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The DNA sequence motifs pac1 [an A-rich region flanked by poly(C) runs] and pac2 (CGCGGCG near an
A-rich region) are conserved near herpesvirus genomic termini and are believed to mediate cleavage of
genomes from replicative concatemers. To determine their importance in the cleavage process, we constructed
a number of recombinant murine cytomegaloviruses with a second cleavage site inserted at an ectopic location
within the viral genome. Cleavage at a wild-type ectopic site occurred as frequently as at the natural cleavage
site, whereas mutation of this ectopic site revealed that some of the conserved motifs of pac1 and pac2 were
essential for cleavage whereas others were not. Within pac1, the left poly(C) region was very important for
cleavage and packaging but the A-rich region was not. Within pac2, the A-rich region and adjacent sequences
were essential for cleavage and packaging and the CGCGGCG region contributed to, but was not strictly
essential for, efficient cleavage and packaging. A second A-rich region was not important at all. Furthermore,
mutations that prevented cleavage also blocked duplication and deletion of the murine cytomegalovirus 30-bp
terminal repeat at the ectopic site, suggesting that repeat duplication and deletion are consequences of
cleavage. Given that the processes of genome cleavage and packaging appear to be highly conserved among
herpesviruses, these findings should be relevant to other members of this family.

Herpesviruses have large (130- to 235-kb) double-stranded
linear DNA genomes that circularize shortly after infection
(18, 27, 39). Studies of herpes simplex virus type 1 (HSV-1),
pseudorabies virus, and human cytomegalovirus (HCMV) sug-
gest that viral DNA synthesis leads to the formation of con-
catemers of head-to-tail-linked genomes (8, 10, 21, 26, 27, 40,
43, 64). Evidence from HCMV suggests that DNA packaging
initiates when a concatemer end associates with an empty
capsid. Concatemeric DNA is then translocated into the capsid
until a signal is reached and the DNA is cleaved, releasing the
concatemer and leaving a unit-length genome within the nu-
cleocapsid (27). Cleavage occurs at sites defined by specific
cis-acting signals in the DNA; however, the observation that
additional cleavage sites within the genomes of HSV-1 and
HCMV and within HSV-1 defective genomes are only rarely
utilized by the cleavage machinery suggests that cleavage is
also restricted by a head-full packaging constraint (17, 39, 60).
In the rare instances that subgenomic-sized fragments are
packaged, data from HSV-1 defective genomes suggest that an
additional mechanism prevents these capsids from leaving the
nucleus (60).

In HSV-1, the cis-acting cleavage signals are located within
the terminal repeat or a sequence, that is present as a single
copy adjacent to the c sequence at the short-component ter-
minus (ca), as one or more reiterated copies adjacent to the b
sequence at the long-arm terminus (anb), and as one or more
copies in inverted orientation (relative to the terminal a se-
quences) at the junction between the long and short compo-

nents (b9a9mc9) (40). The a sequence is necessary and sufficient
to direct cleavage and packaging of HSV-1 genomes (31–33).

Studies using HSV-1 amplicons, which consist of small tan-
demly repeated subgenomic segments containing an a se-
quence linked to a viral origin of replication, have defined the
role of a sequences in cleavage and packaging (7, 15, 17, 49,
51). The importance of the a sequence in cleavage and pack-
aging was demonstrated by the observation that DNA replica-
tion occurred following transfection of HSV-1 origin-contain-
ing plasmids into HSV-1-infected cells, but that concatemeric
plasmid DNA was not cleaved or packaged unless ba, ca (51),
or a sequences alone (15) were included in the plasmid.

Two sequence motifs designated pac1 and pac2 were first
identified by their conservation at herpesvirus termini (14).
They are found within the HSV-1 a sequence and at the ter-
mini of all herpesvirus genomes for which sequence data have
been reported. pac1 motifs consist of a 3- to 7-bp A- or T-rich
region flanked on each side by 5 to 7 C’s (14, 52); pac2 motifs
consist of a 5- to 10-bp A-rich region that is often associated
with a nearby CGCGGCG (14). Both pac1 and pac2 are lo-
cated 30 to 35 bp from the genome termini, generally at op-
posite ends of the viral genome. Consequently, for most her-
pesviruses, cleavage to release genomes from concatemers
occurs between pac1 and pac2 (14). Comparisons of naturally
occurring cleavage sites (13, 19, 28, 44) and deletion mutagen-
esis of cleavage sites in defective genomes (14, 15, 34, 57, 65)
or recombinant viruses (28, 48, 57) have shown that pac1 and
pac2 lie within regions of DNA that are coincident with cis-
acting cleavage elements. The most detailed of these studies
relied on progressive deletions to map essential cleavage ele-
ments within the HSV-1 a sequence, but interpretation of
these results was compromised by a-sequence duplication and
recombination (48). Neither pac1 nor pac2 has been subjected
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to site-directed mutagenesis to evaluate its contribution to
cleavage.

We addressed the roles of pac1 and pac2 in cleavage and
packaging during murine cytomegalovirus (MCMV) replica-
tion because of the simplicity of both its cleavage site and its
genome structure. The MCMV cleavage site consists of pac1
and pac2 flanking either one or two copies of a 30-bp repeat
(25) and lacks the multiple direct repeats characteristic of
the HSV-1 (32) and HCMV (30, 53) a sequences. Since the
MCMV class F genome (39) lacks internal inverted repeats,
invertible genome segments, and reiterated cleavage sites (16,
(29), recombination between an ectopic cleavage site and
the wild-type terminal sequences was anticipated to be min-
imal. We constructed a recombinant MCMV containing
an additional, ectopic cleavage site and found that it was
cleaved efficiently. We then constructed additional recom-
binant MCMVs with ectopic cleavage sites containing mu-
tations within the conserved components of pac1 and pac2 and
tested these viruses for cleavage at their ectopic cleavage sites.
Here, we report the effects of mutations within the conserved
components of pac1 and pac2 on cleavage and packaging.

MATERIALS AND METHODS

Cells and virus culture. Except where otherwise noted, recombinant MCMVs
were propagated in murine NIH 3T3 cells (ATCC CRL1658) as previously
described (50).

Virion and infected cell DNA preparation. Murine NIH 3T3 cells (107) were
infected with recombinant viruses at a multiplicity of infection of 0.1 and incu-
bated for 7 days, at which time virion and infected cell DNAs were prepared as
previously described for guinea pig cytomegalovirus (GPCMV) (28).

Plasmid construction and mutagenesis. Plasmid pON432 contains a 5.4-kb
HpaI-EcoRI fragment cloned from MCMV DNA (nucleotides 184315 to 189670
in the MCMV genomic sequence [38]) and includes the HindIII site located at
nucleotide position 187889 between the HindIII L and J fragments of the
MCMV genome (50). Plasmid pMA34 contains an 860-bp HindIII-XhoI frag-
ment from HindIII J (nucleotides 187889 to 188752 [see Fig. 1]) subcloned from
pON432 into HindIII-XhoI-digested pMA10, a cloning vector derived by blunt-
end ligation of an XhoI-containing linker (P-CCGCTCGAGCGG) into the
HincII site of pUC18 (62).

All plasmids used in recombinant virus construction were derived from plas-
mid pON4072, which has the same structure, within the region of the ectopic
cleavage site, as virus RM4072 (Fig. 1A). The ectopic cleavage site introduced
into pON4072 was originally derived from plasmid E9 (kindly provided by D.
Spector), which contains a fusion of the MCMV C and X termini (named with
reference to the EcoRI C and X fragments found at these termini) (24). A 1.9-kb
EcoRI-HindIII fragment (CX), consisting of the HindIII Q-terminal fragment
(nucleotides 1 to 543) fused to the EcoRI C-terminal fragment (nucleotides
228920 to 230278), was subcloned from plasmid E9 into pUC18 to make
pON4047. A KpnI site 1 kb from the point of fusion between C and X sequences
(nucleotide position 229283) was converted to an XhoI site (indicated by an
asterisk in Fig. 1A) by digestion of pON4047 with KpnI, treatment with T4 DNA
polymerase and deoxynucleoside triphosphates (4), and blunt-end ligation to an
XhoI linker (P-CCGCTCGAGCGG), to make pON4048. In plasmid pON4051,
the modified CX fragment from pON4048 was cloned adjacent to an expression
cassette from the Escherichia coli xanthine-guanine phosphoribosyltransferase
(gpt) gene in pON1101 (58) by ligation of a HindIII-BsaI fragment from
pON4048 (which contains the CX fragment, E. coli origin of replication, and part
of the b-lactamase gene) to a HindIII-BsaI fragment from pON1101 (which
contains the gpt cassette and the remainder of the b-lactamase gene). Finally, to
make plasmid pON4072, an AseI-BamHI fragment from pON4051 containing
the gpt/CX region was ligated to HindIII-digested pON432 after making all ends
blunt by treatment with T4 DNA polymerase and deoxynucleoside triphosphates
(4).

Plasmids described here have the same ectopic site sequences as those of
recombinant viruses with the same number (replace pON with RM in designa-
tions). The sequences of all mutations as well as the locations of relevant re-

FIG. 1. Structures of recombinant viruses containing ectopic cleavage sites. Shown is a representation of the wild-type MCMV genome and HindIII restriction map,
with X- and C-terminal sequences shown as hatched boxes. The expanded regions show the HindIII site between L and J in wild-type virus, the lacZ insertion (black
box) at this HindIII site in recombinant virus RM461, and the ectopic cleavage site inserted at the same location in recombinant virus RM4072. The ectopic site consists
of a fusion of C- and X-terminal sequences (hatched boxes labeled X and C) adjacent to a gpt expression cassette (open box). The point at which cleavage is predicted
to occur (where C and X sequences are fused) is indicated. The XhoI site marked with an asterisk was engineered into this region (see Materials and Methods). The
thick lines indicate the DNA sequences contained in the indicated hybridization probes. (B) BamHI and XhoI fragments generated from recombinant viruses containing
ectopic cleavage sites are predicted based on the locations of BamHI and XhoI sites and the predicted point of cleavage. The fragment sizes in kilobases are indicated.
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striction enzyme sites and PCR primers are shown in Fig. 2. To make pON4074,
one of the two 30-bp repeats in pON4072 was deleted by digestion with ApaI
(which cleaves pON4072 twice, once within each 30-bp repeat) followed by
ligation of the ends. Plasmids pON4077 and pMA39 were constructed by diges-
tion of pON4074 with XbaI and ApaI, followed by ligation to 50-bp double-
stranded synthetic oligonucleotides engineered with XbaI and ApaI cohesive
ends (for pON4077, 59-CTAGAGGACAAAAATATAGCCCCCCCATGGCG
TTCCCCCCCGGGGGGCC; for pMA39, 59-CTAGAGGACAAAAATATAG
CCATGGCAATCAAAATACCCCCCCGGGGGGCC).

The mutation in plasmid pON4091 was created by cloning two PCR products
amplified from pON4048 DNA into the T/A cloning vector pCRII (Invitrogen).
The primers contained mutations that introduced NcoI sites such that when the
two fragments were cloned adjacent to one another by using NcoI, a complete
cleavage site containing an NcoI mutation resulted. Plasmid pON4081 contains
the PCR product from primers P2YC (59-TATGAgccATgGAAGTATCTGCC
GCGGCG; mutations shown in lowercase) and P2XE (59-ACACGAACATCG
TTATTACCT), and pON4083 contains the PCR product from primers P2YB
(59-ACTTCcaTggcTCATAGGGGACCTAGCCT) and XNEW (59-TGCCACG
CCCTCGGTGACGTGC). The two PCR-generated sequences were joined at
the NcoI site by insertion of the XbaI-NcoI fragment from pON4083 into XbaI-
NcoI-digested pON4081 to make pON4087. An XbaI-XhoI fragment containing
the combined PCR-generated sequences from pON4087 was then used to re-
place the analogous XbaI-XhoI fragment in pON4048 to make pON4088; finally,
an XbaI-SalI fragment from pON4088 was used to replace the analogous XbaI-
SalI fragment of pON4072 to make pON4091.

Plasmid pON4092 was created in a similar way, using different primers. Plas-
mid pON4085 contains the PCR product from primers P2XC (59-GGATccAtg
GTGGTACTGAGCTAGGTC) and P2XE, and pON4082 contains the PCR
product from primers P2XB (59-CCACcaTggATCCCCCCCGGCCGTCTGA)
and XNEW. In pON4089, the two PCR-generated sequences replaced analogous
sequences in pON4048 by trimolecular ligation of XhoI-XbaI-digested pON4048
DNA, the NcoI-XbaI fragment of pON4082, and the NcoI-XhoI fragment of
pON4085. Finally, an XbaI-SalI fragment from pON4089 was used to replace the
analogous XbaI-SalI fragment of pON4072 to make pON4092.

The mutation in plasmid pON4097 was made the same way except that dif-
ferent PCR primers introduced a PacI site instead of an NcoI site. Plasmid
pON4086 contains the PCR product from primers P2ZC (59-TATCTtaattaatG
CCCTCGGCGGCAAAAAACTG) and P2XE, and pON4084 contains the PCR
product from primers P2ZB (59-AGGGCattaattaAGATACTTCTTTTTTTCA
TA) and XNEW. In pON4093, the two PCR-generated sequences were joined at

the PacI site by insertion of the XbaI-PacI fragment from pON4084 into XbaI-
PacI-digested pON4086. An XbaI-XhoI fragment from pON4093 was then used
to replace the analogous XbaI-XhoI fragment in pON4048 to make pON4094;
finally, an XbaI-SalI fragment from pON4094 was used to replace the analogous
XbaI-SalI fragment of pON4072 to make pON4097.

Plasmid pON4122 was constructed by digestion of pON4092 with ApaI and
NcoI followed by ligation to a 43-bp double-stranded synthetic oligonucleotide
engineered with ApaI and NcoI cohesive ends (59GGCCCGCGCGCACTCAG
ACGGCCGGGGGGGATAAAAAGCCATG). Ectopic cleavage site mutations
in all plasmids were confirmed by sequencing.

Virus construction. Recombinant viruses were constructed by using gpt to
select for homologous recombination of plasmid DNAs into the viral genome as
described by Vieira et al. (58). For each virus construction, parental plasmid
DNA was linearized with SpeI (which cuts all of these plasmids once within
MCMV HindIII L sequences 3 kb from the ectopic cleavage site insertion) and
electroporated into NIH 3T3 cells as previously described (28). Twenty-four
hours after electroporation, cells were infected with MCMV recombinant virus
RM461 at a multiplicity of infection of 5. RM461 contains a lacZ insertion at the
same HindIII site as the gpt/CX insertion (Fig. 1A), and although this interrupts
a 0.85-kb gamma transcript and disrupts expression of reading frames M129 and
M131 (38), it does not alter viral growth in cultured cells (50). Therefore, it was
anticipated that viruses with gpt/CX insertions at the same site would also grow
normally in cultured cells. Three days after infection with RM461, the culture
medium was clarified by low-speed centrifugation (800 3 g for 5 min) and used
to infect a fresh 25-cm2 flask of confluent NIH 3T3 cells. Three hours after
infection, the cells were washed once with medium and incubated with 5 ml of
medium containing 40 mM mycophenolic acid (Bethesda Research Laboratories)
and 278 mM xanthine (Sigma) to select for gpt1 viruses. Three days after infec-
tion, the culture medium was clarified by centrifugation and used to infect fresh
NIH 3T3 cells under the same conditions. When significant viral cytopathic effect
was evident (typically 6 to 10 days after infection), clarified culture supernatants
were used to infect fresh NIH 3T3 cells under the same conditions. When
significant viral cytopathic effect was evident (typically 6 days after infection),
virus clones were isolated by plating serial 10-fold dilutions of clarified culture
supernatants into 96-well plates containing NIH 3T3 cells. Seven to ten days
later, virus containing wells from plates with the fewest virus positive wells were
screened for b-galactosidase expression (b-galactosidase negative viruses are
likely to have replaced lacZ in RM461 with gpt/CX from the plasmid). Wells were
incubated at 37°C for 1 to 3 h with 100 mM methylumbelliferyl b-D-galactoside
(Sigma) in the medium, and fluorescence was observed on a UV transillumina-

FIG. 2. Sequences of ectopic cleavage sites and mutations. The ectopic cleavage site with flanking HindIII L and J sequences is shown as in Fig. 1 except that the
orientation has been reversed. The predicted point of cleavage, restriction enzyme sites used in plasmid construction, and locations of oligonucleotide primers
(horizontal arrows) used for PCR, mutagenesis, and sequencing are indicated. The expanded region shows the wild-type sequences (25) for cleavage sites with one or
two copies of the 30-bp repeat (italics) found in plasmids used to make RM4072 and RM4074. The cleavage point predicted for each site is indicated with an arrow,
and the predicted components of pac1 and pac2 are boxed. Mutations introduced into the ectopic cleavage sites of the indicated recombinant viruses are shown
immediately above (RMA39) or below (RM4077, RM4122, RM4098, RM4092, RM4091, and RM4097) the wild-type sequences. Bases differing from wild type are in
lowercase, and deleted bases are indicated by dots. Restriction sites used for mutagenesis or created by mutagenesis are underlined. The sequences of the ectopic
cleavage sites of viruses RM4091D and RM4077ins which contain spontaneous deletions and an insertion are depicted at the bottom. Boxes enclose predicted
components of pac1 and pac2 that have wild-type sequences (solid borders) or contain mutations (dashed borders).
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tor. Typically more than 50% of the virus-positive wells were b-galactosidase
negative (failed to fluoresce) at this stage. b-Galactosidase-negative isolates were
screened for the correct sequence at the ectopic site by PCR and sequencing (see
below). For each virus constructed, one isolate was subcloned a second time by
limiting dilution and sequenced (see below) prior to final assignment of a name.

DNA blot hybridization. Restriction enzyme-digested virion or infected cell
DNAs were electrophoresed on 0.6% SeaKem agarose (FMC) and transferred to
nylon Nytran membranes (Schleicher & Schuell) as previously described (27).
Hybridization probes, shown in Fig. 1A, were 32P labeled by random hexamer
priming and hybridized to membranes as previously described (27).

PCR. PCR was used to screen virus isolates for insertion of the gpt/CX cassette
by amplification between oligonucleotide MOL24 (59-CACTCCCTGAAGCTC)
within the gpt sequence and oligonucleotide CNEW (59-CCCACTCCACGCCA
TTCACTTG) or MOL61 (59-CCGCACACCTCATCCTCAGCA) within the C-
terminal sequence (Fig. 2). PCR was performed on infected cell lysates as
previously described (28) except that the temperature cycles were as follows:
72°C for 2 min, 95°C for 1 min, and 63°C for 1 min. After amplification, 5-ml
aliquots of the PCR products were separated by electrophoresis on 1.5% agarose
gels and visualized with ethidium bromide and UV light. NcoI or PacI restriction
sites introduced by mutations were detected by NcoI or PacI digestion of 5 ml of
PCR product prior to electrophoresis. PCR was used to determine the number
of 30-bp repeats in 1 ng of virion or plasmid DNAs, using primers MOL24 and
CNEW and PCR conditions described above. PCR products were digested with
SmaI, separated on a 6% polyacrylamide gel, and visualized as described above.
For mutagenesis, PCR was carried out under the conditions specified above
except that template DNA consisted of 500 ng of pON4048 plasmid DNA.

Nucleotide sequence analysis. Sequencing was performed by the Sanger
dideoxy method (41), using an fmol or TaqTrack sequencing kit (Promega) with
59-end 32P-labeled synthetic oligonucleotide primers according to the manufac-
turer’s instructions. Ectopic cleavage sites in plasmids and PCR products derived
from recombinant viruses were sequenced by using oligonucleotide primers
MOL44 (59-ACAGCGCCCTCTAGACCACA) and XNEW, near the X termi-
nus, and CNEW, near the C terminus (Fig. 2). PCR products from recombinant
viruses were extracted once with phenol-chloroform and once with chloroform
and then washed three times with TE (10 mM Tris [pH 8.0], 1 mM EDTA), using
a Centricon 30 filter (Amicon), prior to sequencing.

RESULTS

Cleavage at an ectopic cleavage site. To determine whether
a fragment containing a fusion of MCMV termini would be
recognized by the cleavage and packaging machinery, we con-
structed recombinant virus RM4072 (Fig. 1A). Based on the
head-full packaging constraints implied by studies with HSV-1
defective genomes (15), we predicted that RM4072 concate-
meric replicative intermediates would be cleaved in either of
two frames, producing genomes with either natural or ectopic
termini. Using DNA blot hybridization, we detected restriction
fragments consistent with cleavage at ectopic as well as natural
sites. DNAs from RM4072 and the parental virus RM461 were
digested with BamHI or XhoI, separated electrophoretically,
and hybridized with a 32P-labeled gel-purified BamHI/XhoI
fragment probe (Fig. 1A), which contained sequences flanking
the ectopic cleavage site. BamHI-digested RM4072 virion DNA
contained 7.6-kb ectopic junction and 5.8-, and 1.8-kb ectopic
terminal fragments in approximately equimolar amounts (Fig.
3A). XhoI-digested RM4072 virion DNA contained equimolar
amounts of a 3.5-kb ectopic junction and a 2.5-kb ectopic ter-
minal fragment (Fig. 3B). A 1.0-kb ectopic terminal fragment
was also generated (data not shown) but did not hybridize with
this probe (Fig. 1B). The detection of ectopic terminal frag-
ments at levels similar to those for ectopic junction fragments
demonstrated that about 50% of RM4072 genomes were
formed by cleavage at the ectopic sites, suggesting that ectopic
sites were utilized as frequently as natural sites. Thus, the fused
MCMV termini represented an authentic cleavage and pack-
aging signal.

Whereas the parental virus RM461 cleaved natural sites
completely, recombinant RM4072 appeared to cleave at natu-
ral sites only 50% of the time. To provide additional evidence
that cleavage occurred at ectopic sites within RM4072 concate-
meric DNA, BamHI-digested RM4072 was hybridized to a
probe consisting of the ectopic cleavage site from pON4048.

This probe detected a natural junction fragment of 6.7 kb and
natural termini of 5.8 and 0.9 kb in digested RM461-infected
cell DNA but only the terminal fragments in virion DNA. In
contrast, RM4072 virion DNA contained the natural junction
and natural terminal fragments as well as the ectopic junction
fragment of 7.6 kb and ectopic terminal fragments of 5.8 and
1.8 kb (Fig. 3C). These results were consistent with our pre-
diction that a head-full restriction would cause cleavage to
occur in two frames, each frame leaving alternate cleavage sites
uncleaved, and confirmed that ectopic cleavage sites were rec-
ognized in recombinant virus RM4072. The similar amounts of
ectopic and natural junction fragments indicated that cleavage
was equally efficient at natural and ectopic sites (Fig. 3C).

Mutations in the cleavage site. Cleavage occurs at sites with
either one or two copies of a 30-bp repeat that are flanked on
one side by pac1 and on the other by pac2 (25). Within this
region are two A-rich regions which may constitute the A-rich
component of pac2, one close to the C terminus (proximal
A-rich region) the other more distant (distal A-rich region)
(Fig. 2). To determine which sequence elements of pac1 and
pac2 were necessary for cleavage and packaging, mutations
were introduced into the pac1 A-rich and left poly(C) regions,
the pac2 proximal and distal A-rich regions, and the pac2
CGCGGCG motif. In each case, mutations created a new
restriction site that significantly altered the natural nucleotide
sequence character. A-rich regions and the pac1 left poly(C)
region were converted to NcoI sites (CCATGG), and the CG
CGGCG motif was converted to an A/T-rich PacI site (TTA
ATTAA). In addition, a 6-bp NcoI site was inserted adjacent to
the pac2 proximal A-rich region, and a 4-bp insertion was
made into an XbaI site in a region lacking any conserved
sequence elements (Fig. 2). Each recombinant virus was se-
quenced through the ectopic cleavage site to confirm the pre-
dicted sequence and exclude the possibility of spontaneous
mutations, and the introduced restriction enzyme sites were

FIG. 3. Cleavage at the ectopic cleavage site of RM4072. Autoradiograms
show cell-associated (-c) and virion (-v) DNAs from the parental virus RM461
and from RM4072 digested with BamHI or XhoI and hybridized with 32P-labeled
probes following electrophoresis and transfer to nylon. (A and B) Results of
hybridization with a BamHI/XhoI fragment from pON432 which detected frag-
ments from ectopic junctions and termini; (C) results of hybridization with
pON4048 DNA to detect fragments from both ectopic and natural cleavage sites
and termini. The positions of molecular size markers are shown on the left of
panel A, and the locations and sizes in kilobases (in parentheses) of BamHI and
XhoI ectopic junction (JE), natural junction (JN), ectopic terminal (TE), natural
terminal (TN), and comigrating ectopic and natural terminal (TE/N) fragments
are indicated. Note that in panel B, an irrelevant 2.0-kb XhoI fragment adjacent
to the ectopic cleavage site also hybridizes to the probe.
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used to confirm the presence of the mutations within the virion
DNAs. The level of cleavage at the ectopic sites was assessed
by hybridization of XhoI-digested virion DNAs with 32P-la-
beled pMA34 DNA (Fig. 1), a probe from the HindIII J region
that was predicted to hybridize to the 3.5-kb ectopic junction
and 2.5-kb ectopic terminal fragments (Fig. 1). Mutations that
reduced the efficiency of cleavage at ectopic sites would reduce
the abundance of the 2.5-kb terminal fragments and increase
the abundance of 3.5-kb junction fragments. The ratio of
2.5-kb to 3.5-kb fragment intensities for RM4072 was deter-
mined by densitometric quantitation of the 3.5- and 2.5-kb
fragments and was then divided by the ratio for each mutant
virus to determine the fold reductions in cleavage efficiency for
mutant cleavage sites relative to the wild-type cleavage site.
Results were confirmed by hybridization of BamHI-digested
virion DNAs to the BamHI/XhoI pON432 probe, which de-
tected both ectopic terminal fragments and ectopic junction
fragments (not shown).

Mutations in or near the pac2 proximal A-rich region had
the most profound effects on cleavage, as evidenced by the
virtual absence of 2.5-kb fragments. Densitometric quantita-
tion estimated that the RM4092 mutation, which carried a
clustered mutation within the pac2 proximal A-rich region
(AAAAA to CCATG), reduced cleavage efficiency 42-fold,
and the RM4122 mutation, which carried an insertion muta-
tion adjacent to the proximal A-rich region, reduced efficiency
59-fold (Fig. 4). Mutation of the pac2 CGCGGCG motif to
ATTAATTG in virus RM4097 reduced cleavage efficiency 20-
fold (Fig. 4). Mutations within the pac1 left poly(C) region
(CCCCCCC to CCATGGC) in RMA39 reduced cleavage 35-
fold (Fig. 4). Somewhat surprisingly, disruption of the pac1
A-rich region (AAAAA to GGCGGCG) in RM4077 had a
modest threefold effect on cleavage (Fig. 4), a level that was
consistently observed when progeny from independent in-
fections were analyzed (not shown). In contrast, mutation of
the pac2 distal A-rich region (AAAAAA to GCCATG) in
RM4091 and insertion of 4 bp into an XbaI site in noncon-
served sequences 14 bp to the left of pac1 in RM4098 reduced
cleavage efficiency only 1.5-fold (Fig. 4). These findings dem-
onstrated that only the proximal A-rich region was required for
cleavage and packaging; the distal region was dispensable.
Thus, the proximal region should be considered to be a func-
tional component of pac2. Sequences to the right of the

proximal A-rich region were also important for cleavage,
and although not strictly required, the CGCGGCG motif
contributed significantly to the frequency of cleavage. Within
pac1, the left poly(C) region was of considerable importance
but the A-rich region was not.

Spontaneous mutations at the ectopic cleavage site. During
construction of RM4077 and RM4091, a single isolate of each
exhibited a complete failure to cleave ectopic sites. Nucleotide
sequencing revealed that these two isolates contained adven-
titious mutations. One isolate, designated RM4077ins, con-
tained the expected pac1 A-rich region mutation and had a
47-bp insertion disrupting one of the two 30-bp repeats (Fig.
2). The first 13 nucleotides of the 47-bp insertion matched
nucleotides 139721 to 139733 of the MCMV genomic se-
quence, within the M96 reading frame (38), but the remaining
34 bp were apparently not derived from the MCMV genome.
The other isolate, designated RM4091D, contained the ex-
pected mutation in pac2 and had undergone a spontaneous
35-bp deletion removing most of the pac1 A-rich region and 19
bp of the 30-bp repeat (Fig. 2). Cleavage assays confirmed that
both RM4077 and RM4091 cleaved efficiently, whereas the
viruses with additional mutations failed to cleave at the ectopic
site to any detectable level (Fig. 5). The deletion in RM4091D
may have removed additional sequences required for cleavage,
such as the pac1 right poly(C) region or the 30-bp repeat, and
the 47-bp insertion in RM4077ins may have inactivated the
pac2 A-rich region; however, an alternative explanation is that
these mutations altered critical spacing between pac1 and pac2
and thus disrupted their cleavage function.

Deletion and duplication of the 30-bp terminal repeat. The
natural cleavage sites of wild-type MCMV contain either single
or double 30-bp repeats (25). Virus RM4072 was constructed
from a plasmid (pON4072) that contained two copies of the
30-bp repeat element. To determine whether cleavage would
occur at an ectopic cleavage site derived from a single 30-bp
repeat element, RM4074 was constructed from a plasmid that
is identical to pON4072 but contained a single 30-bp repeat.
The ectopic cleavage site of virus RM4074 was cleaved as ef-
ficiently as the site in RM4072 (Fig. 4). To determine whether
RM4072 and RM4074 retained the number of 30-bp repeats
present in the plasmids from which they were derived, virion
DNAs were PCR amplified by using primers CNEW and
MOL24 (Fig. 6A). The resulting 700-bp PCR products were
digested with SmaI and separated on a 6% polyacrylamide gel.
The PCR product derived from plasmid pON4074 contained a

FIG. 4. Cleavage at mutated ectopic cleavage sites. Autoradiograms of
virion DNAs from recombinant viruses digested with the indicated restriction
enzymes and hybridized with 32P-labeled pMA34 DNA to detect ectopic junc-
tion and terminal fragments following electrophoresis and transfer to nylon. For
each virus, the fold reduction in cleavage is estimated from densitometric
quantitation of the 2.5- and 3.5-kb fragments in the lane above (for details, see
Results). The positions of molecular size markers are shown on the left, and
arrows indicate the 3.5-kb XhoI ectopic junction fragments (JE) and 2.5-kb XhoI
ectopic terminal (TE) fragments. Analysis of RMA39 was carried out in an
experiment separate from the other viruses.

FIG. 5. Cleavage at ectopic cleavage sites containing spontaneous mutations.
The autoradiogram shows virion DNAs from recombinant viruses digested with
the indicated restriction enzymes and hybridized with 32P-labeled pMA34 DNA
to detect ectopic junction and terminal fragments following electrophoresis and
transfer to nylon. The positions of molecular size markers are shown on the left,
and arrows indicate the 3.5-kb XhoI ectopic junction fragments (JE) and 2.5-kb
XhoI ectopic terminal (TE) fragments.

52 MCVOY ET AL. J. VIROL.



146-bp SmaI fragment predicted for a single 30-bp repeat, and
the PCR product derived from plasmid pON4072 contained a
176-bp SmaI fragment (Fig. 6B). The PCR product derived
from either RM4072 or RM4074 DNA contained two SmaI
fragments identical in size to those derived from pON4072 and
pON4074, indicating that both single and double repeats were
present at the ectopic cleavage sites of virus RM4072 (Fig. 6B).
Thus, deletion or duplication of the 30-bp repeat generated
genomes containing single and double 30-bp repeats at the
ectopic cleavage sites of recombinant viruses. Only ectopic
sites that were efficiently cleaved exhibited a mixture of single
and double 30-bp repeats. Viruses with ectopic cleavage sites
that were not cleaved (RM4092 and RM4122) retained the
same number of repeats as the plasmids used in their construc-
tion (Fig. 6B). The ratio of single- to double-repeat-containing
fragments in viruses that were cleaved was estimated by den-
sitometry and ranged from 1:6 for RM4072 to 1:1 for RM4097
(Fig. 6B). The process by which the 30-bp repeat is duplicated

appears to be integral to the process of cleavage and packag-
ing.

DISCUSSION

Although the signals for herpesvirus genome cleavage and
packaging have been localized to regions within the HSV-1 a
sequence (14, 48, 57) and are proposed to include the con-
served sequence elements pac1 and pac2 (14), definition of
HSV-1 cleavage/packaging signals by mutagenesis has been
hindered by the structure of the HSV-1 genome, the variable
number of a sequences at genome cleavage sites, and the
complexity of sequences within the a sequence. In the present
study, cleavage/packaging signals were evaluated in the context
of a herpesvirus with minimal cleavage site complexity and a
simple genome structure which does not undergo inversion. A
1.9-kb fusion of sequences from each end of the MCMV ge-
nome was shown to support efficient cleavage and packaging.
This finding demonstrated that all of the cis signals necessary
for cleavage and packaging are contained within these se-
quences and that ectopic placement of the cleavage site does
not affect the cleavage/packaging process. Mutations targeting
the conserved sequence elements pac1 and pac2 demonstrated
that these elements are coincident with cis cleavage/packaging
elements. These results indicate that this system provides an
effective tool for defining herpesvirus cleavage and packaging
sequences on the basis of function rather than homology.

The importance of pac1 in cleavage and packaging was dem-
onstrated by a mutation in the left poly(C) region that virtually
eliminated cleavage and packaging at the ectopic site. A mu-
tation in the adjacent A-rich region reduced cleavage and
packaging only threefold. This was surprising since A- or T-
rich regions are invariably located between poly(C) tracts in
herpesvirus pac1 elements (13, 14, 25, 28, 30, 33, 42, 52, 55, 59,
65). These A- or T-rich regions, however, vary significantly in
size and composition (Fig. 7), suggesting that A or T richness
rather than specific sequences is important for this region. The
pac2 A-rich and CGCGGCG components were also found to
have important roles in cleavage and packaging. Mutation of
the proximal A-rich region virtually eliminated cleavage and
packaging but mutation of the distal A-rich region had no
significant effect, indicating that the proximal A-rich region
should be considered the A-rich component of the MCMV
pac2. Mutation of the CGCGGCG motif did not eliminate
cleavage and packaging but reduced its frequency 20-fold, in-
dicating that the CGCGGCG motif contributes significantly to
the efficiency of cleavage and packaging but is not strictly
essential. The observation that the A-rich region is more im-
portant than the CGCGGCG motif for cleavage and packaging
may suggest that these elements have separate functions. The
fact that they are separated by sequences having no role in
cleavage or packaging (the distal A-rich region) supports the
notion that they are distinct elements. Thus, designation of the
A-rich region and CGCGGCG motif as components of pac2
may be artificial.

Our results confirm the premise that conserved sequences at
herpesvirus termini (pac1 and pac2) function in cleavage and
packaging, which was implied by sequence conservation near
the cleavage sites of a variety of herpesviruses (13, 19, 28, 44),
and was reinforced by deletion analysis using defective ge-
nomes (14, 15, 34, 57, 65) and recombinant viruses (28, 48, 57).
In the most detailed of these studies (48), Smiley et al. inserted
a-sequence segments with progressive deletions into an ectopic
site in the HSV-1 genome and observed a marked decline in
cleavage even before the deletions encroached on pac1 or
pac2. Larger deletions that removed pac1 or pac2 had no

FIG. 6. Distribution of 30-bp repeats at ectopic cleavage sites of recombinant
viruses. (A) Representation of the ectopic cleavage site as in previous figures,
showing the positions of primers MOL24 and CNEW, the predicted PCR prod-
uct, and SmaI restriction digest products. Ectopic cleavage sites with one 30-bp
repeat are predicted to result in 146-bp SmaI fragments, and those with two
30-bp repeats are predicted to result in 176-bp SmaI fragments. (B) Ethidium
bromide-stained polyacrylamide gel showing SmaI-digested PCR products am-
plified from plasmids pON4072 and pON4074 or from virion DNAs of recom-
binant viruses, using MOL24 and CNEW. The final lane contains the PCR
product from RM4097 virion DNA without SmaI digestion. Below the lanes are
indicated the number of 30-bp repeats in plasmids pON4072 and pON4074 or in
the plasmids used to construct each recombinant virus, whether the ectopic
cleavage site is cleaved (1), not cleaved (2), or inefficiently cleaved (6), and the
estimated ratio of double- to single-repeat-containing fragments. The sizes of
HaeIII fragments of fX174 replicative DNA (markers) are indicated on the left,
and arrows on the right indicate the 146- and 176-bp SmaI fragments.
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additional effect (48). In our work, both pac1 and pac2 were
critical for cleavage and packaging when flanking sequences
were left intact. The results of Smiley et al. (48) can be recon-
ciled with our results by a need for proper spacing between
pac1 and pac2 since the deletions reported by Smiley et al. (48)
may have reduced cleavage efficiency not by removing impor-
tant sequences but rather by altering the spacing of pac1 rel-
ative to pac2. More detailed mutagenesis is needed to accu-
rately define the sequence elements involved in MCMV
cleavage and packaging and to determine the importance of
their spatial relationships.

Our experiments did not segregate cleavage from packaging,
and therefore the sequence elements identified could function
in cleavage, packaging, or both. Evidence that pac1 elements
and pac2 A-rich regions are located conserved distances from
their respective termini (Fig. 7), that spacing between pac1 and
pac2 is important (discussed above), and that cleavage is me-
tered a specific distance from pac1 and pac2 (57) suggests that
cleavage simultaneously involves pac1 and pac2. After cleav-
age, cis-acting sequences may be required at concatemer ends
for initiation of concatemer packaging, as suggested by evi-
dence that replicative concatemers are packaged directionally
(27, 47). Examination of concatemeric DNAs from HSV-1 (26,
43, 64), equine herpesvirus type 1 (47), GPCMV (20), and
MCMV (20) revealed that in each case, termini on concate-
meric DNA contain pac2. Taken together, these data suggest

that proteins bind pac1 and pac2 to initiate assembly of a
complex that cleaves the intervening DNA at a precise loca-
tion, generating a pac1-containing end on the newly formed
genome and a pac2-containing end on the concatemer. Subse-
quently, pac2 may direct binding of the concatemer end to
capsid proteins to initiate the next round of packaging.

Cleavage has been proposed to duplicate the HSV-1 a se-
quence (15, 57), but this has been difficult to prove owing to the
variable number of a sequences at HSV-1 termini and junc-
tions. Our observation that cleavage is required for duplication
and deletion of the MCMV 30-bp terminal repeat is the first
data to link these processes by mutagenesis of the cleavage site.
For viruses with wild-type ectopic sites, the 6:1 ratio of double-
to single-repeat-containing sites that we observed in a PCR-
based assay is higher than the 2:1 ratio estimated by Marks and
Spector using DNA blot hybridization to detect natural
MCMV cleavage sites (25). This difference may be attributable
to differences between the natural and ectopic sites and may
suggest that sequences at the natural cleavage site, but outside
the region duplicated at the ectopic site, have some impact on
repeat duplication. Alternatively, the difference could result
from differences in the techniques used to measure the ratios.
Alteration of the ratio by mutations is not related to the num-
ber of repeats in the plasmids used for construction of the
viruses (Fig. 6) and is most pronounced for a mutation in the
CGCGGCG motif, for which the ratio is 1:1. This may indicate

FIG. 7. Conserved sequences at herpesvirus termini. Alignments of the terminal sequences of HSV-1 (33), varicella-zoster virus (VZV) (13), Epstein-Barr virus
(EBV) (65), HCMV (30), human herpesvirus (HHV-6) (55), human herpesvirus rat (HHV-7) (42), cytomegalovirus (RCMV) (59), GPCMV (28), and MCMV (25).
Genomic termini are indicated, with the exception of the HCMV pac2-containing terminus, which has an additional 97 bp between the left end of the sequence and
the terminus. The conserved components of pac1 and pac2 are shown in boldface and set off by spaces. Bases within the CGCGGCG motifs of varicella-zoster virus
and Epstein-Barr virus that differ from consensus are in lowercase. GPCMV has two pac2-containing termini called M and O. An alternative terminus found in some
MCMV genomes is indicated (25).
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that the CGCGGCG motif has a role in repeat duplication
since inhibition of duplication would result in an increase in
the prevalence of single-repeat-containing ectopic sites. How
cleavage results in duplication of terminal repeats is not
known, but a possible role for cleavage in deletion of ter-
minal repeats is suggested by the observation that fragments
containing HSV-1 a sequences, authentically cleaved at each
end, accumulate concomitantly with the beginning of cleavage
(56). This implies that repeats may be occasionally excised
when cleavage occurs on both sides of the repeat.

Failure to cleave half of the ectopic and natural cleavage
sites suggests that cleavage occurs at alternate sites and implies
that MCMV has a head-full packaging restriction; however,
data from defective HSV-1 genomes (60) raise the possibility
that occasional cleavages at successive sites (one natural and
one ectopic, or vice versa) could generate subgenomic frag-
ments that are packaged but fail to mature from the nucleus.
As intracellular DNAs were not examined, the extent to which
this may occur is not known; however, the efficient growth of
recombinant viruses indicates that cleavage at alternate sites
occurs frequently.

The 1.9 kb of terminal sequences that comprise our ectopic
site may contain additional cis cleavage/packaging elements
that are not coincident with pac1 and pac2. A 6-bp sequence
located between pac1 and pac2 is strongly conserved among
rodent cytomegaloviruses (i.e., murine, rat, and guinea pig
cytomegaloviruses) and is associated with pac2 at the termini
of other herpesviruses (28). Its function and importance have
not been determined. Other data suggest that sequences out-
side the pac1-pac2 region can be important for cleavage and
packaging. In Epstein-Barr virus, a plasmid DNA packaging
assay revealed that sequences within an 84-bp region on the
distal side of pac1 (relative to the point of cleavage) are nec-
essary for cleavage and packaging (65). In varicella-zoster vi-
rus, a region of the natural cleavage site containing pac1 and
pac2 is duplicated at the junction between the long and short
arms of the genome, yet this site is cleaved only 5% of the time,
suggesting that important sequences present outside the pac1-
pac2 region at the natural cleavage site must be lacking from
the duplicated site (13).

Finally, the proteins that interact with cis sequence elements
to carry out these functions have not been clearly identified.
Mutations in herpesvirus-conserved genes represented by
HSV-1 open reading frames UL6, UL15, UL25, UL28, UL32,
and UL33 block cleavage and packaging (1–3, 5, 6, 23, 36, 37,
45, 46, 54, 61, 63), but it is not known if the proteins encoded
by these genes have direct roles in cleavage and packaging or
if they bind to cis-acting DNA sequences. HSV-1 infection
induces a 21-kDa protein and a 22-kDa protein that interact
with the HSV-1 a sequence, but their roles in cleavage or
packaging have not been clearly established (12). The ICP1
protein of HSV-1 (UL36) binds to pac2 in a complex that
includes an unidentified 140-kDa infected cell protein (11), but
a temperature-sensitive mutation in UL36 suggests it is in-
volved in release of DNA from the capsid after infection (9),
and a role for ICP1 in cleavage has not been pursued. Kemble
and Mocarski failed to identify viral proteins binding to the
HCMV cleavage site but found a cellular factor that binds to
the pac2 A-rich region (22). These and recent findings of
cellular proteins binding to the MCMV pac1 (35) suggest that
the DNA binding components of the cleavage/packaging ma-
chinery may be derived from the host cell.

We have developed a simple system for defining the DNA
sequences required for cleavage and packaging of herpesvirus
genomes and have shown that both pac1 and pac2 are cis-
acting cleavage/packaging elements. Accurate determination

of these cis DNA elements may lead to identification of the
proteins which interact with these sequences to carry out cleav-
age and packaging. Further experiments will be needed to
determine their functions and to elucidate the mechanisms by
which cleavage and packaging occur. The remarkable conser-
vation of the cleavage/packaging elements pac1 and pac2 indi-
cates that the processes of cleavage and packaging are highly
conserved within the Herpesviridae. Therefore, information
gained from analysis of the MCMV cleavage site should be
applicable to other members of this family.
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