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ARSTRACT

Agarose a5 2 medium for separation of DNA was first introduced in 1902 and since the early 19708 agarose submarnne get electropho
resis has besn synonymous with separations of DMA molecules larger than | Kilobase pair (kb). The large pore size. low electroendes-
mosis and strength of the matrix have advantages over other madia such as palyacrvlamids for many applications, The variety of grades
ol agarosc. developed by chemicai manipulation of the substitutions on the agarose polymer, provides a range of matrices for scp-
aration of DINA molecules from a few base pairs (bp) to over 5 megabase pairs (Mb) in length. The introduction of low-melting-
remperatice agarose has revolutionised the extraction and manipulation of chromosome-sized molecules. On tie other hand, the
demand fer analysis of very small guantitics af DNA will most likely lead 1o the increasing importance of capillary electrophoresis.
Many Lheories have been propounded (o expluin the electrophorenc migration of DNA inagarose. The maost popular of thease has heen
repuation theory bul none can account fer all of the reported ancmalics in migration. However, anomalows migraden has heen
exploited to study DINA structure, topology and catenation, An example of the use of twe-dimensional clectrophoresis W demonstrale
the complexity of DNA migration through agarose is given. Generally, for molecules smaller than 30 kb, electrophoretic separation is u
function of length. Dy alternately electrophoresing DNA in twe ditferent directions, molecules as large as 5.7 Mb have been effectively
separated, althcugh with such large molecules INA structure as well as size may determine migration. In the case of separations of
chromosomes fram the intestinal proiozoan, Clardia duadenalis, for cxample, a discrepancy of 1 Mb in the size of one chromosome,
wilh un apparent size o 0.7-2.0 Mb, depended on the boundary eanditians of separation. Major chaflenges for the malecular biologist
are separation of larger chromoesomal sized molecules, greater number of sumples and smaller formais. Towards this challonge compt-
er-aided technology is a key component i the control of electrophoresis parameters and analysis.
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1. BRIEF HISTORY OF DNA ELECTROPHORESIS IN
AGAROSE

Electrophoresis as a method to separate single-
stranded from double-stranded DNA was intro-
duced by Matsubara and Takagi in 1962 [1], us-
1ng starch as the medium on flat beds, Agaras a
matrix was first used on flat glass sheets to sep-
arate cellular and polvoma viral DNA compo-
nents in 1966 [2,3), and agarose, the agaropectin
fraction of agar [4], was instituted for DINA sep-
aration in 1969 [5] alter its successful use in RINA
separation on a flat bed apparatus with a perspex
mould for loading slots [6]. The subsequent de-
velopment in running parameters led to Tris—ace-
tate ethylenediaminetetraacetic acid (TALE) buff-
ers which are still in use today [7,8]. Ethidium
bromide was originally included in these buffers
to improve separation of open and closed circu-
lar DINA forms by differential intercalation [7],
but also allowed immediale visualisalion wunder
UV illumination [7,9]. These latter studies em-
ployed tube gels instead of the flut beds tradition-
ally used for starch gel clectrophoresis. To allow
multiple sample loadings and improve lane-to-
lane reproducibility, a vertcal apparalus was in-
troduced by Studicr [10], although vertical aga-
rose—acrylamide composite gels had been used
for RNA since 1967 [11] and LXINA [8]; the hori-
zontal flat-bed approach was revitalised in 1977
112]. The current use of horizontal gels which dis-
pensed with wicks, either paper or agarose, and
which totally immersed the gel in running buffer
(submarine gels) has been attributed to Schaffner
[13].

2, COMPARTISOM OF AGAROSE WITH OTHER METH-
ODE OF DNA SEPARATIONS

2.1 Poelyacrvlamide

In the early 1970s, polyacrylumide and agarose
became the media of choice for separating mac-
romolecules bul agarose has certain advantages
over polyacrylamide for separating DNA mole-
cules. Aparose of the same concentration as
cross-linked polyacrylamide is more rigid and

&1

has larger pores (see Section 3). Agarosc gels as
dilute as (.15% are strong enough to form slabs
for electrophoresis [14]. Yery firm 0.9% agarose
gels permit entry of T4 bacteriophage during
electrophoresis. In addition agarose gels unlike
polyacrylamide gels do not require a cross-link-
ing agent during gelation. Thus variahility of
polymerisation and the presence of potentially
Loxic calalysts do not affect data obtained in aga-
rose gels in most applications. Recenlly inlro-
duced grades such as GTG (genctie technology
grade, FMC Bioproducts, Rockland, ME, USA)
have overcome some earlier dillicullics with re-
striction endonuclease and ligase inhibitors. Po-
Iyacrylamide gel electrophoresis (PAGE) [15] is
popular for separating DNA from 2-1000 base
pairs {bp) and different concentrations of poly-
acrylamide are recommended for the separation
of 2-25 bp in comparison with larger segments
[16].

2.2 Starch and agar

Starch gels, like polyacrylamide pels, have
smaller pores and are weaker than agarose gels of
the same concentration [17]. Agar has a lower gel
strength than agarose becanse of the presence of
the non-gelling ionic components, which serve as
diluents and interfere with the overall structure
of the gel network [18]. Agarose gels are thus pre-
ferred for the sepuaration of nucleie acids,

2.3. Ultracentrifugation

A dye-buoyant demsity gradienl method for
the detection and isolation of closed circular du-
plex DNA was introduced by Radloft et af. |19Y],
and has bcen used cxtensively for plasmids,
closed circular mammalian DNA and viral ge-
nomes such as ©X174, polyoma and Sv40. Ex-
amples of the use of neutral and alkaline sucrose
and cesium chloride—ethidium bromide isopycnic
gradient centrifugation for SV40 are piven in
Sebring et af. [20] and Ganem et af. [21]. Today,
commercially available, patented, affinity chro-
matography resins, often based on the technique
whereby TYNA is bound to glass in the presence
of sodium iodide |22], are suitable substitutes for
plasmid isolation.



2.4, Capitiary electrophoresis

Recently, capillary electrophoresis {CE) 15
tinding application i the ficld of macromolecule
separation. The use of capillaries as the migra-
tion channel in electrophoresis. compared with
open-hed electrophoresis, offers several advan-
tages including minute sample requirements. re-
duced analysis time, increascd scnsitivity, the
ahility to use greater potential fields and, with the
apprepriate equipment, on-line sample detection
[23] Several investigators have repliced conyen-
tional gel-lilled capillaries which are dillicull to
prepare and are destroyed at high current densi-
ties, with linear polymers such as hvdroxypropyl-
meihyleellulose and methylecilulose which gener-
ate a sicving cffect [24]. The combination of hy-
droxvethyleellulose and ethidium bromide to
separate DNA fragments in the size range of 20—
2200 bp is claimed to be superior to the latter and
to ofller the same degree of resolution as gel-filled
capillaries [25]. It appears that the advantages of
CT. may lead to wider application of this tech-
nique including the analysis of restriction frag-
ment length polymorphism (RFLP) of restriction
enzyvine-cleaved  polvmerase  chain  reaction
(PCR) samples [26].

3. STRUCTURE AND PROPERTILS OF ACAROSE
1. Structure af agarose

This topic is well covered in The Agarose
Monograph [18] and several publications by Ser-
wer [27,28] and is outlined bricfly here. Agarose,
a4 natural polysaccharide isolaled [rom agar
{apar—agar) of marine red algac, 15 a series of nat-
urally occurring derivatives. The variable agarose
polymers consist of a repeating unit of agaro-
biose, variously substifuted with ester sulphate
groups. pyruvic acid ketal and methy! esters. Be-
cause of the variable nature of agarose and frac-
tionation precedurcs for different prades, consis-
tency hetween grades and different lots cannot be
assured [29],

The mechanism for gelation of agarose was
first suggested by Rees [30] and later demonsirat-
ed by Arnott et af. [31]. 1L involves o shilt from
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random coil in selution to a double helix in the
initial stagea of gelation and then to bundles of
double helices in the final stage. The rigidity pro-
duced by the arrangement of the molecules in the
gel is ane of the most important characreristics of
agarose. When gelled agarose is observed by
freeze-fracture and clectron microscopy, the ag-
gregated douhle helices can be seen as a fibrous
network. The diameters of the fibres tend to in-
crease with rising concentration and the appea:r-
ance ol protuberances or cul-de-sacs in the net-
work increnses with falling concentration [32].

3.2, The chemical medificalion of agarose

Araki [33] first ITactionated agarose from agar
as an ¢ssentially clectrically peutral peliing poly-
saccharide. These early separations involved ace-
tylation of agar, separation ol the resulling ace-
tate esters in mixtures of chloraform and petro-
leum ether and saponification ol the neutral
product yielding the gelling poelymer, agarose.
Less complicated means of making the separa-
tion were not found until the 1960s when Bicthen
[34] added carrageenan to the agar in order to
make a bulkier, but readily filterable precipitate.
Other processes used o sepurate the aparopectin
Tracuon from charged polvsaccharides i agar -
cluded the adsorption of agaropectin with alu-
minium hydroxide followed by successive puri-
fication steps of precioilalion wilh ammonium
sulphate, polyethylene glycol and removal of ion-
e polysaccharides with DEAE cellulose.

Traditionally most agar came from wvarious
specics ol Gelidium. In the 1950s, in the face ol a
shortage of these species the Japansse developed
a method of treating sea-weed of a different ge-
nus, Gracifaria, with hot sodiem hydroxide. This
converted the non-gelling polysaccharides 1nto
gelling agar by desulfating the polymer, produc-
ing agarose.

3.3, Sieving propertics and pore size
11 has been estimated that the averape pore size

of agarose al a concentration of 1.5% 1s 0.1 um
[35-37]. while Slater e al. [38] have estimated
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thata 1% gel has a pore size of 0.14 ym using the
data of Riphetti e7 al. [39]. ScaPlaguc aparose has
a pore size which is anly slightly smaller than that
of SeaKem LI agarose, as judged by the sieving
of spherical particles [40]. However, agarose
structure is far from the proposed simple pores
simulating a tube [27.41,42] and the average pore
sizes are greater than twice the persistence length
of DNA [38] such thut DNA could bend sufli-
ciently to enter a pore [43]. Furthermore, agaros-
es of different grades have slightly different struc-
tures, e.g., ScaPlaque 15 thought (0 have fewer
double-helical agarose segments in the suprafibre
which constitutes the matrix between  Lhe
“pores”, and is hydroxyethylated [27]. These mi-
nor modifications have a profound ettect on the
migration of DNA which is not expected from a
simple reptation model (see Section 5.1).

3.4. Electroendosimosis

Electroendosmosis { EE(}) is a phenomenon of
electropharesis whereby neutral molecules which
would not normally migrate i an electric fleld
are curried toward an electrode by the hyvdrated
counter 1ons of the 1ome groups on the gel. One
of the advantages of agarose is its low EEO but
the ionic esler sulphates and pyruvates do con-
tribule o residual EEQ in most commercially
available agaroses. Adherence to the charped
groups in these may cause a problem with some
samples [27].

3.5, Other properties of agarose

Other factors which aflect DNA migration are
voltage gradient and the buffer type and conecn-
tration. These effects can be conveniently ex-
pressed by plotting log (moklity) versus agarose
concentration, referred to as a Ferguson plot
[15]. Interpretation of the plots can vield infor-
mation on particle size and free mobility (related
to surface net charge density) as well as radius,
volume and length of the gei Ghre. Tn application
to most proteins, this plat is linear but those of
DNA in agarose are concave [44]. Ferguson plots
may also reflect the conformation of the particle
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sinee rod-shaped virus particles geoerale concave
piots [43] as dogs DINA at ¢levated polymer con-
centrations capable of stretching the molecule
[44].

4. COMPARISON OF DIFFERENT GRADES OF AGA
ROSE

4.1, Low-mefting-lesmperaiure qgarose

The various substitutions on the agarose poly-
mer are responsible for many sparose properties
and by careful seleclion of raw materials these
propertics can be controlled. The exent of natural
methvlation was found by Guiselay [46] to affect
the gelling temperature ol agarose, Synthetically
methylated, and morc conveniently
hvdroxyethylated, agaroses and a number of sim-
ple derivatives have lower melung and gelling
temperatures and are suitable for supporting liv-
ing cells and lor melting (at 65°C) without dis-
rupting DNA double helices therein. The recov-
ery of NNA fragments following electrophoretic
scparation is an intcgral part of the technology
required for the characterisation and manipula-
tion of nucleic acids. A variety of methods to per-
form this task include electrophoresis onle either
DEAE cellulose membranes [47] or dialysis mem-
branes [48], absorption cnto plass beads [22],
electroelution [49] and, most conveniently, ex-
traction [rom low-melling-temperalure agarosce
[30,51]. A recent variation on the low-melting-
temperature agarose extraction involves freezing
at —70°C of the molien agarose followed by a
high-speed spin to separate the DNA from the
agarose pellet |52]. Recovered DNA in all of the
above methods can be successfully hipgated, re-
striction enzyme cleaved and cloned. However, it
daoes appear that impurines from the gel are nev-
itahly associated with the recovered DNA [53],
but are inconsequential far many procedures us-
ing appropriate grades of agarose.

4.2, Separarion of small DNA fragments

Tntil recently, separation of DNA [ragmenls
smaller than 1 kilobasc pair (kb) were carried out
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m polvacrylamide gels. Many ol these scpara-
tions can now be cffected in agarose such as Nu-
Sieve GTG agarose (FMC). This agarose 1s low-
melting and has a low viscosity, which allows
concentrated (R-10%) agarose gels to he cast.
Segments smaller than 100 bp can be separated in
these pels [54] with a limiting resolution of about
£ hp bhetween resolvable hands.

The Agsarose Monograph [18] oives details of
the choice of FEMC agarose grades for separation
of different-size DN A molecules. Other manufac-
turers including Pharmacia, Beckman, Bio-Rad
and Sigma offer proprietary grades of agarose.

4.3. Separation of chromosomal sized DN A

The choice of agarose for separation of large
DNA molecuics in pulsed-field gel electrophore-
sis (PFGE) applications i3 still undergoing rewvi-
sion hased upon the perceived parameters influ-
encing separation and reselution. The cheoice of
agarose for high-molecular-mass DNA separa-
tiom is largely undefined, except perhaps for the
recently defined increase in speed of separartion
afforded by low endosmosis aparpse described
below [55,56]. Early work utilised standard
grades such as SeaKem (FMC) with great suc-
cess, and huas progressed Lo more relined grades
such as ScaKem GTG, as they became available,
Manufacturers have introduced specialised prod-
ucts such as Chromosomal Grade (Bio-Rad),
Megarose (Clontech), Agarose MP (Boehringer),
Pulsed Field Grade (Stratagene) and FastLanc
(FMC) with varying assertions for low sulphate,
low endosmosis and/er high gel strength being
important. Under the conditions that we have ex-
amined in the last three vears for separation of
chromosomes from the intestinal protozoan par-
asite, Géardia duodenalis, for example, it is clear
that each application, apparatus and the bounda-
ry paramcters have considerable influence on the
outcome of the separation. Good separation and
resolution, althaugh influenced by the type of
agarose, is still very empirical and subject to “*fine
tuning””.

Another factor which has allowed analyses of
high-molecular-mass DNA molecules 15 the -

P. Upcroft and J. A, Upcraft ¢ J. Chromatogr. 018 (15¥3) 79-43

mobilisation of the chromosomes in an agarose
matrix to prevent shearing of the chromosomal
sized DNA. Lysis of mucroorganisms (and mam-
malian cclls) requires agarose with low-melting-
point characteristics, no nucleases and no inhib-
itors of restriction endonucleases. Specifically,
low-melting-temperature (T agarases are suit-
able and products such as InCert Agarose from
FMC and others from Bio-Rad, Beckman and
the Tmbed kit from New [Cngland Biclabs are
specifically designed for this purpose.

4.4, New (ypes of agurose

A new type of agurose reported recently, will
allow up to 30% higher mobility of all size ranges
of DNA [56]. The mobility increase was predom-
inanlly due o the low EEO of the agarose and
was most pronounced in PFGE. A modified ga-
lactomannan-agarose binary gel hus been de-
scribed and is claimed to offer improvements
over conventional agaroses especially in optical
clarity of the gel. increased gel strength, im-
proved nucleic acid sieving and resolution and
grealer economy since lower agarose concentra-
tions can be used as a consequence of the im-
proved sieving qualities [37].

5. ELECTROPHORETIC SEPARATION OF DNA MOLE-
CULES

3.1 Theoretical considerations of clecrrophoretic
migration

The hydrodynamic behaviour of DNA has
been thoroughly investiguted in relation to vis-
cosity and sedimentation [58,59]. Theoretical
treatments of the DNA molecule as a “suff
worm-like coil™ are adequate to describe these
hydrodynamic parameters (e.g.. refs. 58 and 60).
The interaction «f these stiff DNA polyions with
a fixed matrix and in an electric lield, as in the
vase ol agurose gel electrophoresis, has not been
treated as successfully ut u theoretical level, not-
withstanding thorough empirical description
[7,12,61-66] and theoretical considerations of
polymers in pels [67 78)]. The behavicur of DNA
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malecules during gel electrophoresis shows nu-
merous anomalies in all but the simplest condi-
tions [12,61,79-82]. More recently, reptation the-
ory has been modified to allow for many internal
degrees of freedom and (o ncorporate observed
anomalies [£3-85].

In a recent review, Noolandi [86]| discussed
modelling cfforts to undcrstand the process of
continuous-field DMA gel electrophoresis as a
prerequisite to some understanding of two-di-
mensional and pulsed-field gel electrophoresis.
The models have progressed from primitive and
biased reptation [77] to more elaborate models to
explain anomalies as they have been discoverad.
These included anharmonic bead-spring repta-
tion [84], Monte Carlo simulation [87,88] and the
elastic bag model [86]. His conclusion was “no
theoretical model iz expected to account for all
experimental details; often the most useful out-
pul of the theory is Lo determine which aspects of
a model do not agree with experiment, in this way
those teatures which are important for obtaining
high resolution separations can sometimes be in-
ferred™.

Alternative approaches to the theoretical un-
derstanding of electraphoresis have been raised
by Calladine and co-workers [89,90]. The path of
migration in these statistical models is more di-
rect rather than “wormlike and tortuous™ as in
reptation madels [72,73]. Light microscopy stud-
ies of the migration of long DNA molecules are
more consistent with these conclusions also
[91,92]. Calladine et /. [90] have argued that the
popularity of reptation models hes in “lhe case of
programming a lattice of rigid gel ‘points’ for
studies of migration of a totally lexible DNA
molecule on a computer”. However, Smith er ef.
[93] argue thut fluorescence microscopy studies of
single maolecules “clearly show the molecules
moving principally by reptation™ but that retar-
dation is caused by extended U-shapes slipping
through the gel. Clearly, theoretical studies are in
need of considerable refinement 1o bridge the gap
belween them and practical electrophaoresis.
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5.2, Electrophoretic technigues

3.2.1. Slub gels

The most commeonly used technique for DNA
sgparation is submerged horizontat ¢lectrophore-
sis in 0.5-2.0% agarose, usually in one of two
bufters, Tris—bhorate-ethylenediaminetetraacetic
acid {TBE) [11,94} or TAE [7.8]. By variation in
the agarase concentration and buffer, it is pos-
sible to reliably separate douhle-stranded DNA
in the approximate size-range of 200-50 00 bp.
The type of agarose used will depend to some
extent on the size of the fragments to be separat-
ed [18]. Discontinuous buffer systems have also
been used successfully to separate DNA frag-
ments up to 30 kb in size [95]. Apart from sep-
arating DNA molecules agarose slab gel electro-
phoresis has been usclul for analysing structural
clements of DNA such as the determination of
DNA interstrand crosslinks [96] and specific in-
teractions between proteins and nueleic acids

[971.

5.2.2. Transverse gels

Other technigues include transverse agarose
pore-gradient gel electrophoresis whereby elec-
trophoresis of DINA is carried out at 90°C to a
gradient usually of the order of 0.2-1.5% aga-
rose. This technique and associated computer
technology, including video acquisition, digitisa-
ot and densitometry, cxtends to agarose gl
electrophoresis the benefits of scmiautomarted
analysis of Ferguson curves [98].

3.2.3. Capillary electrophoresis

Bocek and Chrambach [99.100)] rested the pos-
sibility of using liqucfied agarose similarly to the
previously investigated linear polymer polyacryl-
amide [101] in CE. Mitochondrial DNA (16 kb)
and plasmid DNA were retarded in their electro-
pheretic migration in proportion to their size.
Using various grades of low-melting-temperature
agarose these workers demonstrated that CE of
DNA fragments in agarose solutions al 40°C
were equivalent to those of CE of DNA in poly-
acrvlamide gels [101] but without the associated
problems. The application of liquefied agarose
CE io the separation of the entire range of bi-
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ological mucromodecules could render agarosc
clectrophoresis universal.

3.2.4. Two-dimensional agarese electrophoresis

Two-dimensional electrophoresis of DMNA has
been used to improve the resolution of complex
mixtures of restriction endonuclease cleavage
praducts by enriching in the first dimension on a
size basis [102]. This approach has also utilized
an in sike cleavage prior to electrophoresis in the
second dimension for mapping purposes [103-
106] and has been used to examine DNA methyl-
ation patlterns [107]. Allernatively, treatment ol
DNA prior to electrophoresis in the second di-
mension with UV irrudiation allowed identilica-
tion and separation of ¢losed cireelar [rom lincar
DNA molecules [LOX].

The introduction of alkaline denatunng gel
electrophoresis in horizontal beds [12] also al-
lowed the combination of two dimensions under
diflerent denaturing conditions to analyse DNA
strand breakage [109].

Complex conformers, such as catenated inter-
twined dimers. have been analysed with twa-di-
mensional electrophoresis [110]. Branched maole-
cules, including replication forks and replication
intermediates, have also been separated from hn-
ear DNA molecules by mampulation of the
boundary conditions in two-dimensional electro-
phoresis [L11]. Both unidirectional and bidirec-
tonal replicalion have been subscquently ana-
lysed by two-dimensional agarose gel clectropho-
resis (ref. 112 and references therein). One of the
most uscful applications of two-dimensionat elec-
tropharesis has been the resolution ol topological
1samers of supercoiled DNA and other unusual
structures in which treatment with topoisomeras-
es followed by rclaxation prior to separation in
the secand dimension with agents such as chlero-
quine demonstrates the relicl of torsional stress
[113-116]. This approach is an extension ot simi-
lar analyses in a single dimension [117-119].

An example of the use of two-dimensional aga-
rose gel electrophoresis te demonstrate the com-
plexity of DNA migration Lhrough agarose is
shown in Fig. 1. Linear DNA in the range | 46
kb has migrated through « thin strip of different-
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grade agarose and has been retarded to the extent
that some DNA in the size range 3 [2 kb still
remains in the stnp while DNA outside s range
shows less or no retardation. Tt is clear that the
short passage through SeaPlaque has dramatical-
lv affected mupration characteristics of somge size
classes of DNA molecizles under standard elec-
trophoretic conditions. Under these conditions
migration does rnot appear to be a function of
simplistic models.

3.2.5. Afinivy agarose electrophoresis

Although agarose as a mediwn lor aflinity
binding studies has been used extensively in col-
umn chromuatography it has not been exploited in
clectrophoresis. An example of this approach us-
ing various DINA intercalating dyes has shown
the potentiat of this approach lor separating a
range of DNA segments based on GC content
and related structures |120].

5.3, DN A separarions

33.7. BNA less than 30 kb

50 kb is an eften quoted upper lunit for reason-
able resolution and separation of WA mole-
cules although higher-maolecular- mass DNA can
be separated by extending conventional tech-
niques. To separate DNA fragments of 100-2000
bp, agarose gel concentrations of 2 3% are rec-
ommended and a lower Hmit of 0.25% is nsually
recommended {or fragments in the 5 50 kb
range, In general it is thought that separation is
achicved by a sieving mechanisin. i.¢.. the chance
that the migrating particle intersects a gel fikre
(see Section 3.3), where the size or effective radius

"ol the DNA molecules are smalier than the aver-

age pore size of the gel [75]. Thus linear DINA
molceules in Lhis size range are cenerally repard-
ed to migrate as 2 monotonic [uncton ol their
length.

3.3.2. DNA greater thon 50 kb

The fimit of resolution far very large DNA
melecules { > 30 kb) is reached when the size or
radius of gyration of the DNA malecule exceads
the maximum pore size obtainable with an aga-
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Fig. 1. Two-dimensional cleclrephoretic separation of D'NA through a thin strip of SeaPlugue aparose. A 15-cm square perspex plate
was poured with 100 ml of 0.8% Pharmacia NA (nuclvic acid) grade agarose in 40 m 3 Tris acetate, 2 mAaf CDTA, pH 7.8, Both lanes
contain 0.8 pg of bacteriophage T4dC DNA {Amersham) cleaved with Kpnl and 0.3 pg of the 1-kb “laddzr” frony BRL. The first
dimensien of elecrrophoresis was from top to hottem, at 30 V (22 mA) for [3h in a Bio-Rad Sub-Ccil at constant voltage and ambient
emperature (22°C), afler which a 3-mm-witle slot was excisad trom the gel between the two running tracks. The resulting trough wis
filled with 2.5% SeaPlague agaruse in the sarme buTer and was ailowed fo set tor 30 min. The gel was rotated %0° and the second
dimension was slectrophoresed (after replacement ol the same bufler) at 80 ¥ (47 mA) for 5.5 h, such that the right hand lane passed
through the SeaPlaque strip and the Jeft lane did not. The gel was slained wilh ethidium bromide ard phatographed after UV
tranzillumination. DNA in the bottom band is 1 kb in length and the top 46.1 kiv, Retardation of DNA belween $and {2 khis such that
some is slill retained in the SezPlaque strip; with longer running times, the retained DINA eventually leaves the slrip.

rose gel. At this point, 1t 15 thoughi thal the TINA
molecules are no longer resolved by sieving, and
begin to migrate at the same rate via “reptation™
[72.73]. Separation of yeast chromosomes by
Schwaurts und Cantor [121] and Carle and Olson
[122] led the feld in significantly extending the
range of large DNA molecules which can be sep-
arated by gel elecrrophorasis. By alternately elec-

trophoresing the DN A in two diflerent directions
within the gel, the phenomena which normally
render large DNAs unresolvable are bypassed.
The subject of PI'GTE has been covered in detail
elsewhers [55,123|. In practice, separation of
chromosomes up to 3.7 Megahase pairs (Mb) are
achievable [124], and scparation of larger euka-
ryotwe chromosomes 1s being actively soughrt.
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While separation of a wide range of chroma-
somes from ditlerent species is achievable, the re-
lation hetween DXNA size and mobility during
I'FGE is cemplex. We have shown that chromo-
some mohility varies with switch interval and be-
tween the type of agarose used [125). Gigrdia duo-
denalis has chromosomes which can be resolved
by PFGE and other systems [126,127). Giardia
chromosomes separated by {ield inversion gel
electrophoresis (FIGE) [79] appear to be smaller
when compared with yeust chromosomes than
when separated in contour-clamped homogene-
ous clectric feld electrophoresis (CHEF) [128]
and compared with the same markers [(127,129].
The type of agarose is also important. When
Giardia chromoesomes were separated in three
different grades of agarose simultancously, Sea-
Kem GTG, Seakem ML and SeaPlague, com-

A B

1 23 4 5 61 2
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pared with a lambda ladder as marker, the appar-
ent sizes of the chromosomes varied markedly
[125]. This indicates different interactions be-
tween the maolecules being separated and the gel
matrices.

The human genome project has depended
greally on separation of human DNA lor long-
range genctics and mapping coupled with cosmid
and yeast artificial chromosome construction
[130].

0. SEPARATION OF STRUCTURALLY DIFFERENT DNA
MOLLCULES

6.1. Circular DNA molecules

Circular and linear DNA, circular and nicked-
circular DNA, and the various topoisomers of

o g a» @ S &)
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1 2 3 4 51 2 3 4 5

Fig. 2. Anomalous migration of chromesome 2 from Giardia duodenalis. Giardia chromosomes sepuraited in FIGE have been identified
by chromosome-specitic markers cloned from separatcd chromosame hands in a gel [129). When the chiromosomes were separated in
CHEF, chromesome 2, identified by scveral FIGE chromoseme 2 markers, migrated more slowly than the chromosome 3 and 4 bands
and in some strains resalved as mulliple chromosomes, The clicomosoms 3/4 bands were identified by chromosome 3/4 specific probes
(129). When compared with yeast chremosomes in FIGE sepatations, chromosome 2 of Giurdia is approsimately 0.7 Mb and chromo-
somes 3 and 4 are of the order o[ 0.8 Mb, In CHEF separations of Giardia chromosomes, chromoseme 2-specific probes predominantly
identify u chromosome of appreximately 2 Mb {designated chromosome 5 in b). In the same gels chromosomes 3 and & are estimated to
be 1.6 Mb. (a) FIGE of (. dundenalis chromozomes, Gigrdiz chromaesomes were prepared in agarese blecks, separated and ethidivm
bromide-stained (A) [127]). Chremosomes were Southern transfzrred and hybridised with a chromosame 2-specific probe {G21/1/9) (B).
Chromosomes L, 2, 3 and 4 are in the size range of 600-800 kb when compared with yeast chromosomes in the same system [127]. Lanes
{~6 arc the same in cach pancl and each lane shows the separation of chromesomes from a different strain of G. dundenaliy isolated from
humans (lancs 1, 2, 3 and 6), 2 cat (lane 4) and a sheep (lane 5). Lanes: | = WHIB; 2 = H8: 3 = Bris/8YHEPU/106, 4 = BACI; 5 =
OASL; 6 = BRIS/RBE/HEPU,R67 (h) CHEF of . duoderalis chromusomes. Gierdiv chitomosomes were separated and stained (A},
Sonthern transferred and hybridised wilh the same chromosomes Z-speciic probe as shown in {g) (B) [129]. Chromosomes 3 and 4 were
wlentifted wilh chromosome 3-specific probes [129) and were shown to be the same as chromaosemes 3 and 4 in (a), Bach lane shaws the
suparation of a different human strain; lanes 1-5 are the same in each panel. Lanes: 1 = Adéa; 2 = Adl; 3 = AdI0; 4 = BRIS/SY
HEPU;106; 5 = WBIB. C refers to chromosome designation. Sizes arc shown in Mb.

closed circular DNA. of the same size, can he  cular DNA molecules and rely on altering the
distinguished on the basis of their migration dis-  agarose concentration or quality. Upcroft [134]
tance in agaross gel electrophorests [131-133). has uscd the methed of entrapment in a Sca-
Several methods have been published to distin-  Plague plug to enrich for open-circular recombi-
guish or separate linear and various forms of ¢cir-  nant DNA molecules. Similarly, entrapment in



i

SeaPlague was used for the production of a §fil
linking library for Theileria parva [135]. Wheeler
et al. [136] have used a gradient agarose gel,
transverse agarose pore-pradient gel electropho-
resis, to detect supercailed plasmid-sized DINA in
mixtures with linear DNA.

6.2, Strucivwral variumts of linedr DN A

The migratien of circular DNA moleccules in
comparison with hnear molecules can be com-
pared with other anomalies in migration caused
by lacal polymorphisms of DNA, Sequence-di-
rected bending of the DNA helix is the origin of
anomalously slow electrophoretic maobility of
DNA {ragments isolaled from the kinetoplast
body ol trypanosomes. The suriking feature of
the bending locus is a repular repeat of the se-
guence element CA- T with 10 bp periodicily
arcund Lhe ceotre bend. Each A, tract produces a
small bend in the DINA helix axis and repetition
of Lhese clements in phase wilth the helix serew
results in their coherent addition to form a large
overall bend |137]. A recent study by Calladine et
al. [9)] has cxamined the migration of curved
DNA in terms of two theories which they have
proposed. A second example is the C-rich
rDMNA repeat array [138] in Giardia. Cleavage of
Giardia chromosomes with restriction endonu-
cleases which leave the array intact show that the
rDNA array migrates quite differently from the
recmaining segments of the chromosome which
carried the array (unplublished data); houndary
paramelers arc ¢rilical in determining the extent
of the anomalous migration,

6.3, Chromosomal sized ONA

‘The anomalous migration ol chromosome
molecules in pulsed-field gels results not only
from the structure of the molecules but [rom the
conditions of electrophoresis. Yeast chromosome
X1l, which contains the TRNA pene array, mi-
grates anomalously under orthogonal fGeld aller-
nation gel clectrophoresis (OFAGE) and CHEF
conditions [55,122,128]. Stmikarly, chromosome 2
of Giurdia duodenalis 2lters in relative position 1o
the other Gigrdio chromosomes when separated

P liperaft and Jo AL Eperofe [T Chromaarogr. 613 01993 76 93

m different pulsed-field systems (Fig. 2). There is
a s1ze discrepancy of more than 1 Mb in chromo-
some 2 between separations in FIGE and CHEF
systems and this aimosl certainly indicates un-
usaal structures maodifying chromaosemal migra-
tion. Lambda concatamers migrate more slowly
than the same-sized yeust chromoesomes in FIGE
gels [127] and changes in rclative migration posi-
tions of Giardia chromosomes have also been de-
scribed in different agareses [123]. 1t has been
suggested that this latter phenomenaon is related
to the EEO value of the agarose |56].

Although this interpretation may be consistent
with a generalised change in chromosome mohil-
ity, f.e., all chromosomes observed, a complete
description must encompass the relative changes
in mipration depending on the agarose grade and
boundary conditions. A more subtle interaction
between the agarose and DNA structure is im-
plied in this case [[25]. TInder complex migration
conditions imposed during PEGE, arrays such as
repeated rDNA units migrate differently from
olher sequences and other repeat arrays in the
same chromoesome. A delicate balance ensues in
order to display each chromosome al reasonable
resolution and  separation without sucnficing
some to thelr competing chromoesomal regions.
Compounding the problem are compression
zomes which causc chromosomes of diffcrent sizes
to comigrate [139-141].

7 COMPUITER AN 10 AGAROSE GEL ELECTROPHO-
RESIS

Computer technalogy has made advances pos-
sible both in running DMNA separation programs
{e.g.,in PTGE, the Bio-Rad CHEF systems, and
i CE, the ABI svstems) and in analysing data
from Ferguson plots [132,133,142,143], CT [26],
RFLPs [144] and DNA sequencing gels [143].
The miniaturisation of DNA separations de-
scribed by Heller and Tullis [146] were achieved
with the aid of a high-resolution ¢lectrome imag-
ing system. DNA fragments of 72-1353 bp were
separated inte compact, micrescopic banding
patterns in l-cm gels or capillaries in less than 2
min. This complements fluorescent studies of sin-
ole TINA molecules [91.93].
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g CONCLUSION

Progression from agar to agarosc as a matrix
for sieving DINA molecules has allowed separa-
tion of very-high-molecular-mass molccules
which encompess chromosomes of parasitic pro-
tozoa and lower cukuryoles and enabled the sep-
aration of conformers (including supereoils, open
circles, linears, topological and structural vari-
ants). Demand (or these techmiques has been pir-
alleled by commercial manufacturing of many
variclics of agurose to improve quality, separa-
tion and resolution, and reficets the importance
of the technique during the past twenty vears.
The challenge in the future is in separation of
even larger chromosomal sized molecules, greater
numbers ol samples and smaller formats.

There is no other known medium which has
comparable properties with agarose and it will
probably maintain its position as [oremost medi-
um far separating DNA until a synthetic medium
with controlled and [ixed fibre widths and pore
sizes is developed. Separation of mixtures of
DNA molecules in the runge of 200 bp to 5.7 Mb,
under the appropriate conditions, cun almost be
guaraniced. However, estimation of the sizes of
the separated molecules depends on electropho-
relic migration in comparison with standard mol-
ceules of known size, and this in turn depends on
the structure of the molecules. The structure as
well as size of the molecule dicrates electropho-
retic mobility and ne all encompassing theory
has adequately explained migration of all DNA
molecules in agarose,
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