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The mechanisms by which herpesvirus genome ends are fused to form circles after infection and are
re-formed by cleavage from concatemeric DNA are unknown. We used the simple structure of guinea pig
cytomegalovirus genomes, which have either one repeated DNA sequence at each end or one repeat at one end
and no repeat at the other, to study these mechanisms. In circular DNA, two restriction fragments contained
fused terminal sequences and had sizes consistent with the presence of single or double terminal repeats. This
result implies a simple ligation of genomic ends and shows that circularization does not occur by annealing of
single-stranded terminal repeats formed by exonuclease digestion. Cleavage to form the two genome types
occurred at two sites, and homologies between these sites identified two potential cis elements that may be
necessary for cleavage. One element coincided with the A-rich region of a pac2 sequence and had 9 of 11 bases
identical between the two sites. The second element had six bases identical at both sites, in each case 7 bp from
the termini. To confirm the presence of cis cleavage elements, a recombinant virus in which foreign sequences
displaced the 6- and 11-bp elements 1 kb from the cleavage point was constructed. Cleavage at the disrupted
site did not occur. In a second recombinant virus, restoration of 64 bases containing the 6- and 11-bp elements
to the disrupted cleavage site restored cleavage. Therefore, cis cleavage elements exist within this 64-base

region, and sequence conservation suggests that they are the 6- and 11-bp elements.

Herpesviruses contain large (130- to 230-kb) double-strand-
ed linear genomes that circularize shortly after infection (8,
15). Subsequent DNA synthesis produces large concatemers of
head-to-tail-linked genomes that are inserted into viral capsids
and cleaved at specific sequences to form unit-length linear
genomes (21).

The mechanisms of concatemer cleavage and genome circu-
larization are not known. The ends of herpes simplex virus
(HSV) genomes have complementary 3’ single-base overhangs
that suggest that cleavage occurs by a simple staggered cut
(18). For several other herpesviruses, 3’ single-base terminal
overhangs are implied by the loss of a single base during
cloning of terminal fragments (3, 10, 14, 23, 28, 33), and the
sequences of terminal fusions in concatemeric DNA are
consistent with circularization by annealing and ligation of
these complementary single-base overhangs (3, 10, 14, 18, 23,
28).

Many herpesvirus genomes, however, have directly repeated
sequences at each end. In vivo, genomic ends can become
single stranded after infection (12). In vitro, if made single
stranded by addition of exonuclease, terminal repeats can
anneal to form circles (9, 13, 34), suggesting that genome
circularization occurs by annealing of complementary single-
stranded ends formed by exonucleolytic digestion of the
terminal repeats (2). A third mechanism, proposed for circu-
larization of Epstein-Barr virus (EBV) genomes, involves re-
combination between repeated terminal sequences (35). The
latter two mechanisms require direct terminal repeats which
are not present in some herpesvirus genomes (3, 10, 11, 23).
Thus, the mechanism of genome circularization remains unre-
solved.

Circularization brings together terminal sequences, creating
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junctions which later act as cleavage sites between genomes in
concatemeric DNA. These sites contain cis DNA elements that
are required for cleavage, but these elements are not accu-
rately defined. Sequence comparisons identified two DNA el-
ements, pacl and pac2, that are strongly conserved at cleavage
sites from different herpesviruses (4, 27). A pacl element con-
sists of a 5- to 9-bp A/T-rich region bilaterally flanked by 5- to
10-bp C runs 30 to 35 bases from the terminus. A pac2 element
consists of a conserved CGCGGCG motif 25 to 30 bases from
a 5- to 10-bp A-rich region, again 30 to 35 bases from the
terminus (4). Both pacl and pac2 are present in the HSV
terminal repeat, or a sequence (4), which is able to mediate
cleavage and packaging when present in HSV amplicons (con-
catemeric plasmid DNA replicated by helper virus superinfec-
tion) (1, 4, 6, 25, 26, 31) or when inserted at an ectopic site in
the HSV genome (16, 17, 18, 24, 31). Evidence from deletional
mutagenesis of the a sequence using both of these systems
supports the hypothesis that pacl and pac2 mediate cleavage
(5, 20, 24, 31); however, pacl and pac2 have not as yet been
shown to be cis cleavage elements by site-specific mutagen-
esis.

Guinea pig cytomegalovirus (GPCMYV) genomes have one
copy of a direct repeat at the left R terminus and one copy at
the right M terminus. In approximately equimolar amounts, a
second genome structure which lacks the repeat at the right O
terminus (1A) occurs (7). For studying circularization and
cleavage, this genome structure provides three advantages.
First, because the GPCMV genome lacks the internal repeats
and multiply reiterated terminal repeats, novel restriction frag-
ments formed by circularization of GPCMV termini can easily
be detected. Second, the two genomes of GPCMYV are formed
by cleavage at two different cleavage sites, and sequence ho-
mology between these two sites may indicate potential cis
cleavage elements. Third, the presence of two different cleav-
age sites permits mutagenesis of one site while propagating the
virus using the other. These advantages led us to study genome
circularization and cleavage of GPCMV.
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FIG. 1. GPCMYV terminal sequence clones. (A) Cloned terminal fragments and subclones are shown expanded beneath representations of the two GPCMYV genome
types. Termini are referred to by their respective HindIII restriction fragments. The upper genome has one terminal repeat (hatched box) at the R terminus and lacks
a repeat at the O terminus. The lower genome has one repeat at both R and M termini. Heavy lines represent sequences used as hybridization probes in other
experiments. Relevant restriction sites are shown: h, HindIII; k, Kpnl; c, Clal; m, Mlul; and s, Smal. Fragment sizes are given in parentheses in kb. (B) A HindIIl
fragment containing a single repeat cloned from GPCMYV concatemeric DNA is illustrated. The heavy line represents an Mlul/HindIII fragment used as a hybridization
probe to screen for R-fragment clones. (C) Sequence from pGP21 was aligned with terminal sequences from pGP47 (O) and pGP48 (R). (D) Hybridizations were
performed to confirm the sequences cloned in pGP10 and pGP14. GPCMYV virion DNA was digested with HindIII, EcoRI, or Xbal and then electrophoretically
separated, transferred, and hybridized with pGP10 or pGP14 as indicated. Lane V contains HindIII-digested GPCMYV virion DNA 32P labeled in situ. The positions
of DNA size markers and GPCMV HindIIl M, O, and R fragments are indicated. Faint HindIII fragments labeled with asterisks may be derived from rare M and R

termini with two repeats (see text).

MATERIALS AND METHODS

Viral culture and drug treatments. GPCMV strain 22122 (American Type
Culture Collection) was propagated by using 104C1 cells, an immortal guinea pig
cell line (American Type Culture Collection), or guinea pig embryo fibroblasts
(GEFs) prepared as described by Tenser and Hsiung (29). All cells and viruses
were propagated by using Eagle’s minimal essential medium supplemented with
10% fetal calf serum and 50 U of penicillin (MA Bioproducts) per ml. In some
experiments, the culture medium contained 50 pg of cycloheximide (Sigma) per
ml.

Preparation of viral DNAs. Virion DNA was prepared from cell culture me-
dium after removal of cell debris by low-speed centrifugation (800 X g for 5 min).
Viral particles were pelleted from the supernatants by ultracentrifugation at
20,000 X g for 30 min. The viral pellet was resuspended in TE buffer (10 mM
Tris, 1 mM EDTA [pH 8.0]), mixed with an equal volume of lysis buffer (300 mM
NaCl, 1% sodium dodecyl sulfate, 30 g of proteinase K per ml), and incubated
overnight at 65°C. The DNA was extracted once with an equal volume of
phenol-chloroform and once with chloroform and precipitated by addition of 2
volumes of ethanol. After incubation at —20°C for 1 h, precipitated DNA was
pelleted by centrifugation at 13,000 X g for 10 min. The DNA pellet was washed
with 70% ethanol, centrifuged again for 5 min at 13,000 X g, air dried, and finally
dissolved in TE.

To prepare infected cell DNA, infected cells were removed from culture dishes
by trypsin digestion, pelleted by low-speed centrifugation, resuspended in TE,
mixed with lysis buffer, and extracted as described for virion DNA.

Cloning of GPCMYV terminal sequences. Plasmid pGP10, which contains the
GPCMV M terminal HindIII fragment, was made by ligation of HindIII-digested
GPCMYV virion DNA fragments into HindIII-digested pUC18 DNA. Two frag-
ments were subcloned from pGP10 to make plasmids pGP13 and pGP14, using
a central Kpnl site (Fig. 1A). Hybridization studies confirmed that pGP10 con-
tains the M fragment and that pGP14 contains the terminal repeat (see Results).
Two Smal fragments were subcloned from pGP13 to make pGP18 and pGP21.
The order and orientation of these fragments (Fig. 1A) were determined by
sequencing and mapping.

Plasmids pGP47 (containing HindIII O) and pGP48 (containing HindIII R)
were isolated by library screening. The library was constructed by blunt ending
GPCMYV virion DNA with T4 DNA polymerase and then digesting with HindIII.
The resulting fragments were ligated into Hincll/HindIII-digested pGEM3Zf+
vector DNA. The ligation mixture was electroporated into Escherichia coli Top10
(Invitrogen) and spread on ampicillin plates. Colonies were transferred to Pro-
tran nitrocellulose disks (Schleicher & Schuell) and screened by colony lift
hybridization with 3?P-labeled probes according to the manufacturer’s instruc-
tions.

The library was screened for O-fragment-containing clones by using a 200-bp
Smal fragment gel purified from pGP18 and containing unique sequences adja-
cent to the repeat (Fig. 1A). Hybridization-positive clones were further screened
by Kpnl and Smal digestion. pGP47 contained a 1.1-kb KpnI fragment predicted
for an O-fragment insertion (Fig. 1A) and two Smal fragments identical in size
to Smal fragments derived from pGP10 (data not shown).
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FIG. 2. Construction of recombinant plasmids and viruses. To make pGP50, a synthetic linker inserted at the Agel site of pGP13 reconstructed 18 bp of the terminal
repeat (large hatched box) and introduced Ncol and Spel sites, which were used to insert a gpt expression cassette (open box) where O and R sequences meet. To make
pGP52, a 100-bp fragment from pGP13 was inserted adjacent to gpt and then exchanged for an Agel fragment in pGP50. See Materials and Methods for details.
Homologous recombination and selection for gpt were used to make recombinant virus RG5001 from pGP50 and recombinant virus RG5201 from pGP52. These viruses
therefore contain the same sequence arrangements as the plasmids from which they were derived. Putative cis elements identified by sequencing are indicated by small
hatched boxes. The positions of primers used for PCR (NOL9 and NOL10) or for sequencing (NOLS) are shown).

To obtain a hybridization probe specific for the R fragment, we cloned a
HindIII fragment containing a fusion of the O and R termini from concatemeric
DNA (Fig. 1B). HindIII fragments in the 6- to 7-kb range were agarose gel
purified from infected cell DNA and ligated to HindIlI-digested pGEM3Zf+
vector DNA. Plasmid pGP45 had a 6.5-kb HindIII insert which contained two
Smal and four Mlul fragments identical in size to Smal or Miul fragments in
pGP10 and contained M-terminal repeat sequences as determined by sequencing
(data not shown). A 1.6-kb Miul/HindIII fragment from pGP45 containing se-
quences mostly unique to the R fragment (Fig. 1B) was gel purified and used to
screen the library for R-fragment-containing clones. Hybridization-positive
clones were screened by HindIIl/Miul and HindIII/Clal digestion. Plasmid
pGP48 contained both Miul and Clal sites in predicted locations (Fig. 1A).

FIGE. Infected cells were washed with phosphate-buffered saline-EDTA,
trypsinized, resuspended in 10 ml of phosphate-buffered saline-EDTA, pelleted,
resuspended in 50 pl of molten (52°C) 1% SeaPlaque agarose (FMC) in TE, and
cast into molds. After cooling, agarose plugs containing cells were suspended in
SE (0.5 M EDTA, 1% Sarkosyl) with 1 mg of proteinase K per ml, incubated at
52°C for 48 h, dialyzed (three times, 2 h each) with TE, and stored at 4°C. DNA
plugs were inserted into the loading wells of 11- by 14-cm 1% SeaKem agarose
(FMC) gels and separated by field-inversion gel electrophoresis (FIGE) in 0.5X
Tris-borate electrophoresis buffer for 36 h at 120 V and 14°C. The pulse times
began at 5 s and increased to 60 s with a 3:1 forward-to-backward ratio.

Southern hybridization. FIGE-separated GPCMV DNAs were cut from FIGE
gels and extracted from the agarose by using a Qiaex kit (Qiagen) prior to
restriction enzyme digestion. Intact viral DNAs separated on FIGE gels or
restriction-digested DNAs separated on 0.6% agarose gels were transferred to
Nytran nylon membranes (Schleicher & Schuell) and hybridized as described
previously (15). DNA probes were 3?P labeled by the random hexamer method
as described previously (15).

In situ labeling of viral DNA. GPCMYV virion DNA was metabolically labeled
by addition of 3?P; to low-phosphate culture medium as previously described (15).

Recombinant plasmid construction. To make recombinant viruses, plasmids
pGP50 and pGP52 were first constructed as shown in Fig. 2. Sequencing and
mapping revealed a unique Agel site within the terminal repeat 18 bp from the
point at which O termini are cleaved (Fig. 1C). Complementary 5'-phosphory-
lated synthetic oligonucleotides were annealed to form a double-stranded oligo-
nucleotide with Agel cohesive ends and then ligated to Agel-digested pGP13
DNA. Insertion of this oligonucleotide in the correct orientation reconstructed
18 bp of terminal repeat and 2 bp of the O terminus and then altered the viral
sequence to create novel Ncol and Spel sites. The resulting plasmid, pGP49, was
then digested with Ncol and Spel, and a 1.1-kb Ncol/Spel fragment from plasmid
pON1101 (kindly provided by Edward Mocarski) containing an expression cas-
sette for the E. coli xanthine-guanine phosphoribosyltransferase (gpr) gene was
inserted to create pGP50.

To construct pGP52, a 100-bp Smal/BsiHKAI fragment from pGP13 was
made blunt ended with T4 DNA polymerase, polyacrylamide gel purified, ligated
into pON1101 that had been digested with Xbal, and then blunt ended with
Klenow. The resulting plasmid, pGP51, contains 64 bp of the O terminus, the
cleavage site, and 36 bp of the R terminus adjacent to the gpt cassette. An Agel
fragment from pGP51 was polyacrylamide gel purified and ligated to Agel-
digested pGP50. In the resulting plasmid, pGP52, the Agel fragment in pGP50
was replaced with the Agel fragment from pGP51. The sequences of both plas-

mids at their modified cleavage sites were confirmed by sequencing from primer
NOLS (5'-ACTCATCAATGTATCTTATC) within the gpt gene (Fig. 2).

Recombinant virus construction. Two recombinant GPCMVs were con-
structed by the method of Vieira et al. (32), using gpt as a selectable marker.
Thirty micrograms of plasmid DNA (pGP50 for virus RG5001 and pGP52 for
virus RG5201) was linearized by Mlul digestion, extracted once with phenol-
chloroform and once with chloroform, ethanol precipitated, and resuspended in
20 pl of TE. GEFs were passaged 1:2 into two 225-cm? tissue culture flasks.
Twenty-four hours later (just prior to electroporation), the cells were removed by
trypsin digestion, centrifuged, washed once with Hanks’” balanced salt solution,
resuspended in 500 pl of Hanks’ balanced salt solution, mixed with linearized
plasmid DNA, transferred to a 0.4-cm cuvette (Invitrogen), and chilled on ice.
Electroporation was performed with an Electroporator IT apparatus (Invitrogen)
set to 300 V, 1,000 pF, and infinite resistance. Cells were kept on ice in the
cuvette for 10 min after electroporation, then diluted into 10 ml of culture
medium, and placed in a 25-cm? flask overnight. They were then infected with
GPCMV strain 22122 at a multiplicity of infection of 3. Five days postinfection
(p.i.), progeny virus in the culture supernatant was used to infect fresh GEFs.
Three hours p.i., the cells were washed and fresh medium containing 200 pM
mycophenolic acid (Gibco/BRL), and 10 uM xanthine (Sigma) was added to
select for gpt+ recombinants. Five days p.i., the culture supernatants were again
used to infect fresh GEFs, and selective medium was added as before. When
large foci were noted, culture supernatants were again used to infect fresh GEFs,
and selective medium was added as before. Clonal viruses were isolated from
supernatants of the third round of selection by limited-dilution cloning on 96-
well plates containing confluent GEFs. Candidate clones were screened for the
gpt insertion by PCR, and recombinant virus mutations were confirmed by se-
quencing of PCR products as described below.

PCR. PCR was used to screen viral isolates for insertion of gpt sequences by
amplification between a primer within the gpt sequence (NOL10; 5'-GACTAT
GTTGTTGATATC) and a second primer within the R terminal sequence
(NOL9; 5'-CGAAACCGCTCGGAAGCG) (Fig. 2). Infected cells were pel-
leted, resuspended in culture medium, and boiled for 5 min. Five microliters of
boiled cell extract was added to the PCR containing 1X PCR reaction buffer
(Promega), 2 uM MgCl,, 200 uM each dATP, dCTP, dTTP, and dGTP (Pro-
mega), and 1 uM oligonucleotides NOL9 and NOL10. The mixture was brought
to 95°C before addition of 2 U of tag polymerase (Promega). The mixture was
overlaid with 50 pl of mineral oil and cycled 35 times through the following
temperatures: 95°C for 1 min; 55°C for 1 min; and 95°C for 2 min. PCR products
were separated by electrophoresis on 0.7% agarose gels and visualized with
ethidium bromide staining and UV light.

Sequencing. Plasmid clones of GPCMV DNA were sequenced by the Sanger
dideoxy method by using either an ABI automated sequencer or an fimol or
TaqTrack sequencing kit (Promega) with 3?P-labeled oligonucleotide primers.
PCR products from recombinant viruses were extracted once with phenol-chlo-
roform and once with chloroform and then washed three times with TE, using
a Centricon 30 filter (Amicon). PCR products were then sequenced from prim-
er NOLS (5'-ACTCATCAATGTATCTTATCA [Fig. 2]) by using a TaqTrack
kit.
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FIG. 3. Terminal repeats in replicative forms of GPCMV DNA. (A) Total GPCMYV infected cell DNA was prepared 3 h p.i. (day 0) and daily thereafter as indicated,
separated by FIGE, transferred, and hybridized with pGP14 DNA to detect intact GPCMV DNA forms. DNAs prepared from the inoculum (lane I) and from
uninfected cells (lane U) were also included. (B) HMW and 230-kb DNAs were cut from a duplicate of the gel shown in panel A and digested with HindIlII, separated
electrophoretically, transferred, and hybridized with pGP14 to detect GPCMYV terminal sequences. DNAs from the inoculum (lane I), the culture supernatant 4 days
p.i. (lane V), and uninfected cells (lane U) were also included without prior FIGE separation. The positions of DNA size markers are shown to the left. Junction and
terminal fragments and their measured sizes in kilobases (in parentheses) are indicated. (C) DNA was prepared 24 h p.i. from cells infected in the presence of
cycloheximide to prevent concatemer synthesis and separated by FIGE. Circular HMW DNA (lane C) and 230-kb linear DNA (lane L) were cut from the gel and
analyzed as for panel B. HindIII-digested DNA from extracellular virions (lane V) was also included without prior FIGE separation.

RESULTS

Cloning the GPCMV M terminus. To obtain a hybridization
probe to detect GPCMYV terminal sequences, random clones of
GPCMV HindIII fragments were screened for insert size. Plas-
mid pGP10 contained a 4.8-kb insertion and only one HindIII
site, both consistent with insertion of the M terminal fragment.
To confirm that pGP10 contains the M fragment, GPCMV
virion DNA was digested with HindlIIl, Xbal, and EcoRI, sep-
arated by agarose electrophoresis, transferred to a nylon mem-
brane, and hybridized with *?P-labeled pGP10 DNA. Three
GPCMYV HindIII fragments hybridized to pGP10 DNA, and
their measured sizes (2.7, 3.8, and 4.8 kb) were consistent with
sizes previously reported for terminal HindIII fragments R, O,
and M (7), respectively (Fig. 1D). In addition, the measured
sizes of the EcoRI and Xbal fragments which hybridized to
pGP10 were also consistent with sizes reported for the
GPCMYV EcoRI and Xbal terminal fragments (7). Therefore,
pGP10 contains the terminal M fragment.

Two fragments were subcloned from pGP10 to make plas-
mids pGP13 and pGP14, using a central Kpnl site (Fig. 1A).
DNA from pGP13 hybridized to the same fragments as pGP10
(not shown) and therefore contains the terminal repeat. DNA
from pGP14 hybridized to M and O, but not to R (Fig. 1D),
confirming that pGP14 contains unique sequences common to
M and O but lacks the terminal repeat (Fig. 1A).

Hybridization of GPCMV HindIII fragments with pGP10
also detected faint 3.7- and 5.8-kb fragments (Fig. 1D). These

sizes are 1.0 kb (one repeat length) larger than the 2.7-kb R
and 4.8-kb M terminal fragments and thus may represent rare
termini with two terminal repeats.

Terminal repeats in GPCMV replicative intermediates.
GPCMV circular genomes should contain single repeats if
formed by recombination or by annealing of single-stranded
terminal repeats. Circular genomes formed by end-to-end li-
gation of genomic ends should contain a mixture of single and
double repeats. Therefore, we sought to resolve the mecha-
nism of genome circularization by determining the number of
terminal repeats in circular GPCMV DNA.

Using FIGE, we have shown that the predominant replica-
tive intermediates of human cytomegalovirus (HCMV) mi-
grate either as 230-kb DNA that contains unit-length linear
viral genomes or as high-molecular-weight (HMW) DNAs,
which fail to migrate from the sample plug and include circular
genomes shortly after infection or concatemeric genomes late
in infection (15). Similar findings have been reported for HSV
DNAs (8). We used FIGE to separate DNAs from GPCMV-
infected cells at various times p.i., transferred the DNAs to a
membrane, and detected GPCMV DNAs by hybridization with
pGP14 DNA (Fig. 3A). At 3 h p.i. (day 0), we detected only
230-kb DNA, but by day 1 p.i., a small amount of HMW DNA
was formed. The amount of HMW DNA increased signifi-
cantly by day 2, as did the amount of 230-kb DNA. Based on
our studies with HCMV (15), the 230-kb DNA at 3 h repre-
sents linear inoculum genomes and the HMW DNA at day 1
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represents inoculum genomes that have circularized. The dra-
matic increase in HMW DNA on day 2 represents synthesis of
concatemeric DNA, and the increase in 230-kb DNA repre-
sents progeny genomes that have been cleaved from the con-
catemers.

We next sought to detect the restriction fragments that con-
tain terminal sequences for each of these replicative forms.
Duplicates of the DNA samples shown in Fig. 3A were sepa-
rated on a duplicate FIGE gel. For each time point, 230-kb and
HMW DNAs were excised from the gel, digested with HindIII,
separated electrophoretically, transferred, and hybridized with
pGP14 DNA to detect terminal sequences. For comparison,
extracellular virion DNAs prepared from the inoculum, and
the culture supernatants 4 days p.i. were included. Consistent
with a linear structure, intracellular 230-kb DNAs were qual-
itatively indistinguishable from virion DNAs and contained
terminal O and M fragments which measured 3.8 and 4.6 kb,
respectively (Fig. 3B). Terminal fragments were nearly absent
from HMW DNA on day 1, consistent with a circular structure,
but were detected in HMW DNAs from days 2 to 4, consistent
with initiation of concatemer synthesis and cleavage since cleav-
age leaves terminal fragments on concatemer ends (15). In addi-
tion, both circular and concatemeric HMW DNAs contained
two larger fragments not present in virion or 230-kb DNAs
(Fig. 3B). The measured sizes of these fragments, 7.0 and 6.2
kb, were consistent with molecular weights predicted for end-
to-end ligation of M with R (4.6 + 2.7 = 7.3), producing MR
junction fragments containing two repeats, and for ligation of
O with R (3.8 + 2.7 = 6.5), producing OR junction fragments
containing one repeat.

Since concatemer synthesis may have been initiated by day 1
in this experiment, HMW DNA from day 1 may have contained
some concatemeric DNA. To analyze strictly circular GPCMV
DNA, cells were infected in the presence of cycloheximide to
block concatemer synthesis without blocking circularization (8,
15). DNA was prepared 22 h p.i. and separated by FIGE. HMW
DNA, which in this case contains only circular genomes, and
230-kb linear DNAs were excised from the FIGE gel and ana-
lyzed by HindIII digestion and Southern hybridization (Fig. 3C).

As before, both extracellular virion and intracellular 230-kb
linear DNAs contained terminal M and O fragments but
lacked the larger MR and OR fragments. Circular DNA con-
tained MR and OR fragments with trace amounts of terminal
fragments that may have resulted from incomplete separation
from linear genomes. In this experiment, the terminal M and O
fragments measured 5.0 and 3.8 kb, and the junction fragments
measured 7.6 and 6.5 kb, again consistent with molecular
weights predicted for MR (5.0 + 2.7 = 7.7) and OR (3.8 +
2.7 = 6.5) if these fragments are formed by end-to-end ligation.

Sequences of the GPCMYV cleavage sites. A staggered cut
mechanism (18) predicts that cleavage to generate M termini
must occur between double repeats, since R termini lacking a
repeat are not observed (see below and reference 7). We refer
to this as the M-R cleavage site (Fig. 4A). To generate O ter-
mini, cleavage of concatemeric DNA must occur where unique
O terminal sequences end and repeat sequences begin. As this
end of the repeat sequence is identical to the R terminus, we
refer to this as the O-R cleavage site (Fig. 4B). To reconstruct
the sequences at these sites, we cloned the GPCMV HindIIl O
and R terminal fragments.

As described above, plasmid pGP47, containing O, and
pGP48, containing R, were isolated by screening a library of
GPCMYV virion DNA fragment clones with probes containing
sequences unique to O or R and confirmed by restriction
mapping. Final evidence that pGP47 contains O and pGP48
contains R came when sequences derived from ends of the
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pGP47 and pGP48 insertions exactly matched sequences from
pGP21. The pGP48 sequence began one base pair after the
pGP47 sequence ended (Fig. 1C). The missing base pair is
consistent with T4 DNA polymerase removal of 3 single-base
overhangs at each terminus prior to cloning as has been re-
ported for other herpesviruses (3, 10, 14, 23, 28, 33).

The terminal sequences from these clones were used to
reconstruct the M-R and O-R cleavage sites. The M terminal
side of the M-R cleavage site contained a typical pac2 element
with an A-rich region and a CGCGGCG motif. The R terminal
side contained a typical pacl element with three A’s flanked by
G/C-rich sequences (Fig. 4A). The O-R cleavage site shared
the pacl containing R terminal sequences on one side but on
the other side contained unique sequences from the O termi-
nus (Fig. 4B). Sequences at the O terminus analogous to the M
terminal pac2 were not immediately apparent; however, when
O and M sequences were aligned, the O sequence contained 9
bases identical to the M sequence within an 11-bp region
coinciding with the A rich region of pac2 (Fig. 4C). Further-
more, the homologous bases were precisely the same distance
from their respective termini. A second region seven bases
from the termini contained six identical bases. No O terminal
homolog of the pac2 CGCGGCG motif was present.

Mutagenic analysis of the O-R cleavage site. To confirm that
the O terminus contains cis sequences required for cleavage,
two GPCMYV recombinant viruses were constructed. In virus
RG5001, a gpt cassette was inserted 2 bp from the point at
which O and R sequences meet. With the exception of these 2
bp, all O terminal sequences, including the 6- and 11-bp ho-
mologous regions, were displaced by over 1 kb of foreign DNA
(Fig. 2). In RG5201, 64 bp of O terminal sequence, including
the 6- and 11-bp regions, were restored to the cleavage site
adjacent to the gpt cassette (Fig. 2).

To assay for cleavage at the recombinant O-R cleavage sites,
virion DNAs from RG5001 and RG5201 were digested with
HindlIll, separated electrophoretically, transferred, and hy-
bridized with pON1101 DNA, which contains gpt sequences.
Because the gpt insertion introduced a new HindIII site (Fig.
2), a 2.2-kb terminal fragment analogous to the M fragment
and designated M* was predicted from cleavage at the M-R
cleavage site, and a 1.2-kb fragment analogous to the O frag-
ment and designated O* was predicted from cleavage at the
recombinant O-R cleavage site.

In RG5201, both O* and M* fragments were observed,
indicating that cleavage occurred at both the unaltered M-R
site and the recombinant O-R site. In RG5001, however, the
M* fragment was observed but the O* fragment was absent,
indicating that cleavage did not occur at the recombinant O-R
cleavage site which lacked the 64 bp of O terminal sequence
(Fig. 5A). As these viruses differ only by the additional 64 bp
in RG5201, we conclude that the 64 bases of the O terminus
contain cis sequence elements required for cleavage.

The role of R terminal sequences in cleavage. At the right end
of the repeat within R, M terminal sequences containing pac2
join unique sequences (Fig. 4). The unique region adjacent to
the M terminal pac2 was sequenced and contained no se-
quences with homology to pac! (data not shown). If M termi-
nal sequences alone can mediate cleavage, then a staggered cut
at this site should produce R terminal fragments which lack a
repeat. Initial characterization of the GPCMYV genome did not
detect these termini (7). We examined wild-type GPCMV and
our two recombinant GPCM Vs for the presence of R terminal
fragments. Virion DNAs were digested with HindIIl, separat-
ed, and transferred as described above and then hybridized
with the Mlul/HindIII fragment of pGP45 (Fig. 1B) to specif-
ically detect unique sequences proximal to the repeat in the R
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. CCGCFGCEGCEATGCGGGdAAAAAGABCTTGGGTTCGTGCGCCCACGCGCTGGTCGT GCGCCTCAGGGCGGCATGGCCAAAACGGTIGGGGGCCCCCGGARAGCCCGCCCCCCGGRAAAC. . .

pac? 6 bp region $ pacl
cleavage point
O-R
B ¢ 7272 /
/ /
O terminus R terminus
- >
. . TGTCCCAATTCCCATGCCCTACTTCTCACCCGCTCCCTAAACCCTGCGCGGAAAAGC CGCGGAGTCCCGCCGTACCGGTTTTGCCACCCCC CTTTCGGGC r"t‘TTTG. ..
. .ACAGGGTTAAGGGTACGGGATGAAGAGTGGGCGAGGGATTTGGGACGCGCCTTTTCG GCGCCTCAGGGCGGCATGGCCAAAAC CC FF‘F“lllFf‘FFMFFFPFFGFAAAC. . e
11 bp region 6 bp region A pacl
cleavage point
C . M terminus
pac2 CGCGGCG motif pac2 A rich region

\

\

. . .AGGCCGGAAATCGCGAGCGEGCCGCYGCEGCGE GCG?(‘IJ‘ CTTGGGTTCGTGCGCCCACGCGCTGGTCGT
. . .GCGCGGGCTCGTGGCGATGCCACAGGGTTAAGGGTACGGGATGAAGAGTGGGCGAGGGATTTGGGACGCGCCTTTTCG

11 bp region 6 bp region

O terminus

FIG. 4. Conserved sequences at GPCMYV cleavage sites. (A) An M-R cleavage site consisting of double repeats (hatched boxes) is shown within a GPCMV
concatemer. R and M terminal sequences are aligned beneath to reconstruct the sequences flanking the M-R site. A gap between the two sequences represents a base
pair presumably lost during cloning. The pacI and pac2 elements are boxed. (B) An O-R cleavage site consisting of a single repeat is shown with the R and O terminal
sequences aligned beneath. The 6- and 11-bp regions of homology are underlined. (C) Comparison of M and O terminal sequences aligned from the point of cleavage.

Identical bases are connected by vertical lines. The sequences shown are in 3’-to-5" orientation.

terminal fragment. Although 2.7-kb R fragments were ob-
served in all three viruses, 1.7-kb fragments lacking the termi-
nal repeat were not detected (Fig. 5B), indicating that stag-
gered cuts did not occur at this site. Therefore, sequences
within the R terminus are essential for cleavage by a staggered
cut mechanism.

DISCUSSION

The genomic structure of GPCMYV provided three unique
opportunities. First, the presence of no more than one repeat

at each end enabled us to resolve the mechanism of circulariza-
tion by determining the number of repeats in circular GPCMV
DNA. We found that two novel junction fragments are formed
following circularization of GPCMYV genomes. Their measured
molecular weights match the predicted values for junctions
containing single and double repeats. Because both the exo-
nuclease and recombination mechanisms predict a loss of one
terminal repeat, neither can account for the formation of dou-
ble-repeat-containing junctions unless a significant proportion
of viral genomes contain two repeats at one end and one
repeat at the other. Although virion DNA did reveal evidence
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FIG. 5. Cleavage at GPCMYV cleavage sites. (A) Virion DNAs from recom-
binant viruses RG5001 and RG5201 were digested with HindIII, electrophoreti-
cally separated, transferred, and hybridized with pON1101 DNA to detect ter-
minal fragments containing gpt sequences. The M* fragment is slightly larger in
RG52001 due to the additional 64 bp of sequence. (B) The membrane shown in
panel A was rehybridized with an Mlul/HindIII fragment from pGP45 (Fig. 1B)
to detect R terminal fragments. The positions of molecular weight markers are
indicated.

for a small fraction of genomes with two repeats at either
terminus (Fig. 1D), the quantity of these genomes is insuffi-
cient to account for the large proportion of double-repeat-
containing junctions in circular genomes.

The presence of single and double repeats in GPCMYV cir-
cular DNA is consistent with circularization by an end-to-end
ligation mechanism, since double repeats would result from
circularization of genomes with one repeat at M and R termini
and single repeats would result from circularization of ge-
nomes with one repeat at R termini and no repeat at O ter-
mini. Like GPCMYV, a significant proportion of HCMV and
murine cytomegalovirus (MCMV) genomes have been re-
ported to lack terminal repeats (14, 28), but the ability of these
genomes to circularize and enter replication has not been pre-
viously established.

The sequences of R and O termini also support a ligation
mechanism. No repeated regions exist between R and O ter-
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mini, and with the exception of one missing base, the sequence
predicted from ligation of R and O termini matches the se-
quence where R and O sequences meet within the M fragment.
Analogous results were observed when comparing terminal
sequences with concatemeric junctions from HSV (18),
HCMYV (28), MCMV (14), varicella-zoster virus (3), equine
herpesvirus 1 (23), bovine herpesvirus 1 (10), and pseudorabies
virus (PRV) (11). Direct sequencing of HSV virion DNA re-
vealed a 3’ single-base overhang at each terminus (18), and
evidence based on the absence of single bases from terminal
fragment clones (presumably removed by DNA polymerase
treatment prior to cloning) suggests 3’ single-base terminal
overhangs for GPCMYV (this study), MCMV (14), rat cyto-
megalovirus (RCMV) (33), HCMV (28), varicella-zoster virus
(3), equine herpesvirus 1 (23), and bovine herpesvirus 1 (10).
In conjunction with our findings for GPCMYV, these observa-
tions indicate that the majority of herpesviruses circularize by
annealing and ligation of 3’ single-base overhangs.

There are, however, two notable exceptions. In PRV, one
end is blunt and the other has a 2-base 3’ overhang, yet the
sequence of concatemeric junctions is consistent with ligation
of these termini and repair of the resulting 2-bp single-strand
gap (11). In EBV, one end is blunt and the other has a single-
base 3’ overhang. The sequence of circular episomal EBV,
however, cannot be explained by ligation of virion termini and
may involve recombination (35).

The sequence comparisons described above also suggest that
cleavage for most herpesviruses occurs by a single-base stag-
gered cut (3, 10, 14, 18, 23, 28). Although strongly supportive
of this mechanism, certain aspects of our data suggest addi-
tional levels of complexity. For GPCMV, the staggered cut
mechanism implies that M termini arise from cleavage be-
tween double repeats and that O termini arise from cleavage
adjacent to single repeats. Since M and O terminal fragments
are equally prevalent in virion DNA, MR and OR fragments
should be equally prevalent in concatemeric DNA. Examina-
tion of HMW DNA in Fig. 3B, however, reveals that OR
fragments are three- to fourfold more prevalent than MR
fragments. We also found that genomes having O termini pro-
duce circular molecules which contain one repeat, yet concate-
meric DNA from stocks derived from single viral plaques con-
tains both single and double repeats (data not shown),
suggesting that at some point the terminal repeat undergoes

GPCMV (M) tgctggtcgcgcacccgegtgettgggtteg AGAAAAA ggggcgt CGCGGCG. . .

GPCMV(0) gcttttcecgecgcagggtttagggagegggtg AGAAGTA gggcatgggaattgggacaccgtage. ..

MCMV gggccc cagacggccggggggg ATAAAAA gtggtactgagctaggteccctatg aaaaaaagaagtatctge CGCGGCG. .
RCMV ccaac cgggaggagagggggg AAAAAA gcgcaagcgggatgagegggatgagegggagd. ..
HCMV .gttgegtgtggtgcggaggacggcgacggeg AATAAAA gcgacgtgcgcgaaaagaaga. .
HHV-6 cacgcgcctcttgcagtdgcgcgcgtggtggtg AAARACA cggcgcctcccatagaggcgegegegegeg
[y |
HHV-7 tgtttttcactgagtgcqgcgcgcggjctcgc AGAAAAA gtgccttgaaggcattacaagacattggctg
HSV-1 gcageccgggcecccacgegggcggggeg gegege AAAAAA ggegggeggcggtecgggeggegtgegegeg CGCGGCG. . .
EBV ggggcatggggggccgegecattcctgg AAAAA gtggagggggcgtggctggecce CGCGGC c. ..

FIG. 6. Conservation of the 6-bp region at herpesvirus termini. The GPCMV O and M terminal sequences are aligned with terminal pac2 containing sequences from
MCMYV (14), RCMV (33), HCMV (19), HHV-6 (30), HHV-7 (22), HSV (type 1) (18), and EBV (35). The left ends correspond to genomic termini, except for HCMV,
which has an additional 94 bp between the left end of the sequence and the terminus. Sequences from the GPCMYV 6-bp region are underlined. The 8-bp sequence
conserved between RCMV, MCMV, and HCMV is boxed. A 7-bp sequence conserved between HHV-6 and HHV-7 (dashed box) contains 5 bp from the GPCMYV 6-bp
region (underlined). The pac2 A-rich regions and CGCGGCG motifs (if present) are offset by spaces and capitalized. Terminal 3’ single-base overhangs are not

included.
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limited duplication. One explanation proposed for HSV a se-
quence amplification is that terminal repeats are acquired from
neighboring genomes in the concatemer (31). This mechanism
is unlikely for GPCMYV, as it would result in genomes lacking
R terminal repeats, and none were detected by hybridization.
A second explanation is that the a sequence is duplicated
during the cleavage process (31). This clearly is not the case for
all cleavage events in GPCMYV, since O termini have no repeat;
however, it is possible that some portion of O-R sites are
cleaved by a mechanism that duplicates the repeat to produce
M termini. This could also explain how equal quantities of M
and O termini arise from disproportionate quantities of M-R
and O-R sites, since some M termini would be derived from
O-R sites.

Second, the existence of two cleavage sites within one virus
allowed identification of two regions that are conserved be-
tween the two sites. The 11-bp region coincides with the A-rich
region of pac2, and the 6-bp region occurs 7 bases from the M
and O termini. The 6-bp region does not coincide with either
pacl or pac2 but is found at pac2-containing termini of several
herpesviruses (Fig. 6). Because the 6-bp region is small and
G/C rich, it may occur randomly in herpesvirus terminal re-
gions; however, its specific association with pac2-containing
termini and its conserved spacing relative to the termini, par-
ticularly within the rodent cytomegaloviruses (Fig. 6), suggest
that the placement of the 6-bp region is not random.

The pac2 CGCGGCG motif was not conserved between the
two GPCMV cleavage sites, and its absence from one site
clearly indicates that it is not essential for cleavage. This is
consistent with the fact that CGCGGCG motifs do not exist
near the pac2 A-rich regions of RCMV (33), human herpes-
virus 6 (HHV-6) (30), or HHV-7 (22). However, its presence at
the other GPCMYV site implies that it does serve a purpose,
possibly to increase cleavage efficiency at this site. Because a
double repeat is essentially an O-R site adjacent to a second
repeat (Fig. 4), cleavage might be expected adjacent to double
repeats, producing R termini with two repeats. Hybridization,
however, detected only a very faint 3.7-kb fragment resulting
from such termini (Fig. 1D), indicating that cleavage prefer-
entially occurs between double repeats. The presence of the
CGCGGCG motif may be responsible for this preferential
cleavage.

Third, the presence of two cleavage sites enabled us to
mutagenize one cleavage site in a recombinant virus while
maintaining cleavage at the second site. This confirmed the
existence of cis cleavage elements within a 64-base sequence.
In addition, our failure to detect R termini lacking a repeat
indicates a need for cis cleavage elements within the pacl-
containing R terminal region. This is consistent with data
showing that regions of the HSV a sequence which contain
pacl are necessary for serial passage of HSV amplicons (5, 20,
31) and for cleavage at ectopic sites inserted into the HSV
genome (24, 31).

As the 6- and 11-bp regions of homology are within the
64-base region, they are strong candidates for cis cleavage
elements. Additional data are needed to define the function of
the 6-bp region. The 11-bp region, however, includes the pac2
A-rich region, an element conserved at all herpesvirus cleavage
sites that have been sequenced. Deletions that remove the
HSV pac2 from the a sequence block serial passage of HSV
amplicons (5, 31) and are inefficiently cleaved when inserted at
an ectopic site in the HSV genome (24, 31). Because these
deletions remove sequences other than pac2, they do not spe-
cifically show that pac2 or sequences within pac2 are required
for cleavage. Our data show that an 11-bp region coincident
with the A-rich region of pac2 is conserved between the two

J. VIROL.

GPCMV cleavage sites and lies within a 64-bp region that
contains sequences essential for cleavage. These results strong-
ly imply a role for the pac2 A-rich region in GPCMYV cleavage
and, because it is found at all herpesvirus cleavage sites, sug-
gest that the pac2 A-rich region is a cis cleavage element
common to all herpesviruses.
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