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The mechanisms underlying cleavage of herpesvirus genomes from replicative concatemers are unknown.
Evidence from herpes simplex virus type 1 suggests that cleavage occurs by a nonduplicative process; however,
additional evidence suggests that terminal repeats may also be duplicated during the cleavage process. This
issue has been difficult to resolve due to the variable numbers of reiterated terminal repeats that the herpes
simplex virus type 1 genome can contain. Guinea pig cytomegalovirus is a herpesvirus with a simple terminal
repeat arrangement that defines two genome types. Type II genomes have a single copy of a 1-kb terminal
repeat at both their left and right termini, whereas type I genomes have only one copy at their left termini and
lack the repeat at their right termini. In a previous study, we constructed a recombinant guinea pig cytomeg-
alovirus in which certain cis elements were disrupted such that only type II genomes were produced. Here we
show that double repeats that are formed by circularization of infecting genomes are rapidly converted to single
repeats, such that the junctions between genomes within replicative concatemers formed late in infection
almost exclusively contain single copies of the terminal repeat. Therefore, for the recombinant virus, each
cleavage event begins with a single repeat within a concatemer yet produces two repeats, one at each of the
resulting termini, demonstrating that terminal repeat duplication occurs in conjunction with cleavage. For
wild-type guinea pig cytomegalovirus, the formation of type I genomes further suggests that cleavage can also
occur by a nonduplicative process and that duplicative and nonduplicative cleavage can occur concurrently.
Other herpesviruses having terminal repeats, such as the herpes simplex viruses and human cytomegalovirus,
may also utilize repeat duplication and deletion; however, the biological importance of these events remains
unknown.

The Herpesviridae family of viruses includes several signifi-
cant human pathogens, including herpes simplex virus type 1
(HSV-1) and HSV-2, varicella-zoster virus, Epstein-Barr virus,
Kaposi’s sarcoma-associated herpesvirus, and human cytomeg-
alovirus. Herpesviruses have large (130 to 235 kb), double-
stranded linear DNA genomes that circularize shortly after
infection (16, 22, 29). Viral DNA synthesis leads to the forma-
tion of concatemers of head-to-tail linked genomes that are
packaged and cleaved to produce encapsidated unit-length ge-
nomes (2, 3, 18, 21, 22, 29, 30, 36). Concatemer cleavage and
packaging are highly conserved among the herpesviruses, but
little is known about the mechanisms or the machinery in-
volved.

Cleavage occurs only at sites defined by specific cis-acting
signals in the DNA. Two sequence elements, denoted pac1 and
pac2, are conserved near genomic termini and are essential for
cleavage or packaging of concatemeric DNA to produce infec-
tious viral progeny (4, 5, 8, 10–12, 17, 23, 24, 28, 31, 33, 37). In
HSV-1, pac1 and pac2 lie at opposite ends of a small terminal
repeat called the a sequence. One copy of the a sequence is

located at the short-arm end of the HSV-1 genome, and one to
several copies are located both at the long-arm terminus and at
an internal site where the long and short arms are joined (29).

Several mechanisms have been proposed for HSV-1 cleav-
age. In the staggered-cut mechanism proposed by Mocarski
and Roizman (27), cleavage is a simple, single-base, staggered
cut and does not involve duplication of terminal repeat se-
quences. This was suggested by comparing the sequences of
cleavage sites to the sequences of genomic termini from HSV-1
(27). Sequences from several other herpesviruses with ge-
nomes that lack terminal repeats are also consistent with this
model (5, 8, 17, 20, 23, 26, 32). However, in order to produce
genomes with at least one a sequence at each end, cleavage by
a staggered-cut mechanism must occur between two a se-
quences, and this has been difficult to reconcile with observa-
tions that approximately half of the cleavage sites within
HSV-1 DNA contain only single a sequences (9, 19, 34). More-
over, single a sequences inserted into the thymidine kinase
gene of HSV-1 (33) or within plasmids used to construct
HSV-1 amplicons (11, 33) become amplified to form tandem
arrays containing variable numbers of a sequences. These ob-
servations have led to proposals that the HSV-1 a sequence is
duplicated during cleavage (11, 33). This hypothesis has been
difficult to prove owing to the variable numbers of reiterated a
sequences present both within cleavage sites and at the termini
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of HSV-1 genomes; however, analysis of ectopically engi-
neered cleavage sites within the murine cytomegalovirus ge-
nome revealed that the 30-bp terminal repeat was only dupli-
cated when the ectopic site was able to be cleaved, thus
demonstrating a clear link between repeat duplication and
cleavage (24). Even so, because rare duplications could have
accumulated over successive replication cycles, it was not clear
from either the HSV-1 or murine cytomegalovirus studies
whether duplication occurred at each cleavage event or only
very rarely.

To better understand the mechanisms of herpesvirus ge-
nome cleavage, we chose to study guinea pig cytomegalovirus
(GPCMV), a herpesvirus with a simple genome structure that
lacks reiterated terminal repeats, internal repeats, or invertible
elements (15, 23). GPCMV has the feature of forming two
genome types in approximately equimolar amounts. Type II
genomes have one copy of a 1-kb terminal repeat at both left
and right ends, whereas type I genomes have the repeat at the
left end but lack the repeat at the right end (15) (Fig. 1A).
In earlier studies (23), we constructed the two recombinant
GPCMVs, RG5001 and RG5201, illustrated in Fig. 1A. In
virus RG5001, O-terminal sequences including a presumed
pac2 cis element were displaced by insertion of a 1-kb xan-
thine-guanine phosphoribosyltransferase (gpt) marker cassette
between unique O sequences and the terminal repeat. Only
type II genomes were produced by this virus (23). In the con-
trol virus RG5201, reintroduction of 64 bp of O-terminal se-
quences containing the presumed cis cleavage/packaging se-
quences between the terminal repeat and the gpt cassette
restored a wild-type phenotype, that is, an approximately
equimolar mixture of type I and type II genomes (23). We
reasoned that, if cleavage occurs by a nonduplicative mecha-
nism, then RG5001 genomes would have to be cleaved from
concatemer junctions containing two repeats. Alternatively, if
duplication occurs during cleavage, RG5001 genomes could be
cleaved from single-repeat-containing junctions. Therefore, we
sought to determine whether junctions within RG5001 con-
catemeric DNA contain predominantly double or single re-
peats.

Guinea pig embryonic fibroblasts (GEFs) were propagated
as previously described (23) and were infected at an multiplic-
ity of infection (MOI) of 3 with either RG5001, RG5201, or
wild-type GPCMV (ATCC 22122). After 4 days, virion and
total cellular DNAs were prepared as previously described
(23). DNAs were digested with HindIII, separated electro-
phoretically, transferred to a nylon membrane, and hybridized
with a gpt sequence probe that had been 32P labeled by the
random hexamer method as previously described (22). A
2.1-kb terminal fragment, designated M*, was predicted from
type II genomes, and a 1.2-kb terminal fragment, designated
O*, was predicted from type I genomes (Fig. 1A). Single-
repeat-containing O*-R junctions were predicted to be 3.9 kb
(1.2 � 2.7), and double-repeat-containing M*-R junctions
were predicted to be 4.8 kb (2.1 � 2.7).

Consistent with results of our previous studies (23), virion
DNA from RG5001 contained M*- but lacked O*-terminal
fragments, indicating that only type II genomes are formed by
this virus, whereas virion DNA from RG5201 contained both
O*- and M*-terminal fragments, indicating that formation of
both type I and type II genomes was restored in this virus (Fig.

1B). Similar terminal fragments were observed in infected-cell
DNA; however, the presence of concatemeric DNA resulted
in additional fragments corresponding to junctions between
genomes. Single-repeat-containing O*-R junction fragments
were abundant for both viruses, whereas only a faint signal was
observed for double-repeat-containing M*-R junction frag-
ments (Fig. 1B). Therefore, junctions within concatemeric
DNA from both RG5001 and RG5201 almost exclusively con-
tained single repeats.

To confirm these results, concatemeric and genomic DNAs
from RG5001- and RG5201-infected cells were separated by
pulsed-field gel electrophoresis (PFGE) as previously de-
scribed (22). Concatemeric DNAs were cut from the PFGE gel
and were digested with HindIII (25). The DNA fragments were
separated by agarose electrophoresis and were then trans-
ferred to a nylon membrane and hybridized with gpt sequences.
Consistent with the previous experiment in which total infect-
ed-cell DNA was used, isolated concatemeric DNA from both
viruses contained only O*-R junction fragments (Fig. 1C).
That PFGE separation was effective in removing genomic
DNA was confirmed in a parallel experiment by failure of a
HindIII R-specific probe to detect R-terminal fragments,
which were previously shown to be absent from GPCMV con-
catemeric DNA (25).

One alternative to duplication of terminal repeats has been
termed the “theft” model, in which every other genome in the
concatemer is packaged and the intervening genomes, which
lack terminal repeats, are discarded and presumably degraded
(10, 33). This model predicts that termini lacking repeats
should be formed, if only transiently. Figure 1B clearly shows
that O* termini, which lack a repeat, are not detectable in
RG5001-infected cells. To determine if R termini are formed
lacking a repeat, the membrane from Fig. 1B was rehybridized
with a probe containing sequences from the unique region of
the terminal HindIII R fragment (described in reference 23).
For both virion and infected-cell DNAs, only the 2.7-kb R-
terminal fragment was observed; a 1.7-kb fragment corre-
sponding to R termini which lack a repeat was not detected,
indicating that all left termini contained a repeat. As before,
single-repeat-containing O*-R junctions were predominantly
observed for both recombinant viruses (Fig. 1D).

Our previous work suggested that circularization of the wild-
type GPCMV genome occurs by end-to-end ligation, resulting
in a nearly equimolar ratio of junctions containing double and
single repeats within circular DNA (23). Within concatemeric
DNA, however, the ratio observed was approximately 1:4 (23),
and the data in Fig. 1C indicate a substantially lower preva-
lence of double-repeat-containing junctions. That these exper-
iments were done using different host cell lines (104C1 cells in
the previous study; GEFs in this study) suggested the possibil-
ity that host factors might influence the M-R/O-R ratio, but in
either case, the discrepancy in ratios between circular DNA
and concatemeric DNA suggested that, at some point in the
replication cycle, double repeats are converted to single re-
peats. To determine the stage at which this occurs, PFGE-
isolated circular, concatemeric, and 230-kb DNAs from wild-
type GPCMV-infected 104C1 (ATCC CRL-1405) and GEFs
were analyzed for terminal and junction fragments at different
times after infection. At early time points, cycloheximide (Sig-
ma) was added to block concatemer synthesis but to permit
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FIG. 1. (A) Type I and type II genomes of wild-type GPCMV are illustrated with the terminal repeats shown as hatched boxes and the HindIII
sites proximal to the termini indicated (h). Illustrated below are the right termini of RG5001 and RG5201 with inserted gpt sequences shown as
open boxes. The locations and sizes (in kilobases) of the terminal HindIII restriction fragments R, O, M, O*, and M* are indicated. Thick lines
indicate the regions contained in probes used for hybridizations. (B) GEFs were infected with wild-type GPCMV or with recombinant viruses
RG5001 and RG5201 at an MOI of 3. Four days after infection, DNA was extracted from extracellular culture supernatants (virion) or from
infected cells (cellular) and was digested with HindIII. The fragments were subjected to agarose electrophoreses, transferred to a nylon membrane,
and hybridized with probe 1 (Fig. 1A) containing gpt sequences. (C) Cells were infected with viruses RG5001 and RG5201 at an MOI of 3, and
4 days after infection, total cell-associated DNA was separated by PFGE. Concatemeric DNA that failed to migrate was then removed from the
PFGE gel and digested with HindIII. The fragments were separated and hybridized as described for panel B. (D) The nylon membrane shown in
panel B was rehybridized with probe 2 (Fig. 1A) containing unique sequences from HindIII R. In panels B to D, the sizes (in kilobases) and
locations of molecular-weight markers are indicated on the left and the positions of relevant fragments are indicted with arrows on the right.
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circularization, resulting in DNA that fails to migrate upon
PFGE that contains predominantly circularized genomes (22,
23). At 4 h postinfection (hpi), nearly equimolar amounts of
M-R and O-R junction fragments were detected in both cell
types. These fragments were absent from the inoculum DNA
used to infect the cells and therefore represent circularization
of input genomes (Fig. 2). Although the presence of terminal
fragments indicates some contamination of the circular DNA
by linear input genomes, the substantial amount of linear DNA
in the 230-kb sample indicates that PFGE was effective in
removing the vast majority of linear genomes (Fig. 2).

A marked shift in the M-R/O-R ratio was observed at 22 hpi,
indicating conversion of double-repeat-containing M-R junc-
tions to single-repeat-containing O-R junctions. That this con-
version occurred in the presence of cycloheximide indicates
that loss of one repeat, presumably by homologous recombi-
nation, does not require de novo synthesis of either viral or
host factors. The same M-R/O-R ratio was observed in con-
catemeric DNA formed in the absence of cycloheximide both
at early times in infection (22 hpi; data not shown) and at late
times (96 hpi; Fig. 2). Thus, the shift in repeat number appears
to occur after genome circularization but prior to the onset of
concatemer synthesis. That both cell lines exhibited similar
ratios within concatemeric DNA further demonstrated that the
discrepancy between the ratios observed within concatemers in
the previous report (23) and in this report is not due to differ-
ences in the host cell factors but presumably results from
variations in cell culture or infection conditions.

These results reveal that, for recombinant virus RG5001,
concatemers in which genomes are separated by single copies
of the repeat are cleaved to form genomes containing one
repeat at each terminus. As double-repeat-containing frag-

ments are rare in concatemeric DNA, duplication is required
for virtually all cleavage events in RG5001. For both RG5201
and wild-type GPCMV, the proportion of type II genomes is
approximately 50%, yet in concatemeric DNA, M-R junctions
are consistently underrepresented relative to O-R junctions
(23; this study). Thus, a significant proportion of type II ge-
nomes in RG5201 and in wild-type GPCMV are likely formed
by duplicative cleavage at O-R sites. But wild-type GPCMV
also produces type I genomes, and as these lack a terminal
repeat at their right end, it is probable that they are formed by
a simple, nonduplicative cleavage between unique sequences
and the terminal repeat. Thus, it appears that that both dupli-
cative and nonduplicative cleavage can occur concurrently
within a single virus, although a more complicated process in
which duplication occurs followed by excision of the repeat
from the right terminus cannot be excluded.

The mechanism of duplicative cleavage in herpesviruses is
unknown; however, duplication of terminal repeats during
cleavage is not unprecedented. The genomes of several bacte-
riophages, including T3 and T7, have terminal repeats that are
derived from single copies within concatemeric DNA (13, 14).
Duplication has been proposed to occur via priming of DNA
synthesis at nicks formed near the repeat, transit of the repli-
cation fork through the repeat, cleavage at opposite ends of the
duplicated repeats, and resolution of the branch generated by
the replication fork (6). In support of this model, the T7 DNA
polymerase associates with the cleavage/packaging enzyme
complex (1) and the absence of T7 DNA polymerase in in vitro
packaging reactions results in genomes that lack terminal re-
peats at one end (35). A similar model could certainly be
applied to herpesviruses. Evidence that branch resolution is
important for the stability of HSV-1 genome packaging (21) is
consistent with a bacteriophage-like mechanism. However, us-
ing HSV-1, Church et al. found that cleavage and packaging
are not impaired by acyclovir, a specific inhibitor of the viral
DNA polymerase. Thus, in contrast to bacteriophage, viral
DNA polymerase activity does not appear to be required for
HSV-1 cleavage and packaging (7). These results, however, do
not exclude the possibility that a host DNA polymerase might
complement the lack of viral DNA polymerase activity under
these conditions. Similar experiments using human cytomega-
lovirus confirm that inhibitors of the viral DNA polymerase do
not significantly impair DNA cleavage and packaging but that
compounds such as aphidicolin and 9-(2-phosphonylmethoxy-
ethyl)guanine, which inhibit both viral and host DNA poly-
merases, profoundly inhibit cleavage and packaging (M. Davis
and M. A. McVoy, unpublished data). Thus, the possibility
remains that duplication of herpesvirus terminal repeats may
require a DNA polymerase activity. The less interesting theft
model (10, 33), in which every other genome is packaged, while
a formal possibility, would be highly inefficient and should
result in at least transient formation of termini which lack
repeats. Both we (this study) and others (11, 27) have failed to
detect such termini; however, the possibility that rapid degra-
dation of such termini prevents their detection cannot be ex-
cluded.

Our data further indicate that repeat sequences are lost
from circular viral genomes prior to concatemer synthesis. This
most probably occurs by intramolecular homologous recombi-
nation between the two direct repeats. As this process is not

FIG. 2. GEFs (G) or 104C1 cells (C1) were infected at an MOI of
5 with wild-type GPCMV in the presence or absence of 50 �g of
cycloheximide (CH)/ml. Infected-cell DNA was harvested at the times
postinfection indicated and separated by PFGE. DNA which failed to
enter the PFGE gel (HMW), consisting of either circular or concate-
meric DNA (23), and 230-kb DNA were excised from the PFGE gel,
digested with HindIII, separated by electrophoresis, and hybridized
using probe 3 (Fig. 1A) to specifically detect junction fragments as well
as M- and O-terminal fragments. Inoculum DNA was prepared di-
rectly from the stocks used to infect the cells as previously described
(23). The sizes (in kilobases) and locations of molecular-weight mark-
ers are indicated on the left, and the positions of relevant fragments
are indicted with arrows on the right.
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inhibited by cycloheximide, it does not require synthesis of
viral or host proteins following infection. The biological ad-
vantages of duplicating and deleting repeats remain unknown,
but it is remarkable that these advantages appear to be com-
mon to both bacteriophage and herpesviruses.

Our findings for GPCMV have interesting implications for
how we consider cleavage in other herpesviruses. Many her-
pesviruses lack terminal repeats and presumably must use non-
duplicative cleavage exclusively. Like GPCMV, both human
and murine cytomegaloviruses form a significant proportion of
type I genomes that lack a terminal repeat at the right end (20,
32). It is reasonable to assume that these viruses can also
utilize both duplicative and nonduplicative cleavage. HSV-1,
which can have either single or multiple a sequences at its
cleavage sites, may likewise have the ability to utilize either
mechanism as circumstances dictate. For example, at tandem a
sequences, either a simple or a duplicative cleavage might
occur, whereas upon encountering a single a sequence, dupli-
cative cleavage would be obligatory. For each of these viruses,
the arrangement in which the cleavage machinery encounters
the cis cleavage/packaging elements (pac1 and pac2 at opposite
ends of the terminal repeat versus flanking the point of cleav-
age) or the presence of additional cis elements may play a
significant role in determining the mechanism of cleavage that
is utilized; however, the roles that these and perhaps other cis
elements play in orchestrating these events remain to be elu-
cidated.
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