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Herpes simplex virus type 1 DNA isomerization was studied by using a viral mutant, 5B8, lacking the unique
Spel site of its parent, SC16. In coinfected cells, SC16 genomic long segments flanked SB8 genomes in all
possible orientations with similar frequencies. Thus, recombination between progeny of different replication

templates is sufficient to explain genomic isomerization.

Herpes simplex virus (HSV) genomes are linear molecules
(20) comprising covalently linked long (L) and short (S) seg-
ments, each containing unique sequences (U, and Ug) brack-
eted by inverted repeats (26). The genome has three origins of
replication (23), one in U, (Ori;) and a diploid origin in the
short repeated region (Orig). Replication intermediates are
concatemers (1, 14-16) suggesting that a rolling circle mecha-
nism is responsible for HSV DNA synthesis (21).

L and S segments freely invert relative to each other (4, 11),
generating four equimolar genomic isomers. Cleavage of con-
catemers at alternative L-S junctions can generate two isomers
from a single genomic length replication template (15), but
formation of the remaining isomers requires homologous re-
combination between sequences in the large repeated regions
of DNA flanking L-S junctions (17, 19, 24, 27, 29-32). Inver-
sion of adjacent L segments in HSV concatemers has been
observed 3 to 4 h after infection, when replicating DNA is still
devoid of free genomic termini (34). These data raised the
possibility that recombination might be an integral component
of early DNA replication, and this hypothesis is supported by
the knowledge that recombination is mediated by the viral
replication machinery (24) and replication and recombination
are temporally linked (5, 34). It has been suggested that re-
combination between one repeat region and its as-yet-unrep-
licated counterpart, generating a double rolling circle, might be
the primary mechanism responsible for generating the con-
catemeric precursors of all four isomers (8, 9, 34).

Double rolling circle replication is dependent on bidirec-
tional initiation of DNA synthesis (8). While neither Ori; nor
Orig is exclusively required for HSV replication (13, 22), we
reasoned that, if recombination is linked with the initial phase
of HSV DNA replication, then the genomic location of one
origin or the other might favor isomerization. To determine
whether L-segment inversion in concatemeric DNA is depen-
dent on Ori; , we compared the structures of HSV concatemers
produced by wild-type HSV-1 strain SC16 (12) and ts+7, a
virus which lacks functional Ori; (22). Agarose plugs, pre-
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FIG. 1. Analysis of fragments generated by Spel digestion of high-molecular-
weight HSV DNA purified from infected cells by FIGE. (A) Schematic repre-
sentation of Spel fragments generated when adjacent L segments are in opposite
orientations (arrows). (B) Southern blot of Spel fragments from SC16-infected
cells. Bands were sized, as marked, by comparison with concatemeric A phage
DNA and correspond to expected fragments (lane 2). Terminal fragments (80
and 46 kb) corresponded exclusively to L-segment termini, as previously de-
scribed (34). Undigested material (lane 1) contained no residual genomic-length
HSV DNA. (C) Southern blot showing fragments indicative of L-segment inver-
sion (lane 5) in high-molecular-weight DNA purified from ts+7-infected cells.
Terminal fragments were from the L segment only (80 and 46 kb). Removal of
unit-length HSV DNA (152 kb) was shown to be complete by comparing undi-
gested samples before and after FIGE purification of high-molecular-weight
material (lanes 3 and 4, respectively). The migration of unit-length genomes was
marked by using total DNA extracted 5.5 h after infection of cells with SC16
(lane 2). There was no background hybridization to uninfected-cell DNA (lane
1). (D) Southern blot showing L-segment inversion and L-segment termini in
high-molecular-weight DNA from R7713-infected cells. Comparison between
undigested total infected-cell DNA (lane 1) and high-molecular-weight DNA
(lane 2) showed that unit-length genomes were removed from the analyzed sample.
Lane 4, not loaded; lane 5, total undigested DNA 4 h after SC16 infection.
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FIG. 2. (A) Single-step growth curves (10 PFU/cell) of SC16 and 5B8 in Vero cells. (B) SC16-5B8 recombination; expected Spel fragments from concatemers
comprising L segments of 5B8 flanked by SC16. (C) FIGE and Southern blot analysis of fragments generated by Spel digestion of high-molecular-weight infected-cell
DNA (17 h after infection). Lane 1, uninfected Vero cells; lanes 2 and 3, high-molecular-weight SC16 DNA; lane 4, high-molecular-weight 5B8; lanes 5 and 6, mixed
infection with SC16 and 5B8. Samples in lanes 3, 4, and 6 were treated with Spel. Fragments, as marked, were sized by comparison with high-molecular-weight markers.
A small amount of residual genomic-length DNA was detected in the sample loaded into lane 4. The filter was autoradiographed for 1.5 h.

pared as described previously (34) from uninfected Vero cells
(ATCC CCLS81) or Vero cells infected for 6 h (20 PFU/cell),
were electrophoresed with field inversion (3) to remove unit-
length viral genomes, which otherwise complicate analysis
of replication intermediates (34). After removal of genomic-
length DNA, plugs containing replicating DNA were recov-
ered from the gel and treated with Spel, which cuts HSV DNA
once only, in U, approximately 46 kb from the left end of the
prototype genomic configuration. Fragments were separated
by field inversion gel electrophoresis (FIGE) and identified by
Southern hybridization, as described (34). All three fragments
associated with L-segment inversion (Fig. 1A) were detected in
similar proportions in SC16 (Fig. 1B) and ts+7 (Fig. 1C) con-
catemers. It was concluded that L-segment inversion is not de-
pendent on initiation of DNA synthesis by Ori, . As previously
reported (34), concatemers were flanked exclusively by geno-
mic L segments (Fig. 1B and C). In a similar approach, strain
R7713, lacking both copies of Orig (17), was used to show that
frequent inversion of adjacent L segments in concatemeric
DNA is not dependent on Orig (Fig. 1D).

To determine whether adjacent, inverted L segments in
HSYV concatemers may be derived from different replication
templates, a virus lacking an Spel site was generated with a
strategy similar to that used previously to eliminate Xbal
sites (18). Briefly, BHK21 cells (ATCC CCL10) were trans-
fected with Spel-digested SC16 virion DNA by a standard

calcium phosphate coprecipitation method and monitored
until plaques were observed (2 days). To test transfection
progeny for Spel sites, Spel-treated DNA from a proportion of
the culture was analyzed by FIGE. Approximately 50% of the
progeny DNA appeared to be resistant to digestion, and there-
fore, progeny viruses were plaque purified from the remainder
of the infected cells. Viral DNA prepared from 5 of 11 plaque-
purified viruses could not be cleaved with Spel, and one virus,
5BS, was arbitrarily selected for further purification and study.
In Vero cells, there was no discernible difference in the single-
step replication kinetics (10 PFU/cell) of 5B8 and SC16 (Fig.
2A), indicating that replication in vitro was not impaired by
deletion of the Spel site.

Infected-cell DNA was analyzed by FIGE at various times
after infection with SC16, 5B8, or both viruses (a total of 20
PFU/cell). In coinfected cells, the presence of SC16-5B8 re-
combinant concatemers was disclosed by the presence of Spel
fragments of 338, 304, and 270 kb (e.g., 17 h after infection)
(Fig. 2B) and, according to phosphorimage analysis, the ratio
between the intensities of fragments, in order of increasing
size, was approximately 1:2:1. Fragments of 490, 456, and 422
kb were also detected, with a similar distribution of intensities.
The intensities of each set of fragments decreased markedly
with increasing size. It is thought that frequent branching of
replicating DNA limits the amount that can be released in a
noncomplex form by Spel digestion (25), and hence, it is ex-
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FIG. 3. (A) Analysis of total and high-molecular-weight DNAs recovered
from infected cells at various times after infection. Lanes 1 to 3, total infected-
cell DNA recovered from cells infected with SC16, 5B8, or both viruses, respec-
tively, demonstrating the appearance of unit-length progeny DNA (152 kb), 6 h
after infection. Lane 4, uninfected-cell DNA; lanes 5 and 6, SC16; lanes 7 and 8,
5B8; lanes 9 to 13, mixed infection. Agarose plugs loaded into lanes 6, 8, 9, 11,
and 13 were treated with Spel. Lanes 5 to 8 and 12 and 13 show results 13.5 h
after infection. Lanes 10 and 11 show results 6 h after infection. Lane 9, 4 h after
infection, contained insufficient DNA for detection of putative recombinants.
The filter was autoradiographed for 15 min. (B) Reanalysis of samples made 6 h
after infection with SC16 and 5B8. Lane 1, uncut; lane 2, Spel cut. The filter was
autoradiographed for 5 h.

pected that the amount of digested DNA capable of entering a
gel would decrease as the distance between Spel sites in-
creases. Consequently, it was not possible to determine directly
the frequency with which SC16 and 5B8 genomes are adjacent
by comparing the intensities of corresponding bands in each
set. However, the relative ratios of the fragments in each set
indicated that SC16 L segments are present in all possible
orientations with equal frequency, irrespective of the number
of intercalated 5B8 genomes. Similar results were obtained 6
and 13.5 h after infection (Fig. 3). Hence, the ratios between
the amounts of adjacent SC16 L segments and adjacent SC16-
5B8 L segments were the same at all times studied. While these
data do not exclude the possibility that recombination might
also occur between homologous sequences within the concate-
meric product of a single template, they demonstrate that this
is not essential for genome isomerization. These data strongly
suggest that recombination between sequences derived from
different replication templates is sufficiently frequent to ac-
count for the isomers found in infected cells. In prior experi-
ments, cleavage of concatemers into unit-length progeny ge-
nomes was first detected ca. 6 h after infection. In the present
work, the amount of high-molecular-weight infected-cell DNA
recovered prior to 6 h was not sufficient to demonstrate the
presence of recombinants by Spel digestion. These data imply
that complex branching of replicating DNA, which impairs
electrophoretic migration of the majority of Spel fragments, is
a feature of not only late but also early replication.

While these data are compatible with an uncomplicated roll-
ing circle replication model, rolling circle DNA synthesis does
not explain the structure of high-molecular-weight HSV DNA
molecules found during the early stages of replication (34).
Furthermore, the existence of three internal origins of DNA
replication in the HSV genome and the dependence of early
replication on topoisomerase II (7) suggest that DNA synthesis
might be initiated via theta structures and generate catenated
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circles, but if this is the case, then none of the known origins is
uniquely required. Rather, if replication of HSV DNA de-
pends on Ori; or Orig, then any one origin will alone suffice. In
this work, the same result is shown for segment inversion, i.e.,
isomerization is not coupled to a replication strategy initiated
exclusively by Ori; or Orig.

A variation of the suggestion that plasmid amplification
commences with theta structures is the idea that recombina-
tion creates a double rolling circle, akin to the replication of
the 2pm plasmid of Saccharomyces cerevisiae (6, 10). In favor
of a 2um-like model is its ability to explain the apparent tem-
poral (34) and functional (24) links between template ampli-
fication and segment inversion. However, if such a model is
envisaged, it must incorporate the fact that recombination re-
sponsible for segment inversion in HSV is, unlike the 2pm
plasmid, not site specific (19).

An intriguing possibility is that isomerization might be linked
to the formation of circular replication templates from linear
virion DNA. Linearized plasmids containing Orig and terminal
a sequences can form circular replication templates in HSV-
infected cells by recombination (28, 33), suggesting that recom-
bination rather than fusion of free genomic termini is the pri-
mary mechanism responsible for circularization of viral DNA.
Formation of circular molecules by recombination might be
expected to generate multimeric replication templates, provid-
ing an alternative explanation for the early formation of hybrid
SC16-5B8 concatemers. In such circumstances, isomerization
could still be the sole result of homologous recombination be-
tween repeated sequences within the concatemers generated
from a single, multimeric circle, fueling debate about a link
between segment inversion and mechanisms responsible for
template amplification (8, 9). While it has not been possible to
visualize multimeric circular forms comprising intact HSV ge-
nomes, dimers have been observed following in vitro recombi-
nation between HSV amplicons and replication of amplicons
in vivo (2, 5).
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