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Two-dimensional agarose gel electrophoresis of genomic re-
striction endonuclease digestion products can physically sepa-
rate fragments that comigrate in conventional agarose gels. To
ensure that the results of each gel are reproducible, duplicate
gels are prepared. The gels may be analyzed by Southern hy-
bridization, or restriction fragments of known size may be pre-
paratively extracted from agarose plugs. This method can be
used to compare the digestion patterns of specific sequences
from different organisms in a population, different cell types, or
different developmental states. © 1991 Academic Press, Inc.

The need to separate large numbers of unique DNA
fragments has prompted the development of techniques
that enhance the resolution of standard electrophoretic
separations. By fractionating genomic DNA fragments in
multiple stages, it has become possible to increase the
resolving power of agarose gel electrophoresis. Nucleic
acid species that comigrate in single-dimension gels can
be separated by two-dimensional gel (2D) electrophoresis.
Conventional double digestion and electrophoresis of ge-
nomic DNA may not resolve individual components of
all multicopy sequences because the internal structure of
these repeats may be highly conserved. Individual mem-
bers of multicopy sequence families may be resolved by
sequentially digesting and electrophoresing genomic DNA
onto a two-dimensional grid. The origin of fragments that
migrate off the major diagonal in the second dimension
can be extrapolated from each of the first-dimension
digestion products. The restriction maps of individual off-
diagonal fragments are a unique feature of the 2D gel
system, since this information may not be accessible from
double digests separated in conventional gels.

The method involves incubating an agarose gel slab
containing restricted genomic DNA with a second enzyme
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to redigest DNA fragments in situ (Fig. 1). The gel is then
embedded perpendicular to the initial direction and elec-
trophoresed. Fragments that are not cleaved in the second
digestion migrate along a diagonal that bisects the gel
and that extends from the largest to the smallest frag-
ments in the initial digest. Digestion products released
by the second enzyme are distributed throughout the lower
half of the gel grid. The gel may then be analyzed by
Southern hybridization, or specific digestion products can
be recovered by direct purification from agarose blocks.
Such fragments can then be directly cloned or amplified
by the polymerase chain reaction (P. Rogan, P. Lemkin,
A. Klar, J. Singh, and J. Strathern, in preparation).

Two-dimensional electrophoresis has been used to sep-
arate DNA fragments from small genomes so that each
fragment migrates to a unique position on the gel grid.
This has made it possible to identify subtle genomic rear-
rangements in the Escherichia coli genome (1, 2). This is
not currently feasible for complex genomes, where too
many fragments are generated to achieve this level of res-
olution. In such cases, 2D Southern hybridization with
probes that recognize multiple fragments may be used to
study subsets of these genomes.

The precise copy number of multicopy genomic se-
quences and the physical maps surrounding family mem-
bers can be deduced from 2D agarose gels. Large-scale
physical maps of a family of mammalian genes were con-
structed using probes that cross-react with several family
members (3). Populations of different individuals can also
be studied with polymorphic restriction enzymes using
multicopy probes. This technique has demonstrated that
most or all of the known murine ¢ locus haplotypes are
recent descendants of a single ancestral chromosome (4).
Individual variable number tandem repeat loci on differ-
ent human chromosomes have been similarly studied to
determine the segregation properties and the informa-
tiveness of each marker (5).

Some aspects of gene regulation have been studied by
digesting genomic DNA with restriction enzymes whose
recognition sequences are congruent with known biolog-
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ical specificities. Pairs of restriction enzymes that exhibit
different sensitivities to methylation can be used to dis-
tinguish modified from unmodified genomic domains ad-
jacent to interspersed, endogenous proviral sequences in
the murine genome (6). The observed methylation pat-
terns were generally conserved in different tissues from
the same individual, although some tissue specificity was
detected. Since DNA methylation is thought to play an
important role in maintaining specific patterns of gene
expression in eukaryotic cells (7), those differences re-
vealed by 2D gel electrophoresis may be indicative of the
expression profile of these sequence elements in different
cell types.

CHOOSING RESTRICTION ENDONUCLEASE
AND PROBE COMBINATIONS

Due to the high degree of complexity of eukaryotic ge-
nomes and the physical limitations of gel electrophoresis
systems, it is difficult, if not impossible, to find experi-
mental conditions that separate each fragment from all
other fragments in a genomic digest. The compromise is
to choose restriction enzymes that generate DNA frag-
ments distributed over the largest physical distance in
the gel matrix.

Agarose gel matrices are suitable for separating a
broad range of sizes; however, the migration of nucleic

acids in a constant, unidirectional electric field shows
an approximately logarithmic dependence on the length
of the molecule. This results in decreased resolution for
DNA fragments of high molecular weight. The range
of fragment lengths that demonstrates the greatest
physical separation is affected by the agarose gel den-
sity, the chemical constitution of the gel matrix, the
running buffer, and the temperature. These conditions
can be adjusted to produce optimal separations from
100 bp up to 20 kb.

The collection of unique fragments should be separated
over as large an area as possible. Since the agarose gel
density is easily adjusted, it is more critical to find re-
striction endonucleases that generate approximately a
uniform distribution of fragment sizes. Although it is dif-
ficult to predict a priori which restriction enzymes will
generate a broad distribution of different-sized cleavage
products, the sizes and number of fragments that are re-
leased from genomic digestion can be used to empirically
predict the mean and variance of the distribution of en-
zyme recognition sites in the genome. The sizes of digested
genomic DNAs that have been end-labeled with Klenow
DNA polymerase (or if the enzyme produces a 3' recessed
end, T4 polynucleotide kinase (8)) can be calibrated
against appropriate DNA size markers. Optical density
measurements of autoradiographic films produced from
these gels reveal the average size and the distribution of
fragment sizes in these digests. Gel slabs containing end-
labeled fragments can also be treated with other enzymes
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Method of preparing two-dimensional agarose gels. Genomic DNA is digested with enzyme I and electrophoresed. Gel slabs containing

identical genomic samples are dissected and incubated with enzyme II. Duplicate slabs are reoriented and run in a second gel perpendicular to
the original direction of electrophoresis. The resultant gels may be transferred to nylon filters for Southern analysis or stored for subsequent

preparative extraction of doubly digested genomic fragments.
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to determine the distribution of doubly digested restriction
fragments.

The probability of cleaving a fragment produced in the
initial digest with the second-dimension enzyme depends
on the length of the first-dimension fragment and the
frequency of its recognition sequence in the genome.
Therefore, larger fragments are more likely than smaller
ones to generate second-dimension cleavage products.
This can result in a tendency to concentrate double diges-
tion products in one quadrant of the gel. This effect can
be minimized by cleaving with an enzyme that generates
a distribution of fragments that, on average, contain at
least one second-dimension restriction site, but that are
not likely to contain several such sites. Digestion of Sac-
charomyces cerevisiae genomic DNA with a pair of en-
zymes recognizing a degenerate 6-nucleotide sequence re-
leased fragment sizes in the first dimension up to 6 kb in
length; Fig. 2). The fragments detected with a reiterated
sequence probe are cleaved once or twice in the second-
dimension digest and are well resolved in 1% agarose gels.
Other enzymes with degenerate 6-nucleotide specificities
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produced similar distributions of fragment sizes (results
not shown). However, since the lengths of resultant
digestion products are a complex function of the genome
size, composition, and organization, it is difficult to predict
a priori which restriction enzymes will generate suitable
fragment size distributions.

The probe selected for 2D Southern analysis may be
dictated by the experimental objectives, i.e., to study ge-
nomic organization or methylation patterns in a specific
region of the genome. Probes derived from a single chro-
mosomal domain can produce patterns that range from
extremely simple to those resembling sequences with a
broad genomic distribution. Cloned single-copy sequences
generally detect a discrete set of genomic fragments; the
number of fragments that hybridize depends primarily on
the carrying capacity of the cloning vector. Large genomic
inserts derived from complex genomes are more likely to
contain reiterated sequence elements with an interspersed
rather than a localized distribution. To restrict the anal-
ysis to sequences originating from a specific chromosomal
domain, signals arising from repeat elements can be
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Southern hybridization of duplicate two-dimensional genomic blots. Saccharomyces cerevisiae genomic DNA was prepared from a strain

expressing the E. coli dam methyltransferase gene (LP2649-1A: MATw, canl, leu2-3, leu2-112, ura3-52, rad3-2, from L. Prakash). DNA was
digested initially with HincIl and with Mf11, an enzyme that contains the dam recognition site but is inhibited by adenine methylation. Methylated
sites were cleaved by an isoschizomer that is insensitive to adenine methylation, BstY], prior to running of the second dimension of the gel. The
gels were blotted to nylon filters and hybridized to a cloned probe, pLTRA9, containing a member of the solo § reiterated sequence family (17).
A and B are duplicate gels, which were prepared according to the scheme shown in Fig. 1.






