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The sequences of several hundred nucleotides around the junctions between the L and S components in
concatemeric DNA and in mature virion DNA were ascertained. The two ends of the mature genome (which are

joined in concatemeric DNA) show no sequence homology. Several directly repeated elements are present near

both ends of the genome. Furthermore, the last 82 nucleotides at the left end of the L component (and of the
genome) are repeated in inverted form (inverted repeat within the L component [IRL]) approximately 350 to
600 nucleotides downstream (depending on the virus isolate) bracketing the UL2 component. A comparison
between the sequences at the right and left ends of the L component of the genome showed patchy homology,
probably representing a vestigial inverted repeat bracketing the L component (IRL). Furthermore, less than
5% of the genomes have an L component that is in the orientation opposite to that of most of the viral genomes,
indicating that the vestigial IRL that brackets the UL sequence may be sufficient to mediate inversion of the L
component in some of the genomes. On the other hand, the UL2 component, which is bracketed by a perfect
IRL, does not invert to a greater extent than does the L component (if it inverts at all). Analysis of the
nucleotide sequence at the concatemeric junction of three different pseudorabies virus isolates showed almost
complete sequence conservation. The sequence and organization of the repeated elements in the different
isolates were almost identical, despite their different histories and origins. The high degree of conservation of
these repeated elements implies that they may fulfill an essential function in the life cycle of the virus.

The genome of pseudorabies (PRV) is a linear, double-
stranded class 2 (4, 12, 25) herpesvirus DNA molecule
approximately 90 x 106 daltons in size. It is composed of two
components, L and S. The S component consists of a short
unique (Us) sequence bracketed by large (approximately 107
daltons) inverted repeats (IR). High-frequency inversion of
the Us component, but not of the L component, is observed
during virus growth. The S genome is found in two isomeric
forms, and isomerization is complete by the time a small
plaque has formed from a single virion (1). The ends of the
genome ofPRV are unique; no terminal redundancy is present.

Varicella-zoster virus (VZV), like PRV, has a class 2
genome. The genome is not terminally redundant, but both
its L and S components are bracketed by inverted repeats.
The repeat bracketing the L component is only 88 nucleo-
tides in size. The S component inverts and is found in two
equimolar orientations relative to the L component, but only
a small percentage of the viral genomes have an L compo-
nent that is inverted relative to that found in most of the
genomes (7, 11). The genome of bovine herpesvirus (BHV)
also has a structure that is very similar to that of PRV; the
Us sequence is bracketed by large IR and is found in two
orientations relative to the unique long (UL) sequence. The
UL sequence is bracketed by a small inverted repeat only (25
base pairs [bp]), and the L component does not appear to
invert itself relative to the S component. The genome of
BHV also has a small terminal redundancy (9).
The structures of class 3 herpesvirus genomes, such as

herpes simplex virus (HSV) and human cytomegalovirus,
and class 2 genomes, such as VZV, BHV, and PRV, are
related. The genome of HSV is also composed of L and S
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components. Both of these components are flanked by
inverted repeats which include an a sequence. The a se-

quence is present as a direct terminal redundancy and in
inverted form at the junction between the L and S compo-
nents. In HSV, both the L and S components invert and the
genome is found in four isomeric forms (12, 21).
A comparison of the sequences near the termini of the S

and L components of different herpesviruses is of interest,
because sequences near the ends of their genomes appear to
fulfill several functions. In PRV, signals that play a role in
cleavage-encapsidation of genomic DNA are present at both
ends of the mature linear genome (28). In class 3 genomes,
such as HSV, the a sequence (which is present as a direct
repeat at both ends of the genome) appears to include cis
functions that have been separated by the cleavage site in
class 2 genomes. cis functions near the ends of the S
component ofPRV may, in principle, also be instrumental in
promoting inversion of this component, as do cis functions
that have been reported to be present in the a sequence of
HSV (6, 17, 18, 23). Furthermore, sequences that can
function as an origin of replication are present near the
terminus of the L component of the genome of PRV (28).
We have previously compared the nucleotide sequence of

140 bp at each end of the mature genome ofPRV with that of
the concatemeric junction of these ends (10). We have now
further investigated the structure of the regions adjacent to
the termini, as well as that adjacent to the junction of the L
and S components in the mature PRV genome. Several
thousand nucleotides around each of these regions have
been sequenced. This project was undertaken to gain insight
into the cis functions that might be involved in cleavage-
encapsidation of concatemeric DNA, as well as those that
might be instrumental in mediating the inversion that results
in isomerization of the genome.
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MATERIALS AND METHODS
Virus strains and cell culture. PRV Ka is a strain that has

been carried in our laboratory for more than 25 years. PRV
Norden is an attenuated vaccine strain; its origins have been
described previously (19). PRV USA7 is a primary isolate
obtained from an infected pig in the United States. The
viruses were grown in PK or RK cells which were cultivated
in Eagle synthetic medium containing 5% bovine serum.
Enzymes and chemicals. Restriction enzymes, DNA poly-

merase I, and T4 DNA ligase were purchased from Bethesda
Research Laboratories, Inc. T4 polynucleotide kinase was
purchased from U.S. Biochemical Corp. [a-32P]ATP and
[a-32P]dCTP were purchased from Dupont, NEN Research
Products.

Purification of virions and viral DNA. A continuous line of
PK cells was infected (multiplicity of infection, 0.5 PFU per
cell) and incubated for 24 h in Eagle medium at 37°C. Virions
were purified as described previously (2) and were lysed by
addition of Sarkosyl (final concentration, 2%; CIBA-GEIGY
Corp.). The samples were incubated for 15 min at 60°C and
digested with nuclease-free pronase (1 mg/ml) for 2 h. The
DNA was extracted with phenol-chloroform-isoamyl alcohol
(50:48:2, vol/vol) and dialyzed against TE buffer (0.01 M
Tris, 0.001 M EDTA, pH 7.6).

Cloning of restriction fragments. The procedure used to
clone the terminal and junction BamHI restriction fragments
have been described previously (10, 15). Appropriate sub-
fragments were isolated, blunt ended with the Klenow
fragment, and cloned into the SmaI site of pUC13. In some
cases, the uncloned end fragments of the genome were
isolated and sequenced.
DNA sequencing. DNA was sequenced by the method of

either Sanger et al. (22) or Maxam and Gilbert (16).
Analysis of intracellular concatemeric DNA. Cells were

infected with PRV Ka and incubated at 37°C until 5 h
postinfection. The cells were harvested, and DNA was
extracted, digested with the appropriate restriction enzyme,
and analyzed by Southern blotting. In some cases, cells were
infected at 41°C with a temperature-sensitive mutant of
PRV, TsN, which is DNA' but defective in cleavage-
encapsidation (i.e., concatemeric DNA accumulates in these
infected cells) at the nonpermissive temperature (13). The
cells were harvested at 10 h postinfection, and the DNA was
analyzed as described above.

Southern analysis. Restriction fragments were separated
on agarose gels and transferred to nitrocellulose filter paper
(24). The immobilized DNA was hybridized to [a-32P]dCTP
nick-translated DNA probes (20).

Isolation and sequencing of uncloned end fragments of the
PRV genome. Mature virion DNA was cleaved with BamHI
or KpnI. The end fragments, BamHI fragments 13 and 14 or
KpnI fragment D, were excised from the gel, phosphatase
treated, end labeled, and digested with either XhoI or NcoI,
and the 5'-end-labeled ends were sequenced by the method
of Maxam and Gilbert (16).

Computer-generated sequence analysis. Computer-gener-
ated sequence analysis was done by using the DNA Inspec-
tor Ile and Microgenie programs.

Nucleotide sequence accession numbers. The sequences
reported in this article are registered with GenBank under
accession numbers M37112 and M37113.

RESULTS
Sequence analysis of the concatemeric junction of PRV Ka.

The nucleotide sequence of the terminal 140 bp at both ends
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FIG. 1. Regions of the PRV genome that have been sequenced.
(A) BamHI restriction map of mature PRV DNA. (B) Origin of the
junction fragments that have been sequenced. The horizontal arrows
indicate the orientations of the L and S components. The vertical
arrows indicate the junctions. C, Concatemeric junction consisting
of the two genomic ends present in concatemeric DNA (clone J31);
I, internal standard junction present in mature DNA (clone 14).

of the mature DNA of PRV Ka, as well as the nucleotide
sequence at the junction of the genome termini in concate-
meric DNA, has been reported previously (10). From these
results, the structure of the termini and the mechanism of
concatemerization of the PRV genome have been deduced.
We have now sequenced several thousand nucleotides near
the termini of the mature genome, as well as near the
junctions between the L and S components, i.e., the region
adjacent to the internal IR (Fig. 1). The position of the
BamHI restriction fragments spanning the junctions between
the L and S components present in concatemeric (region C)
and mature (region I) DNAs that were cloned into the
BamHI site of pBR325 and that have been sequenced are
depicted in Fig. 1. Clone 14 contains BamHI fragment 8';
i.e., the standard junction between the L and S components
present in mature DNA (region I) and clone J31 contains the
concatemeric junction, i.e., the fused genomic termini (re-
gion C). A detailed restriction enzyme map of the regions of
interest in clones J31 and I4 ofPRV Ka and the strategy used
to sequence these regions of the genome of PRV are shown
in Fig. 2. Although several thousand nucleotides have been
sequenced, the sequence of only approximately the last 600
to 700 nucleotides at the genomic termini, as well as near the
junctions between the L and S components in the mature
genome are relevant to the problems discussed in this report
and are presented in Fig. 3 and 4.

Analysis of the nucleotide sequence near the termini of the
genome. Computer-generated dot matrix analyses of the
sequences spanning the junctions of the two ends of the
genome present in clone J31 are shown in Fig. SA and B. No
significant direct (Fig. 5A) or inverted (Fig. 5B) homology
between the two ends of the genome was detected.

Several types of inverted or direct repeats are evident
within the sequences at each terminus. Small direct repeats
are prominent within the 700 nucleotides at the right (S)
terminus of the genome (Rl to R6; Fig. 3 and 5A). An
inverted repeat (IRL) is present at the left terminus in the L
component of the genome (Fig. 3 and 5B); the terminal 82
nucleotides are repeated in inverted form 353 nucleotides
upstream. The IRL brackets a unique sequence (UL2) that
includes two direct repeats of 34 nucleotides (R7), as well as
a partial repeat of this sequence (R7a).

Analysis of the sequence at the junction between the L and
S components in the mature genome. Dot matrix analyses of
the nucleotide sequence at the standard junction between the
L and the S components present in the mature genome
(clone 14) and comparison of these sequences with those
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FIG. 2. Restriction maps of clones J31 (A) and 14 (B) and
sequencing strategy used. The nucleotide sequence was obtained by
the method of Maxam and Gilbert. Al, Alul; All, Avall; Bg, BglI;
Dr, DraI; Ha, HaeII; Pvu, PvuI; Sm, SmaI; Sp, SphI; SII, SstII;
Stu, Stul. The vertical arrows indicate the junction between the L
and S components; the horizontal arrows indicate the directions of
sequencing.

present in the concatemeric junction (clone J31) are shown in
Fig. 6 and 7. The sequences at the ends of the IR which
bracket the Us sequence are identical in both junction
fragments; the terminal IR (which is derived from the right
end of the genome) is thus identical to the internal IR. The
nucleotide sequences of the two junction fragments diverge
thereafter, and no homology between the two ends of the L
component was evident in the computer-generated analysis.
However, the sequences at the two ends of the L component
could be aligned in a manner that revealed significant patchy
inverted homology between the two (Fig. 8). Thus, while the
L component of PRV is not bracketed by a perfect inverted
repeat, as are those of VZV and BHV (7, 9), a sequence
homology that appears to represent a vestigial inverted
repeat is evident.

Inversion of the unique sequences bracketed by the patchy
IRL. The sequence analysis described above showed that 82
bp at the left terminus of the molecule are present in inverted
form approximately 350 nucleotides downstream, forming a
perfect inverted repeat (IRL) that brackets a unique se-
quence (UL2). Furthermore, what appeared to be a vestigial
form of the IRL sequence was also found at the right end of
the L component. The experiments described in this section
were performed to ascertain whether the unique sequences
bracketed by either the IRL (i.e., the UL2 sequence) or the

-690 GGCGCGCTCT CCTCTCCGGT CCGGCGGGGC TCTCCTCTAG TCTGGCAACT GGTCAGGCTT TCCCCAGGGG TTGTCCCCCA CCGAGAGCCG GGCCCGGTTC
CCGCGCGAGA GGAGAGGCCA GGCCGCCCCG AGAGGAGATC AGACCGTTGA CCAGTCCGAA AGGGGTCCCC AACAGGGGGT GGCTCTCGGC CCGGGCCAAG

590 TCCCCCGGGC CCCCACAACT CTTCGACTGG GGGCCCGTCT CCCCCGAGCC CCCCCCCCCA CAACTCGCTG ACCGGGGGCC CAGCTCTCCC CCGAGCGCGG

AGGGGGCCCG GGGGTGTTGA GAAGCTGACC CCCGGGCAGA GGGGGCTCGG GGGGGGGGGT GTTGAGCGAC TGGCCCCCGG GTCGAGAGGG GGCTCGCGCC

IRL

-490 ATCTCTGAAA AAAAAATTTC CCGCCCCGCG TTTTCCATTG GGGTGAATGG GGAGGGGCCC CCAGCGCACC CAAGGCGAAC CCTCGCCCCA CCGGCGCGGG
TAGAGACTTT TTTTTTAAAG GGCGGGGCGC AAAAGGTAAC CCCACTTACC CCTCCCCGGG GGTCGCGTGG GTTCCGCTTG GGAGCGGGGT GGCCGCGCCC

-390 CACCGACACC GTCCCCACCA CACGCGCGCC CACCCTCGCC CATCGCCATC CACAACCTCC TGCCGCGGGT GGGCCCGACC GCAGCATCGC GGCTCGCCTT
GTGGCTGTGG CAGGGGTGGT GTGCGCGCGG GTGGGAGCGG GTAGCGGTAG GTGTTGGAGG ACGGCGCCCA CCCGGGCTGG CGTCGTAGCG CCGAGCGGAA

R7 R7

-290 CTAGGGTTGG CTGTGTGCCA AGGATGAAGA CCGCGACGAT GGTGGGGGAT TGGGGTTGGC AGGGTGCCAG GGTAGGAGGG GGATTGGGGT TGGCAGGGTG
GATCCCAACC GACACACGGT TCCTACTTCT GGCGCTGCTA CCACCCCCTA ACCCCAACCG TCCCACGGTC CCATCCTCCC CCTAACCCCA ACCGTCCCAC

R7a
-190 CCAAGGTAGG AGGGGGATTG GGGTTGGCAG GGTGCCAGTA TGTAGTTTGG CACCATGCCA GAATATAAAT TGGCACCTTG CCAATTCTTA GTGAGTGCCC

GGTTCCATCC TCCCCCTAAC CCCAACCGTC CCACGGTCAT ACATCAAACC GTGGTACGGT CTTATATTTA ACCGTGGAAC GGTTAAGAAT CACTCACGGG

IRL --L S-

-90 ATCCCCCACC CCCTCCCCAT TCACCCCAAT GGAAAACGCG GGGCGGGAAA TTTTTTTTTC AGAGATCCGC GCTCGGGGGA GAGCTGGGCC CCCACCCCCC 10
TAGGGGGTGG GGGAGGGGTA AGTGGGGTTA CCTTTTGCGC CCCGCCCTTT AAAAAAAAAG TCTCTAGGCG CGAGCCCCCT CTCGACCCGG GGGTGGGGGG

Rl Rl R2 R2 R2 R3 R2
GCTCCCCGGG GGCCGCGAAA AAAGGGGGCG GGGCTTAAAG GGGGGGGGGC TAATTTGCAT AAATTTGCAT ACATTTGCAT AGCCCCGCCC CCTCATTTGC 110
CGAGGGGCCC CCGGCGCTTT TTTCCCCCGC CCCGAATTTC CCCCCCCCCG ATTAAACGTA TTTAAACGTA TGTAAACGTA TCGGGGCGGG GGAGTAAACG

R2 R3 R2 R2 R3 R2 R3 R2 R2
ATAAATTAGC ATGGCCCCTC CCCCTCATTT GCATGCATTT GCATAACCCC TCCCCCTGAT CTGCATAACC CCACCCCCTC ATTTGCATAC ATTTGCATAG 210

TATTTAATCG TACCGGGGAG GGGGAGTAAA CGTACGTAAA CGTATTGGGG AGGGGGACTA GACGTATTGG GGTGGGGGAG TAAACGTATG TAAACGTATC

R3 R2 R2 R3 R2 R3 R2 R3 R2 _-

CCCCGCCCCT TCATTTGCAT AAATTAGCAT AACCCCTCCC CCTAATCTGC ATAACCCCTC CCCCTAATCT GCATAACCCC TCCCCCTAAT CTGCATAACC 310
GGGGCGGGGA AGTAAACGTA TTTAATCGTA TTGGGGAGGG GGATTAGACG TATTGGGGAG GGGGATTAGA CGTATTGGGG AGGGGGATTA GACGTATTGG

R3 R2 R3 R4 R2

CCTCCCCCTA ATCTGCATAC CCCCTCCCCC CTCATTTAAA TATGACCGCT TCCCCCGGAC GTGACGCCGG GCTCCTCCCA CCCCCCCCCA TTTGCATATG 410
GGAGGGGGAT TAGACGTATG GGGGAGGGGG GAGTAAATTT ATACTGGCGA AGGGGGCCTG CACTGCGGCC CGAGGAGGGT GGGGGGGGGT AAACGTATAC

R4 R2 R4 R4
ACCGCTTCCC GGACGTGACG TTTTTGCCGA TGACGACTTC CGCCTCATTT GCGTATGACG CTTCCCGCGC GCAACTTCCG CCGGACGTGA CGCCGGTCCC 510
TGGCGAAGGG CCTGCACTGC AAAAACGGCT ACTGCTGAAG GCGGAGTAAA CGCATACTGC GAAGGGCGCG CGTTGAAGGC GGCCTGCACT GCGGCCAGGG

R2 R5 R5
ACGGATTTCA TGCGCATATC GCGCCGGCCC CTTCCGCTTC CCCCGGACGT GACGCCGGTC CCCACGGATC TCATGCTGCA TATCGCGCCG CCCCTTCCGC 610
TGCCTAAAGT ACGCGTATAG CGCGGCCGGG GAAGGCGAAG GGGGCCTGCA CTGCGGCCAG GGGTGCCTAG AGTACGACGT ATAGCGCGGC GGGGAAGGCG

R5 R6 R6

TTCCCCGGAC GTGACGCCGG CTTCCGGGGC GCGGCCGGGG CGGGCTCCCG CGGATCGCAT GCCGCGCCGA GCCCGCCCCT TCCGTCGCAC CGGGGGTCCG 710
AAGGGGCCTG CACTGCGGCC GAAGGCCCCG CGCCGGCCCC GCCCGAGGGC GCCTAGCGTA CGGCGCGGCT CGGGCGGGGA AGGCAGCGTG GCCCCCAGGC

FIG. 3. Nucleotide sequence at the concatemeric junction. The vertical arrow indicates the position of the junction between the left and
the right ends of the genome. S and L indicate the S and L components of the genome, respectively. The different types of repeated elements
(Rl to R7) are indicated. Each set of repeated elements may vary by one nucleotide. IRL indicates the 82-bp inverted repeat. Nucleotide 1
is the first nucleotide of the S component (IR). Nucleotide -1 is the first nucleotide of the L component (left end of the genome and of the
L component).
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-690 ACACGCACAC GACCCGCGGA TGGCGAGGAT GTGGGGGGAG AGGTCTCCCG GCGTTAGTGG GTGCTATTTG ATTCTCCTCT AACCCCCTCT CCCCCGCGGC
TGTGCGTGTG CTGGGCGCCT ACCGCTCCTA CACCCCCCTC TCCAGAGGGC CGCAATCACC CACGATAAAC TAAGAGGAGA TTGGGGGAGA GGGGGCGCCG

-590 CCCCTCGACC ATCGTCGTGC AGCGGCGACG GCGGCTCCCA CCCCGTCTCT CTCCCCCACA CGACCTCGGC GTCCCGCCAC CCCGCCCAGT CACGTCCCAC
GGGGAGCTGG TAGCAGCACG TCGCCGCTGC CGCCGAGGGT GGGGCAGAGA GAGGGGGTGT GCTGGAGCCG CAGGGCGGTG GGGCGGGTCA GTGCAGGGTG

-490 CCCCGGGAGA GGGGAGAGGG ATGCACGGGG GTGGGGGTCC CGCCCCCTCT CTCTGATTCC AAGACGGTGG TTGTCTCCGT CTCCGGCTCG CACGCACCAC
GGGGCCCTCT CCCCTCTCCC TACGTGCCCC CACCCCCAGG GCGGGGGAGA GAGACTAAGG TTCTGCCACC AACAGAGGCA GAGGCCGAGC GTGCGTGGTG

-390 CCGCGGCGGG GATGCCCGGC CAGACAAACC GAGGGGGGAG GAGAGGGGGA GGAGGAGGAA GTAATAGGCC TCTCGGGGAC GGGCGGCGCG TGGCGCGGAG
GGCGCCGCCC CTACGGGCCG GTCTGTTTGG CTCCCCCCTC CTCTCCCCCT CCTCCTCCTT CATTATCCGG AGAGCCCCTG CCCGCCGCGC ACCGCGCCTC

-290 AGGGGGGTGG CGGGGAAGAG GGAAACCTAG AAGGCGGCCC ATCCCCCGAG ATGACGAGAG AGGAGGAGAG GGCGCTAAAC GGCGCCCGGG GAGTTGGGGG
TCCCCCCACC GCCCCTTCTC CCTTTGGATC TTCCGCCGGG TAGGGGGCTC TACTGCTCTC TCCTCCTCTC CCGCGATTTG CCGCGGGCCC CTCAACCCCC

-190 AGGAGGAGAC GGCGCGCGAG GAGCTGGGGG AGGAGGAGGA GACGGCGCGC GAGGAGGAAG ACGACCGGTC AACCCTTGGG ACGAGAGGTC TCAATCTTGA
TCCTCCTCTG CCGCGCGCTC CTCGACCCCC TCCTCCTCCT CTGCCGCGCG CTCCTCCTTC TGCTGGCCAG TTGGGAACCC TGCTCTCCAG AGTTAGAACT

--L I S-
- 90 CACCATTTCC CCTCCCCTCG CTCCACTCCC GCGCGCTTCG CGCGGGGAGG AAAATAATCC GATCCGACCC CCGGGGCGGA GGCTCGGCAT CCCACCCCCC

GTGGTAAAGG GGAGGGGAGC GAGGTGAGGG CGCGCGAAGC GCGCCCCTCC TTTTATTAGG CTAGGCTGGG GGCCCCGCCT CCGAGCCGTA GGGTGGGGGG

GCTCCCCGGG GGCCGCGAAA AAAGGGGGCG GGGCTTAAAG GGGGGGGGGC TAATTTGCAT AAATTTGCAT ACATTTGCAT AGCCCCGCCC CCTCATTTGC
CGAGGGGCCC CCGGCGCTTT TTTCCCCCGC CCCGAATTTC CCCCCCCCCG ATTAAACGTA TTTAAACGTA TGTAAACGTA TCGGGGCGGG GGAGTAAACG

10

110

ATAAATTAGC ATGGCCCCTC CCCCTCATTT GCATGCATTT GCATAACCCC TCCCCCTGAT CTGCATAACC CCACCCCCTC ATTTGCATAC ATTTGCATAG 210
TATTTAATCG TACCGGGGAG GGGGAGTAAA CGTACGTAAA CGTATTGGGG AGGGGGACTA GACGTATTGG GGTGGGGGAG TAAACGTATG TAAACGTATC

CCCCGCCCCT TCATTTGCAT AAATTAGCAT AACCCCTCCC CCTAATCTGC ATAACCCCTC CCCCTAATCT GCATAACCCC TCCCCCTAAT CTGCATAACC 310
GGGGCGGGSA AGTAAACGTA TTTAATCGTA TTGGGGAGGG GGATTAGACG TATTGGGGAG GGGGATTAGA CGTATTGGGG AGGGGGATTA GACGTATTGG

CCTCCCCCTA ATCTGCATAC CCCCTCCCCC CTCATTTAAA TATGACCGCT TCCCCCGGAC GTGACGCCGG GCTCCTCCCA CCCCCCCCCA TTTGCATATG 410
GGAGGGGGAT TAGACGTATG GGGGAGGGGG GAGTAAATTT ATACTGGCGA AGGGGGCCTG CACTGCGGCC CGAGGAGGGT GGGGGGGGGT AAACGTATAC

ACCGCTTCCC GGACGTGACG TTTTTGCCGA TGACGACTTC CGCCTCATTT GCGTATGACG CTTCCCGCGC GCAACTTCCG CCGGACGTGA CGCCGGTCCC 510
TGGCGAAGGG CCTGCACTGC AAAAACGGCT ACTGCTGAAG GCGGAGTAAA CGCATACTGC GAAGGGCGCG CGTTGAAGGC GGCCTGCACT GCGGCCAGGG

ACGGATTTCA TGCGCATATC GCGCCGGCCC CTTCCGCTTC CCCCGGACGT GACGCCGGTC CCCACGGATC TCATGCTGCA TATCGCGCCG CCCCTTCCGC 610
TGCCTAAAGT ACGCGTATAG CGCGGCCGGG GAAGGCGAAG GGGGCCTGCA CTGCGGCCAG GGGTGCCTAG AGTACGACGT ATAGCGCGGC GGGGAAGGCG

TTCCCCGGAC GTGACGCCGG CTTCCGGGGC GCGGCCGGGG CGGGCTCCCG CGGATCGCAT GCCGCGCCGA GCCCGCCCCT TCCGTCGCAC CGGGGGTCCG 710
AAGGGGCCTG CACTGCGGCC GAAGGCCCCG CGCCGGCCCC GCCCGAGGGC GCCTAGCGTA CGGCGCGGCT CGGGCGGGGA AGGCAGCGTG GCCCCCAGGC

FIG. 4. Nucleotide sequence at the standard junction. The vertical arrow indicates the position of the junction between the S and L
components. The nucleotide sequence of the inverted repeat is identical to that of the inverted repeat illustrated in Fig. 3. The numbering of
the nucleotides of the S component is also the same as in Fig. 3. Nucleotide -1 is the first nucleotide of the L component (right end of the
L component).

vestigial IRL (i.e., the UL component) are found in two
orientations in either mature or concatemeric DNA.

(i) Inversion of the UL component of the genome. Popula-
tions of genomes obtained form mature virions of PRV
include a small minority of genomes that consists of mole-
cules in which the L component is in the orientation opposite
to that found in most of the viral genomes (Fig. 9). In this
experiment, DNA obtained from virions was digested with
BamHI, transferred to nitrocellulose filters, and hybridized
to cloned BamHI fragment 8'. The sequences of BamHI
fragment 8' should hybridize to BamHI fragment 8', as well
as to BamHI fragment 13 (Fig. 1). Indeed, two major bands
of the appropriate size did hybridize to the BamHI fragment
8' probe. However, the digest also contained two minor
bands that hybridized to BamHI fragment 8'. One of the
bands (fragment lla) had the expected hybridization pattern
(i.e., it hybridized to BamHI fragment 13, BamHI fragment
8', and BamHI fragment 14') and the expected size (2.8
kilobases) of the internal junction that would be generated
from mature genomes in which inversion of the L component
has occurred (Fig. 10). This fragment is equivalent to a
fragment composed of the joined standard genome ends
(clone J31). The other fragment, 10a, is 3.2 kilobases long
and hybridized only to BamHI fragment 8'. The hybridiza-
tion pattern, as well as the size of that fragment, is that
expected of the end fragment generated from genomes in
which inversion of the L component has occurred (Fig. 10).

Analysis of mature viral DNA with other restriction frag-
ments (KpnI and Sall) also revealed the presence of frag-
ments that showed that inversion of the L component had
occurred in a minority of the genomes (data not shown). On
the basis of the relative intensities of the signals, we estimate
that less than 5% of the viral genomes have an inverted L
component. However, the presence of even this small mi-
nority of genomes with an inverted L component indicates
that the patchy inverted homology between the two ends of
the L component may be sufficient to mediate inversion.
Inversion of the L component ofPRV had not been detected
previously, because the Southern blots had not been suffi-
ciently overexposed to detect the minority of fragments
generated from molecules in which the L component was
inverted.

(ii) Inversion of the unique sequences (UL2) bracketed by the
perfect IRL. The results described above indicate that the
vestigial IRL sequence present at the right end of the L
component appears to be able to mediate inversion of the L
component of a minority of the viral genomes. We were
therefore interested in ascertaining whether the perfect IRL
bracketing the 353-bp UL2 sequence (which is present near
the left end of the genome) would mediate high-frequency
inversion of UL2-
To ascertain whether UL2 is found mainly in one orienta-

tion in the viral genomes, we sequenced the uncloned
genomic L terminus isolated from mature virions. If a large
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FIG. 5. Dot matrix analysis of the sequence of the concatemeric junction. The nucleotide sequence in Fig. 3 was analyzed by using a DNA
Inspector Ile program. Panels: A, analysis for the presence of direct repeats; B, analysis for the presence of inverted repeats. nts,
Nucleotides. The arrows indicate the junctions between L and S components.

proportion of the UL2 inverted, direct sequencing of the
uncloned L terminus beyond 82 nucleotides (i.e., beyond the
IRL) would not generate a readable sequence ladder. How-
ever, when the uncloned end fragment was sequenced, we
obtained clear sequence data that were identical to those
obtained by sequencing the cloned end fragment. We con-
clude, therefore, that only a very small proportion (if any) of
UL2 is found in inverted form in the mature genomes.
The failure to detect inversion of the UL2 sequence in the

genomes of mature virions could be due to the fact that UL2
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does not invert. Alternatively, it could also reflect the lack of
cleavage of concatemeric DNA or the lack of encapsidation
of DNA in which UL2 is inverted. To ascertain whether
inversion of the UL2 sequence would be detectable in
intracellular uncleaved viral DNA, we cleaved intracellular
DNA obtained from cells infected with a temperature-sensi-
tive mutant (TsN) in which cleavage of concatemeric DNA
does not occur at the nonpermissive temperature (13) with
enzymes that do not cleave in the IRL and cleave asymmet-
rically in the UL2 sequence (DdeI or SstII and SmaI). The
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FIG. 6. Dot matrix analysis of the sequence of the internal standard junction. The nucleotide sequence in Fig. 4 was analyzed by using
a DNA Inspector Ile program. Panels: A, analysis for the presence of direct repeats; B, analysis for the presence of inverted repeats. nts,
Nucleotides. The arrows indicate the junctions between L and S components.

J. VIROL.

1200 nts

\ . ~~~~~~A

s~~~~~~~~~~~~~~ \

B

I

.~~~~~~~~~

-200

S

-00

-600

-800

L

-1000

-1 200

., j , .. ,

\ A
''\'' :

X .,
-2

,. 8s :. ? * *

.;, ,,% \,
vg \\s 2
tW \R ;

\, ........
.', ,',' \. 4

'\s ' -

' 9'ss'sN'','-','','''. s"' ;S's' ' 4
\ " 's \ 's _1,.,\ ,- *s,, *- \s

.- '''' ''' 's''s\.'u''s
\''''s\\ _1,, s ss \

~ ~~~~~~~~

.I
.I.

m
0
z

-4
m
x
;om

C-
za
r)

:j
0
z

2
%A

t

rn

C-
zC

1 200

C/5
--4

z
t:7

m
w

az
r)
--4

0
z

i;



L AND S COMPONENT TERMINI OF THE PRV GENOME 4973

CONCATEMERIC JUNCTION (J31)

200 400 600
I I 1 800 1 0 00

FIG. 7. Comparison of the sequences of the concatemeric and internal standard junctions. The nucleotide sequences in Fig. 3 and 4 were

compared. The S components in both were identical. No homology between the sequences in their L components (the right and left end
sequences of the L component) was detected. nts, Nucleotides. The arrows indicate the junctions between L and S components.

DNA was transferred to nitrocellulose paper and probed
with a nick-translated DNA fragment consisting of the
leftmost 600 nucleotides of the genome. By using this
method, we should have been able to detect inversion of UL2
had it occurred in a significant proportion of the genomes.
The results of these experiments (data not shown) revealed
no evidence that the UL2 sequence inverts; only bands
generated from the prototype orientation of UL2 were de-
tected. On the basis of our results, we cannot, however,
exclude the possibility that a small proportion (less than 5%)
of the viral genomes had an inverted UL2 sequence; a small
percentage of restriction fragments generated from the in-
verted form of UL2 would probably not have been detected
by Southern analysis because the restriction fragments gen-
erated from the minority isomeric form of UL2 would have
migrated sufficiently close to those generated from the

LEFT L TERMINUS
RIGHT L TERMINUS

5' GGCCC AGCT10 CTCCCC G20 AGCG CGGA
5' ATGCCGAGC CTCCGCCCCG GGGGTCGGAT

CTCTGAAAAA40 AAAATTTCCC50 GCCC CGCGT60
C GGATTA TTTTCCT CCCCGCGCGA

FIG. 8. Alignment of the sequences adjacent to the S compo-
nents of the concatemeric and standard junctions. The sequences at
the two ends of the L component can be aligned to reveal patchy
homology.

majority isomeric form of UL2 to be obscured upon overex-

posure.
We conclude that if the UL2 sequence inverts, it does so

only in a small proportion of the viral genomes, a proportion
too small to be detected by the methods we used (Southern
and sequence analyses of the uncloned DNA fragment). We
estimate that we would have been able to detect isomeriza-
tion of UL2 had it occurred in more than 5% of the genomes.

Analysis of ORFs. Several open reading frames (ORFs)
were identified in the sequences of both J31 and 14. In
particular, a large ORF terminating 445 nucleotides from the
left genomic terminus (in the IRL) was identified in J31. The
5' region of this ORF is not included in the sequence in Fig.
3. Northern (RNA) blot and Si nuclease analyses showed
that this ORF is transcribed (data not shown). Several ORFs
were also observed in the sequences within 14 (i.e., the
sequences near the standard junction of the L and S com-

ponents present in mature virion DNA). The significance of
these ORFs is unknown. Since these sequences can be
deleted from the genome of viable virions (14, 15), they may
be nonfunctional or may be genes that are not essential for
growth in vitro. A detailed transcriptional analysis of the
regions of the genome contained within clones 14 and J31 will
be published elsewhere.
An ORF spanning the junction of the two genomic termini

(in clone J31), which starts in the S component at nucleotide
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FIG. 9. Southern blot analysis of mature PRV DN.
isolated from purified virions was digested with Ba
phoresed, and transferred to nitrocellulose filters. Fill
probed with nick-translated cloned BamHI fragmer
cloned BamHI fragment 13 (lane 2), cloned BamHI
(lane 3), or PRV DNA (lane 4).

81 and ends in the L component at nucleotidc
identified. Possible regulatory sequences (in the
positions) were observed upstream. This ORF
ticular interest, because PRV mutants with
which a segment of DNA derived from the left
component has been translocated next to the']
can be derived by serial passage of PRV in c

origin in which they have a growth advantage o
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FIG. 10. BamHI restriction map of the PRV ger

components in the inverted (top) and prototype (bo
tions.

PRV (14). Because the sequences derived from both ends of
the genome are permanently juxtaposed in the mature ge-
nome of these mutants (15), it seemed possible that the
growth advantage of these mutants is related to the presence

1 of the ORF that spans the junction between the genome
termini. Despite extensive efforts to detect a transcript

23 originating from these sequences, we were, however, unable
to do so. Therefore, the possibility that this ORF was not

4 functional had to be considered (see below).
55' Nucleotide sequences at the concatemeric junctions of dif-
6 ferent PRV isolates. Concatemeric junction fragments com-
7 parable to J31 of PRV Ka from two other PRV isolates

(Norden and USA7) were also cloned, and the nucleotide
88 sequences spanning the junction were ascertained and com-

pared with each other, as well as with those of J31 of PRV
9 Ka. This was done to ascertain whether (i) insertions or
10 deletions of nucleotides that would disrupt the ORF span-

ning the concatemeric junction of PRV Ka would be ob-
11 served, thereby indicating that it is nonfunctional; (ii) differ-

ences between isolates exist in the nucleotide sequence at
12 the junctions between the termini of the virions, i.e., at the

cleavage site; (iii) differences between isolates exist in the
sequence and in the number of different direct repeats
present near the genomic termini.

13} A comparison of the nucleotide sequences at the concate-
meric junction between the L and S termini of different
isolates (Fig. 11) showed almost complete sequence conser-

14`4 vation. The sequence and organization of the repeated
sequences were strikingly similar, despite the different ori-
gins of the isolates. Only occasional differences in the
nucleotide sequences were observed within the first 180
nucleotides of the S component. This sequence is composed
of different sets of repeat elements interspersed among each
other. Between the repeated elements, one or two spacer
nucleotides are present. Interestingly, the occasional differ-
ence in nucleotides between the isolates involved mainly

A. Viral DNA spacer nucleotides. Thus, in PRV Norden, the spacer GG
!mHI, electro- doublet between R2 and R3 at nucleotides 123 and 124 were
ter strips were replaced by AA. Similarly, the spacer nucleotides GA be-
rit 8' (lane 1) tween R3 and R2 at nucleotides 168 and 169 were replaced
fragment 14' by AA.

The ORF that spans the concatemeric junction of the
termini of the genome of PRV Ka (see above) is disrupted in
the two other isolates; in these isolates, a single G was

e -654, was inserted at position -52, thereby disrupting this ORF.
appropriate Differences in the numbers of direct repeats present near
was of par- the termini of the genome were observed. Thus, the direct
genomes in repeat near the L terminus (R7) was repeated two and
end of the L one-half times in the clone obtained from PRV Ka, eight
L-S junction times in that obtained from PRV Norden, and five times in
ells of avian that obtained from PRV USA7. Interestingly, the number of
tver standard times R7 was repeated in the cloned fragment isolated from

the genomes of the different isolates was similar to the
number of times these repeats were reiterated in most of the

10 712 5 8 13 genomes in the virion population; sequence analysis of the
j-r-----j uncloned ends of the genome of these virus isolates revealed

that most of the genomes in each population had a given
number of R7 repeats, eight in PRV Norden, three in PRV

10 712 5 8 13 Ka, and five in PRV USA7.
'44 i 4 4 The repeated sequences R2 and R3 near the ends of the S

component were also reiterated different numbers of times in
the different isolates because of deletions between nucleo-

- S - tide 189 and 297 in PRV Norden and between nucleotides
iomes with L 197 and 262 in PRV USA7.
ttom) orienta- A difference in the nucleotides directly adjacent to the

cleavage site between the genome of PRV Norden and the
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IRL
Ka 5'- [GGCCCAGCT CTCCCCCGAG CGCGGATCTC TGAAAAAAAA ATTTCCCGCC CC GCGTTTT CCATTGGGGT GAATGGGGAG -407
Nord (--------- ---------- ---------- ---------- ---------- --C------- ---------- -----T
USA7 [--------- ---------- ---------- ---------- ---------- --C------- ---------- ----------

Ka GGG] CCCCCA GCGCACCCAA GGCGAACCC CGCGCGGCCA CCGGCGCGGG CACCGACACC GTCCCCACCA CACGCGCGCC -328
Nord ---I------ ---------- --T------- ---------- ---------- ---------- ---------- ----------

USA7----1--- --T------- ---------- ---------- ---------- ---------- ----------

Ka CACCCTCGCC CATCGCCATC CACAACCTCC TGCCGCGGGT GGGCCCGACC GCAGCATCGC GGCTCGCCTT CTAGGGTTGG -248
Nord -G-------- ---------- -------C-- ---------- ---------- ---------- ---------- ----------

USA7 -G-------- ---------- ---------- -- ----------

R?
Ka CTGTGTGCCA AGGATGAAGA CCGCGACGA GGT (GGGGGA TTGGGGTTGG CAGGGTGCCA GGGTAGGA) 3GGGGGATTGG -171
Nord ---------- ---------- ( ) 8
USA7 ---------- ---------- ---------- --C(-----T ---------- ---------- A------- 5----------

Ka GGTTGGCAGG GTGCCAGTAT GTAGTTTGG ACCATGCCAG AATATAAATT GGCACCTTGC CAATTCTTAG TGAGTGCCCA -91
Nord ---------- ---------- ---------- ---------C----------- ---------- ----C----- ----------

USA7 ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

IRL
Ka TCCCCCAC [C CCCTCCCCAT TCACCCCAA- GGAAAACGC GGGGCGGGAA ATTTTTTTTT CAGAGATCCG CGCTCGGGGG -12
Nord -------- [- --A------- ---------- ---------G ---------- ---------- ---------- ----------

USA7 -------- [- ---------- ---------- ---------G ---------- ---------- ---------- ----------

L - J S Rl Rl R2-b' .i_
Ka AGAGCTGGGC CJ CCCACC CCCCGCTCC- CGGGGGCCGC GAAAAAAGGG GGCGGGGCTT AAAGGGGGGG GGGCTAATTT 66
Nord --------- T-GGG- ---------- -C-------- ---------- ---------- --- ------ --------

USA7 ---------- -

R2 R2 R2 R3 R2 R2 R3 R2
Ka GCATAAATTT GCATACATTT GCATAGCCC- GCCCCCTCAT TTGCATAAAT TAGCATGGCC CCTCCCCCTC ATTTGCATGC 146
Nord ---------- ---------- ---------- ---------- ---------- ------AA-- ---------- ------G---
USA7----?----- __________ _

R2 R3 R2 R3 R2 R2 R3 R2
Ka ATTTGCATAA CCCCTCCCCC TGATCTGCA AACCCCACCC CCTCATTTGC ATACATTTGC ATAGCCCCGC CCCTTCATTT 226
Nord ---------- ---------- -A-------- ------T--T ---

USA7 -----------------?--- -A---------------T--- ---------- -

R2 R2 R3 R2 R3 R2 R3 R2
Ka GCATAAATTA GCATAACCCC TCCCCCTAA: CTGCATAACC CCTCCCCCTA ATCTGCATAA CCCCTCCCCC TAATCTGCAT 306
Nord
USA7 ---- ---------- ---------- ---------- ----------

R3 R3
Ka AACCCCTCCC CCTAATCTGC ATA C CCCCTCCCCC CTCATTTAAA TATGACCGCT-3'
Nord ---------- ---------- ___TGACAA- TCCTCCGGAG GACGCCCGG- ---------- ---------- ----------

USA7---?------ _______ ___ __________

FIG. 11. Nucleotide sequences of the concatemeric junctions of three different isolates of PRV. The sequencing strategies were similar to
that illustrated in Fig. 2. The vertical arrow indicates the junction between the S and L components. The repeated elements Rl to R7 are
indicated. Blanks indicate deletions of nucleotides.

other two isolates was also observed. This difference was the junction fragments (Fig. 11), also differ between PRV Ka
verified by sequencing the uncloned end ofPRV Norden and and PRV Norden.
PRV Ka (Fig. 12). The sequence illustrated in Fig. 12 was
obtained by sequencing the 5'-end-labeled S terminus. This DISCUSSION
end carries a 3' 2-base overhang (10). Thus, in addition to the
difference in the three 5'-terminal nucleotides seen in Fig. Sequence analysis of the several thousand nucleotides
12, the 2-base overhang would, according to the sequence of spanning the concatemeric and standard junctions between

10 20 30 40 50 60
Ka 5'- CACCCCCCGC TCCCCGGGGG CCGCGAAAAA AGGGGGCGGG GCTTAAAGGG GGGGGGGCTA
Nord GGG------- ---------- -C-------- ---------- ---------- ----------

70 80 90 100 110 120
Ka ATTTGCATAA ATTTGCATAC ATTTGCATAG CCCCGCCCCC TCATTTGCAT AAATTAGCAT
Nord ---------- ---------- ---------- ---------- ---------- ----------

130 140 150 160 170 180
Ka GGCCCCTCCC CCTCATTTGC ATGCATTTGC ATAACCCCTC CCCCTGATCT GCATAACCCC
Nord AA-------- ---------- G--------- ---------- -----A---- ----------

190 200 210
Ka ACCCCCTCAT TTGCATACAT TTTGCATAGC
Nord T--T--- deleted

FIG. 12. Nucleotide sequences of the uncloned S termini of PRV Ka and PRV Norden. Virion DNA was digested with BamHI, and
fragment 13 was purified and sequenced as described previously (10).
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the L and S components of PRV has revealed the following.
(i) No significant homology between the two genome termini
exists. This finding extends our previously published con-
clusions based on the analysis of 140 nucleotides at each end
of the genome (10). (ii) There is patchy inverted homology
between the left and right ends of the L component. This
patchy homology led us to reexamine the question of the
invertibility of the L component of PRV. We found that in
PRV, as in VZV (7), few (less than 5%) of the mature
genomes have an L component that is found in an inverted
orientation compared with that found in most of the ge-
nomes. (iii) Eighty-two nucleotides present at the left termi-
nus of the genome are found in inverted form (IRL) approx-
imately 350 to 500 nucleotides (depending on the virus
isolate) downstream. The distance between the IRLs de-
pends on the number of times a direct repeat (R7) present in
the intervening sequence between the repeats is reiterated.
The unique sequence (UL2) bracketed by the IRL is found
mainly in one orientation in the mature genome and does
also not appear to invert significantly during DNA replica-
tion. (iv) Several distinct direct repeats, some of which may
vary in number in different isolates, are present near both
termini of the genome. The sequences of these repeats and
their organization are remarkably conserved in different
isolates. (v) The sequences at the termini of the genomes of
different isolates of PRV show some variability; the actual
nucleotide sequence at which cleavage can occur can differ.

Direct as well as inverted repeats have been observed near
the ends of the genomes of several herpesviruses and appear
to be a hallmark of this family of viruses. Their function,
however, remains largely unknown. Not surprisingly, sev-
eral directly repeated sequences were found near both the L
and S termini of PRV. The repeated sequences in the L and
S components share no sequence homology.
Comparison of the nucleotide sequences at the termini of

different isolates of PRV showed that the nucleotide se-
quences were almost identical in all of the isolates examined,
except for an occasional nucleotide change, insertion, or
deletion. Although some segments of DNA which included
some of the repeats present near the ends of the genomes
were deleted in some of the isolates, their sequence and
organization were remarkably similar, despite the different
geographic origins and histories of the isolates. (PRV Ka is a
laboratory strain, PRV USA7 was recently isolated in the
United States, and PRV Norden is a vaccine strain derived
from a Romanian isolate.) For example, the organization of
the repeat elements within the first 200 nucleotides of the S
component is (Rl)2 (R2)3 (R3)1 (R2)2 (R3)1 (R2)2 (R3)1 (R2)1
in all three isolates. These repeated elements are separated
by one or two spacer nucleotides that may differ. This
sequence organization is the same in all three strains.
Furthermore, many of the nucleotide variations observed
between the isolates occurred in the spacer nucleotides. The
similarity of the organization and sequences of the repeated
elements is further illustrated by the finding that the repeated
elements sometimes differed by one nucleotide. For exam-
ple, R2 is usually ATTTGCAT, but in some cases it degen-
erates into ATCTGCAT or ATTAGCAT and the same
sequence changes were observed in a given R2 in all three
isolates analyzed. While these findings point to the possibil-
ity that the sequences and organization of the repeated
elements may play an important role in the biology of the
virus, the presence of all of the repeated elements does not,
however, appear to be of pivotal importance to survival of
the virus. Thus, stretches of DNA that include some of the
R2 and R3 repeats are deleted from the genomes of different

isolates. These stretches of DNA were, however, found
beyond the first 190 nucleotides of the S component.
One of the repeated elements near the L terminus (R7)

which consists of an almost perfect repetition of 34 bp differs
greatly in number between different isolates. It is present in
only three copies in PRV Ka but in eight copies in PRV
Norden. Direct sequencing of the uncloned ends of the
mature genomes of the different isolates revealed the same
differences in the numbers of these repeats, indicating that
each population of virions contained a majority of genomes
with a given number of these repeats.
While an overall high degree of nucleotide conservation

near the ends of the genomes was observed, the actual
sequences at which cleavage of concatemeric DNA (to yield
mature DNA) occurred differed significantly between PRV
Ka and PRV Norden. The lack of consensus sequences at
the actual cleavage site (despite almost total conservation of
sequences surrounding the cleavage site) indicates that se-
quence specificity at the actual site of cleavage is not
necessary for efficient cleavage of the genome of PRV and
that cleavage is probably mediated mainly by a mechanism
that recognizes distal signals. Indeed, when the last 15
nucleotides of the S component of PRV are replaced by
unrelated sequences, the concatemeric DNA is cleaved and
the virus is viable (S. Kuperschmidt and T. Ben-Porat,
unpublished data), supporting a measuring mechanism.
These findings confirm the report by Varmuza and Smiley
(27), who showed that cleavage of concatemeric DNA of
HSV is determined by the distance from specific signals and
is not dependent on the actual sequence at the cleavage site.
The sequences at the right and left ends of the L compo-

nent show patchy inverted homology; a vestigial inverted
repeat appears to bracket the UL sequence. In VZV, a
perfect 88-bp repeat bracketing the UL sequence has been
observed, and approximately 5% of VZV genomes have a
UL sequence that is in an orientation different from that of
the UL sequences in most VZV genomes (7). We show here
that, despite only patchy inverted homology between the
ends of the L component of PRV, approximately 5% of the
genomes have an L component that is inverted relative to
that present in most of the genomes. The proportion of PRV
genomes in which the L component is inverted remained
similar after repeated passage at low or high multiplicity in
RK cells. It was also similar in the genomes of the different
isolates that we analyzed. Indeed, one would not expect
enrichment of this form of genome upon replication, because
the genome of PRV circularizes upon entering the cells and
replicates as concatemers (3, 4); after circularization, ge-
nomes with either one of the two isomeric forms of the L
component are indistinguishable from each other.

Isomerization of the L component probably results from
the presence at both of its ends of sequences that share an
inverted patchy homology. Isomerization could result from
active inversion of the L component; alternatively, it could
be generated by alternative cleavage at the junction between
either end of the L component and the IR bracketing the Us
sequence. Indeed, Davison (7) has previously mentioned the
possibility that isomerization of the L component of VZV
arises by cleavage at these two alternative cleavage sites.
We also favor this possibility on the basis of the following
observation. While a small proportion of the L component
(which is bracketed by a vestigial IRL only) inverts, the UL2
sequence (which is bracketed by an exact IRL) does not
appear to invert to a significantly greater extent and our
results exclude the possibility that more than 5% of the
genomes contain an inverted UL2 sequence. If isomerization

J. VIROL.
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of the L component were mediated by active inversion via
the inverted repeats, one would expect the perfect repeat
bracketing the UL2 sequence to be considerably more effi-
cient in inversion than the patchy homology bracketing the
UL sequence.
Recognition signals necessary for cleavage have been

shown to be present both upstream and downstream of the
cleavage site of PRV (28), and cleavage occurs between the
sequences of the IRL and the IR in the concatemeric
junction. As mentioned above, the L component could
therefore become inverted if cleavage between the partially
homologous IRL and the internal IR occurred at the stan-
dard junction. However, because the IRL sequence at the
standard junction is only partially homologous to the IRL
present at the end of the L component, and possibly also
because only part of the signals necessary for cleavage may
be duplicated at the internal end of the L component, this
cleavage site would be used at low frequency only.

Deiss et al. (8) and Hammerschmidt et al. (9) have
previously aligned the sequences at the ends of the genomes
of several herpesviruses. According to these alignments, the
two unique ends of the class 2 genomes (VZV, BHV, and
PRV) combine upon circularization of the genome to pro-
duce a sequence that has homology to the a sequence of
HSV. In HSV, cleavage occurs in a DR1 repeat within
adjacent a sequences and signals from both terminal a
sequences are necessary (18, 26). Several conserved motifs
can be discerned near the ends of the genomes of various
herpesviruses, indicating that these sequences may be rec-
ognition signals for cleavage encapsidation. It is interesting
that the elements that have been conserved to the greatest
extent in the patchy inverted repeats bracketing the L
component of PRV are not those that have been implicated
on the basis of their conservation in different herpesvirus
strains as putative signals for cleavage or inversion (8, 9).
Thus, the An (or Tn) motif that has been noted 31 to 34
nucleotides upstream of the left terminus of class 2 genomes
(and at an equivalent position in the a sequence of class 3
genomes) (7-9) is not conserved in the vestigial repeat at the
right end of the L component of PRV. Thus, if inversion of
the L component of PRV is indeed the result of alternative
cleavage due to the presence of cleavage signals in the
internal vestigial IRL (as we believe it to be), the long An (or
Tn) element that is present near the cleavage site of many
herpesviruses does not appear to be an essential element for
cleavage recognition.
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