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Varicella-zoster virus (VZV) is considered to be one of the most genetically stable of all the herpesviruses.
Yet two VZV strains with a D150N missense mutation within the gE glycoprotein were isolated in North
America in 1998 and 2002. The mutant strains have an accelerated cell spread phenotype, which distinguishes
them from all wild-type and laboratory viruses. Since the VZV genome contains 70 additional open reading
frames (ORFs), the possibility existed that the phenotypic change was actually due to an as-yet-undiscovered
mutation or deletion elsewhere in the genome. To exclude this hypothesis, the entire genomes of the two mutant
viruses were sequenced and found to contain 124,883 (VZV-MSP) and 125,459 (VZV-BC) nucleotides. Coding
single-nucleotide polymorphisms (SNPs) were identified in 14 ORFs. One missense mutation was discovered
in gH, but none was found in gB, gI, gL, or gK. There were no coding SNPs in the major regulatory protein ORF
62. One polymorphism was discovered which could never have been anticipated based on current knowledge of
herpesvirus genomics, namely, the origins of replication differed from those in the prototype strain but not in
a manner expected to affect cell spread. When the two complete mutant VZV sequences were surveyed in their
entirety, the most reasonable conclusion was that the increased cell spread phenotype was dependent sub-
stantially or solely on the single D150N polymorphism in glycoprotein gE. The genomic results also expanded

the evolutionary database by identifying which VZV ORFs were more likely to mutate over time.

The primordial varicella-zoster virus (VZV) arose around 65
million years before the present (39). Thereafter, VZV cospe-
ciated first in primates and more recently in humans (40).
Indeed, the two manifestations of VZV infection, namely
chicken pox and zoster (shingles), may have evolved based on
the exigencies of survival in small human populations through
the millennia (19). The primary infection chicken pox would
allow spread through a small community, after which the virus
would enter a latent state in the dorsal root ganglia of all
inhabitants for several decades. When one of the elderly de-
veloped zoster, the virus would infect all the more-recently
born nonimmune people, who in turn would contract chicken
pox followed by a latent infection, lasting for several more
decades.

The general characteristics of these two diseases are so sim-
ilar around the world that the assumption emerged that VZV
itself was genetically stable around the world. So widespread
was this assumption that VZV virologists generally accepted
the complete VZV DNA sequence, as published by Davison
and Scott in 1986 (11), as the actual sequence for all VZV
laboratory strains in common use in the 1980s and 1990s. Of
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note, very few laboratories used the only sequenced strain,
VZV Dumas, because of the assumption of genetic similarity
among all strains. Even though different laboratory strains
were used, there was in general a concordance in published
data about the characterization of major VZV gene products.

It was unexpected, therefore, to discover a variant VZV
strain in 1998 in a child with chicken pox living in the state of
Minnesota (61). This strain, called VZV-MSP, contains a mis-
sense mutation in the predominant VZV glycoprotein gE (for-
merly designated gp98 or gpl). In cell culture, this strain ex-
hibits both an accelerated cell spread phenotype as well as a
different egress pattern distinguishable from all previously ex-
amined wild-type or laboratory strains (60). In human genetics,
a genetic polymorphism that leads to a new phenotype in the
affected human is called a mutation, as opposed to a variant.
Therefore, VZV-MSP has the attributes of a mutant VZV
strain. Perhaps even more surprising than the discovery of the
first mutant VZV strain was the subsequent discovery of a
second mutant VZV strain in Vancouver, British Columbia,
Canada (68). Since the same gE mutation was observed in the
VZV-BC strain, the D150N substitution can be considered an
authentic single-nucleotide polymorphism (SNP). Now that
two mutant VZV strains have been isolated in North America,
the fundamental question immediately arose, namely, are the
two viruses representative of a previously unknown VZV sub-



6800 GROSE ET AL.

group in circulation among small human populations in North
America? If so, how aberrant are the genomes of these mutant
viruses, viz., are there other major mutations elsewhere in the
genome that may contribute to the altered phenotype and, if
so0, are the two viruses similarly mutated?

For all the above reasons, the decision was made to se-
quence the complete genomes of both VZV-MSP and VZV-
BC. This undertaking led to several interesting observations
about VZV genomics. Importantly, this report shows that ge-
netic diversity occurs in sites that could not have been pre-
dicted without sequencing the entire VZV genome and there-
fore would have remained undiscovered.

MATERIALS AND METHODS

Viruses and their titration. VZV-MSP was recovered from a child in Minne-
sota in late 1995; he had chicken pox (61). VZV-BC was isolated from a 75-
year-old adult in Vancouver, British Columbia, Canada, in 2000; he had shingles
(68). Both were compared with VZV-Dumas; this virus was isolated from a
chicken pox patient in The Netherlands in the late 1970s by Anna Maria Dumas
(13). She stored passage four aliquots of this virus for all subsequent studies.
Since this virus was the first to be sequenced, VZV-Dumas is considered to be
the prototype for European and North American strains of VZV (11). The Asian
reference strain is VZV-Oka, which was isolated from a child with chicken pox
in Japan in the 1970s and attenuated by multiple passage in cultured cells by
Michiaki Takahashi (17). Plaque titrations to measure infectious centers in this
study were performed by methods described elsewhere (20).

Virus propagation and genome purification. The VZV-MSP and VZV-BC
isolates were propagated for six to eight passages in cultured human melanoma
cells (Mewo strain) in Dulbecco’s modified Eagle’s medium (Gibco, Burlington,
Ontario, Canada) supplemented with 5% fetal bovine serum, 1% nonessential
amino acids, and 1% sodium pyruvate (20). Viral nucleocapsids were isolated
from infected Mewo cells exhibiting advanced cytopathic effect, and VZV
genomic DNA was extracted by previously described methods (59).

DNA sequencing strategies. Instrumentation included the ABI 377 and ABI
3100 DNA sequencers. Sequencing of VZV-MSP was carried out using a shotgun
approach. The purified viral DNA was sheared to produce a random distribution
of smaller fragments (generally 1 to 3 kb in length), which were then cloned into
a plasmid vector. A recombinant library was generated which contained repre-
sentative fragments spanning the entire genome. Random library clones were
end sequenced using standard primers flanking the cloning site. Sequencing was
continued until three to five genome equivalents of sequence data had been
generated. The data were then assessed using Staden sequencing software to
determine which plasmid clones would likely close gaps if more data were
available (64). Selected clones were then resequenced using both additional
primers to further extend the data from specific clones as well as PCR primers to
span gaps to generate hybridization probes for screening the library for clones
likely to yield missing data. Sequencing of VZV-BC was carried out using the
custom primer approach. An EcoRlI-restricted VZV genomic library was gener-
ated. PCR primers were designed to produce hybridization probes specific for
the different VZV EcoRI fragments and were used to screen the library. In
addition, a panel of custom sequencing primers were designed based on the
known sequence of VZV-Dumas (10) (accession number NC001348). These
primers were appropriately spaced (500 bp) to obtain complete coverage of the
various fragments. PCR primers were also designed to generate amplicons span-
ning the EcoRI junction sites and the junction of the genome during its repli-
cative phase.

Sequence analysis. The complete DNA sequences of Dumas, VZV-MSP, and
VZV-BC were aligned and compared using MegAlign (clustal V algorithm;
DNAStar, Madison, Wis.) (64). Any sequence variations that were detected were
confirmed by resequencing the region with custom primers.

Surface plasmon resonance. Kinetic binding analyses between mouse mono-
clonal antibody (MAb) 3B3 and its epitope were performed on the Biacore 3000
apparatus with the CM5 carboxy methyl dextran chip (6, 62). The respective
20-mer peptides bearing the wild-type and mutated epitopes were synthesized:
IVNVDQRQYGDVFKGDLNPK and IVNVNQRQYGDVFKGDLNPK. Each
was immobilized using standard amine coupling methods on separate flow cells
of the same chip. With Biaevaluation 3.1 software, sensorgram data were gen-
erated from five separate concentrations of MAb: 60, 30, 15, 7.5, and 3.7 wg/ml.
Each concentration was run simultaneously over wild-type, mutant, and two
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nonspecific control flow cells on a single CM5 chip. Total binding at each
concentration was subtracted from nonspecific binding to obtain specific binding
curves for each concentration. Specific binding curves for each of five concen-
trations of MAb were merged onto a single timeline using Biaevaluation soft-
ware. The on and off rates of antibody for peptide were determined by the
bivalent analyte model, and the equilibrium constants were calculated from the
on and off rates.

Nucleotide seq e accessi bers. GenBank accession numbers for the
two sequences are the following: VZV-MSP, AY548170; and VZV-BC,
AY548171.

RESULTS

The VZV gE glycoprotein. The genetic diversity of the VZV
gE gene has been a subject of speculation since the publication
of the first D150N mutation in 1998 (61). The likelihood of
finding a second identical mutation was considered remote.
Therefore, the isolation 3 years later of VZV-BC with the
same D150N coding SNP in VZV gE came as a surprise (68).
As noted previously, the D residue is a critical component of
the MAb 3B3 epitope. The substitution of D with an N sub-
stantially reduced the amount of immunostaining, as gauged by
inspection under laser scanning confocal microscopy (60). In
order to quantify with precision the loss of reactivity by the
murine MAD, the affinity of MAb 3B3 to its epitope with either
a D or an N residue was measured by surface plasmon reso-
nance with a Biacore apparatus. For comparison, the binding
curves for wild-type and mutant peptides at five different MAb
concentrations were merged onto a single timeline (Fig. 1A
and B). The data showed a marked reduction in affinity of
MAD 3B3 for the mutated epitope. For example, the associa-
tion rate was 152 times greater for the wild-type peptide, while
the dissociation rate was nearly 10 times greater for the mutant
peptide. The equilibrium association constant, therefore, was
1,400 times greater for the wild-type peptide.

Viruses containing the gE(D150N) glycoprotein have other
attributes. Generally, under the usual conditions of VZV in-
fection of cultured cells, the mutant viruses exhibited a pro-
gression of cytopathic effect about 30% faster than that of the
typical wild-type virus (Fig. 1C). Based on data in herpes sim-
plex virus type 1 (HSV-1) studies (12), the presumption was
that the gE mutation was likely responsible for the altered
VZV phenotype. Yet there was a reasonable alternative hy-
pothesis, namely, that an as-yet-undiscovered alteration in the
VZV-MSP genome (deletion, duplication, or addition) was
responsible for the faster cell spread phenotype. At the present
time, there is insufficient information about wild-type VZV
genomics upon which to base any conclusion. To explore this
hypothesis, the entire genomes of VZV-MSP and VZV-BC
were sequenced and annotated. The mutant genomes con-
tained 124,883 and 125,459 nucleotides, respectively.

Other VZV glycoproteins. The gE glycoprotein forms a com-
plex with gl (ORF 67) (18). There were no polymorphisms
noted in gl (Table 1). There was a coding SNP, however, in the
ectodomain of the gH protein (ORF 37), namely, a proline-
to-leucine change in residue 269 (Table 1). The P-to-L substi-
tution has been observed in numerous European strains and
also in Asian strains (70). One of the strains not having this
SNP is VZV-VSD, a North American strain extremely closely
related to VZV-Dumas (14). However, it is again important to
note that none of the other strains with this gH SNP has a
concomitant gE mutation.
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FIG. 1. Characterization of the mutated epitope and the mutant virus. (A) Biacore specific binding curves. Using BIAevaluation 3.1 software,
sensorgram data from five separate concentrations of 3B3 MADb injected over bound wild-type (WT) epitope synthetic peptide (top five curves)
or bound mutant (MT) synthetic peptide (bottom five curves) were merged onto a single timeline. (B) Concentrations of 3B3 MAb used in the
experiment shown in panel A. To achieve specific binding, the binding from a control chip was subtracted from total binding shown by either the
WT or MT synthetic peptide. The kinetic and equilibrium constants were determined using the Biacore technology as described in Materials and
Methods. (C) Infectious center assay of WT and MT virus. Infectious center assays were carried out by previously described methods (8, 20). The
numbers of infectious centers present at 24 and 48 h postinfection were determined for WT and MT viruses. The average increase of infectious
centers at each interval was tabulated.
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TABLE 1. Coding polymorphisms within VZV ORFs
Dumas MSP BC ORF no Amino acid

Position Base Position Base Position Base change
14117 to 14149 14118 to 14120 14117 to 14120 11 Deletion
20753 T 20709 A 20708 T 14, R2 TtoS
20795 A 20751 A 20750 T 14 StoT
20879 A 20835 T 20834 T 14, R2 TtoS
20921 A 20877 T 20876 A 14 StoT
20963 A 20919 T 20918 A 14 StoT
21017/8 20974 to 21015 20972/3 14 Insertion
28836 T 28834 T 28791 C 19 Kto E
33732 A 33730 A 33687 G 21 Kto E
40660 T 40658 T 40615 C 22 VitoA
41485 C 41483 T 41440 C 22 AtoV
41486 G 41484 C 41441 G 22 AtoV
63448 T 63460 T 63939 C 34 Tto A
65669 C 65681 T 66160 T 36 StoL
66879 C 66891 T 67370 T 37 PtoL
69756 T 69768 T 70247 C 38 StoG
78698 C 78710 T 79188 C 43 Rto C
90202 G 90214 T 90692 T 51 HtoQ
99186 T 99198 T 99676 C 56 Y toH
99789 T 99801 T 100279 C 58 ItoV
116255 G 116261 A 116788 A 68 DtoN

No polymorphism was observed in the gH chaperone pro-
tein gL (ORF 60) (Table 1). A second potential start site has
been found in gL in several Asian strains, but in none of the
European strains (70). Likewise, there were no polymorphisms
in gK (ORF 5) or gB (ORF 31) (42). However, polymorphisms
were observed in gC (ORF 14). VZV gC is important for viral
tropism for skin cells (43). This glycoprotein is unusual in that
it contains an in-frame repeating structure of 14 amino acids
near the amino terminus. The entire VZV genome contains
five sets of these repeating elements, and the set within gC is
R2 (11). The R2 repeats consist of tandem arrays of 42-bp
sequences, followed by a final 32-bp sequence. The number of
R2 repeating sequences can vary from 3 to 14, but most strains
have between 6 and 9. VZV-Dumas and VZV-BC contain
seven repeats, ABABAAA and ABBBBAA, respectively, while
VZV-MSP contains eight repeats, AAABBBBB (Tables 2 and
3).

Five VZV repeating elements. In addition to the R2 in ORF
14, there are four additional repeating sequences in the VZV
genome (11, 26). R1 and R3 occur within genes 11 and 22,
respectively. R4 is located within the repeated regions of the
unique short portion of the genome, while R5 is found within
the right-hand portion of the unique long segment, as previ-
ously noted (26). The R1 repeating sequences consisted of
varying arrangements of 18-bp elements and 15-bp elements
followed by 3-bp elements; the R1 regions were different in all
three strains (Table 3). The R3 region included multiple copies
of 9-bp elements, in frame within ORF 22. As with R2, differ-
ences were observed in all three strains (Table 3). Moreover,
these differences in R3 sequences largely accounted for the
difference in genome size between VZV-MSP and VZV-BC.
The R4 region is made up of variable numbers of a 27-bp
element.

In contrast to results with R1 through R3, VZV-Dumas and
VZV-MSP shared the same R4 elements, while VZV-BC con-
tained an additional two 27-bp inserts. RS contains tandem

arrays of an 88-bp element followed by a 24-bp element.
Among the three strains, VZV-MSP and VZV-BC had an
identical RS structure, but that of VZV-Dumas was different.
Prior investigators compared the stability of the R1 and RS
repeats from viruses after passages 12 to 14 and 41 to 43. They
observed little or no difference and concluded that R1 and RS
are very stable during multiple passages (26, 32). In addition,
others have noted that R2 and R3 may change after 85 pas-
sages in cell culture, but no changes were detected after only 10
passages (21, 22).

VZV enzymes. Like all alphaherpesviruses, VZV encodes a
thymidine kinase gene (ORF 36). Thymidine kinase catalyzes
the phosphorylation of thymidine to thymidylate (67). Similar
to its HSV counterpart, this enzyme is dispensable in VZV
grown in cultured cells. However, the enzyme is essential for
effective antiviral therapy, because the thymidine kinase is re-
sponsible for the first phosphorylation step of the nucleoside
analog acyclovir. In patients receiving acyclovir treatment for
severe VZV infection, acyclovir-resistant mutant viruses have
arisen, although less frequently than HSV resistant viruses.
Because both patients with gE(D150N) viruses had received
antiviral treatment, there was a possibility of mutation in the
thymidine kinase gene. Both gE mutant viruses had an amino
acid substitution of serine to leucine at position 288 of ORF 36
(Table 1). This polymorphism has been observed in several
VZV strains and did not alter the ability of the VZV thymidine
kinase to function in phosphorylation (45, 49). The ORF 36
protein, therefore, did not have a mutation known to be asso-
ciated with acyclovir resistance.

A coding polymorphism was observed in the large subunit of
the ribonucleotide reductase (ORF 19), which catalyzes the
reduction of ribonucleotides to deoxyribonucleotides (Table 1)
(25). The polymorphism led to a K-to-E substitution. There is
insufficient mutational analysis of ORF 19 to determine the
effect of the SNP. The small subunit of the ribonucleotide
reductase is encoded by ORF 18. No polymorphisms were
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TABLE 2. Polymorphisms within VZV intergenic regions
Dumas MSP BC
OREF location
Position Base Position Base Position Base
1 A 1 G 1 G
3 G 3 C 3 C
117/8 118 C 117/8
8589 T 8590 G 8589 T ORFs 6/7
13458 G 13459 G 13458 T ORFs 10/11
42403 A 42418/19 42897/8 ORFs 22/23
54564 T 54579 C 55058 C ORFs 29/30
60277 to 9 AAA 60291/2 60770/1
77898 T 77910 C 78389 T ORFs 42/43
78144 T 78156 T 78634/5 ORFs 42/43
101991 C 102003 C 102481 T ORFs 60/61
102203 A 102215 G 102693 G ORFs 60/61
102575 A 102587 G 103065 A ORFs 60/61
102617 C 102629 T 103107 C ORFs 60/61
102969 A 102981 G 103459 A ORFs 60/61
104898 A 104910 G 105388 G ORFs 61/62
105010 C 105022 G 105500 G ORFs 61/62
105012 T 105024 C 105502 C ORFs 61/62
105015 T 105027 T 105505 C ORFs 61/62
105016-7 CT 105027/8 105505/6 ORFs 61/62
105054/5 105065 G 105542/3 ORFs 61/62
105071 G 105082 G 105558/9 ORFs 61/62
109253/4 109264/5 109741 C ORFs 62/R4
109907/8 109918/9 110396 to 110449 R4/ori, ORF63
110058 110068/9 110600 G R4/ori, ORF63
110220-9 TATATATAGA 110230-1 TA 110761/2 ori (110087-350)
110369-70 110372-3 AA 110902-3 AA ori/ORF63
111561 T 111565 C 112095 T ORFs 63/64
112198 G 112204 A 112731 A ORF64/ORF65 poly(A) and ORF65
112931 T 112937 C 113464 T ORFs 65/66
112960 T 112966 C 113493 T ORFs 65/66
117699 C 117705 T 118232 T ORF68 and ORF68 poly(A)/ORF69
117769 T 117775-7 TTT 118301/2 ORF68 and ORF68 poly(A)/ORF69
118336 A 118344 G 118868 A ORFs 68/69
119536/7 119545-6 TT 120069 T ORF70 and ori/R4
119669-78 CTATATATAT 119679-80 AT 120201/2 ori (119547-119810)
119847 C 119848/9 120370 C ori/R4
120651/2 120652/3 121229 G R4/ORF71
124834 C 124835 C 12541172 ORF71/end
124851/2 124853 C 125428/9 ORF71/end
124880-2 AGA 124882-4 AGG 125457 G ORF71/end

observed in this ORF. The sequences of the two VZV serine/
threonine protein kinases, ORF 47 and ORF 66, were also
examined because of their importance to the virus life cycle
(44, 48). However, no coding SNPs were detected.

The IE62 major regulatory protein. As with all herpesvi-
ruses, VZV genes are grouped into three temporal classes:
immediate early (IE), early, and late. The first set of genes to

be expressed are the IE or alpha genes, which are predomi-
nantly involved in regulation of viral transcription. An under-
lying hypothesis of this project was that the gE mutation ac-
counted for the altered phenotype. An alternative explanation
is that a regulatory event enhanced viral replication. VZV IE62
is the major viral transcriptional regulator, an even-more-dom-
inant player in viral gene regulation than its HSV-1 homolog,

TABLE 3. VZV reiterations R1 through RS

Repeating sequence

Region
VZV-Dumas VZV-MSP VZV-BC
R1 ABBABBCBBCBBBBABDAB ABBABBABBABBABAB ABBABBABBABDABAB
R2 ABABAAAx AAABBBBBx ABBBBAAx
R3 AAAAABAx ABABABABAx AAAABAABAAAAABAx
R4 AAAAAx AAAAAx AAAAAAAX
R5¢ ABA(4T, 61G, 72A) ABA(4T, 61G) ABA(4T, 61G)

“ For RS, A = 88 bases (4G, 61A, and 72G) and B = 24 bases. Davison and Scott (11) defined RS as an 88-bp repeat (which they termed A), then a 24-bp repeat
(no name), followed by another 88-bp repeat which they again termed A, although it differed from the first A in the three positions noted above.
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TABLE 4. VZV strain DNA replication origin polymorphisms®

Strain ORFs Location Nucleotides in respective viral origin

Dumas 62/63 110190 TCTTTC(TA,s AGAAAGA

MSP 62/63 110200 TCTTTC(TA,; GA- AA- GA

BC 62/63 110732 TCTTTC(TA,, GA- AA- GA
Dumas 70/71 119662 TCTTTCTC(TA, s GAAAGAAA
MSP 70/71 119672 TC-TT-TC(TA;35 GAAAGAAA
BC 70/71 120195 TC-TT-TC(TA GAAAGAAA

“The VZV ori lies between the designated ORFs; the location indicates the first nucleotide in each sequence.

ICP4 (7, 52, 53). In HSV-1, VP16 is a potent alpha gene
transducing factor. In the VZV system, the VP16 homolog
called ORF 10 lacks the acidic domain required for much of its
transactivating activity. VZV IE62, unlike HSV ICP4, pos-
sesses a potent N-terminal acidic activation domain and can
activate its own promoter, thereby playing a similar role to
VP16 regarding its own expression. Furthermore, VZV 1E62
can transactivate promoters within all three temporal classes.
In this sequence analysis, two IE62 polymorphisms were un-
covered but neither led to an amino acid change. The first was
a C-to-G change in both VZV-MSP and VZV-BC. This change
has been observed in all VZV IE62 genes sequenced to date by
our laboratory (14, 70). The second was a G-to-C change in
VZV-BC only. Otherwise stated, at an amino acid level the
IE62 proteins of all three viruses were identical. Since ORF 62
is located in the short repeat sequences, it has a duplicate gene,
OREF 71. ORF 62 and ORF 71 were identical in each of the
mutant VZV strains.

The promoter region of IE62. As part of the same hypoth-
esis, we also examined the cis-acting sequences that control the
expression of IE62 (Table 2) (46, 57). If the expression of IE62
were up regulated, one consequence would be an altered
growth phenotype. The promoter region of IE62 has been
investigated in several studies (41, 54). The TATA box in
VZV-Dumas consists of the sequence T TTT AA located 97 bp
from the first methionine. The same TATA box was found in
the same region of both the VZV-MSP and VZV-BC ge-
nomes. A string of eight G nucleotides was present at 111 bp,
and further upstream two octamer motifs, ATG TAAA
TGAAAT and TTTTG CAT, were identified. Again, these
motifs and their positions in the sequences upstream of the
IE62 coding region in the two mutant viruses were identical to
those found in VZV-Dumas (29).

VZV proteins involved in viral replication. The VZV genes
involved in viral replication include ORF 6 (primase; HSV
ULS52), ORF 16 (polymerase processivity factor; HSV ULA42),
ORF 28 (polymerase catalytic subunit; HSV UL30), ORF 29
(DNA binding; HSV UL29), ORF 51 (origin binding; HSV
ULY9), ORF 52 (helicase; HSV ULS), and ORF 55 (helicase;
HSV ULS). When these sequences were examined in the two
mutant viruses, all were identical to those in VZV-Dumas, with
the exception of the origin binding protein ORF 51 (31, 58).
The latter protein contained a missense mutation at VZV-
Dumas nucleotide 90,202, resulting in an H-to-Q substitution
(Table 1). In general, however, the viral replication proteins
were not a site of genetic divergence within the two VZV
gE(D150N) mutant viruses.

Short genome segment and viral origins of replication. The
VZV unique short region of the genome and its inverted re-
peat sequences contain genes 62 to 71 (10). The diploid genes
within the inverted sequences include genes 62, 63, and 64, as
well as their duplicates 71, 70, and 69, respectively. When all
regions of the sequenced VZV-MSP and VZV-BC genomes
were examined and compared to that of VZV-Dumas, a pro-
pensity for intergenic polymorphisms was observed in the
unique short segment plus the adjacent ORF 61-ORF 62 in-
tergenic region in the UL segment (Tables 1 and 2). With
regard to the ORF 61 promoter region, all four intergenic
nucleotide changes in VZV-MSP and VZV-BC occurred out-
side the previously described TATA and CATT elements. In
short, when compared to the VZV-Dumas strain, there were
mainly single nucleotide substitutions, additions, and deletions
within the short segment of the genome (Table 2). However,
with regard to the signature coding SNP in the two mutant
viruses, no changes were found in the promoter regions pre-
ceding either ORF 67 (gI) or ORF 68 (gE) (28, 37).

The VZV genome contains two origins of DNA replication,
both of which are resident in the repeat regions flanking the
short region. They are located in the intergenic regions be-
tween ORFs 62 and 63 and between ORFs 70 and 71 (65, 66).
Unlike HSV-1, VZV does not have a third origin of replication
in the long segment of the genome. The VZV ori sequences
contain a core element consisting of a palindrome with a cen-
tral TA dinucleotide repeat. Based on the overall high level of
relatedness between the DNA sequences of Dumas and the
mutant strains already described in Results, it was of consid-
erable surprise and interest that there were obvious nucleotide
differences between the origins of replication for the three
viruses (Table 4). Whereas VZV-Dumas contains 16 TA
dinucleotides, in VZV-MSP this stretch was shortened to 13
and in VZV-BC it was just 12. Within each origin palindrome,
the nucleotides upstream and downstream of the dinucleotide
sequence also were variable between the North American
strains and VZV-Dumas, including identical nucleotide dele-
tions just downstream of the TA repeat in the ori flanked by
ORFs 62 and 63 and a different pair of deletions occurring
upstream of the TA repeat in the ori flanked by ORFs 70 and
71 (Table 4).

DISCUSSION

The VZV gE(D150N) mutant VZV strains have the at-
tributes of increased cell-to-cell spread in cultured cells, as well
as rapid destruction of an infected human skin explant in the
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SCID-hu mouse model and a novel egress pattern observed
with scanning electron microscopy (60, 61). VZ virions typi-
cally emerge onto the cell surface in a pattern called viral
highways, whereas the mutant viruses egress uniformly over
the surface in a pattern similar to that of HSV-1 and HSV-2.
When taken together, these properties allow the gE mutant
viruses to be distinguished from all other VZV strains. The
effects of temperature and cell type were investigated further
in several cell-to-cell spread experiments (8). At both 32 and
37°C, VZV-MSP spread faster than wild-type VZV. This effect
was markedly greater in epidermal cells than in fibroblast cells.
When the combined effects of cell spread, incubation temper-
ature, and virus strain (wild type or gE mutant) were subjected
to an analysis of variance, a statistically significant two-way
interaction was evident (P < 0.001). Namely, the magnitude of
the effects of both temperature and virus strain varied signifi-
cantly as a function of cell type. Otherwise stated, the gE
mutant virus spread faster and the magnitude of the cell spread
phenotype was dependent on both temperature and cell type.
The question as to why this gE mutation occurred was dif-
ficult to address when only a single mutant virus had been
found. Because the likelihood of a VZV mutation historically
has been considered rare, the possibility was often mentioned
that the mutation may have occurred by chance in a single
patient and that we discovered the mutant virus by serendipity.
The isolation of the second mutant virus at a geographically
distant site lessens the likelihood of chance; in other words,
there is no known connection between the two individuals in
Minnesota and British Columbia, other than northern Euro-
pean ancestry (68). Rather, we raise the possibility that the gE
mutation represents positive selection. The mutation has oc-
curred in a surface glycoprotein exposed to the humoral im-
mune response of any human infected with chicken pox or
zoster. Furthermore, in humans with VZV infection, the gE
glycoprotein is one of the earliest and strongest immunogens
(4, 18, 35). As proven by the Biacore binding data in this
report, the missense mutation almost completely (~90%)
eliminates an epitope defined by murine MAb 3B3; this
epitope is involved in both complement-dependent neutraliza-
tion and antibody-dependent cytotoxicity (50). Under this sce-
nario, the SNP may represent an antibody escape mutant virus.
Similar mutations occur commonly in surface glycoproteins of
RNA viruses, such as influenza A virus and measles virus (72).
Although T-cell immunity appears pivotal for ultimately recov-
ering from a herpesvirus infection, B-cell immunity may mod-
ulate the ability of virus to attach to and subsequently infect
new cells, for example, as virus exits the viremic phase and
enters the epidermis late in the incubation period (1). Thus,
VZV-MSP and VZV-BC may represent gE escape mutants
which arose independently within isolated human populations
in North America. To date, gE sequences from more than 150
additional strains have been published, and no additional
D150N polymorphisms have been uncovered (55, 63, 70).
There is a second possible scenario based on the glycopro-
tein sequence data. Rather than solely involving gE, the
changed virus phenotype may be due to concomitant mutations
in two VZV surface proteins, namely, gH along with gE. The
mutation in gH is a proline-to-leucine substitution at residue
269 in the ectodomain. It has long been known that any proline
mutation in a protein may be important, because of the fre-

GENOMIC ANALYSES OF VZV gE MUTANT VIRUSES 6805

quent and often major changes to secondary structure. How-
ever, consequences of a proline-to-leucine substitution (or vice
versa) have been especially well documented in numerous pro-
teins over the past 20 years. A computer-assisted search of this
mutation uncovered over 500 published papers, ranging from
diverse genetic disorders in humans to numerous examples of
variant microorganisms, including the prion protein (2, 3, 5, 15,
27, 33, 69). In all of these cases, the mutation was associated
with a change in phenotype or biologic activity, such as altered
receptor function. Of parenthetical interest, even one of the
VZV thymidine kinase mutations leading to acyclovir resis-
tance is an L92P substitution (34). If a leucine or proline
mutation involves a receptor, the binding affinity of ligand to
receptor is usually reduced. Although we have previously doc-
umented the same P269L substitution in the gH glycoprotein
in several VZV strains, in addition to VZV-MSP and VZV-
BC, we have not observed an increased cell spread phenotype
in any gH variant strain containing the prototype gE glycopro-
tein (60). In the VZV system, gE (or the gE/gl complex)
appears to be primarily responsible for cell-to-cell spread,
while gH (or the gH/gL complex) is the major fusogen. What
is postulated, therefore, is a linkage between the gH P269L
mutation and the gE D150N mutation, leading to a subsequent
accelerated cell spread phenotype in the mutant viruses. This
hypothesis seems even more reasonable now that a functional
interaction has been documented between the two VZV sur-
face glycoproteins (51).

Identification of the obvious differences in the DNA repli-
cation of origin sequences among the Dumas and MSP and BC
strains was a striking finding which could not have been antic-
ipated based on limited available genomic data about the sta-
bility of the herpesvirus origin sequence. The VZV minimal
origin contains a palindromic sequence in which a variable-
length TA repeat is flanked upstream and downstream by
TC-rich and GA-rich sequences, respectively. The second ele-
ment making up the minimal VZV ori sequence is a binding
site for the VZV origin-specific binding protein encoded by
ORF 51, located just upstream of the palindrome (65, 66). It is
believed, by analogy with HSV-1 (23, 24, 36), that initiation of
DNA replication involves site-specific binding by the ORF 51
gene product and possibly binding of other viral or cellular
factors downstream of the palindrome, followed by unwinding
and denaturation of the TA repeat with the aid of the ORF 29
product and subsequent recruitment of the remainder of the
replication proteins (58). Based on current understanding,
therefore, the two nucleotide deletions observed in the se-
quences flanking the TA repeats would likely not have a major
effect on the positioning of the transacting factors involved in
initiation of replication and thus not affect efficiency of that
process in either a positive or negative manner. Therefore, a
rapid cell-to-cell spread phenotype is unlikely to result even in
part from these ori polymorphisms.

Finally, with regard to the broader picture of VZV evolu-
tion, it is now clear that VZV genomes can be split into major
geographic clades on the basis of SNP analysis: they include
Asian and European-North American strains (47, 55, 71).
These clades presumably represent viruses cospeciating with
humankind during the great migrations out of Africa into Asia
and Europe. For example, when VZV-MSP and VZV-BC are
placed in a phylogenetic tree, it is immediately apparent that
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they are very closely related to VZV-Dumas, but they are not
closely related to VZV-Oka or other Asian strains located on
a different branch (17, 70). In the future, based on DNA
analyses conducted by different laboratories, it should be pos-
sible to predict which of the 71 VZV genes will be subject to
more genetic variation over time (9, 14, 16, 38, 63). Presum-
ably, other VZV mutant viruses will be found. Certainly what
is most remarkable of all is that these extensive VZV genomic
data emphasize again that relatively few SNPs within structural
proteins of evolutionarily closely related VZV strains can lead
to major phenotypic changes in the social behavior of the
mutated viruses (30, 56).
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