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A strain variation of varicella-zoster virus that maps to the UL region of the genome was found to be due to
different copy numbers of a high GC 42-base-pair repeat. DNA sequence analysis of this variable region
showed the sequence to be 5-GCGGGATCGGGCTTTCGGG(A/T)AGCGGCCGAGGTGGGCGCGACG-3.
Strains Scott and Webster both contain 7 and 32 copies of the repeat, whereas strain Oka has exactly 4 copies
less. Microheterogeneity exists within the repeated sequences, depending on the strain and the repeat number.
Sequencing of the entire EcoRI P fragment (which contains the repeated sequences) and part of the adjacent
EcoRI M and EcoRI Q fragments from strain Scott showed that the repeats are part of a large open reading
frame that could code for a polypeptide core with a molecular weight of 66,000. Several potential TATA boxes
exist upstream and two polyadenylation signals are found downstream of the open reading frame. The
predicted protein bears several characteristics of a glycoprotein. The region is transcriptionally active in
varicella-zoster virus-infected cells, specifying at least three RNA species of 1.7, 1.95, and 2.5 kilobases, which
are transcribed from the same DNA strand. Part of the predicted protein has a high degree of homology to the
herpes simplex virus type 1 glycoprotein gC.

Many of the members of the Herpesviridae family show
variation in DNAs from different strains; some examples are
herpes simplex viruses types 1 and 2 (HSV-1, HSV-2; 3, 17,
32, 33), equine herpesvirus type 1 (1), Herpesvirus saimiri
(12), and Epstein-Barr virus (27). Strain variation seems to
occur by at least two different mechanisms. First, there may
be small changes in the DNA sequence at specific positions,
which result in the loss or gain of particular restriction
endonuclease recognition sites. Second, interstrain variation
can arise by the insertion of deletion of sequences which do
not profoundly alter the virus phenotype. It is clear that
many variations are quite stable, both during replication of
the virus in the natural host and in extensive propagation of
the virus in tissue culture.

Similar variations in DNAs from different isolates of
varicella-zoster virus (VZV) were also reported (4, 35, 37,
42). VZV is the causative agent of two distinct diseases:
varicella, or chicken pox, and zoster, or shingles, the latter
representing a reactivation of latent VZV. The genome of
VZV is a linear double-stranded DNA molecule (125
kilobase pairs) composed of a long unique region (UL) and a
short unique region (Us) bounded by inverted repeats
(IRs/TRs). Both regions are capable of inverting with respect
to each other, with UL inverting at a much lower frequency
than Us (7, 8, 13, 14, 19, 34, 36).

Analyses of DNA prepared from virus isolated from
patients with either disease and examined by restriction
endonuclease digestion (4, 35, 37) suggest that each epide-
miologically unrelated strain produces a distinctive set of
restriction enzyme patterns, permitting clear differentiation
of VZV strains. In contrast, DNA from strains in related
outbreaks of VZV infection provide identical restriction
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profiles. Three variable regions have been mapped on the
genome; two of them have been localized to UL, character-
ized by EcoRI fragments P and G (4, 35, 42). The third region
of variation lies in IRs/TRs (4; Fig. 1). This region is
characterized by different copy numbers of a high GC
27-base-pair (bp) repeat sequence in different strains and lies
in an apparently noncoding region upstream from the 5 ends
of two open reading frames coding for putative proteins of
molecular weights of 140,000 and 30,000 (4, 9). It was

suggested that this sequence may be part of a transcription-
controlling element; it bears limited homology to similarly
located sequences in HSV (4, 10, 24).
We analyzed a second variable region in VZV DNA that

maps in the EcoRI P fragment. This region, like the IRsITRs
variation, was found to be composed of multiple copies of a

high GC sequence, but, in contrast, seemed to lie inside
the coding region for a viral glycoprotein that has some
homology to HSV-1 glycoprotein gC.

MATERIALS AND METHODS

Cells and viruses. VZV strains Oka, Webster, and Ellen
were obtained from the American Type Culture Collection.
Strain Scott was a gift from G. Fischer, Department of
Pediatrics, Uniformed Services University of the Health
Sciences. All viruses were grown in human foreskin fibro-
blast cells as previously described (30, 34).
DNAs. VZV DNA fragments generated by EcoRI and

BamHI were cloned into pBR325 or GT.wesB as previ-
ously described (29, 33) or into pUC9 (39). Clones containing
EcoRI-P or BamHI-F were identified for further analysis
after colony hybridization. DNA fragments were separated
by electrophoresis in 1 or 1.5% agarose gels (SeaKem LE
type; FMC Corp., Marine Div., Rockland, Maine) run at 40
mA for 18 to 24 h in 0.1 M Tris borate-0.01 M EDTA (pH
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FIG. 1. Location of the strain-variable fragments on the physical map of VZV DNA for EcoRI. _, The map positions of the VZV DNA
restriction fragments from different strains that have altered mobilities. A summary of the variable regions derived from several restriction
maps (4) is shown below. Above the map is a scale showing the molecular mass (in megadaltons [Mdal]) of the VZV genome.

8.3). Fragments were purified from agarose gels by
electroelution with an analytical electroelution apparatus
(model UEA; International Biotechnologies Inc., New Ha-
ven, Conn.) and concentrated by ethanol precipitation.

Construction of deletion fragments and DNA sequencing.
DNA fragments were generated by (i) restriction endonucle-
ase digestion with enzymes purchased from Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md., or from
Boehringer Mannheim Biochemicals, Indianapolis, Ind., and
cloned into M13mpl8 or M13mpl9 or (ii) progressive dele-
tion of sequences with BAL 31 (mixed; Boehringer Mann-
heim) as described by Poncz et al. (26). Briefly, EcoRI-P
cloned into pUC9 or pBR325 in predetermined orientations
was purified from CsCI-ethidium bromide gradients and
linearized with BamHI or PvuII. The DNA was then di-
gested with BAL 31 for predetermined times. Digestion was

halted by the addition of EGTA (ethylene glycol-bis(,-
aminoethyl ether)-N,N,N',N'-tetraacetic acid) to 0.02 M,
and the DNA was then digested with EcoRI. The resulting
fragments were separated by agarose gel electrophoresis and
purified by electroelution. The resulting EcoRI P subfrag-
ments possessed one EcoRI terminus and one blunt ternli-
nus. These were subsequently cloned into M13. Single-
stranded DNA purified from recombinant extracellular
phage was sequenced by primer extension in conjunction
with dideoxynucleotide chain termination as previously de-
scribed (31).
Heteroduplex mapping by electron microscopy. Cloned

EcoRI P fragments derived from VZV strains Oka and Scott
were purified by extraction from low-melt agarose gels as

previously described (22). Heteroduplex mapping by elec-
tron microscopy was performed as described for VZV EcoRI
fragment E (4). Briefly, equal amounts of the DNA fragment
from both strains were mixed with recrystallized formamide
to yield final concentrations of 1 ,ug ofDNA per ml and 80%
(vol/vol) formamide in a 100-pul volume. The DNA was

denatured at 70°C for 5 min and allowed to reanneal for 24 h
after the addition of 50 ,ul of 0.2 M Tris hydrochloride-0.02
M EDTA (pH 8.5). The resulting heteroduplexes were
analyzed with a Zeiss EM1OA transmission electron micro-
scope at a magnification of x8,000.
Northern blot analysis of VZV RNAs. The transcripts

encoded in the EcoRI-P region of VZV DNA were identified
by hybridization of 32P-labeled DNA as described by
Ostrove et al. (25). Whole-cell RNA was purified from VZV
Ellen-infected Flow 5000 cells (Flow Laboratories, Inc.,
McLean, Va.) using the guanidinium isothiocyanate-CsCl
procedure. RNA (5 ,ug) was electrophoretically separated on

1% formaldehyde-agarose gels and transferred to nitrocellu-
lose (BA85; Schleicher & Schuell, Inc., Keene, N.H.).

Single-stranded DNA probes were prepared by primer
extension of M13 clones containing VZV DNA in predeter-
mined orientations. Single-stranded DNA purified from such
recombinants was annealed with 17-base universal primer
(Boehringer Mannheim). Primer extension was carried out at
15°C in a mixture containing 2.5 ,ug of annealed DNA, 200
,uM each dGTP, dATP, and dTTP, 20 ,uCi of [32P]dCTP
(>3,000 Ci/mmol; New England Nuclear Corp., Boston,
Mass.), 50 mM Tris hydrochloride (pH 7.4), 6 mM MgCl2, 10
mM dithiothreitol, and 2 U of DNA polymerase 1 (Klenow
fragment) for 1 h. The reaction was then halted by inactiva-
tion at 65°C for 10 min, digested with EcoRI and HindIII,
and electrophoresed on 1% agarose gels. The resulting
fragment containing single-strand-labeled VZV DNA was

purified by electroelution, denatured, and used to probe
Northern blots of VZV RNA. Double-strand-labeled DNA
was prepared by nick repair with [32P]dCTP.

RESULTS
Identification and cloning of the variable fragments. The

EcoRI-generated fragments from VZV DNA which varied
among different strains are shown in Fig. 1, along with
consensus regions for the map positions of the variable
fragments. In all the strains analyzed, the variable fragments
fell into three regions. One of these, which lies in EcoRI-P
approximately 18 kilobase pairs from the left-hand end of
UL, is the subject of this paper.
To initiate the study of this variation in EcoRI-P, the

fragment was cloned from strains Oka, Ellen, Scott, and
Webster. DNA from each clone was then analyzed by
agarose gel electrophoresis after digestion with EcoRI. One
clone from Ellen, two clones from Scott, two clones from
Oka, and one clone from Webster are shown in Fig. 2.
Strains Scott and Webster have EcoRI P fragments of
approximately 1,750 bp, whereas the strain Oka EcoRI P
fragment is 150 to 200 bp smaller. EcoRI-P from strain Ellen
is approximately 50 bp smaller than those from Scott and
Webster. The cloned fragments are identical in size to the
fragments generated from whole VZV DNA. Furthermore,
independent clones from the same strain and different prep-
arations of the same recombinant plasmid appeared identical
(data not shown), indicating that the strain differences are

stable to cloning. This is in contrast to the variable region
present in EcoRI-G which we found to be highly unstable in
size upon cloning into pBR325 and pUC9 (unpublished
observations).

Eco RI
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Heteroduplex mapping by electron microscopy. To deter-
mine both the number of possible variable regions and their
locations within EcoRI-P, electron microscope analyses of
heteroduplexes between purified P fragments from Scott and
Oka were performed. An electron micrograph of a typical
heteroduplex molecule is shown in Fig. 3. Analysis of 46
heteroduplexes showed that each molecule consists of
mostly double-stranded DNA, with a collapsed single-
stranded loop located at a mean fractional distance of 64%
(±8%) from one end of the heteroduplexes. This result
suggests that the difference between the two DNAs lies at
one site only and implies that a single deletion or insertion
exists toward the center of the fragment.

Sequencing of EcoRI-P. To determine the source of these
differences, the EcoRI P fragments from different clones
were partially sequenced. Deletions were generated by di-
gestion with BAL 31 from a single HinclI restriction site.
Cleavage of EcoRI-P at this site generated 1,350- and 450-bp
fragments from purified Scott EcoRI-P and 1,150- and 450-bp
fragments from purified Oka EcoRI-P. After digestion with
EcoRI, the termini of the truncated P fragments consisted of
a cleaved EcoRI end and a blunt end. These were then
cloned into the EcoRI and SmaI sites of M13mplO replica-
tive form, and the recombinant virus DNA was sequenced
(31).

Preliminary results (Fig. 4) indicate that the strain differ-
ence is due to different copy numbers of a repeating se-
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FIG. 2. Cloned EcoRl P fragments from DNA of VZV strains
Ellen (a), Scott (b and c), Oka (d and e), and Webster (f and g). Two
separate clones of Scott and Oka are shown. EcoRI P fragments of
VZV Ellen and Scott were cloned into pUC9 (PUC), whereas
fragments from Oka and Webster were cloned into pBR325. Lane h
contains lambda DNA cut with EcoRI and HindIll to indicate
fragment size. The sizes of the resulting fragments are shown at the
right in kilobase pairs (kbp).
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FIG. 3. Electron micrograph showing a heteroduplex molecule

formed from the annealing of equal amounts of cloned purified
EcoRI-P obtained from VZV Oka and Scott (described in Materials
and Methods). An arrow indicates the location of the collapsed
single-stranded region described in the text.

quence. The top of a gel in which clones of the Oka and Scott
1,150- and 1,350-bp fragments were sequenced from the
Hincl end is shown in Fig. 4. Although the nucleotide bands
are too close to allow determination of the precise sequence,
a regular ladder pattern can be seen, particularly in the C
lanes, which represent repeating sequence units. There
appear to be eight repeating units in strain Scott and four in
Oka. Sequencing of additional deletions showed the repeat-
ing sequence to be 5'-GCGGGATCGGGCTTTCG-
GG(A/T)AGCGGCCGAGGTGGGCGCGACG-3' (reading
from the single internal HinclI site). It is 42 bp long and
contains a single HaeIII site. Preliminary work from this
laboratory previously showed that digestion of variable
EcoRI P fragments with this enzyme removes the variation
but yields a multimolar fragment of approximately 40 bp
(T. A. Casey, Ph.D. thesis, Uniformed Services University
of the Health Sciences, Bethesda, Md., 1984). Taken to-
gether, these data suggest that the difference between the
two strains of VZV in EcoRI-P can be entirely explained by
different copy numbers of a 42-bp repeat.

Precise sequencing of the repeat regions also showed (Fig.
5) that strains Scott and Webster contain 7 and ccopies of
the repeat, whereas Oka contains precisely 4 copies less. In
addition, microheterogeneity exists between different copies
of the repeats, depending on the position and the strain. For
example, the second repeat of strain Scott has a C to A
substitution at position 12 (the only example of this change
found so far) and in all strains base 20 is either A or T,
depending on the strain and the location.
At this point, the question arose as to the location of this

variable region relative to VZV genes, since the previously
investigated variable region (in TRs/lRs) seemed to lie
outside the polypepide coding sequences (4, 9). Therefore,
the DNA sequence of the region around the 42-bp repeat was
determined. This eventually involved sequencing the entire
P fragment plus a KpnI-EcoRI subfragment of EcoRI-M and
part of EcoRI-Q. The nucleotide sequence is shown in Fig. 6,
along with the amino acid sequence predicted for a large
open reading frame found within. Interestingly, the repeat
sequences lie completely within the open reading frame
close to the amino terminus of the putative protein and code

J. VIROL.
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FIG. 4. Identification and sequencing of the repeats found in EcoRI-P from strains Oka and Scott. (A) The top of a sequencing gel in which
the larger HinclI fragments were cloned and sequenced from the unique Hincll site. The number of repeats found in the clones of each strain
is indicated. For the Oka clone, lane A did not fully extend to the top of the sequencing gel. (B) Part of an autoradiogram which displays the
sequence of one of the repeats.
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FIG. 5. Summary of the number and the microheterogeneity found in the repeats of EcoRI-P from strains Scott, Webster, and Oka. The
location of the HinclI and HaeIII sites discussed in the text is shown at the top. Below that is a graphic representation of the repeat region,
showing the number of repeats, the length of the repeat region, and the identities of the variable bases found at positions 12 and 20, as

discussed in the text. The double-stranded sequence of the repeat with the termini of the repeat region indicated by arrows above the sequence

is shown at the bottom. The HaeIII site is also indicated below the sequence.
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TGCAAGATACGTGTATATATCGTAAAAATCGCCATAAGCAATTAAACACTTATACAGATT

TAGGTTTGCCGTTGTATATACACAAAATGACCGCGGGAGAGTATGTGACCATAGAGAAA

Eco RI *****
GTTCCCGGACCCTTAAACGCGTGTTTAAAGGAATTCGTATAATGTCTGTTATACCCCCGG

TGTTATATATAGTTACCCCATTAATGTGGGCAATCTCACATATAATTAAATTAAATCATT

TTATCAAACTTACACAAGTAACGTTAGCAGTTTCAATAGGAGGTCATATTATAGCATTTG

GGTTACAGGGTTTTGCCGTTTTATATCAAGAAAAAAAAAACCTATGGGTAATTGTATTAT

ATACAACGACCTCGGTGACGGGTATAGCTGCAACATTTGCCGGCATTTCATGGGGAGCTA

TTATAATTCTAACATCAACAGTTGCGGCGGGTTTGA0CGTGTATTCAGATGATGAGACTAA

WtiTTAAA(;;']Al-liAlllAl;I('r7AlblR(Alff;ilWT'1;t;AA TAMAl UilWAWQlwl'lu

TTTATATTATAATAAATCTATGCTATCTATGTGGTACATATGTATCGTAATCGAGATAAA

TAAAGTTTTTAAAGTTGCAAAAGCCGTTTTTATTATTCCCAATGTCGAAAAAAACGTTTC
M S R K T F

CATCATTTAAATTCCGCGGTGGGTGTTTTAATCTTTTATTTAAGGGGAGCGTGGATGGGT
P S F K F R G G C F N L L F 1[ G S V D G

CAATAAAAACCAGGATGAAGCGGATACAAATAAATTTAATTTTAACGATCGCGTGTATAC
S I K T R M K R I Q I N L I L T I A C I

I -

AATTATCGACTGAATCTCAACCCACACCCGTAAGTATAACTGAATTATATACCTCGGCCG
Q L S T E S Q P T P V S I T B L Y T S A

rl ][- r2
CTACCCGAAGCCCGATCCCGCCGTCGCGCCCACCTCGGCCGCTTCOCGAAAGCCCGATC
A T R K P D P A V A P T S A A S R K P D

][- r3- ][-
CCGCCGTCGCGCCCACCTCGGCOCTACCCGAAAGCCOGAT0CCGCCGTCGCGCCCACCT
P A V A P T S A A T R K P D P A V A P T

2101 GTATTATTGATGGACACATAGTATGTACGGCAAAATGTGTGCCACGTGGCGTTGTACATT
G I I D G B I V C T A K C V P R G V V H

2161 TCGTATGGTGGGTTAACGATTCTCCCATTAACCACGAAAACAGTGAGATTACTGGGGTGT
F V W W V N V S P I N H E N S E I T G V

2221 GTGATCAAAACAAACGGTTTGTAAACATGCAAAGTTCTTGTCCAACATCGGAACTCGACG
C D Q N K R F V N M Q S S C P T S E L D

2281 GACCTATCACCTATTCGTGTCATCTAGATGGTTACCCTAAAAAATTCCCTCCGTTTTCGG
G P I T Y S C H L D G Y P K F P P F S

2341 CCGTTTATACCTACGATGCATCTACCTACGCCACTACATTTTCCGTTGTAGCAGTTATAA
A V Y T Y D A S T Y A T T F S V V A V I

2401 TTGGTGTGATATCTATCCTTGGGACATTGGGTCTTATCGCAGTTATCGCAACCCTATGCA
1 G V I S I L G T L G L I A V 1 A T L C

2461 TCCGTTGCTGTTCATAAACAGAAACCAACCAAACGCGTCTGTGTATATCATTTTATTACA
I R C C S-

2521 TTCGCAACACATCTACTGTCTTGACAACATTTAAAAATCCATTAAAGAGCCATTTCCATT

2581 TTTAGGGGGGGGTGTGGATTATATCCATCAAGCTGAAAATCGTCCCATTTAAAGTCGTTT

2641 ATATCTGTTACATTTCGAATAATTTTAAGGCAAGGAAAAGGTTTTGGGGATCGAGCTAGC

2701 TGCACTTTTAAAGCATCTATATGATTCAAGTAAATATGTGCATCCCCCATTGTATGAATT

2761 AAATCTCCGGTTTTAAGTCCTGTAACATGCGCTACTATGTAGGTAAGAAGTGCATATCCA

Kpn I
2821 GCAATGTTGAACGGTACC

1021 CGGCCGCTTCCCGAAAGCCCGATCCCGCCGTCGCGCCCACCTCGGCCGCTTCCCGAAAGC
S A A S R K P D P A V A P T S A A S R 11

1081 CCGATCCCGCCGTCGCGCCCACCTCGGCCGCTACCCGAMGCCCGATCCCGCCGTCGCGC
P D P A V A P T S A A T R K P D P A V A
-H --r7- ---1 [

1141 CCACCTCGGCCGCTACCCGAAATCCCGATCCCGCCGTCGCGCCCACCTCGGCCGCTACCC
P T S A A T R N P D P A V A P T S A A T
--r7.6---]

1201 GAAAGCCCGATCCCGCAGCCAACGCCCAACATTCACAACCACCTTTTCTATTTGAAAATA
P K P D P A A N A Q H S Q P P F L F E N

1261 TACAATGCGTTCACGGCGGAATACAATCCATACCCTATTTTCACACATTTATCATGCCTT
I Q C V H G G I Q S I P Y F XI T F I M P

1321 GTI'ACATGCGTCTAACGACCGGACAACAGGCGGCCTTTAAGCAGCAACAAAAAACATATG
C Y M R L T T G Q Q A A F K Q Q Q K T Y

1381 AACAATATTCTTTAGATCCGGAAGGTTCAAATATAACAAGGTGGAAGTCGCTTATACGCC
R Q Y S L D P E G S N I T R W K S L I R

Hipc II
1441 CCGATCTTCATATTGAAGTTTGGTTTACGCGTCACCTTATAGATCCGCACCGTCAACTGG

P D L H I R V W F T R H L I D P H R Q L

1501 GCAATGCGTTAATACGCATGCCAGATTTACCGGTTATGTTATATAGCAACAGTGCCGATT
G N A L I R M P D L P V M L Y S N S A D

1561 TAAACTTAATAAACAACCCTGAGATATTTACACACGCTAAGGAAAATTATGTAATACCAG
L N L I N N P E I F TH A K E N Y V I P

1621 ATGTTAAMCMCGTCTGATTTTTCTGTAACAATTTTATCTATGGATGCTACCACGGAGG
D V K T T S D I' S V T I L S M D A T T

1681 GAACGTATATTTGGCGAGTCGTTAATACAAAAACTAAGAACGTCATATCGGAACACAGTA
G T Y I W R V V N T K T N V I S E H S

1741 TTACAGTTACAACGTATTATCGTCCAMTATTACCGTTGT(CGGCGATCCAGTCTTAACCG
I T V T T Y Y R P N I T V V G D P V L T

1801 GACAGACATACGCAGCCTACTGTAACGTATCAAAGTATTATCCACCGCACTCGGTACGTG
G Q T Y A A Y C N V S Y Y P P H S V R

1861 TTCGGTGGACTTCAAGGTTTGGTAACATGGAAAAAATTTTATAACCGATGCAATACAAG
V R W T S R F G N I G K N F I T D A I Q

Eco RI
1921 AATATGCCAATGGATTATTTAGTTATGTTICGGGTACGAATTCCACAGCAAAAACAAA

E Y A N G L F S Y V S A V R I PQ Q Q

1981 TGGATTACCCACCCCCAGCCATCAATGTAAMTTTTATGGATTCGGGATGGCGTCTCTA
M D Y P P P A I Q C N V L W I R D G V S

2041 ATATGAAATATTCCTGT0GTTACCCCTGACGTCTATCCATTTCCCAACGTGTCTATAG
N M K Y S A V V T P D V Y P F P N V S I

FIG. 6. Sequence of the VZV DNA region containing the entire
open reading frame associated with EcoRI-P. The sequence is
derived from the EcoRI P fragment and parts of the adjacent EcoRl
Q and EcoRI M fragments from strain Scott. The identities of the
predicted amino acid residues of the open reading frame are shown
by single letters below the coding sequence. The two potential start
sites for the protein are indicated by dots above the ATG codons.
Potential glycosylation signals predicted from the amino acid se-

quence Asn-X-Ser/Thr are underlined. The locations of the repeat
sequences are shown above the sequence. Restriction sites dis-
cussed in the text are also indicated above the sequence. Four of the
potential TATA boxes and two likely polyadenylation signals are

starred and underlined, respectively.

J. VIROL.
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FIG. 7. Hydropathy plot of the protein predicted from the sequence coding for the open reading frame shown in Fig. 6. The numbers below

the plot indicate the amino acid number of the reading frame. Positive values for the plot indicate hydrophobicity, and negative values indicate
hydrophilicity.

for a repeating 14-amino-acid peptide Thr-Ser-Ala-Ala-Thr-
Arg-Lys-Pro-Asp-Pro-Ala-Val-Ala-Pro (reading from amino
to carboxy). The variation (A/T) in base 20 of the repeat
described above causes a conserved amino acid change of
threonine to seine, whereas the single base change in the
second repeat of strain Scott results in the replacement of a
lysine with an asparagine residue. The open reading frame
has two potential ATG start sites, with the second lying 31
amino acids downstream from the first. Comparisons of
these sequences with the nucleotides around the ATG start
sites in eucyarotic genes, as shown by Kozak (20), suggest
that the second ATG is more likely to be the functional start
of the protein. In addition, there are two putative
polyadenylation signals (ATTAAA) located downstream of
the termination codon. The putative protein is 591 amino
acids long and codes for a predicted protein of 66,000
molecular weight. There are five potential N-glycosylation
sites within the open reading frame located at amino acids
236, 322, 351, 462, and 490, as determined by the predicted
N-glycosylation signal sequence of Asn-X-Ser/Thr.

Further information on the predicted protein can be ob-
tained from the hydropathy plot (Fig. 7). The protein has a
short region of relatively nonhydrophobic residues at the

amino terminus followed by a highly hydrophobic region of
some 13 or 14 amino acids, which could be a signal sequence
for membrane-coupled protein synthesis. This hydrophobic
region would constitute the amino terminus and be a likely
signal sequence if initiation occurred at the second ATG
codon. This arrangement oftwo possible ATG start sites was
also predicted from the sequence of a glycoprotein found in
the Us region of VZV (6). In addition, there is a highly
hydrophobic region consisting of some 30 amino acids
located at the carboxy terminus of the protein. Taken
together, these characteristics strongly suggest that the
putative product of this open reading frame is a glycoprotein.
To identify a possible role for this putative glycoprotein in

VZV infection, we compared the protein sequence with that
of other herpesvirus proteins. Data presented by Davison
and Wilkie (11) and A. J. Davison (personal communication)
suggest that the genomic organization ofVZV is very similar
to that of HSV, except that the UL region ofVZV is inverted
with respect to the prototype arrangement ofHSV as defined
by Roizman (29). Based on this, it was possible to demon-
strate that the map location for this putative VZV glycopro-
tein corresponds approximately to the map location of
glycoprotein gC in HSV-1. Thus, a direct comparison of the
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FIG. 8. Homologous amino acids predicted from parts of the potential VZV protein (top lines) and the amino acid sequence of HSV-1 gC
(bottom lines; 15). The parts compared are indicated beneath each title. Gaps have been inserted to better show the homology. Residues that
are identical in the two aligned sequences are indicated by two dots between the residues.
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a b c d e able on Northern blots (lane c). However, missense strand-
labeled EcoRI-P DNA hybridized to at least three RNA
species of 1.95 and 2.5 kb, with a minor species of 1.7 kb
(lane e). The RNA species also hybridized missense strand-
labeled DNA from the large HincII-EcoRI fragment of
EcoRI-P (lane d). These results suggest that the large open
reading frame described above is actually transcribed in vivo
into at least two or possibly three RNA species. We also
used the 42-bp repeat sequence to probe Northern blots and

&*** w found that each of the three RNA species hybridized this
probe. However, two other RNA species of 2.1 and 3.4 kb

4 * "were also detected with the repeat probe, probably indicat-
ing nonspecific homology to other RNA species that also
contain high G+C regions. We are now attempting to
determine whether the three transcripts of 1.7, 1.95 and 2.5
kb are different processed forms of the same transcribed
region and whether such transcripts are translated.

FIG. 9. Northern blot analysis of the EcoRI-P region. Northern
blots of VZV RNA were probed with the double-stranded EcoRI P
fragment (a), the double-stranded HaeIII-generated 42-bp repeat
fragment (b), the sense-strand-labeled EcoRI-P (c), the missense-
strand-labeled EcoRI-P (e), or the missense-strand-labeled 1,150-
base EcoRI-HincII fragment of EcoRI-P (d). The approximate sizes
of the RNA species are shown.

amino acid sequences of HSV-1 gC (15) and the putative
VZV glycoprotein was made using the SEQHP program

method (16). The locally homologous amino acids of parts of
the two proteins are shown in Fig. 8 (gaps are inserted to
better show the homology). Comparison of 439 amino acids
of the potential VZV open reading frame (from amino acids
108 to 546) with 438 amino acids (19 to 446) of the HSV-1 gC
showed that 92 amino acids (21%) are perfectly matched
between the two proteins. Small regions show a much higher
degree of homology, particularly towards the carboxy ter-
mini of the proteins. For example, there is a 15-amino-acid
stretch in VZV (from 471 to 485) that has over 70% homol-
ogy to HSV-1 gC. When the probability that so close a

resemblance would occur by chance alone was calculated
and used to classify the homologies by statistical significance
(16), computer analysis indicated that the homology shown
in Fig. 8 is greater than 26 standard deviations from the
average matching of 100 random sequences, suggesting that
the homology is highly significant.

Analysis of the transcription from the EcoRI-P region. We
showed with the above data that the VZV sequences incor-
porating the EcoRI-P variable region are, in theory, capable
of coding for a glycoprotein. We therefore examined tran-
scription from the EcoRI-P region in vivo to determine
whether this was an active region of VZV DNA. RNA was

prepared from cells infected with VZV strain Ellen and
transferred to nitrocellulose as previously described (25).
We used single-stranded probes generated from this region
of VZV DNA which allowed the determination of the
direction of transcription of these RNA species. The results
are shown in Fig. 9. Double-stranded DNA of EcoRI-P was
found to hybridize to at least three transcripts of 1.7, 1.95,
and 2.5 kilobases (kb) (Fig. 9, lane a). Probes of EcoRI-P
DNA labeled only on the same (sense) strand as the open
reading frame did not hybridize to any RNA species detect-

DISCUSSION
The results presented here identify the structural basis for

a variation that is observed in the DNAs of different VZV
strains. The presence of the variable region, located in the
UL region of the genome approximately 18 kilobase pairs
from the left-hand end, results in a characteristic mobility
difference in agarose gels of a DNA restriction fragment
(EcoRI-P) that is due to the presence of different copy
numbers of a repeating nucleotide sequence. The difference
in mobility between the largest and the smallest (strains
Scott and Oka, respectively) was originally estimated to be
approximately 150 to 200 bp. Detailed heteroduplex analyses
and nucleotide sequencing confirmed these early observa-
tions, and it is now clear that Oka and Scott differ in this
region by 168 nucleotides (four complete repeat units).
The repeating sequences are composed of head-to-tail

42-bp units of 5'-GCGGGATCGGGCTTTCGGG(A/T)AGC-
GGCCGAGGTGGGCGCGACG-3'. At the 3' terminus of
each group of repeats, an incomplete sequence (32 nucleo-
tides) is invariably found. The unit sequence is unusual for
VZV, in that its 77% G+C content is much higher than the
average for the whole genome (47% G+C). In several
respects, this sequence is similar to repeat sequences found
elsewhere in the genome of VZV and in other herpesviruses.
We previously described 27-bp head-to-tail repeat units
located in the IRs/TRs region of VZV whose copy numbers
vary from strain to strain (4). The 27-bp sequence has only
limited nucleotide homology with the 42-bp sequence, but it
is similar in that it is also high in G+C (81%; 4, 9). Repeated
high G+C sequences were also found in the IRs/TRs regions
of other herpesviruses, including the a and c sequences of
HSV and pseudorabies virus (2, 23, 24). The function of such
repeated elements remains obscure, although their location
outside yet close to transcribed sequences may suggest a
role in the control of gene expression.
A major difference between the 42-bp repeat and those

described above is that the 42-bp repeat seems to form part
of the coding sequence for a protein(s). It should, however,
be noted that the location of the 42-bp repeat does not
exclude the possibility that it also may play a role in
transcriptional control, analogous to certain transcriptional
enhancer sequences encountered in other eucaryotic
genomes (21). Intragenic repeat elements have been reported
in a DNA-binding protein gene of HSV-1, but their role or

significance is not known (28); they also show strain varia-
tion.

Expression of the putative glycoprotein gene in strains
Oka and Scott should lead to the production of two proteins

SIZE kb
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which differ in size by 56 amino acids or about 10% of their
sequence. Without knowledge of the polypeptide structures,
it is difficult to predict how this might affect the activity of
the proteins, and the parameters affected have yet to be
determined.

Several potential TATA-box like sequences can be iden-
tified upstream from the open reading frame with character-
istics of other herpesvirus promoters. This is presumably
because of the relatively high A+T content of the virus
genome; it is difficult to predict which may be used by the
virus. Downstream of the termination codon lie two pre-
dicted polyadenylation signal sequences.

It is clear that the region is transcriptionally active in
VZV-infected cells, coding for transcripts of 2.5, 1.95, and
1.7 kb, all read from the missense strand. However, we are
not yet certain whether these transcripts are translatable or
whether some of the species may be spliced or processed. It
would be valuable to determine whether transcription in vivo
from this region is early or late, allowing detailed compari-
sons of the controlling (upstream) regions ofHSV with VZV.
The glycoprotein predicted to result from translation of

these transcripts has not, as yet, been identified in VZV-
infected cells. To continue these studies, it is likely that it
will be necessary to obtain an immunological reagent capa-
ble of recognizing this protein, and this is being pursued.
From the sequence, the polypeptide core of the protein has
a molecular weight of about 66,000, but addition of sugars is
likely to increase that figure substantially. Comparison of its
amino acid sequence with that of HSV-1 gC showed homol-
ogy between the two proteins, particularly in a region
located toward the carboxy termini of the proteins. In
contrast, there is less than 20% overall homology outside
this region; this may suggest that an important part of these
two molecules lies in these conserved regions.

It is not yet known what function gC has in HSV-1
infection. Furthermore, it was shown that HSV-1 gC is not
essential for virus infection, since several virus isolates were
found that lack this glycoprotein (5, 18). The HSV-2 coun-
terpart of gC was also reported to be nonessential (41). We
are now attempting to determine whether this putative VZV
gene is also nonessential.

Finally, it may be of significance that strain Oka, with the
smaller gene described in this paper, is the attenuated
vaccine strain of VZV (38), whereas the other VZV strains
analyzed have been passed relatively few times outside
human cell culture. Strain Oka was reported to have many
irregularities in its DNA (40), although none of the reported
differences between the parent and vaccine strains corre-
sponds to the variable region reported here. It will therefore
be important to determine whether the number of copies of
the 42-bp repeat in the parent Oka strain is the same as in the
vaccine strain. It may be that the characteristics of this VZV
glycoprotein are an important determining factor in the
pathogenesis of varicella or zoster infection.
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