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and in free solution
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Abstract

This review describes the electrophoresis of curved and normal DNA molecules in agarose gels,
polyacrylamide gels and in free solution. These studies were undertaken to clarify why curved
DNA molecules migrate anomalously slowly in polyacrylamide gels but not in agarose gels. Two
milestone papers are cited, in which Ferguson plots were used to estimate the effective pore size of
agarose and polyacrylamide gels. Subsequent studies on the effect of the electric field on agarose
and polyacrylamide gel matrices, DNA interactions with the two gel matrices, and the effect of
curvature on the free solution mobility of DNA are also described. The combined results suggest
that the anomalously slow mobilities observed for curved DNA molecules in polyacrylamide gels
are due primarily to preferential interactions of curved DNAs with the polyacrylamide gel matrix;
the restrictive pore size of the matrix is of lesser importance. In free solution, DNA mobilities
increase with increasing molecular mass until leveling off at a plateau value of (3.17 £ 0.01) x
104 cm?/Vs in 40 mM Tris-acetate-EDTA buffer at 20°C. Curved DNA molecules migrate
anomalously slowly in free solution as well as in polyacrylamide gels, explaining why the
Ferguson plots of curved and normal DNAs containing the same number of base pairs extrapolate
to different mobilities at zero gel concentration.
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1 Historical overview

The study of DNA electrophoresis began in 1964, when three groups of investigators [1-5]
measured the mobility in free solution using moving boundary methods. They found that the
mobility was independent of size for DNA molecules larger than ~400 base pairs (bp) [5],
and varied with ionic strength [3,5] and the identity and valence of the cation in the
background electrolyte [2,3]. At about the same time, inspired by the separation of proteins
in synthetic gel matrices [6-10], other investigators began to use similar matrices to separate
RNA [11-19] and DNA molecules [15,20-24] by molecular mass. The separation matrices
included agar [11,18,20,21], agarose [22,23], polyacrylamide [13,14,19,24-28] and
composite agarose-acrylamide [16,17] gels. As electrophoretic methods were improved by
the purification of agarose [29-31] and the use of slab gels instead of tube gels [25,32], and
as the discovery of restriction enzymes allowed the preparation of monodisperse DNA
fragments of known size [33,34], it became apparent that the separation of DNA fragments
by molecular mass depended on the gel matrix in which the separation was carried out
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[33,35]. Electron microscopy experiments [36] indicated that the mobilities observed in
agarose gels accurately reflected DNA molecular mass, while the mobilities observed in
polyacrylamide gels did not. More detailed studies [37,38], carried out with restriction
fragments ranging from 40 to 4000 base pairs (bp) in size, showed that DNA mobilities
decreased monotonically with increasing molecular mass in agarose gels, but that ~25% of
the same fragments migrated anomalously slowly in polyacrylamide gels.

Many investigators then turned their attention to the physical properties of DNA that could
be responsible for the anomalously slow mobilities observed for certain restriction fragments
in polyacrylamide gels. It was soon discovered that the largest mobility anomalies were
observed for DNA molecules containing A-tracts, runs of 4 — 6 contiguous adenine residues
repeated about every 10 base pairs, in phase with the helix repeat [39-41]. Other studies,
using a variety of techniques [42-48], showed that DNA molecules that migrated
anomalously slowly in polyacrylamide gels had helix backbones that were curved, not
straight. Since curved DNA molecules have shorter end-to-end lengths and larger cross-
sectional areas than linear molecules containing the same number of base pairs, curved
DNAs would require larger pores to migrate through the gel matrix, behaving
electrophoretically as though they were larger than their true sizes [40,47].

An equally important question is why curved, A-tract-containing DNA molecules migrate
anomalously slowly in polyacrylamide gels, but not in agarose gels. The mobility
differences in the two gel media are illustrated in Fig. 1, where the mobilities of monomers,
dimers, trimers and higher multimers of normal (N) and anomalous (A) 167-bp DNA
fragments are compared. As shown in the left panel, normal (N) and anomalous (A)
multimers of equal size migrate with equal mobilities in 2% agarose gels, as expected
because of their equal molecular masses. However, as shown in the right panel, the
anomalous multimers (A) migrate more slowly than their normal counterparts (N) in
polyacrylamide gels containing 5.7% and 1.5%C. Similar results are observed for
polyacrylamide gels with different compositions [50-52].

Several obvious questions therefore arise. Do agarose and polyacrylamide gels, on average,
have different pore sizes and are these differences responsible for the anomalously slow
mobilities observed in polyacrylamide gels? Does the electric field affect agarose and
polyacrylamide gels differently, and can these differences explain the results? Do DNA
molecules interact with agarose and polyacrylamide gels during electrophoresis and, if so,
do curved and normal DNA molecules interact with the two matrices differently? To answer
these questions, we have undertaken detailed studies of DNA electrophoresis in agarose and
polyacrylamide gels. Two of these studies [51,52], which were designed to measure
apparent gel pore size, are being cited in this issue of Electrophoresis as milestone papers:

The electrie ficld dependence of DNA mobilities in

agarose gels: A reinvestigatio

Estimation of polyacrylamide gel pore size from Ferguson
plots of normal and anomalously migrating DNA
fragments

L. Gels containing 3 % N, N'-methylencbisacrylamide

These papers have been cited 59 times and 54 times, respectively, through 2008. The results
obtained in the milestone papers and related studies, along with subsequent work on the
effect of the electric field on agarose and polyacrylamide gels and interactions of the two gel
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matrices with curved and normal DNA molecules, are described in the next three sections of
this review. The following section describes the mobility of DNA in free solution. A brief
summary concludes the paper.

2 Apparent gel pore size

2.1 Agarose gels

Agarose is an alternating copolymer of 1,3-linked B-D-galactose and 1,4-linked 3,6-
anhydro-a-L-galactose, infrequently substituted with carboxylate, pyruvate and/or sulfate
residues [29-33]. Agarose molecules in solution have a random coil structure at high
temperatures [33-35]. Upon cooling, the agarose chains form helical fiber bundles held
together by noncovalent hydrogen bonds; gelation occurs at still lower temperatures when
the fiber bundles become linked together in “junction zones” by the formation of additional
hydrogen bonds [35-40]. Strand partner exchange occurs in the junction zones by hydrogen
bond rearrangements [32,33,38].

The effective pore size of agarose gels can be estimated from Ferguson plots (log mobility
vs. gel concentration [65]) of DNA molecules of different sizes. Assuming a Gaussian
distribution of pore sizes, the median pore radius of the gel in which the mobility of a given
DNA molecule is reduced to one-half its mobility at zero gel concentration is equal to the
radius of gyration of that DNA [51,66-68]. Ferguson plots, such as those illustrated in Fig. 2,
were measured for normal DNA molecules ranging in size from 0.5 to 12.2 kilobase pairs in
the first milestone paper cited above. The median pore radius of a 1% agarose gel was found
to be ~100 nm [51], similar to the pore sizes obtained in other electrophoretic studies
[67-71]. However, the estimated gel pore radius depends somewhat on the method used to
determine it. Agarose gel pore radii estimated from lattice models of DNA gel
electrophoresis [67,72] tend to be ~2-fold smaller than those determined by Ferguson plot
methods, while the gel pore radii measured by NMR [73] or atomic force microscopy
(AFM) [74] are ~2-fold larger. One could argue that the gel pore radii determined by NMR
or AFM methods are more accurate, since the values determined by electrophoretic methods
represent the subset of pores that are accessible to the migrating DNA molecules. However,
the average size of the electrophoretically accessible pores in a given gel matrix is probably
more relevant for interpreting gel electrophoresis experiments.

2.2 Polyacrylamide gels

Polyacrylamide gels are chemically crosslinked gels formed by the reaction of acrylamide
with a bifunctional crosslinking agent such as N,N’-methylenebisacrylamide (Bis). The
composition of the gel is given by %T, the total (w/v) concentration of acrylamide plus
crosslinker, and %C, the (w/w) percentage of crosslinker included in %T. Polyacrylamide
gels are polydisperse in structure, because Bis polymerizes with itself more rapidly than
with acrylamide [74-81]. For this reason, polyacrylamide gels consist of highly crosslinked,
Bis-rich nodules linked together by sparsely crosslinked, relatively acrylamide-rich fibers
[75,80,81].

Because of the structural heterogeneity of the polyacrylamide gel matrix, the effective pore
size determined by electrophoretic methods depends on the size of the analyte. If proteins
are used as the analytes, the apparent pore size corresponds to the pores in the Bis-rich
nodules [82]. Larger analytes, such as DNA, do not “see” the small pores in the nodules and
instead are retarded by migration through the acrylamide-rich fibers [82]. In the second
milestone paper cited above [52], Ferguson plots were measured for DNA molecules
ranging in size from 123 to 1600 bp in polyacrylamide gels containing 3.5% to 10.5%T and
3% Bis. Typical examples of the Ferguson plots obtained for multimers of 167-bp curved
and normal DNA fragments are illustrated in Fig. 3. The Ferguson plots obtained for the
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curved multimers are steeper in slope and extrapolate to lower mobilities at zero gel
concentration than the Ferguson plots of their normal counterparts. Analysis of the Ferguson
plots indicates that the effective pore radius ranges from 20 to 140 nm in gels containing
3.5% to 10.5%T and 0.5% to 10%C [52,83]. Similar gel pore radii have been observed by
scanning and transmission electron microscopy [84-86]. However, NMR relaxation
experiments [72] have suggested that the average pore radius is ~5-fold smaller, possibly
because this technique measures an average of the nodule and gel fiber pore radii.

3 Effect of the electric field on agarose and polyacrylamide gels

The mobilities observed for DNA molecules in agarose gels are highly dependent on the
electric field applied to the gel [51,87], most likely because the electric field disrupts the
hydrogen bonds in the junctiones zones, allowing the gel fibers and fiber bundles to orient in
the electric field [88,89]. The oriented gel fibers and fiber bundles are very large, ranging up
to 22 um in length [88]. Surprisingly, the gel fibers and fiber bundles orient in the
perpendicular direction when the electric field is reversed in polarity [89]. The resulting
“flip-flop” orientation and reorientation of agarose fibers and fiber bundles in reversing
electric fields provides a mechanism for creating transient pores in the gel matrix, allowing
very large DNA molecules to migrate through the gel during pulsed field gel electrophoresis
[89,91].

The orientation of the agarose gel fibers and fiber bundles also affects electrophoresis in
unidirectional electric fields. If an agarose gel is pre-electrophoresed in a direction
perpendicular to the eventual direction of electrophoresis, linear DNA molecules travel in
lanes skewed toward the side of the gel, as though the pre-electrophoresis had created pores
or channels in that direction [93]. The lanes gradually straighten out and become aligned in
the parallel direction as electrophoresis is continued, presumably because the gel fibers and
fiber bundles gradually become oriented in the new field direction. Lanes skewed toward the
side of the gel are not observed if a gel is pre-electrophoresed in the direction in which
electrophoresis will be carried out, or if a gel oriented in the perpendicular direction is
allowed to stand for 24 hours before use [93]. Hence, the oriented agarose gel fibers and
fiber bundles become randomized upon standing, presumably by rearrangement of the
hydrogen bonds in the junction zones. DNA mobilities in such randomized gels are identical
to those observed in gels that have not been subjected to pre-electrophoresis [93].

Polyacrylamide gels, which are chemically crosslinked, are distorted somewhat by the
electric field, but significant orientation of the gel fibers does not occur [89]. For this reason,
DNA mobilities observed in polyacrylamide gels are essentially independent of the electric
field strength used for electrophoresis [38,50].

4 DNA interactions with agarose and polyacrylamide gel matrices

4.1 Agarose gels

According to the Ogston-Rodbard-Chrambach theory of gel electrophoresis [94,95], the
mobility of a polyelectrolyte in a gel matrix is determined by the fractional volume of the
gel that is accessible to the migrating macromolecules. Hence, Ferguson plots are expected
to extrapolate to the free solution mobility of an analyte at zero gel concentration. For DNA,
the Ferguson plots should extrapolate to a common intercept at zero gel concentration,
because the free solution mobilities of DNA molecules larger than ~400 bp are independent
of molecular mass [5,96]. However, as shown for agarose gels in Fig. 2, the intercepts at
zero gel concentration decrease monotonically with increasing DNA size. Hence, DNA
molecules migrating in agarose gels appear to be retarded by a molecular mass-dependent
mechanism that occurs in addition to sieving. This molecular mass-dependent effect is most
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likely the transient interaction of the DNA molecules with the agarose gel fibers during
electrophoresis. Such an interaction is not surprising, since DNA is a highly negatively
charged polyelectrolyte and agarose molecules are known to bind anions [97,98]. Other
studies have also indicated that DNA molecules interact with the agarose gel matrix during
electrophoresis [review: 99]. If the mobilities observed at zero agarose gel concentration are
extrapolated linearly to zero DNA molecular mass, the resulting mobility is (3.0 £ 0.1) x
104 cm?/Vs in 40 mM Tris-acetate-EDTA buffer [100], very close to the mobility observed
in free solution in the same background electrolyte [96].

4.2 Polyacrylamide gels

The Ferguson plots observed for DNA molecules in polyacrylamide gels extrapolate to very
different mobilities at zero gel concentration, as shown in Fig. 3 [52,82,101]. If the
mobilities observed at zero gel concentration are extrapolated linearly to zero DNA
molecular mass, the free solution mobility of DNA is calculated to be (3.1 + 0.1) x 104 cm?/
Vs in 40 mM Tris-acetate-EDTA buffer, equal within experimental error to the value
obtained from extrapolation of the Ferguson plots observed in agarose gels [100]. Hence,
DNA molecules electrophoresed in polyacrylamide gels are also retarded by a molecular
mass-dependent mechanism that occurs in addition to sieving, most likely transient
interactions of the migrating DNA molecules with the gel matrix [52,83,100,103]. Curved
DNA molecules appear to be more retarded by this mechanism than normal DNAs
containing the same number of base pairs, because the Ferguson plots of curved DNAs have
steeper slopes and extrapolate to somewhat lower mobilities at zero gel concentration
(compare the solid and dashed lines in Fig. 3).

The relative importance of sieving and gel matrix interactions to the anomalously slow
mobilities observed for curved DNA molecules in polyacrylamide gels can be evaluated by
measuring the mobilities of curved and normal DNAs in gels in which the pore size is varied
by changing %T at constant %C (the usual method of changing gel pore size) and by
changing %C at constant %T. If sieving effects are the primary factor contributing to the
anomalously slow mobilities, the mobility anomalies should be independent of the method
used to vary the gel pore size. However, if preferential interactions of curved DNA
molecules with the polyacrylamide gel fibers are responsible for the anomalously slow
mobilities, the mobility anomalies should correlate with the acrylamide concentration in the
gel, not the apparent gel pore size. When the polyacrylamide gel pore size is decreased by
increasing %T at constant %C, the anomalously slow mobilities of the curved DNA
molecules increase with decreasing gel pore radius [52,101,103], as though sieving effects
were responsible for the mobility anomalies [39,104]. However, when the gel pore size is
varied by changing %C at constant %T, the anomalously slow mobilities are independent of
gel pore radius as long as the apparent gel pore radius is larger than the DNA radius of
gyration [103]. If the DNA radius of gyration is larger than the apparent gel pore radius, the
anomalously slow mobilities of the curved DNAs decrease with increasing gel pore radius
until the gel pore radius becomes equal to the DNA radius of gyration, after which the
mobility anomalies become constant and independent of gel pore size. Hence, the interaction
of curved DNA molecules with the acrylamide-rich gel fibers appears to be the primary
cause of the anomalously slow mobilities observed for curved DNAs in polyacrylamide
gels; sieving effects are of secondary importance.

5 DNA mobility in free solution

5.1 Dependence of free solution mobility on DNA molecular mass

The free solution mobility of DNA is often assumed to be independent of molecular mass,
because the linear charge density is essentially constant. The early moving boundary
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electrophoresis measurements of DNA solutions [5], using relatively polydisperse DNA
samples, were consistent with this assumption. However, more accurate mobility
measurements carried out by capillary electrophoresis, using monodisperse DNA samples,
have shown that this assumption is not correct [96,105]. The mobilities of small DNA
molecules increase with increasing molecular mass, as shown by the open circles in Fig. 4,
before leveling off and reaching a constant plateau value for DNASs larger than ~400 bp.
Since theoretical studies have suggested that the mobilities of charged rods should increase
with increasing molecular mass [106,107], the results in Fig. 4 suggest that small DNA
molecules are rigid and rod-like in solution. DNAs larger than ~400 bp begin to adopt a
random coil conformation and migrate as free-draining coils [5,96,105,108,109]; the
mobility is then dependent only on the effective charge per unit mass. The plateau mobility
observed for DNA molecules >400 bp in size in 40 mM Tris-acetate-EDTA buffer is (3.17 =
0.01) x 10" cm2/Vs [110], essentially equal to the mobilities calculated by the double
extrapolation of the Ferguson plots obtained in agarose and polyacrylamide gels to zero gel
concentration and zero DNA molecular mass. Hence, the double extrapolation procedure
leads to reasonably accurate values of the free solution mobility of DNA.

5.2 Dependence of free solution mobility on DNA curvature

The free solution mobilities of curved DNA molecules (as well as the mobilities observed in
polyacrylamide gels) depend on the extent of curvature of the helix backbone [110]. This
effect is illustrated by the closed circles in Fig. 4, which correspond to 199-bp DNA
fragments containing 1 — 5 A-tracts (from top to bottom) located in a “curvature module”
[111] in the center of each fragment. The fragment with a single A-tract in the curvature
module has the conformation of normal DNA [111] and exhibits a mobility that falls on the
same smooth curve describing the mobilities of other normal DNA fragments. However,
fragments containing 2 — 5 A-tracts in the curvature module, which become increasingly
more curved as the number of A-tracts increases [111,112], migrate increasingly more
slowly in free solution. The anomalously slow mobilities observed for curved DNAS in free
solution are due in part to the dependence of the frictional factor on molecular shape [112]
and in part to the preferential binding of monovalent cations by DNA A-tracts, which
decreases the effective net charge [112,113].

6 Concluding remarks

The milestone papers cited in this review were the first of a series of papers designed to
better understand why curved DNA molecules migrate anomalously slowly in
polyacrylamide gels, but not in agarose gels. The milestone papers showed that the
restrictive pore size of the polyacrylamide gel matrix is not the primary cause of the mobility
anomalies, since gels with equivalent apparent pore sizes can be cast in both gel matrices.
The milestone papers also suggested that DNA molecules interact with agarose and
polyacrylamide gels during electrophoresis, since the Ferguson plots do not extrapolate to a
common intercept at zero gel concentration. The free solution mobility of DNA can be
recovered if the mobilities observed at zero gel concentration are also extrapolated to zero
DNA molecular mass.

Subsequent work, also described here, showed that the anomalously slow mobilities
observed for curved DNA molecules in polyacrylamide gels are correlated with the
acrylamide concentration in the gel matrix, not the gel pore size, because the mobility
anomalies are observed even in gels in which the effective gel pore radius is larger than the
DNA radius of gyration. Hence, curved DNA molecules appear to have a greater affinity for
the acrylamide-rich gel fibers than normal DNAs containing the same number of base pairs.
Mobility differences between curved and normal DNA molecules containing the same
number of base pairs are not observed in agarose gels, most likely because the agarose gel
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fibers are oriented by the electric field, creating transient pores in the gel matrix. Since the
orienting fibers and fiber bundles are very large, the transient pores are insensitive to small
differences in DNA conformation.

The free solution mobility of DNA increases with increasing molecular mass until leveling
off at a constant plateau value for fragments larger than ~400 bp. Curved DNA molecules
that migrate anomalously slowly in polyacrylamide gels also migrate anomalously slowly in
free solution, most likely because the curved DNAs usually contain multiple A-tracts and A-
tracts are known to bind monovalent cations [114]. Monovalent cation binding by DNA A-
tracts would decrease the effective charge of curved DNAs, decreasing the observed
mobility [110,112,113]. However, a detailed discussion of cation binding by DNA A-tracts
is another story for another day.
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Figure 1.

Electrophoresis of normal and anomalous DNA fragments in: (A), 2.0% agarose gels; and
(B), 5.7%T, 1.5%C polyacrylamide gels. Monomers of normal (N) and anomalous (A) DNA
restriction fragments containing 167 bp were ligated (separately) to create multimers of
various sizes. From bottom to top, successive bands in each lane of each gel correspond to
monomers, dimers, trimers, 4-mers, 5-mers and higher multimers of the normal (N) and
anomalous (A) DNAs. The effective pore radius of the agarose gel is estimated to be 51 nm
[69]; the effective pore radius of the polyacrylamide gel is estimated to be 132 nm [83].
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Figure 2.

Ferguson plots observed for normal DNA molecules in agarose gels. The logarithm of the
mobility, extrapolated to zero electric field strength at each gel concentration, is plotted as a
function of agarose concentration, %A. The lines were drawn by linear regression; the size
of each DNA, in kilobase pairs, is given beside each line. Adapted from [51] with
permission.
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Figure 3.

Ferguson plots observed for normal (A) and anomalous (o) DNA fragments in
polyacrylamide gels. The logarithm of the mobility is plotted as a function of
polyacrylamide concentration, %T, in gels containing 3%C. The normal and anomalous
fragments contained one, two, four or eight monomers, from top to bottom; the size of each
pair of fragments, in kilobase pairs, is indicated beside each pair of lines. All lines were
drawn by linear regression. Adapted from [101] with permission.
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Figure 4.

Free solution mobility of normal (open circle) DNA fragments of various sizes in 40 mM
Tris-acetate-EDTA buffer, plotted as a function of the number of base pairs in each
fragment. The closed circles indicate the mobilities of curved 199-bp fragments containing 1
—5 A-tracts in a curvature module located in the center of each fragment. Adapted from
[110] with permission.
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