previous
predictions?+27

It should be noted that in biochemical assays generating a series
of small nucleic acid fragments, usually with some premature
termination products (primase, RNA polymerase assays),
reduced processivity by the enzyme could result in the presence
of small DNA/RNA fragments whose position in the gel would
overlap larger fragments and confuse the interpretation of the
assay.
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