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Electrophoretic Separations of Large DNA Molecules
by Periodic Inversion of the Electric Field

GEORGES F. CARLE, MARK FRANK, MAYNARD V. OLSON

In gel electrophoresis, nucleic acids and protein-detergent complexes larger than a
threshold size all migrate at the same rate. For DNA molecules, this effect can be
overcome by the simple procedure of periodically inverting the electric field. Tuning
the frequency of the field inversions from 10 to 0.01 hertz, makes it possible to resolve
selectively DNA’s in the size range 15 to >700 kilobase pairs.

" EL ELECTROPHORESIS, IN WHICH
ions are separated by size as they
migrate through a gel medium in

response to an applied electric field, is wide-
ly used to separate complex mixtures of
macromolecules (1). Although it has been
successfully adapted to an enormous range
of biochemical applications, electrophoresis
remains subject to a number of significant
practical limitations. For example, in con-
ventional electrophoretic separations of na-
tive DNA molecules on agarose gels, the
largest molecules that can be separated
readily are approximately 15 to 20 kb (~107
daltons) (2); larger molecules exhibit nearly
size-independent mobilities, a phenomenon
that is thought to be associated with an end-
on, reptile-like mode of migration known as
“reptation” (3). In 1983, Schwartz et al.
addressed this problem by employing a
complex electrode geometry that allowed
alternate application of two transverse elec-
tric fields that were spatially inhomogeneous
(4). The idea behind this method was to
force large molecules to turn corners period-
ically in the gel matrix, thereby introducing
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a source of size-dependence that is absent
during simple migration in one dimension.
Various implementations of this technique
have been used to study many previously
uncharacterized DNA molecules, including
the intact chromosomal DNA molecules of
yeast and several protozoans (5-8).

In attempting to make further improve-
ments in large-DNA electrophoresis, we
have experimented with simpler electrode
geometries than those employed either by
Schwartz et al. (4, 6) or in our own imple-
mentation of “orthogonal-field-alternation
gel electrophoresis® (OFAGE) (5). These
experiments have led to the unexpected dis-
covery that the electrophoresis of large
DNA molecules can be made strongly size-
dependent simply by periodically inverting a
uniform electric field in one dimension.
Typical results for molecules in the size
range 2 to 400 kb are shown in Fig. 1. In
these experiments, for which we used 1
percent agarose gels at a voltage gradient
of 10.5 V/em, net migration in the “for-
ward” direction was achieved when a longer
portion of each switching cycle was set

for “forward” than for “reverse” migration.

In a control experiment in which only
forward electrophoresis was carried out, we
obtained good fractionation of molecules up
to about 15 kb, slight fractionation in the
15- to 100-kb range, and size-independent
mobilities for molecules >100 kb (Fig. 1A).
When the switching cycle involved a for-
ward interval of 0.5 second followed by a
reverse interval of 0.25 second (Fig. 1B), we
obtained a “window” of good fractionation
between 15 to 30 kb, while the largest
molecules still comigrated. The window of
enhanced resolution can be shifted to the
50- to 125-kb region by lengthening the
switching cycle (Fig. 1C). Similar results
were obtained with a constant switching
interval in combination with different for-
ward and reverse voltages (9).

The experiment in Fig. 1C also illustrates
a common feature of field-inversion gel elec-
trophoresis (FIGE): the mobility goes
through a minimum as a function of size; in
this case, the minimum mobility lies in the
neighborhood of 200 kb. The existence of a
minimum mobility is demonstrated by the
slower mobility of T4 DNA compared both
to T5 DNA and to the mixture of yeast
chromosomal DNA’s; furthermore, in the
yeast sample, the faint bands that trail be-
hind the main front arise from the smaller
yeast chromosomes, whose sizes are in the
range of 260 to 290 kb (5).

In larger size ranges, the existence of a
domain in which mobility increases with
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size is even more striking. This point is
illustrated in Fig. 2, in which the chromo-
somal DNA molecules of yeast have been
separated by OFAGE in the first dimension
and then by FIGE. Under the FIGE condi-
tions used, the chromosomal molecules of
intermediate size do not migrate in the
FIGE dimension, while both much larger
and much smaller molecules have high mo-
bility. The molecules that have zero mobility
in the FIGE dimension of Fig. 2 are approx-
imately 600 to 700 kb (5, 7). It should also
be noted that there is no assurance that
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OFAGE mobilities in this size range are
strictly monotonic with size, although major
deviations from this rule are unlikely (5-7).

The large molecule limb of Fig. 2 offers a
new resource for the fractionation of ex-
tremely large DNA molecules, because mol-
ecules such as those corresponding to chro-
mosomes IV and XII, which have been
barely separated in the OFAGE dimension,
are widely separated by FIGE. However, the
double-valued relation between mobility
and size is a drawback for many applications
since molecules that differ greatly in size can
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unexpectedly comigrate in one-dimensional
FIGE separations. This problem can be
overcome with the use of switching-interval
ramps (Fig. 3). In this experiment, the
forward switching interval in the FIGE di-
mension varied linearly from 9 seconds at 0
hours to 60 seconds at 18 hours; through-
out the run, the reverse interval was one-
third the forward interval. The use of
switching-interval ramps to carry out conve-
nient one-dimensional FIGE separations of
yeast chromosomal DNA molecules is illus-
trated in Fig. 4, which also displays an

Fig. 1. Enhanced resolution of DNA molecules in
the size range 15 to 200 kb by field-inversion gel
electrophoresis. The DNA’s used were BstE II-
cleaved bacteriophage A, =<14.1 kb; Xho I-
cleaved A, 15.0 and 33.5 kb; A, 48.5 kb; T5, 125
kb; T4, 170 kb; yeast chromosomal DNA’s, 260
to >700 kb. (A) A control experiment in which
forward electrophoresis was continuous for 4
hours, leading to little size dependence for mole-
cules larger than 14 kb; (B) An experiment in
which resolution of the two MXho I fragments
was enhanced by periodic inversion of the electric
field; the switching regime involved repetition of
a cycle comprising 0.5 second of forward migra-
tion and 0.25 second of reverse migration for 12
hours. (C) An experiment in which resolution
between \, T5, and T4 DNA’s was enhanced.
Electrophoresis was for 12 hours, with a switch-
ing cycle comprising 3 seconds of forward migra-
tion and 1 second of reverse migration. In all
three experiments, the applied voltage was 300 V,
giving rise to voltage gradients in the gel of 10.5
V/em; with the exception of the switching re-
gimes and total run times, other conditions were
invariant both here and throughout this report.
The gels contained 1% agarose, cast and run in
0.5 TBE (5). The gel apparatus was a convention-
al table-top design for running submerged agar-
ose gels (11); the gel dimensions were 21.5 cm
long, 20.5 cm wide, and 0.4 cm thick. The
electrophoresis chamber was equipped with recir-
culation ports at both ends to allow recirculation
of the buffer through a heat exchanger at a rate of
300 mU/min; the heat exchanger was adjusted to
maintain the temperature of the running buffer
and the gel at approximately 13°C. In general, the
heat exchanger and switching circuitry were iden-
tical to those described for our OFAGE apparatus
(5) except that the wiring between the relay and
electrodes was changed to produce inversion of
the polarity of a two-electrode system on each
switching event instead of alternate selection of
two different electrode pairs; (O), origin.

Fig. 2. A two-dimensional gel separation of the
yeast chromosomal DNA molecules in which the
first dimension was by orthogonal-field-alterna-
tion gel electrophoresis (OFAGE) and the second
dimension was by field-inversion gel electropho-
resis (FIGE). The yeast strain was AB972, for
which the correlation between the OFAGE bands
and the genetically defined chromosomes has
been described (7); in the particular OFAGE
implementation used for this experiment, chro-
mosome XII, whose OFAGE behavior is erratic
(6, 7), gives a normal band with slightly higher
mobility than that for chromosome IV. In the
FIGE dimension, the applied voltage was 260 V
and the running time was 20 hours. Other condi-
tions were as described for Fig. 1.
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OFAGE fractionation of these molecules
from the two different yeast strains em-
ployed (Fig. 4A). By varying the switching
regime, it is possible cither to separate the
smaller molecules at high resolution (Fig.
4B) or the entire set of molecules at lower
resolution (Fig. 4C).

In general, there are two reasons why
switching-interval ramps often eliminate the
double-valued relationship between mobil-
ity and size. First, when molecules that are
much larger than those at resonance have
substantially slower mobilities than mole-
cules that are much smaller than those at

resonance (for example, Fig. 1C), smaller
molecules move farther than larger mole-
cules because they spend more of the gel run
moving at the faster of the two nonresonant
mobilities. Second, the width of the reso-
nances in the time domain increases with
molecular size; consequently, during a gel
run with a linear ramp, larger molecules
spend a greater fraction of the run at reso-
nance than do smaller molecules.

There are a number of potential applica-
tions of the FIGE technique. Our results
provide an immediate means of expanding
the size range over which DNA separations
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Fig. 3. A two-dimensional gel separation of the yeast chromosomal DNA molecules in which a double-
valued relation between mobility and size has been avoided with the use of a switching-interval ramp.
With the exception of the switching regime, the experimental conditions were the same as described for
Fig. 2. To create the switching-interval ramps, an IBM PC was employed with an external interface that
allowed programmed control of when line voltage was supplied to the coil of the power relay that
distributes the output of the power supply to the electrodes (12).

Fig. 4. One-dimensional OFAGE and FIGE sepa-
rations of the yeast chromosomal DNA’s. (A) An
OFAGE separation of DNA samples from the
two yeast strains AB972 and A364a, which con-
tain some chromosome-length polymorphisms
relative to one another (7). (B) A FIGE separa-
tion of DNA samples from the same two yeast
strains analyzed in (A); the region of the smaller
yeast chromosomes (260 to 700 kb) has been
expanded by using a switching-interval ramp in
which the forward-migration interval varied lin-
carly from 10 seconds at # = 0 hour to 60 seconds
at ¢z = 12 hours with a constant reverse interval of
5 seconds. (C) A FIGE separation in which the
entire size range of the yeast chromosomal DNA
molecules has been expanded by using a switch-
ing-interval ramp in which the forward-migration
interval varied linearly from 9 seconds at ¢ =0
hour to 60 seconds at # =20 hours with a
constant 3:1 ratio between the forward and re-
verse intervals. The OFAGE separation was car-
ried out as described (5, 7). For the FIGE scpara-
tions, experimental conditions other than the
switching regime were as described for Figs. 2
and 3. In none of the three gels was the location
of chromosome XII determined.
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can be achieved on ordinary agarose gels.
Furthermore, it is likely that the FIGE prin-
ciple will find application in combination
with various other electrophoretic methods
since the phenomenon of a limiting, size-
independent mobility for molecules larger
than a threshold size is a universal character-
istic of the electrophoresis of macromol-
ecules. Because FIGE can be carried out in
an ordinary electrophoresis chamber, it is
readily compatible with nearly all the appa-
ratus designs that are commonly used for
electrophoretic separations.

The success of field inversion in imparting
size dependence to the electrophoretic mi-
gration of large DNA molecules suggests
that during steady-state electrophoresis ‘the
molecules have “directional” conformations.
Presumably the effective radius of leading
segments of the molecule is less than that of
trailing segments, giving rise to an overall
wedge-shaped conformation. When the
field is inverted, a series of local conforma-
tional changes must propagate from one end
of the molecule to the other before the
wedge is inverted and the molecule acquires
significant mobility in the new direction. If
the switching interval is well matched to the
characteristic time for wedge inversion, the
molecules remain in intermediate conforma-
tions that have low mobility. The resonant
switching frequency is strongly size-depen-
dent, giving rise to the practical utility of
FIGE.

The reason that large DNA molecules
adopt wedge-shaped conformations during
steady-state electrophoresis may be largely
stochastic. The farther a segment is from the
leading end of the molecule, the more likely
it is to be penetrating the gel matrix along a
path that is counterproductive to overall
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translocation of the molecule, and the larger
the radius from which such counterproduc-
tive paths can be selected. Net translocation
of the molecule must require constant extri-
cation of trailing segments from paths that
are favored locally, but which are not suffi-
ciently favorable to lead to rerouting of the
entire molecule. This heuristic view is com-
patible with previous data indicating that
DNA molecules adopt a high-mobility con-
formation during steady-state electrophore-
sis and that relaxation from this conforma-
tion is both slow and size-dependent (10).
With respect to the bearing of these ob-
servations on transverse-field experiments, it
is notable that all published transverse-field
geometries have involved variable, but gen-
erally obtuse, angles between the applied
fields (4-6). Indeed, we were led to attempt
FIGE experiments after having observed
that acute angles between transverse fields
are ineffective while obtuse angles give rise
to strong size-dependence. It is likely that
much of the fractionation observed in trans-
verse-field alternation experiments arises at

wide angles of intersection between the
transverse fields and is associated with the
same head-to-tail conformational change
that is the basis of the FIGE technique.
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Stimulation of Gonadotropin Release by a Non—
GnRH Peptide Sequence of the GnRH Precursor

ROBERT P. MILLAR,* PATRICIA J. WORMALD,

Raymonp C. pE L. MILTON

The human gonadotropin-releasing hormone (GnRH) precursor comprises the
GnRH sequence followed by an extension of 59 amino acids. Basic amino acid residues
in the carboxyl terminal extension may represent sites of processing to biologically
active peptides. A synthetic peptide comprising the first 13 amino acids (H - Asp-Ala-
Glu-Asn-Leu-Ile-Asp-Ser-Phe-Gln-Glu-Ile-Val - OH) of the 59—amino acid peptide
was found to stimulate the release of gonadotropic hormones from hurmian and baboon
anterior pituitary cells in culture. The peptide did not affect thyrotropin or prolactin
secretion. A GnRH antagonist did not inhibit gonadotropin stimulation by the
peptide, and the peptide did not compete with GnRH for GnRH pituitary receptors,
indicating that the action of the peptide is independent of the GnRH receptor. The
GnRH precursor contains two distinct peptide sequences capable of stimulating
gonadotropin release from human and baboon pituitary cells.

ONADOTROPIN-RELEASING HOR-
mone (GnRH) is a decapeptide,
pGlu-His-Trp-Ser-Tyr-Gly-Leu-
Arg-Pro-Gly * NH,, that stimulates release
of the pituitary gonadotropins luteinizing
hormone (LH) and follicle-stimulating hor-
mone (FSH). GnRH and its analogs also

-23 PRE -t 1 GnRH 10
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affect the central nervous system, gonads,
and placenta, and GnRH-binding sites and
GnRH-like peptides have been detected in
these tissues (I).

Although in early reports an enzyme-
template mechanism was suggested to un-
derlie the biosynthesis of GnRH (2), the

53 66 CS 69
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identification of higher molecular weight
immunoreactive GnRH in sheen and pig
hypothalamus (3) and human.(@ centa (4)
implicated conventional ribosogp..r biosyn-
thesis of a prohormonal form. 1y is conclu-
sion was supported by cell-free translation of
hypothalamic messenger RNA ('nRNA) into
peptides immunoprecipitable by GnRH anti-
serum (5). Our proposal thatt he pyrogluta-
mic acid (pGlu) residue at the ainino terminus
of GnRH is derived from glutamine while the
Gly - NH, of the carboxyl-terminus results
from enzymic processing ot glycine followed
by a pair of basic amino acids in the GnRH
precursor (3) was recently definitively demon-
strated by the elucidation of the nucleotide
sequence of a human placental GnRH
mRNA (6). The GnRH sequence is followed
by a cleavage and amidation site (Gly-Lys-
Arg) and then a 53—amino acid sequernce and
a second potential cleavage site (Lys-Lys-Ile)
(Fig. 1). In addition to cleavages at these pairs
of basic amino acid residues, processing may
oceur at single basic amino acids (Fig. 1), as
such cleavages occur in several peptide precur-
sors (7).

Posttranslational processing of several
peptide precursors gives rise to different
peptide fragments with biological functions

Fig. 1. Schematic diagram of human placental pre-pro-GnRH showing the signal sequence (PRE), the
GnRH sequence, the carboxyl terminal extension, and putative cleavage sites (CS) at pairs of basic
amino acids. Single basic amino acid residues, which may be additional sites of cleavage, are also

indicated.
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