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By means of agarose-gel electrophoresis, endonuclease R-EcoRI-generated
fragments of DNA from various viruses were separated, their molecular weights
were determined, and complete or partial fragment maps for lambda, ¢80, and

hybrid phages were constructed.

Agarose was used as a support medium for
electrophoresis of DNA several years ago (30,
31), but it was not until a set of DNA fragments
of defined size in an an appropriate molecular
weight range became available that the excel-
lence of agarose-gel electrophoresis for separa-
tion of single- (15) or double-stranded (1, 29)
DNA molecules became obvious. The use of
ethidium bromide to stain double-stranded
DNA has greatly simplified the identification of
DNA bands in the gel (1, 29).

We were interested in using gel electrophore-
sis to separate and identify specific DNA frag-
ments produced by restricting nucleases. In the
experiments reported in this paper we used
low-voltage agarose-gel electrophoresis in order
to maximize the separation of large molecules of
DNA (14). The method was used to determine
molecular weights and to map endonuclease
R-EcoRI-derived fragments of DNA from vari-
ous viruses.

MATERIALS AND METHODS

DNA. Phage DNA was prepared from purified
phage particles produced on thermal induction of a
temperature-sensitive lysogen or after lytic infection
(16). All preparations involved extraction with phe-
nol, ethanol precipitation, and dialysis against 1/10
SSC (0.15 M sodium citrate, 0.015 M NaCl, pH 7.0) or
2 x 10-* M Tris-hydrochloride, 10-* M EDTA, pH
7.85. A small plaque strain of Povavirus simiae
(SV40) was propagated on CV-1 cells (11). The
intracellular DNA was purified from a Hirt lysate
(11). Other sources of virus or DNA are as follows: ¢80
and ¢80 trp hybrids, C. Yanofsky; P22, E. Jackson;
lambda biol, J. Siegel; Mu-1, E. Daniell; lambda
plac5, A. Riggs; ¢#80 placl and ¢80 placl A20, R.
Dickson and W. Barnes; polyoma (710 Wt plaque/S3,
a plaque-purified stock passaged at low multiplicity),
M. Vogt; herpes simplex type 1 (a high passage stock),
W. Steinhart, J. Alwine, and C. W. Hill; Escherichia

coli plasmid JA 5a and Staphylococcus plasmid CM,
S. Cohen.

Endonuclease R.EcoRI. Purification of the en-
zyme (through phosphocellulose and hydroxylapatite)
and digestion of DNA were essentially as described
(P. J. Greene, M. D. Betlach, H. M. Goodman, and H.
W. Boyer, Methods in Molecular Biology, vol. 9, in
press). Generally the digested DNA was treated with
phenol, ethanol precipitated, and dialyzed before
electrophoresis. Specific fragments of DNA generated
from larger DNA molecules by this enzyme will be
referred to as EcoRI fragments.

Agarose-gel electrophoresis. Gels (15 by 0.6 cm)
were formed in 16-cm glass tubing with a slight
constriction at one end or with nylon netting (panty
hose) across one end to retain the gel. Agarose
(SeaKem) in TEA (0.05 M Tris, 0.02 M sodium
acetate, 2 x 10-* M Na, EDTA; pH adjusted to 8.05
with glacial acetic acid) plus 0.018 M Nacl was melted
by autoclaving. A small amount was used to seal the
bottom of the tube. Then additional agarose (cooled
below 60 C) was added to fill the column. After hard-
ening, the upper end of the gel was extruded and
sliced evenly to form a 15-cm gel. The sample was
heated for 5 min at 65 C in order to separate loosely
associated DNA molecules and quenched on ice.
Bromophenol blue and sucrose were added (to 20%
sucrose) to give a final sample volume of 15 to 100
uliters. The sample was run into the gel for 5 min at
100 V and thereafter at 1.5 V/cm of gel (22.5 V). Buffer
chambers contained TEA + NaCl. After about 18 h
at room temperature (approximately 22 C), the dye
marker was at the gel tip. With 0.7% agarose, the
dye mobility is equivalent to that of DNA of 10°® to
3 x 10°® mol wt under these conditions. All gels shown
in the figures in this paper contain 0.7% agarose. In
order to visualize the DNA, the gels were extruded
into 1 ug of ethidium bromide per ml (1, 29). After
0.5 h the stained bands were visualized by fluorescence
over long wavelength ultraviolet light (C50 Trans-
illuminator, Ultraviolet Products, San Gabriel, Calif.).
Gels were photographed using a yellow filter (Kodak
no. 9 Wratten gelatin filter), and measurements were
taken from the prints (Polaroid 55 P/N or 52).
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Molecular weights. The six endonuclease R.Eco-
RI-generated fragments of lambda DNA were used as
standards in estimating molecular weights of other
DNA species in the same gel. Size estimates of the six
fragments as determined by electron microscopy were
obtained from R. Davis (manuscript in preparation).
These estimates of the fractional equivalents of total
lambda DNA are 0.445, 0.154, 0.121, 0.113, 0.098, and
0.069 + 2%, corresponding to mol wts of 13.7, 4.74,
3.73, 3.48, 3.02, and 2.13 million based on a total mol
wt of 30.8 x 10° (8). Independent estimates of the
sizes of the six fragments (2, 3) do not differ signifi-
cantly from those given above (their estimates: 13.7,
4.49, 3.54, 3.54, 3.04, and 2.31 million).

RESULTS

Six EcoRi endonuclease-generated lambda
DNA fragments ranging in mol wt from 2.13 x
10® to 13.7 x 10° can be separated on a 0.7%
agarose gel (Fig. 1A). A straight-line relation-
ship is approximated when the log molecular
weight of each of the smaller fragments is
plotted against its relative mobility (Fig. 2).
The resolution of lambda fragments 3 and 4 as
two distinct bands shows the excellent separa-
tion of large DNA molecules on agarose gels.
Using the ethidium bromide-staining proce-
dure, 10 ng or less of DNA can be detected in a
single fluorescing band. We estimate that ap-
proximately 40 ng each are in bands 3 and 4
(Fig. 1A). These bands separate when up to 1.8
ug of EcoRI lambda fragments (220 and 210 ng
in the two bands) are loaded on a single gel.

Base composition can affect mobility on ac-
rylamide gels (34). Fragments of DNA from
different regions of the lambda genome differ
considerably in their base composition (8).
However, the plot of log molecular weight
versus mobility of the lambda DNA fragments
(Fig. 2) does not deviate markedly from linear-
ity (in the region of proportionality), suggesting
that base composition does not grossly affect
mobility under our conditions. Presumably as a
result of the differences in base composition,
relative mobilities of the EcoRI lambda DNA
fragments in acrylamide gels are altered greatly
by running them at different temperatures (2).
However, in these 0.7% agarose gels the relative
mobilities of the lambda DNA fragments were
the same at 3 as at 23 C.

Fragment separation on gels of different aga-
rose concentration is shown in Fig. 3. The upper
limit of the range of proportionality decreases
progressively as the gel concentration is in-
creased; however, separation within this range
is better at higher gel concentrations. The
bands of DNA of lower molecular weight are
diffuse rather than sharp, and this blurring
appears to be unaffected by increasing the gel
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Fig. 1. Electrophoresis of DNA in 0.7% agarose
gels. In all gels migration was from top (cathode) to
bottom (anode). (A) Gel 1, EcoRI fragments of
lambda DNA; gel 2, intact lambda and EcoRI lambda
fragments; gel 3, intact lambda DNA. (B) Gel 1,
EcoRI fragments of lambda DNA; gel 2, EcoRI
fragments of lambda plac5 DNA. (C) Gel 1, intact
lambda and EcoRI fragments; gel 3, EcoRI lambda
fragments; gel 2, as gel 3 except the sample was not
heated and NaCl was added to the DNA to 0.1 M
before loading on the gel.

concentration. By increasing the voltage, elec-
trophoresis can be completed rapidly enough
that fragments of small molecular weight are
resolved as narrow bands (not shown). However,
the separation of high-molecular-weight DNA
becomes progressively poorer as the voltage is
raised.

Just as with polyacrylamide gels (10), the
mobility of DNA on agarose gels is a function of
molecular conformation (1), as shown in Fig. 4
(gels 1 and 2) by the shift in band position when
superhelical polyoma DNA is cleaved to pro-
duce noncircular DNA of the same molecular
weight. The circular DNAs from SV40 and
polyoma are each cleaved once by the EcoRI
endonuclease (11, 22, 24), producing a single
band of noncircular DNA (Fig. 4). From the
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Fic. 2. Relative electrophoretic mobility of noncir-
cular double-stranded DNA in 0.7% agarose gel.
Points represent the mobility relative to EcoRI
lambda fragment 4 of DNA from intact lambda,
EcoRI lambda fragments, head and tail EcoRI frag-
ment dimers, and SV40 fragments generated by the
EcoRI and Hpal restriction endonucleases. The
ranges of relative mobility for the five smaller lambda
fragments from 18 gels independently run at approxi-
mately 22 C fall within the points plotted (the mobil-
ity of fragment 4 was arbitrarily set at 1.0). The range
in relative mobility of the largest fragment varied
from 0.38 to 0.43. The relative mobilities of the six
lambda fragments in gels run at 3 C fall within the
above ranges.

positions of these bands relative to the lambda
EcoRI fragments, their molecular weights can
be calculated (Table 1). The DNA of the small
plaque strain of SV40 used in this laboratory
appears to be slightly smaller than that of
polyoma, as shown by the difference in mobility
of the noncircular polyoma and SV40 DNAs
(Fig. 4) and equivalent differences in mobilities
of the superhelical and nicked circular forms of
the same DNA (not shown). We believe the
difference in mobility is unlikely to be due to
the difference in base composition between
polyoma (49% guanine plus cytocine [G+C] and
SV40 (41% G+C) (32), because we already
showed that base composition did not grossly
affect mobility of the lambda DNA fragments,
and because in one study the mobility of DNA
on acrylamide has been shown to increase with
G+C content (10).

The molecular weights of EcoRI fragments
from various other DNA sources have been
determined from their mobilities relative to
AEcoRI fragments included in the same gel (Fig.

AGAROSE-GEL ELECTROPHORESIS OF VIRAL DNA

1237

5 and 6, Table 1). The molecular weight of
intact DNA, from viruses producing more than
one cleavage product, has been estimated by
summing the weights of the fragments (Table
1). The generally good agreement with litera-
ture values suggests that this may be a useful
procedure for determining total molecular
weights of up to 10® or higher. Sometimes two
fragments are so close in molecular weight as to
run as a single band. This is usually obvious
from the relative ethidium bromide staining
intensities (e.g., $80 fragments 3 and 4, Fig. 6;
P1 fragments 4 and 5, Fig. 5), and, when less
DNA is electrophoresed for a longer time, we
have usually been able to resolve the separate
bands. In some cases radioactive labeling (6, 12,
25) has been used to directly quantitate the
amount of DNA per band (Table 1).

Complex DNA. Most of the EcoRI DNA
fragments from E. coli can be separated by
electrophoresis on 0.7% agarose (Fig. 5C). By
examining the gel patterns from deletion mu-
tants and using individual fragments in trans-
formation it should be possible to identify the
genes associated with each fragment. The Eco-
RI fragments of eukaryotic DNA from various
sources were also fractionated by this procedure
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F16. 3. Relative electrophoretic mobilities of non-
circular double-stranded DNA as a function of aga-
rose concentration. Mobilities were determined and
curves were plotted as in Fig. 2.
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F16. 4. Agarose-gel electrophoresis of polyoma and
SV40 DNA, Gel 1: Intact superhelical polyoma DNA.
Nicked circular DNA of the same size has a mobility
slightly less than that of the noncircular DNA, neither
of which is visible in this preparation. Gel 2: EcoRI-
digested polyoma and lambda DNA. Gel 3: EcoRI-
digested polyma, SV40, and lambda DNA. Gel 4:
EcoRI-digested SV40 and lambda DNA. Because of
the salt in the reaction mixtures, lambda head-tail
dimers are present.

(not shown). Few individual bands could be
seen. However, the mobilities of the EcoRI
fragments of lambda were not altered by a large
excess of eukaryotic DNA fragments in the
same gel, suggesting that even these complex
mixtures of many sizes of DNA molecules
separate according to molecular weight (as
expected), even though individual bands could
not be identified.

Mapping. By comparing the fragment pat-
terns produced from various lambda and ¢80
hybrid phage DNAs by the EcoRI endonuclease,
the order of lambda fragments determined by
R. Davis (personal communication), and shown
in Fig. 7, was confirmed, and partial fragment
maps of 80 and the hybrids were obtained (Fig.
7). The map of lambda fragments (and of
lambda plac5 fragments) has been independ-
ently determined (2, 3) and, as revised (3), does
not differ from our map. As shown in Fig. 1B,
lambda plac5, a lambda derivative in which
part of the lac operon is substituted for lambda

HELLING. GOODMAN, AND BOYER
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DNA (21), has four EcoRI fragments which
appear identical to those from wild-type
lambda. However, the positions of two of the
bands are different. These contain the two
fragments on the left of the genetic map, as ex-
pected if part of the lambda DNA containing
the left-most EcoRI cleavage pcint has been
deleted and replaced by new (lac) DNA with a
new cleavage point closer to the left end of the
intact DNA. The lac operator is in the smaller
of the two new lambda plac5 EcoRI fragments,
as shown by repressor binding experiments
with the DNA eluted from each band (unpub-
lished experiments, with A. Riggs).

Lambda pbiol has a deletion of 10.5% of the
lambda DNA to the right of att and a substitu-
tion of bio DNA equivalent to 5.2% of lambda
(18). The deletion should remove the cleavage
site between fragments 4 and 2 and, (unless a
new EcoRI restriction site is introduced with

23

F16. 5. Separation of EcoRI DNA fragments in
agarose gels. (A) Gel 1, EcoRl-digested Pl and
lambda DNA; gel 2, EcoRI-digested P1 DNA. (B) Gel
1, intact P22 DNA and EcoRI-digested lambda DNA;
gel 2, EcoRi-digested P22 and lambda DNA; gel 3,
EcoRI-digested P22 DNA. (C) Gel 1, EcoRI-digested
DNA from E. coli; gel 2, EcoRI-digested DNA from
lambda and E. coli; The E. coli DNA was from strain
HB 129 (27). In gels A1, B1, and B2, lambda head-tail
dimers are present because of salt in the reaction
mixtures.
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Fi1c. 6. Separation of $80 EcoRI fragments in aga-
rose gels. Gel 1: EcoRI-digested $80 DNA; Gel 2: as
gel 1 plus intact $80 DNA; Gel 3: as gel 1 but NaCl
added to 0.1 M; Gel 4: as gel 5 but NaCl added to 0.1
M; Gel 5: EcoRI-digested lambda and ¢80 DNA. All
samples were heated to 65 C for 5 min (after adding
NaCl to samples 3 and 4) and were then kept at room
temperature for 30 min before loading on gels. In
repeated experiments, lambda-¢80 dimers (gel 4)
were less frequent than lambda-lambda and $80-¢80
dimers, suggesting preferential association because of
inexact homology of the ends or possibly an influence
of fragment length on probability of association.

bio), result in the loss of the corresponding gel
bands and the appearance of a single new
fragment of mol wt 6.7 x 10°%. The observed gel
pattern was exactly as predicted (Table 1).

All of our results are fully consistent with the
map developed by Davis and by Allet et al. (3).
Independent of the evidence from the fragment
patterns of hybrid DNA, we have confirmed
that the largest and smallest lambda fragments
contain the lambda ends. At high ionic strength
the cohesive ends found in intact lambda DNA
pair to form circles (17); the same pairing of the
two terminal EcoRI fragments results in the loss
of the largest and smallest fragments and the
appearance of a new band corresponding to the
joined fragments (Fig. 1C).
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The end fragments from phage $80 were
identified by the same procedure. These corre-
spond to bands 2 (mol wt 5.30 x 10%) and 3 (mol
wt 4.05 x 10°) which join to band at a position
expected of DNA of mol wt approximately 9 x
10* (Fig. 6, gel 3). Because ¢80 DNA and
lambda DNA can pair through their cohesive
ends, the ¢80 and lambda end fragments should
also pair appropriately. From the molecular
weights of the individual fragments we can pre-
dict the positions expected of the ¢80-lambda
dimers. When lambda and ¢80 EcoRI fragments
were mixed and end-joining was allowed, two
new bands were seen after electrophoresis (Fig.
6, gel 4). One band appeared at the position
expected of a combination of ¢80 fragment 3
and the lambda right-end fragment. The sec-
ond was of high molecular weight and could
have resulted from the combination of the
lambda left end with either ¢80 fragment 2 or
3. No band corresponding to ¢80 fragment 2
combined with the right-end fragment of
lambda was apparent. Thus, we conclude that
band 2 corresponds to the right-end fragment
of ¢80 and band 3 corresponds to the left end of
¢80.

This assignment of ¢80 ends is consistent
with the EcoRI fragment patterns of ¢80 hy-
brids. A ¢80-lambda hybrid (lambda h80) con-
taining the lambda fragment 6 (right end) lacks
¢80 fragment 2, but still has ¢80 fragment 3
(Table 1). The position of fragment 2 from ¢80h
PtEA, known to have a deletion near the right
end (and, in addition, containing the entire trp
operon), is shifted appropriately, but fragment
3 is unaffected (Table 1).

Neither fragment 2 nor 3 contains the attach-
ment region. Study of six different ¢80 trp
hybrids showed that the att region is in frag-
ment 1 because in each hybrid this band is
altered in mobility (in two of the hybrids, ¢80h
pt190 (EA) and CB15 bands 2 or 6 were altered
also, presumably as the result of a short deletion
[13], Table 1). ¢80 placl A20 differs from ¢80
placl only by a deletion of part of the lac
insertion (R. Dickson and W. Barnes, personal
communication); the gel patterns differ only by
a reduction in size of the largest fragment
(Table 1), consistant with the location of att in
fragment 1 of ¢80. ¢80 fragment 6 is adjacent to
fragments 1 and 2 because in a lambda-¢80
hybrid (lambda h80) containing the rightmost
three fragments of lambda, ¢80 bands 1, 2, and
6 disappear but the other ¢80 bands remain
(with the possible exception of those below 2 x
10® mol wt). Therefore, fragments 4, 5, 7, 8, and
9 must be right of 3 (left end) and left of 1, 2,
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Fic. 7. Endonuclease R-EcoRI-generated DNA fragment maps of lamboid phages. Solid bars indicate
DNA derived from lambda; open bars, $80 DNA; and cross-hatched bars, E. coli DNA. Sizes of intact DNAs
and location and sizes of hybrid regions are as reported previously (see Table 1).

and 6 (because they are present in lambda h80).
Comparison of the fragment maps of lambda
h80 and ¢80 (Fig. 7) shows that, if ¢80 fragment
6 were to the left of fragment 1, then it should be
present in lambda h80. Because it is not, we
conclude that it maps between ¢80 fragments 1
and 2. The map locations of such genetic
markers as att and all our subsequent work are
consistent with the maps shown in Fig. 7.

Anomalies in gel patterns. With several
sources of DNA (herpes simplex virus type 1,
Mu-1, P22 [Fig. 5B]), we have observed an
anomalous spreading or blurring of one of the
EcoRI bands and a less than quantitative inten-
sity of staining of one of the other bands (P22
and herpes). The heterogeneity revealed in the
population of DNA molecules of herpes may be
a consequence of passaging the virus at high
multiplicity. Such stocks of certain viruses
(including SV40 and polyoma) contain seg-
ments of heterogeneous DNA derived from the
host (32). Daniell et al. (7) have shown that one
end of the Mu-1 DNA is from the host, and the
host region varies in length and in sequence
from molecule to molecule. Thus, we expect
that the length of the host DNA attached to the
nearest EcoRI restriction site in the Mu-1 phage
will also vary. We have not determined the
cause of the anomalous P22 gel pattern but it
may reflect cyclic permutations among the
DNA molecules found in the intact phage DNA
(26). In addition, the gel patterns have revealed
contaminating host DNA in some phage DNA
preparations. Generally the procedure has been
useful for identifying heterogeneity in DNA
preparations.

DISCUSSION

The analytical use of agarose-gel electropho-
resis has been demonstrated in this paper by the
separation and mapping of endonuclease-
R-EcoRI-derived DNA fragments from various
sources. The nice resolution of mixtures of DNA
fragments with molecular weights in excess of a
million as distinct bands results from the use of
agarose instead of acrylamide and from the use
of much lower voltage than is customary with
proteins and RNA. The agarose-gel procedure is
an extremely useful one for estimating molecu-
lar weights, provided that one has standards of
known size which can be run in the same gel.
Nevertheless, molecular weight estimates of
DNA molecules often differ depending on
whether they were obtained by means of elec-
tron microscopy, relative distribution of radio-
activity in gels, relative electrophoretic mobil-
ity, or otherwise (e.g., 6, 12, 23, 25), and so this
procedure should not be relied upon for sole size
determination.

The construction of maps of the DNA frag-
ments produced by the EcoRI or other endonu-
clease makes it possible to predict which genes
are associated with each fragment and whether
specific genes are cleaved by the enzyme. For
example, a restriction site cleaved by the EcoRI
enzyme is found in the lac operon, probably at
the distal end of the lacZ gene, as inferred from
the altered fragment pattern of lambda plac5.
However, the trp, ara, and bio (and gal [20])
operons are not cut by this enzyme, because the
only variation in the gel patterns of DNA
fragments from hybrid phage containing these
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operons is a change in the mobility of a single
band corresponding to an increase or decrease in
the size of a single DNA fragment (and by a
decrease in the total number of fragments in
cases where a restriction site is deleted).

The purification of a specific fragment con-
taining a known gene can be achieved by elution
of the appropriate band from a gel segment or
by using other standard procedures in conjunc-
tion with size determination in gels. This should
be highly useful for studies of transcription and
translation in vitro, for sequencing, and for
construction of new plasmids containing spe-
cific combinations of genes (4, 5, 23).
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