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Varicella-zoster virus (VZV) is the alphaherpesvirus that causes chicken pox (varicella) and shingles
(zoster). The two VZV glycoproteins gE and gI form a heterodimer that mediates efficient cell-to-cell spread.
Deletion of gI yields a small-plaque-phenotype virus, Agl virus, which is avirulent in human skin using the
xenograft model of VZV pathogenesis. In the present study, 10 mutant viruses were generated to determine
which residues were required for the typical function of gl. Three phosphorylation sites in the cytoplasmic
domain of gl were not required for VZV virulence in vivo. Two deletion mutants mapped a gE binding region
in gl to residues 105 to 125. A glycosylation site, N116, in this region did not affect virulence. Substitution of
four cysteine residues highly conserved in the Alphaherpesvirinae established that C95 is required for gE/gl
heterodimer formation. The C95A and A105-125 (with residues 105 to 125 deleted) viruses had small-plaque
phenotypes with reduced replication kinetics in vitro similar to those of the Agl virus. The A105-125 virus was
avirulent for human skin in vivo. In contrast, the C95A mutant replicated in vivo but with significantly reduced
kinetics compared to those of the wild-type virus. In addition to abolished gE/gI heterodimer formation, gl from
the C95A or the A105-125 mutant was not recognized by monoclonal antibodies that detect the canonical
conformation of g, demonstrating structural disruption of gl in these viruses. This alteration prevented gl
incorporation into virus particles. Thus, residues C95 and 105 to 125 are critical for gl structure required for

gE/gl heterodimer formation, virion incorporation, and ultimately, effective viral spread in human skin.

Varicella-zoster virus (VZV), an alphaherpesvirus, causes
two forms of disease: chicken pox (varicella), a disseminated
exanthema in primary infection, and shingles (zoster), typified
by extensive lesions that emanate from peripheral nerve axons
upon recrudescence of latent VZV (16). Although VZV infec-
tion is considered benign in normal patients, immunocompro-
mised patients or nonimmune neonates are at risk of very
severe disease (55). Children are particularly vulnerable if they
are deficient in cell-mediated immunity following malignancy
or chemotherapy. Importantly, live attenuated vaccines are
available, but these are not recommended for the severely
immunocompromised (48).

The 125-kbp double-stranded DNA (dsDNA) genome of
VZV is the smallest of the alphaherpesviruses and is com-
prised of a unique long (U, ) and unique short (Ug) region
flanked by internal and terminal repeats (16). In common with
all herpesviruses, VZV requires glycoproteins on the virion
surface for cell entry and cell-to-cell spread. Nine glycopro-
teins are encoded by the VZV genome. Two glycoproteins
critical to VZV, gE and gI, are encoded by open reading frame
68 (ORF68) and ORF67, respectively, located in the Ug region
of the genome. Deletion of ORF68 (gE) is lethal to VZV (36,
41). In contrast, deletion of ORF67 (gI) yields a virus with a
small-plaque phenotype in vitro, but the Agl virus cannot be
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recovered from inoculated human skin xenografts (36). The
noncovalent heterodimer that forms between gE and gl can be
disrupted by the deletion of the first cysteine-rich region in gE,
severely impairing replication in human skin tissue (8, 47,
57). Thus, the gE/gl heterodimer is an important complex
for targeted mutagenesis studies to define its role in VZV
pathogenesis.

VZV has been phylogenetically classified in the a2 subgroup
(varicella viruses), which is distinct from the a1 subgroup (sim-
plex viruses) of the Alphaherpesvirinae (39). Despite their ge-
netic diversity, the gE/gl heterodimer is conserved throughout
the alphaherpesviruses and the family Herpesviridae. Studies
using herpes simplex virus type 1 (HSV-1) and HSV-2, plus
pseudorabies virus (PRV), which are closely related to VZV,
have demonstrated that both gE and gl are dispensable for
replication but are required for pathogenesis in their respec-
tive models of disease (18, 27, 63). Importantly, the gE/gl
heterodimer is a neurovirulence factor for HSV and PRV in
animal models of disease (12, 19, 50, 52). The role of the gE/gl
heterodimer is unclear, but it appears to have multiple func-
tions crucial for virus replication. gE/gl can function as an Fc
receptor for HSV and VZV, which has been shown to contrib-
ute to HSV immune evasion (6, 32, 44). HSV gE/gl has been
implicated in the secondary envelopment of virus particles at
the trans-Golgi network (TGN), suggesting a role in virion
assembly (21). In agreement with this hypothesis, VZV gl was
reported to be required for virus particle envelopment in the
TGN (54). The VZV gE/gl heterodimer is not required for the
infection of human dorsal root ganglia in the SCIDhu xeno-
graft model, as demonstrated by inoculation with the gE ACys
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mutant, which abrogates heterodimer formation (60, 62).
However, this gE mutant failed to establish viral persistence in
neurons. Despite similarities of the VZV gE/gI heterodimer
to that of other herpesviruses, subtle differences in function
remain.

VZV ORF67 generates a transcript of 1.65 kbp that encodes
¢gl, previously known as gplV, a type I transmembrane protein
354 amino acids (aa) in length (31, 51). gl can be divided into
four predicted regions: the signal peptide (aa 1 to 17), the
ectodomain (aa 18 to 277), the transmembrane region (aa 278
to 296), and the cytoplasmic domain (aa 297 to 354). In trans-
fection studies, the immature form of gl is expressed as a
36-kDa protein that undergoes N-linked and O-linked glyco-
sylation to a fully mature 64-kDa form (57). gl is phosphory-
lated, but this was reported to occur at a single residue, S343
(56, 59). In addition, residue T338 was shown to be involved in
the TGN localization of gl (53). These studies imply that serine
and threonine residues in the cytoplasmic domain of gl might
be required for the function of gl and, potentially, the forma-
tion of the gE/gl heterodimer.

VZV ¢l has a low amino acid identity (15 to 16%) to the
HSV-1 and HSV-2 homologs, but we noted that three cysteines
in VZV gl, at residues 83, 95, and 106 (and, to a lesser extent,
residue 200), are conserved across the alphaherpesviruses. De-
letion of the N-terminal 209 amino acids of gI, which contains
the four conserved cysteines, leads to a small-plaque pheno-
type and significantly reduces syncytium formation, a hallmark
of wild-type VZV (36). The reason for this effect is unknown,
and specifically, whether the cysteine residues within this re-
gion affect the structural stability of gl has not been investi-
gated. In addition, formation of the gE/gl heterodimer was
shown to occur in the endoplasmic reticulum by coexpression
studies using a vaccinia virus-based system (57). Currently, the
mechanism of heterodimer formation remains unclear and
might be dependent on the structural conformation of gl.

Mutagenesis studies to analyze the VZV gE/gl heterodimer
have focused predominantly on residues in gE required for
effective dimerization and VZV virulence (3, 8, 9, 30). How-
ever, studies to date have not investigated the residues in gl
required for the formation of the gE/gl heterodimer in the
context of the VZV genome or their effects on pathogenicity.
The present study was undertaken to investigate predicted
phosphorylation sites in the cytoplasmic domain and residues
in the ectodomain of gl to elucidate their function and role in
pathogenicity. This is the first study to perform site-directed
mutagenesis of single amino acids in VZV gl using cosmid-
based mutagenesis and to identify a region in gl required to
generate the gE/gl heterodimer, thereby providing an insight
into its formation and function.

MATERIALS AND METHODS

Cell lines. Melanoma cells were propagated in culture medium (minimal
essential Eagle medium [MEM] supplemented with 10% fetal bovine serum
[Gemini Bio-Products, Woodland, CA], nonessential amino acids [100 pnM;
Omega Scientific, Inc., Tarzana, CA], penicillin G [100 units/ml; Omega Scien-
tific, Inc., Tarzana, CA], streptomycin [100 units/ml; Omega Scientific, Inc.,
Tarzana, CA], and amphotericin [0.5 mg/ml; Omega Scientific, Inc., Tarzana,
CA]). Human embryonic lung fibroblasts (HELFs) were propagated in culture
medium without nonessential amino acids. HEK-293 cells were propagated in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 10%
fetal bovine serum and penicillin G (100 units/ml)-streptomycin (100 units/ml).
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VZV-specific antibodies. The v67 polyclonal rabbit antibody to gl was a kind
gift from Saul Silverstein and was generated to amino acids 192 to 266 of gI (35).
The 6B5 monoclonal antibody (MAD) to gl was a kind gift from Charles Grose
(56). The following antibodies were commercially available. MAb SG4 to gl was
originally generated from mice vaccinated with the Ellen strain of VZV (Me-
ridian Life Science Inc., Saco, ME). gl from the Ellen strain shares 100% amino
acid identity to that from vaccine Oka (vOka). MAD 8612 is specific for VZV gE
(Millipore Biosciences, Temecula, CA). Rabbit polyclonal antibodies generated
to gE and ORF23 have been described previously (14, 25).

Prediction of gl phosphorylation sites and secondary structure. NetPhos was
used to predict serine and threonine phosphorylation sites in the cytoplasmic
domain of gl (10). The secondary structure of gl was predicted using the Dom-
pred server (http://bioinf.cs.ucl.ac.uk) of the UCL Department of Computer
Sciences Bioinformatics Group (11). The Dompred server was also used to
predict the domains of gl and identify putative structurally similar proteins.

Generation of VZV rOka gl mutants. The generation of cosmids for the
complete genome from a vOka isolate of VZV has been reported previously (36).
Initial studies were performed using vOka cosmids prior to the generation of
parent Oka (pOka) cosmids. For continuity, all mutants were constructed using
vOka cosmids. The gE and gl proteins of vOka and pOka are identical. Virus
generated from these cosmids is referred to as recombinant Oka (rOka) through-
out the paper. ORF67, which encodes g, is located in cosmid pvSpe21 (Fig. 1).
ORF67 spans the region between nucleotides (nt) 114497 and 115558. All re-
striction endonucleases were obtained from New England BioLabs, Inc., Ipswich,
MA. The pSac6A vector, containing a 6-kbp Sacl fragment of pvSpe21 subcloned
into the pBluescript KS vector (Stratagene, La Jolla, CA), was used to construct
the gI mutants as described previously (36).

Construction of gI phosphorylation mutants. Alanine substitutions were per-
formed at 5 amino acid residues in the cytoplasmic domain of gl to generate the
three rOka mutant viruses P789 (S296, T312, and T338), P10 (S343), and P11
(S347). To generate each alanine substitution, two sequential PCRs were per-
formed as described previously (4). Briefly, the first round of PCR yielded two
products, one for each primer pair, which overlapped by 20 nucleotides and
spanned the mutation site. These two fragments were gel purified with a
QIAquick PCR purification kit (Qiagen, Inc., Valencia, CA), pooled, and used as
a template for the second-round PCR, using external primers. The resulting PCR
products of 1.8 kb were cloned into pCR4-TOPO vector (Invitrogen, Carlsbad,
CA) and sequenced to verify the mutation. The 1.8-kb fragment was digested
with PmlI and BsiWI and cloned into the pSac6A plasmid. For the P789 mutant,
the single substitution was used as a template for the addition of a second
substitution and the resulting double substitution for the third substitution in gl.
Transfer of the newly generated gl mutants from pSac6A was performed by
cloning the SgrAI/Avrll fragment into the pvSpe21AAvrII cosmid.

Construction of internal deletions in the gI N terminus. The A105-125 and
A37-167 deletion mutants (with residues 105 to 125 and residues 37 to 167,
respectively, deleted) were generated using PCR and blunt-end ligation. Primer
pairs Sac6A6036/Sac6A3831 and Sac6A3748/Sac6A2202 were used to generate
the A105-125 mutant, and primer pairs gI37-167R2/gI37-167R1 and gI37-16712/
gI37-167L1 were used to generate the A37-167 mutant. The PCR products were
gel purified, digested with BgIIT or Avrll, reisolated, ligated into pSac6A, and
then transferred into the pvSpe21AAvrIl cosmid.

Construction of gl cysteine mutants and the N116A mutant. gl cysteine mu-
tants and the N116A mutant were constructed using the same PCR triple ligation
technique used for the N-terminal deletion mutants. Briefly, the gl upper and gl
lower primers were paired with the appropriate mutagenesis primers (Table 1).
The resulting PCR products were gel purified, digested with either BglII or Kpnl,
reisolated, ligated into the pSac6A vector, and then transferred into the
pvSpe21AAvrII cosmid.

All mutant cosmids were sequenced across and within the ligation sites to
verify that unexpected mutations were not present. Mutant viruses were gener-
ated from these cosmids as previously described (36).

Expression constructs. The complete ORF67 (nt 115601 to 115671) of rOka
was amplified by PCR with the two primers HindIII_SORF67 (TTAAAGCTT
GCCACCATGTTTTTAATCCAATGTTTGATATCG) and 30RF67_Xhol
(TTACTCGAGTCACTATTTAACAAACGGGTTTACAACG), using Ac-
cuprime (Invitrogen, Carlsbad, CA). PCR products were gel purified (Qiagen,
Inc., Valencia, CA), digested with either HindIII or Xhol, and then ligated into
pCDNA3.1(+) to construct pPCDNA-gI, which contained ORF67 (gI) under the
cytomegalovirus (CMV) promoter. The dual expression vector pBudCE4.1 (In-
vitrogen) was used for the simultaneous expression of wild-type gE and wild-type
gl or gl mutants. The pBud-gE/gl expression construct was generated using a
two-step cloning procedure. The pCDNA-gE expression construct was described
previously (7). This was digested with HindIII and pBudCE4.1 with Kpnl. The
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FIG. 1. Construction of VZV recombinants with mutations in ORF67, which encodes gl. (A) Schematic of the VZV genome. UL, unique long;
US, unique short; TRL, terminal repeat long; IRL, internal repeat long; IRS, internal repeat short; TRS, terminal repeat short. (B) Schematic of
the four cosmids (genome fragments in nucleotides), pvFsp4 (nt 1 to 33128), pvSpeS (nt 21796 to 61868), pvPmel9 (nt 53756 to 96035), and
pvSpe21 (nt 94055 to 125123), used to generate recombinant rOka with mutations in gl. (C) Location of ORF67, which encodes gl, in the pvSpe21
cosmid. (D) Location of mutations in gl (ORF67). The shaded box, representing amino acids 1 to 17, shows the location of the signal peptide.
Amino acids 18 to 277 in the ectodomain are represented by the first open box. The hatched box represents the transmembrane domain from amino
acids 278 to 292, with the remaining residues of the cytoplasmic domain shown as the final open box in wild-type (WT) gl. Markers with filled circles
indicate the locations of the four substituted cysteines C83, C95, C106, and C200. The marker with an open circle indicates the location of the
substituted asparagine N116. Markers with stars indicate serine residues 296, 343, and 347, and markers with triangles indicate threonine residues
312 and 338, which were substituted with alanine. The two deletion mutants are indicated with a line connecting the boxes in the ectodomain of
¢l. (E) Predicted secondary structure of gl. The white bar indicates the carbon backbone, hatched boxes represent alpha helices, and gray
rectangles represent the 3-sheet. All figure panels are drawn to scale. The dashed lines indicate subsequent increases in scale from the previous

figure panel.

overhangs of the digested DNA were filled with Klenow fragment (New England
BioLabs, Inc., Ipswich, MA) and then purified with a nucleotide removal kit
(Qiagen, Inc., Valencia, CA), followed by subsequent digestion with Xhol. The
ORF68 (gE) excised from pCDNA-gE was then ligated into the EF-1a promoter
site of pBudCE4.1 to generate the construct pBudE-gE with ORF68 (gE) under
the EF-1a promoter. pCDNA-gl, pBudCE4.1, and pBudE-gE were digested with
HindII and Xbal and gel purified, and ORF67 (gI) was ligated into the CMV
promoter site of pBudCE4.1 to generate the construct pBudC-gI with ORF67
(gl) under the CMV promoter or into pBudE-gE to generate the construct
pBud-gE/gI with ORF67 (gI) under the CMV promoter and ORF68 (gE) under
the EF-1a promoter. All gl mutants were cloned into the pBud-gE/gl construct.

Immunoprecipitation of gI from transfected or infected cells. Cells were lysed
with a glycoprotein extraction buffer (0.1 M Tris-base [pH 8.8], 0.1 M NaCl, 5
mM KCl, 1 mM CaCl,, 0.5 mM MgCl,, 1% sodium deoxycholate, 1% NP-40,
plus an EDTA-free protease inhibitor cocktail [Roche, CA]) as described pre-
viously (23). Monoclonal antibodies (MAbs) to gI (6B5 or SG4) or gE (MAb
8612) were cross-linked to immobilized protein A on agarose beads (Thermo
Scientific, Rockford, IL) as previously described (24), or no primary antibody was
used. Lysates were incubated overnight with bound antibodies, washed exten-
sively, and then eluted into SDS sample buffer by incubation of the agarose beads
at 100°C for 3 min. The precipitated proteins were resolved by SDS-PAGE, and
Western blotting was performed as described previously (45). gl was detected
using v67 rabbit polyclonal antiserum, gE was detected using the MAb 8612, and
insulin-degrading enzyme (IDE) was detected using a rabbit serum (Covance,
Princeton, NJ) by Western blotting.

Mass spectrometry identification of phosphorylation sites in the cytoplasmic
domain of gI. Melanoma cells (10° cells/cm?) were inoculated with rOka (3 log,
PFU/cm?) and harvested 48 h postinfection, and the gE/gl heterodimer was
immunoprecipitated as described above. Samples were separated by SDS-PAGE,
and proteins were visualized by silver staining. Bands were excised and digested
with trypsin, and the proteins were identified using an LTQ-Orbitrap Velos mass
spectrometer (Thermo Scientific, West Palm Beach, FL), with mass spectrometry
performed by the Vincent Coates Foundation Mass Spectrometry Laboratory,
Stanford University Mass Spectrometry (http://mass-spec.stanford.edu).

PNGase treatment of viral proteins and identification of gl multimers. Mel-
anoma cells infected with rOka or the gl mutants were lysed 48 h postinfection
with glycoprotein extraction buffer. To identify gl multimers, cell monolayers
were washed with phosphate-buffered saline (PBS) containing 20 mM N-ethyl-
maleimide (NEM; Sigma-Aldrich, St. Louis, MO) and lysed in glycoprotein
extraction buffer containing 20 nM NEM. This was done to alkylate free sulfhy-
dryl groups. Proteins were precipitated using methanol and chloroform, dried
under vacuum, and then resuspended in 0.5% SDS. N-linked glycosylation sites
were removed using PNGase (New England BioLabs, Inc., Ipswich, MA) and
incubated at 37°C overnight. The proteins were resolved by SDS-PAGE under
reducing or nonreducing conditions using Laemmli sample buffer with or without
5% B-mercaptoethanol, followed by Western blotting for gE and glI.

Confocal microscopy of transfected and infected cells. Melanoma cells trans-
fected with gE and gl expression constructs were fixed 48 h posttransfection with
4% formaldehyde for 10 min. The anti-gI rabbit serum v67 and the anti-gE MAb
8612 were used to stain the fixed cells. Primary antibodies were detected using
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TABLE 1. PCR primers used to generate rOka gl mutants®

Primer name Mutation Primer sequence’ (5'-3") Genome location (nt)®
Sac6A.Fe2452+ NA CAAGATCCTCCTGTGCAGACATTTGTGTG 116263-116291
Sac6A.Red254— NA CACGGGATCATTTTCTTAACATTGTAGTAG 114489-114518
pSac6A.Fi3247 S296A CGCTTAACGGCTATTACAATAACAATAACC 115467-115496
pSac6A.Ri3264 S296A TGTAATAGCCGTTAAGCGACGTAGAATTAA 115479-115508
pSac6A.Fi3199 S312A CTTGTTTTTGCATTTGGGCGATAAATTGG 115516-115544
pSac6A.Ri3217 S312A GCCCAAATGCAAAAACAAGAAGGG 115526-115549
pSac6A.Fi3122 T338A CGCGAATCGCTGCTAGTTGTGCAATGGC 115594-115621
pSac6A.Ri3140 T338A CAACTAGCAGCGATTCGCGAAGAATCCC 115603-115630
pSac6A.Fi3109 S343A GGGGGGGCTTCTTCGCGAATCGTTGCT 115608-115634
pSac6A.Ri3124 S343A GCGAAGAAGCCCCCCCACATTCCGTT 115619-115644
pSac6A.Fi3093 S347A GTTTACAACGGCATGTGGGGGGGATTCTTC 115621-115650
pSac6A.Ri3112 S347A CCCCACATGCCGTTGTAAACCCGTTTGTT 115631-115659
gl37-167R2 A37-167 GCGTGAGCATTGAG 112428-112445
gl37-167R1¢ A37-167 GAGACTGCTGTTAACTTGC 114690-114708
g137-167L2“ A37-167 GCGGGCTCGCATCACAA 115102-115118
gl37-167L1 A37-167 TTTCGGCCAACTGATCC 116638-116654
Sac6A6036 A105-125 CCACCGCTTCCATCAGTAAG 112688-112707
Sac6A3831¢ A105-125 AATAAAAGCGCTCGTTCTAA 114893-114912
Sac6A3748¢ A105-125 GATGCTGGTGTAATGTTGAA 114976-114995
Sac6A2202 A105-125 CCCGTACAGGTTAATGAC 116524-116541
¢l upper NA GGTTGGTCCGCTTCCTTCTTA 116674-116694
el lower® NA TTACCGCCTTTGAGTGAGCTGA NA
ORF67[228-246]¢ C83A AAACGCCACCGTATCCGCGTAT 114825-114846
ORF67[247-2691¢ C83A GCTTTCCGGTCAGTACAAGTAAT 114847-114869
ORF67[262-282]¢ CI95A TCCGTCGTATCTTATTACTTG 114862-114882
ORF67[283-303]¢ CI95A GCTCCCCGGATTAGAACGAGC 114883-114903
ORF67[293-315]¢ C106A CGAAATAAAAGCGCTCGTTCTAA 114893-114915
ORF67[316-337]¢ C106A GCTAGGTACAAACATTCGTGGC 114916-114937
ORF67[324-345]¢ N116A ACCATAATGCCACGAATGTTTG 114924-114945
ORF67[346-368]¢ N116A GCCTCAACGGATCGGATATCAAC 114946-114968
ORF67[575-597]¢ C200A CAAACGAGCTTGTTGAAAAAGGG 115175-115197
ORF67[598-618]¢ C200A GCTGATTTACCCGCGACACCC 115198-115218

“ NA, not applicable.
? Bold underlined letters indicate the sites of substitution in ORF67.

¢ Locations of the primers within the VZV rOka genome (GenBank accession number AB097933).

4 Primer had a phosphate modification at the 5’ end.
¢ Anneals in the pBluescript KS vector of the pSac6A construct.

donkey anti-rabbit Alexa Fluor 488 (Invitrogen, Carlsbad, CA) and donkey
anti-mouse Alexa Fluor 555 (Invitrogen, Carlsbad, CA), and nuclei were stained
with Hoechst 33342 (Invitrogen, Carlsbad, CA). Confocal microscopy of rOka-
and gl mutant-infected melanoma cells was performed as described previously
(7) using the primary antibodies to gE, gI, and the trans-Golgi network (TGN46,
sheep polyclonal antibody; AbD Serotec, Oxford, United Kingdom), which were
detected using anti-mouse, anti-rabbit, or donkey anti-sheep Alexa Fluor 647
(Invitrogen, Carlsbad, CA) secondary antibodies and staining for nuclei. To stain
skin xenografts for confocal microscopy, high-temperature antigen retrieval was
performed on paraffin-embedded, paraformaldehyde (PFA)-fixed sections by
using vector antigen unmasking solutions following the manufacturer’s instruc-
tions (Vector Laboratories, Inc., Burlingame, CA). Staining for gE, gI, ORF23,
the TGN, and nuclei was performed with VZV protein-specific antibodies as
described above. Images were captured using a Zeiss LSM510 confocal micro-
scope equipped with two-photon excitation.

Replication kinetics and plaque sizes of the rOka gl mutant viruses in mel-
anoma cells. The replication kinetics of rOka and gI mutant viruses were deter-
mined as described previously (45). Briefly, 10° melanoma cells were inoculated
with 3.0 log,, PFU of either rOka or one of the gl mutants. Infected cells were
harvested at 24-h intervals and titrated on melanoma cells. Titer plates fixed at
4 days postinoculation with 4% paraformaldehyde were stained by immunohis-
tochemistry using a high-titer human VZV antiserum. Images of the plaques
were captured, and then the outline of each stained plaque was traced and the
area (mm?) was calculated using ImageJ (1). Statistical analyses were performed
using GraphPad Prism.

Immunoelectron microscopy of HELFs infected with rOka gl mutant viruses.
Samples were fixed in 4% PFA in PBS for 24 h, followed by fixation in 0.1%
glutaraldehyde in PBS for 24 h. After dehydration in a graded ethanol series,
samples were embedded in LR-white resin (SPI Supplies, Chester, PA). Ultra-
thin sections (70 nm) were blocked with digoxigenin (DIG) blocking solution

(Roche Inc., Indianapolis, IN) and then incubated with rabbit polyclonal anti-gI
(v67) and anti-gE (MAb 8612) antibodies. The primary antibodies were detected
using gold-conjugated anti-mouse (15-nm gold) and anti-rabbit (5-nm gold)
antibodies (BB International, Cardiff, United Kingdom). The immunolabeled
sections were stained with 3.5% aqueous uranylacetate followed by 0.2% lead
citrate. Sections were analyzed using a JEOL 1230 transmission electron micro-
scope (TEM) at 80 kV, and digital photographs were taken with a Gatan Mul-
tiscan 701 digital camera.

Replication of the rOka gl mutant viruses in human skin xenografts. SCID
mice (CB-175¢1¢/s¢i) were implanted bilaterally with fetal human skin at least 5
weeks before inoculation of viruses as described previously (43). The Stanford
University Administrative Panel on Laboratory Animal Care approved all animal
protocols. Human tissues were provided by Advanced Bioscience Resources
(ABR, Alameda, CA) and were obtained in accordance with state and federal
regulations. Virus-infected HELFs were used to inoculate xenografts in the
SCID mice. Inocula were titrated on melanoma cells as described previously to
determine virus titer. At 7, 10, and 21 days postinoculation, the implants were
removed and homogenized for virus titration plus DNA. Quantitative PCR
(qPCR) was performed using probes to ORF63 (IE63) and ORF31 (gB) to
determine VZV genome copy numbers in infected tissues as previously described

(61).

RESULTS

Characterization of gI from the rOka isolate of VZV. The
properties of gl for the rOka isolate of VZV had not been
characterized previously and were determined in the present
study to allow comparisons with mutant viruses. gl from rOka-
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FIG. 2. rOka gl is N glycosylated and forms a heterodimer with gE only upon coexpression. (A) Proteins from lysates of infected (V) or
uninfected (UI) melanoma cells were mock (—) or PNGase (+) treated to remove N-linked glycosylation sites. (B) Immunoprecipitation (IP) with
MAD to gE (MAb 8612) or gl (6B5) and Western blotting (WB) of gE (MAb 8612) and gl (rabbit v67) from HEK-293 cells transfected with
pCDNA-gE, pCDNA-gl, or both expression vectors (gE&gl). gE+gl denotes that lysates from HEK-293 cells transfected with pPCDNA-gE or
pCDNA-gI only were mixed in equal quantities. The molecular mass markers (in kilodaltons) are given to the right of the blots.

infected melanoma cells migrated as two major species of 65
and 53 kDa as determined by Western blotting (Fig. 2A, lane
V—). N-linked glycosylation of rOka gl was demonstrated by
treating lysates with PNGase. There was a decrease in molec-
ular mass from the 65- and 53-kDa species of gl to 50 and 34
kDa, respectively, representing the polypeptide backbone and,
presumably, an O-glycosylated form of gl (Fig. 2A, lane V+).
To demonstrate that the rOka gE/gl heterodimer formed only
when both of the proteins were expressed simultaneously, im-
munoprecipitations of gE or gl from lysates of transiently
transfected HEK-293 cells were performed (Fig. 2B). When
lysates that expressed gE or gl only were combined, they failed
to produce a heterodimer during immunoprecipitation (Fig.
2B, lanes gE+gl). In contrast, cotransfection of pCDNA-gE
and pCDNA-gl generated stable gE/gl heterodimers (Fig. 2B,
lanes gE&gl). Thus, the gE/gl heterodimer must form during
protein folding when the two proteins are in close proximity
with each other.

Phosphorylation sites in the cytoplasmic domain do not
affect gl function, but residues 105 to 125 are essential for VZV
virulence. Phosphorylation sites that were potentially impor-
tant for viral replication were identified using a combination of
predictive bioinformatics and mass spectrometry analysis of
the gE/gl heterodimer, the functional unit required for effec-
tive virus replication. Yao and Grose (56) had previously
shown that gl is phosphorylated at a single residue, S343, but
NetPhos predicted that gl was phosphorylated at residues
S296, T312, T338, S343, and S347. Peptides generated by tryp-
sin digest and detected by Orbitrap mass spectrometry con-
firmed that S343 was extensively phosphorylated (**’GIQNA
TPESDVMLEAAIAQLATIREEpS***PPHSVVNPFVK?**,
n = 36 peptides; **'EEpS***PPHSVVNPFVK?**, n = 9) but
also demonstrated that residues T338 and S347 were phos-
phorylated, though the peptides were less abundant (*'’GIQ
NATPESDVMLEAAIAQLApT**IREESPPHSVVNPFVK
34 n = 19; *’GIQNATPESDVMLEAAIAQLATIREESP
PHpS**’VVNPFVK?** n = 1). The phosphorylation status of
residues S296 and T312 could not be determined, as peptides
spanning this region were not detected in the mass spectrom-
etry data. Therefore, alanine substitutions were incorporated
at each of the predicted phosphorylation sites to generate

three mutant viruses: P789 (S296A, T312A, and T338A), P10
(S343A), and P11 (S347A). None of the gl mutant viruses,
P789, P10, or P11, were defective for replication in human skin
xenografts. Each of the mutant viruses had titers similar to that
of rOka at day 10 (rOka, 4.0 = 0.2 log,, PFU; P10, 4.3 = 0.3
log,, PFU; P11, 4.1 = 0.2 log,, PFU) and day 21 (rOka, 4.6
0.5 log,, PFU; P10, 5.1 = 0.1 log,, PFU; P11, 4.5 = 0.4 log,,
PFU; [independent experiment] rOka, 3.2 = 1.3 log,, PFU;
P789, 3.4 £ 0.9 log,, PFU). Thus, these phosphorylation sites
in gl do not have a role in virulence and, due to the lack of a
phenotype in human skin, were not investigated further.

To map residues in the ectodomain required for gl function,
two mutant viruses, the A37-167 and A105-125 viruses, were
generated to determine their effect on VZV virulence. In con-
trast to the gl phosphorylation mutants, neither the A105-125
nor the A37-167 mutant could be recovered from human skin
xenografts. Thus, further studies were performed to determine
the role that residues within this region of gl could have in
gE/gl heterodimer formation and VZV virulence.

Mutagenesis of gl identifies C95 as a critical residue for
gE/gl heterodimer formation. Prediction of the gl structure
using the Dompred server indicated that VZV gl had a fold
similar to that of HSV gE, having an immunoglobulin-type
topology. From the initial studies with the A105-125 virus, two
residues that could affect gl function were identified within the
region from residues 105 to 125: a cysteine at residue 106,
which is conserved in the Alphaherpesvirinae, and a predicted
N-linked glycosylation site at asparagine residue 116. Both of
these residues fall within a predicted B-sheet region of gI (Fig.
1E). Therefore, individual alanine substitutions of these two
residues, plus three other conserved cysteines in the ectodo-
main of gl, were generated to determine the effect on gE
trafficking and gE/gl heterodimer formation.

Expression of gE in the absence of gl resulted in a predom-
inantly perinuclear staining pattern in transiently transfected
melanoma cells (Fig. 3). In contrast, expression of gl in the
absence of gE leads to diffuse gl staining in the cytoplasm and
localization at the plasma membrane. The typical localization
of gE on the plasma membrane and perinuclear localization
were seen in melanoma cells transfected with a dual expression
vector that coexpressed wild-type gE and gl. In comparison to
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FIG. 3. The localization of gE was aberrant when gE was expressed alone or coexpressed with the gl C95A, A105-125, and A37-167 mutants.
Confocal microscopy of melanoma cells transiently transfected with the pBud dual expression vector containing wild-type gE only (WT-gE),
wild-type gl only (WT-gI), wild-type gE and gl (WT-gE/gl), or wild-type gE and the gl C83A, C95A, C106A, N116A, C200A, A105-125, or A37-167
mutant. The figure shows a merged image and, for clarity, individual channels for gE and gl staining. Green, gE (MAb 8612); red, gl (rabbit

polyclonal antibody v67); blue, nuclei (Hoechst 33342). Bar, 50 pm.

wild-type rOka gE, there was aberrant localization of gE in
melanoma cells transfected with the dual expression vectors
expressing gE and the gl C95A, A105-125, and A37-167 mu-
tants (Fig. 3). Very little gE was on the plasma membrane, and
¢E localization was predominantly perinuclear, compared to
gE coexpression with wild-type gl. In contrast, none of the

remaining gl substitutions had any observable effect on gE
localization in melanoma cells. In addition, the gE/gl het-
erodimer was not detected for the C95A, A105-125, and A37-
167 mutants by immunoprecipitation of gE and gl from HEK-
293 cells transiently transfected with dual expression vectors
(Fig. 4). The N116 residue was shown to be a glycosylation site
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FIG. 4. gE did not form a heterodimer with the gl C95A, A105-
125, or A37-167 mutant. Immunoprecipitation of the VZV gE/gl het-
erodimer from HEK-293 cells transiently transfected with the pBud
dual expression vector containing gE and gl or the gl C83A (C83),
C95A (C95), C106A (C106), N116A (N116), C200A (C200), A105-125
(A105), or A37-167 (A37) mutant. IP, immunoprecipitation with MAb
to gE (MADb 8612) or gl (6B5). WB, Western blotting for gE (MAb
8612) or gl (rabbit v67). The arrowhead in the bottom panel indicates
a nonspecific protein. The molecular mass markers (in kilodaltons) are
given to the right of the blots. Blots for each IP were stripped and
reprobed for consistency. We have noted that the C83A lane in this
blot suggests reduced expression, but this was not representative.

by a reduction in relative molecular mass of fully mature gl
from 65 kDa for rOka gI to 60 kDa for the N116A mutant (Fig.
4, lanes WT and N116, respectively). These transfection stud-
ies suggested that residues 95 and 105 to 125 might be required
for gE/gl heterodimer formation plus efficient trafficking and
localization of gE to the plasma membrane but that N-linked
glycosylation at N116 does not have a role in these functions of
¢gl. Based on these observations, gl mutagenesis experiments
were conducted in the context of the viral genome.
Characterization of the spread and replication of rOka vi-
ruses carrying mutations in gl. To determine whether the four
cysteine residues 83, 95, 106, and 200 or the N-linked glycosyl-
ation site at N116 in gl played a role in VZV replication, the
alanine substitutions were transferred into the rOka genome
by using cosmid-based mutagenesis. Plaque sizes for the C83A,
C106A, N116A, and C200A mutants were comparable to that
of rOka (1.0 mm? [+0.4]), ranging from 1.2 to 1.5 mm? (%0.3
to 0.5) (Fig. 5A). In contrast, the C95A mutant had a signifi-
cantly reduced plaque size (0.2 mm? [*+0.1]), which was com-
parable to that of the Agl, A105-125, and A37-167 viruses (0.1
to 0.2 mm? [*0.1]). The replication kinetics for the C95A,
A105-125, and A37-167 viruses during the logarithmic phase
(days 1 to 3) were significantly reduced at each time point (P <
0.01) in melanoma cells compared to those for rOka, whereas
those for the C83A, C106A, N116A, and C200A mutants were
similar to those for the wild-type virus (Fig. 5B and C).
Infection of melanoma cells causes extensive syncytium for-
mation at 48 h postinfection. This is characterized by rosettes
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FIG. 5. Plaque sizes were reduced and replication kinetics delayed
for rOka C95A, A105-125, and A37-167 mutants. (A) Box and whisker
plot of mean plaque sizes, with standard errors of the means, calcu-
lated from 30 individual plaques for each virus. (B and C) Replication
of rOka and the gl mutants, with kinetics disparate from (B) or similar
to (C) those for the rOka virus in melanoma cells. Standard errors of
the means are shown.

of nuclei and the accumulation of viral proteins at the periph-
ery of the syncytium, while components of the TGN localize to
its center. Similar to the plaque size data, syncytium formation
was not affected at 48 h postinfection by the C83A, C106A,
N116A, and C200A substitutions (Fig. 6A [only CI106A
shown]). Rosettes of nuclei were evident, and these were out-
lined with gE and gl, while TGN staining localized at the
center of the syncytia, as determined by confocal microscopy.
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FIG. 6. The canonical structural conformation of gl was altered for the C95A and A105-125 mutants. Confocal microscopy of melanoma cells
infected with rOka and the Agl, C95A, C106A, and A105-125 mutants. (A) Blue, gE (rabbit [Rb]); red, gl (6B5); green, TGN (TGN46); yellow,
nuclei (Hoechst 33342). (B) Blue, gE (MAD 8612); red, gl (rabbit v67); green, TGN (TGN46); yellow, nuclei (Hoechst 33342). Bar, 50 pm.
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FIG. 7. The gE/gl heterodimer formation was absent for the C95A,
A105-125 (A105), and A37-167 (A37) mutants. Coimmunoprecipita-
tion (IP) of the gE/gl heterodimer from the gl C83A (C83), C95A
(C95), C106A (C106), C200A (C200), N116A (N116), A105-125
(A105), and A37-167 (A37) mutants using anti-gE (MAb 8612) or
anti-gl (6B5) and Western blotting (WB) for gE (MAb 8612), gl
(rabbit v67), or IDE (rabbit; Covance). The membranes for each IP
were stripped and reprobed for consistency.

Individually infected cells at the periphery of the syncytia,
indicating more recently infected cells, showed that gE and gl
were localized to cell membranes and the TGN. In contrast,
the C95A, A105-125, and A37-167 mutants, similar to the Agl
virus, failed to induce syncytia at 48 h postinfection, with gE
localization for these mutants predominantly in the TGN as
demonstrated by confocal microscopy (Fig. 6A). In addition, gl
was not detected using the conformation-dependent anti-gl
MAD 6B5. To determine that gl could be detected in the virus
mutants, confocal microscopy was performed using the v67
rabbit polyclonal anti-gl serum. The v67 serum detected gl in
the C95A, A105-125, and A37-167 mutants at levels similar to
that for wild-type rOka (Fig. 6B). This striking observation
suggested that C95 and residues 105 to 125 are critical for the
canonical structural conformation of VZV gl.

Effects of gl mutagenesis on VZV gE/gl heterodimer forma-
tion. C95 and residues 105 to 125 were required for the for-
mation of the gE/gl heterodimer in the transfection studies,
but whether viral factors could contribute to the heterodimer
formation was unclear. Immunoprecipitation of the gE/gl het-
erodimer from infected melanoma cells showed that the C95A,
A105-125, and A37-167 gl mutants did not coimmunoprecipi-
tate with gE (Fig. 7). As seen in the transfection experiments,
the N116 residue of gl was confirmed to be a site for post-
translational modification in the context of virus replication.
Mature gl from the N116A mutant had a reduced relative
molecular mass of 60 kDa, compared to 65 kDa from the
wild-type virus. Importantly, this substitution did not affect
gE/gl heterodimer formation.

To ensure that coimmunoprecipitation was achievable for
the C95A, A105-125, and A37-167 mutants, the presence of
IDE, a protein known to interact strongly with VZV gE (8, 30),
was used as a coimmunoprecipitation control. IDE was de-
tected only when the gE/gl heterodimer was coimmunoprecipi-
tated using the anti-gI MAb with lysates from the wild type
plus the C83A, C106A, N116A, and C200A mutants (Fig. 7).
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As expected, IDE was not coimmunoprecipitated using the
anti-gl MADb from the C95A, A105-125, and A37-167 mutants.
In contrast, IDE was successfully coimmunoprecipitated from
all of the mutant viruses when the anti-gE MAb was used,
demonstrating that the lack of gl binding for the C95A, A105-
125, and A37-167 mutants was not a consequence of unfavor-
able coimmunoprecipitation conditions. Thus, the lack of
gE/gl heterodimer formation added weight to the hypothesis
that residues C95 and 105 to 125 are required for the canonical
structure of gl.

The presence of free cysteines in a molecule can result in the
formation of protein multimers. To determine whether any of
the substitutions had this effect on gl in the context of virus,
protein lysates were prepared in the presence of the alkylating
agent N-ethylmaleimide and digested with PNGase to remove
N-linked glycosylation sites to improve protein resolution un-
der reducing and nonreducing SDS-PAGE. Under these con-
ditions, three proteins that were separated by both nonreduc-
ing and reducing SDS-PAGE were detected by Western
blotting, at approximately 38, 51, and 56 kDa for rOka (Fig. 8).
These are equivalent to the protein backbone (approximately
38 kDa) and posttranslationally modified forms of gl but lack-
ing N-linked glycosylation (approximately 51 and 56 kDa). A
series of multimers (approximately 105, 94, and 83 kDa) that
approximately correlated with the relative molecular masses
for dimers produced from the monomers (approximately 38,
51, and 59 kDa) detected under reducing conditions were
detected for the C83A mutant. This suggested that an unpaired
cysteine was contributing to intermolecular bond formation
with C83A gl. In addition, the C83A and C200A mutants
showed slight alterations in posttranslational modification
compared to that for wild-type gl. The relative molecular mass
of the mature monomeric forms of gl for both the C83A and
the C200A mutant was approximately 59 kDa, 3 kDa higher
than that for wild-type gl. The C95A mutant resulted in com-
plex, higher-order multimer formation, as at least seven gl-
specific proteins, ranging from approximately 90 to 152 kDa,
were identified under nonreducing conditions. In contrast, a
single, posttranslationally modified protein (approximately 51
kDa) was detected under reducing conditions, suggesting that
this monomer could form posttranslationally modified dimers
and trimers. Few multimers were seen for the remaining virus
mutants, with the exception of the A105-125 mutant (Fig. 8,
lane A105). Similar to the C95A mutant, the A105-125 mutant
produced a single gl-specific protein (approximately 48 kDa)
as observed under reducing conditions, but a pattern of mul-
timers similar to that for the C95A mutant was formed, with
the exception of those between approximately 117 and 152
kDa, likely due to the loss of the C106 residue in the A105-125
mutant (Fig. 8, lanes C95 and A105). These data support the
hypothesis that significant changes occurred within the struc-
tures of gl for the C95A and A105-125 mutants, contributing to
a lack of gE/gl heterodimer formation and subsequent effects
on replication and plaque size in vitro.

Loss of gE/gl heterodimer formation prevents gl incorpora-
tion into virus particles. To determine whether the loss of
heterodimer formation between gE and gl adversely affects
incorporation of gl into virus particles, immunoelectron mi-
croscopy studies were performed. Both gE and gl were readily
detected on rOka virus particles in infected HELFs by using
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FIG. 8. Unpaired cysteine residues cause gl to form disulfide-linked multimers. Western blots of lysates from C83A (C83), C95A (C95), C106A
(C106), C200A (C200), N116A (N116), or A105-125 (A105) mutant-infected melanoma cells that were treated with the sulthydryl alkylating agent
N-ethylmaleimide and PNGase to remove N-linked glycosylation. Proteins were resolved by SDS-PAGE under reducing (B-mercaptoethanol) and
nonreducing conditions to identify disulfide-linked multimers in the gl mutants. The upper two panels are short (A) and long (B) exposures of blots
to show more clearly the presence and abundance of multimers. (C) Blot of the stripped membranes for gE (MADb 8612), to show the levels of
protein. The molecular mass markers (in kilodaltons) are given in the center.

immunogold labeling of gE (15 nm) and gI (5 nm) on nega-
tively stained ultrathin sections by electron microscopy (Fig. 9).
In contrast, gE but not gl was detected on virus particles in the
C95A and A105-125 mutant-infected HELFs. As expected, gl
was not detected for the Agl virus. This suggested that the loss
of the gl interaction with gE prevented the incorporation of gl
into virus particles.

Effects of gl mutagenesis on VZV pathogenesis in human
skin. Based on the initial experiments showing a lack of A105-
125 virus replication in the SCIDhu model of skin pathogen-
esis, the C95A, C106A, and N116A mutants were tested for
replication and viral spread in human skin. As demonstrated in
the preliminary study, the A105-125 virus could not be recov-
ered from inoculated skin xenografts at any time point (Fig.
10A). In contrast, the C106A and N116A mutants were recov-
ered from xenografts at titers similar to that of wild-type rOka
at 7, 14, and 21 days postinoculation. Comparable to what was
observed in vitro, the C95A mutant replicated poorly in human
skin. Virus was not recovered at 7 days postinoculation and was
recovered from only 2 of 6 xenografts on both 14 and 21 days
postinoculation (Table 2), reaching a titer of 2.2 = 0.1 log,,
PFU by day 21, which was significantly lower (P < 0.01) than
that for rOka (Fig. 10A). The differences in titers were not a
result of inoculum titers, as these were not significantly differ-
ent between the wild-type and mutant viruses (Table 2).

qPCR was performed to establish whether viral DNA could
be detected in the skin xenografts from which infectious virus
was not recovered. It was also noted that genome copy number
increased over the duration of the experiment for all of the
viruses that could be recovered from human skin xenografts
(Fig. 10B and C). rOka and the C106A mutant had similar
increases in genome copy number from day 7 to day 21, which
correlated well with virus titer. In contrast, the N116A mutant
had genome copies at day 7, but these were significantly lower
than those for rOka (P < 0.01 for ORF63 and P < 0.05 for
ORF31) and closer to the range for the C95A and A105-125
mutants, where virus could not be recovered. This correlated
with the recovery of virus from fewer implants (Table 2). The
increase in C95A genome copies was consistent with the ability
to recover virus from the skin xenografts. The A105-125 mu-
tant showed some limited replication by qPCR, as indicated by
an approximately 1 log,, increase in genome copy from day 7
to day 14, but this did not translate into recoverable virus.

To determine the extent of lesion formation by the mutant
viruses in human skin xenografts, confocal microscopy was
performed on serial sections that were stained, in conjunction
with a TGN marker, for either ORF23 and gE or gE and gl.
Serial sections were stained to allow comparisons of virus-
infected cells that were stained with the ORF23/gE and gE/gl
antibodies. rOka formed typical lesions in the human skin
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FIG. 9. gl was not incorporated into virus particles of the gl C95A and A105-125 mutants. Immunoelectron microscopy of HELFs infected with
rOka or the Agl, C95A, or A105-125 mutant. gE (MAb 8612) was detected using 15-nm gold particles (black arrowheads), and gl (rabbit v67) was
detected with 5-nm gold particles (white arrowheads). Each of the four panels is divided into three magnifications; upper left, X1,000 (bar, 2 wm);
upper right, X5,000 (bar, 200 nm); bottom, x20,000 (bar, 100 nm). The white rectangles outline the areas where the subsequent higher-

magnification images were taken.

xenografts that showed extensive replication in the epidermis
and traversed across the basal layer into the dermis (Fig. 11).
As expected, staining for the ORF23 capsid protein was local-
ized to the nucleus, while the gE and gl staining localized to
the plasma membranes of infected cells. Polykaryon formation,
a signature for VZV replication in the skin, was evident in the
stained sections. Staining patterns similar to that for the wild
type were seen for both the C106A and the N116A mutant. In
contrast to the wild-type lesions, small lesions that were local-
ized to the epidermis were detected for the C95A mutant. The
lesions of the C95A mutant did not penetrate across the basal
layer into the dermis. VZV-specific staining was not detected

for the A105-125 mutant or, as expected, in uninfected control
xenografts. These data provide additional strong evidence that
the gE/gl heterodimer of VZV is required for skin pathogen-
esis. Moreover, based on the minimal replication of the C95A
mutant, which lacks heterodimer formation, these observations
indicate that gl has functions in virulence distinct from het-
erodimer formation with gE.

DISCUSSION

Mutagenesis and deletion studies of gE and gl have previ-
ously shown that the gE/gl heterodimer is a virulence deter-
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FIG. 10. Virulence of the C95A mutant was significantly diminished in human skin xenografts. (A) Titers of rOka and the C95A, C106A,
N116A, and A105-125 mutant viruses in human skin xenografts at 7, 14, and 21 days postinoculation. (B and C) Genome copies of rOka and the
CI95A, C106A, N116A, and A105-125 mutant viruses extracted from human skin xenografts, determined using qPCR of ORF63 and ORF31.

Standard errors of the means are shown.

minant for the alphaherpesviruses (5, 9, 12, 18, 27, 60). How-
ever, studies with VZV have focused predominantly on the
role that gE has in virulence in human tissues (7-9, 60). The
present study clearly demonstrated that N-terminal residues
C95 and 105 to 125 in gl are essential for gE/gl heterodimer
formation and necessary for effective virulence. Substitution of
C95 with alanine led to a significant replication defect in hu-
man skin xenografts comparable to that for the gE ACys mu-
tant of VZV, which also fails to form gE/gl heterodimers (8).
In contrast, the gl A105-125 mutant was avirulent in human
skin, the same phenotype as that of the Agl virus (42). In
addition to significantly reduced virulence, all of these viruses
had small-plaque phenotypes, which indicated a reduction in
their efficiency for cell-cell spread. Cell-cell spread of HSV, the
human virus most closely related to VZV, is partially governed
by the gE/gl heterodimer, but this heterodimer is unnecessary

TABLE 2. Frequency of skin implants from which virus was
recovered at days 7, 14, and 21 postinoculation

No. of implants from which
Inoculum titer, log,,

Virus PEU/ml (SEM) virus was recovered at day:

7 14 21

rOka 6.1 (0.055) 5/6 5/6 6/6
CI95A 6.0 (0.113)* 0/6 2/6 2/6
C106A 6.0 (0.040)* 6/6 5/6 6/6
N116A 6.0 (0.028)* 3/6 5/6 5/6
A105-125 5.9 (0.078)* 0/6 0/6 0/6

“x, P> 0.05 when compared to rOka, as determined by analysis of variance.

for virion attachment or fusion of the viral envelope, which are
both requirements for virus entry (18, 19). Replication of the
Agl, C95A, and A105-125 mutants demonstrated that, similar
to HSV, functional gl is not required for VZV entry. IDE is a
cellular molecule that contributes to cell-cell spread of VZV, a
notion supported by the AY51-P187 avirulent gE mutant,
which binds IDE poorly (3, 9, 29, 30). In the present study,
none of the gl mutant viruses, including the C95A and A105-
125 viruses, inhibited the binding of gE to IDE. Therefore, it is
very unlikely that defective cell-cell spread or entry would be a
consequence of aberrant gE/IDE interactions. Combined,
these data strengthen the notion that the gE/gl heterodimer
has a pivotal role in VZV virulence and that gl has additional
functions independent of gE.

It is clear from this study that C95 is required for canonical
gl structure, which is critical for its function. The loss of gE/gl
heterodimer formation for both the C95A and the A105-125
virus, the lack of MAb 6B5 binding detected by confocal and
immunoprecipitation studies, and the detection of higher-or-
der disulfide-linked multimers suggest that neither of these gl
mutants could undergo the canonical protein folding of wild-
type gl. C95 is very likely to form a disulfide bond with residue
C106, based on a previous study with feline herpesvirus (FHV)
¢l (40). The four cysteine residues C83, C95, C106, and C200
of VZV gl are analogous to C79, C91, C102, and C223 in FHV
¢gl. Extrapolation of the FHV data, which were based on trans-
fection studies using a truncated form of gl, suggested that two
disulfide bonds form: one between C83 and C200 and a second
between C95 and C106. In the present study, gl multimers



FIG. 11. The gl C95A mutant failed to penetrate into the dermal layer of skin xenografts. Confocal microscopy of skin implants infected with
rOka and the gl C95A, C106A, N116A, and A105-125 mutants. (A) Cyan, gE (MAb 8612); pink, ORF23 (rabbit v67); brown, TGN (sheep;
Serotec); lilac, nuclei (Hoechst 33342). (B) Cyan, gE (MAb 8612); pink, gl (rabbit v67); brown, TGN (sheep; Serotec); lilac, nuclei (Hoechst
33342). The staining was conducted on serial skin sections, allowing comparisons of VZV-infected cells to be made. The colors for the images were
inverted to emphasize staining for viral proteins among the complex architecture of the skin and allow a clear differentiation between the infected
and uninfected areas. Syncytia, the hallmark of VZV infection, are highlighted by the black arrowheads. Bar, 200 pm.
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were formed when C106 (in the C95A mutant) and C200 (in
the C83A mutant) were free to form disulfide bonds. These
data provide an insight into gl topology that can be inferred
from glycoproteins of other alphaherpesviruses.

McGeoch (38) proposed that both gD and gl arose in the
genomes of alphaherpesviruses via gene duplication. VZV
lacks a gD homolog, which is an entry determinant for HSV
(17, 22). However, the predicted structure of VZV gl suggests
an immunoglobulin-like (Ig-like) fold similar to that demon-
strated for HSV gD (13). The disulfide linkages within HSV
gD are similar to those proposed for VZV gl, supporting the
idea that gl could form an Ig-like domain (34, 38). The gE/gl
heterodimer of HSV acts as an Fc receptor, and similar to gD,
HSV gE exhibits an Ig-like domain, but the structure of HSV
¢l has not been resolved (6, 49). In the present study, VZV gl
was predicted to have a topology similar to that of HSV gE.
Therefore, the nature of the disulfide linkages in HSV gD can
be used to predict the basis of the catastrophic effects that the
CI95A substitution had on VZV gl function without an avail-
able crystal structure for gl. In HSV gD, the disulfide bond
formed between C118 and C127, which are a comparable dis-
tance to VZV gl C95 and C106, stabilizes a turn immediately
after a B-sheet configuration, leading to additional interactions
within the protein that are likely to form a subsequent complex
fold. A serine substitution in HSV gD at C118, analogous to gl
C95, prevented binding of conformation-dependent antibod-
ies, and the mutant was unable to complement a gD-null virus
(33). Because it is necessary for entry, gD is more critical to
HSYV replication than gl is for VZV, but the data indicate that
the disulfide bond requirements for the two proteins are
similar.

The data from the present study strongly suggest that both
residues C83 and C95 are obscured by the topology of gl. The
disulfide bond between C95 and C106 determines a protein
conformation that stabilizes gl. However, the nature of this
stabilizing bond is essential in a single direction only, C95 to
C106, as the free cysteine C95 in the C106A mutant does not
overtly affect gl conformation. This was clearly demonstrated
in the present study, as the C106A mutant was not defective in
gE/gl heterodimer formation, viral replication, or virulence in
the skin. C106 is likely to be located close to the surface of gI,
leaving C95 buried within the topology, but remains important
for the stability of gl. Intriguingly, the stabilized fold of gl
appears to play an essential role in the gE/gl heterodimer
formation. The recent resolution of protein structures for the
gH/gL heterodimer demonstrates that heterodimers of other
herpesvirus glycoproteins fold simultaneously during coexpres-
sion (15). The requirement of gE/gl coexpression for het-
erodimer formation strongly supports this hypothesis. Simul-
taneous folding of gE and gl would lead to stabilization of the
¢l structure and prevent the free cysteine at C95 in the C106A
mutant from forming the multimers that were observed when
this residue was substituted.

The second disulfide bond between C83 and C200 might
have a role in gl stability, but this bond was not essential for
heterodimer formation. Importantly, substitution of FHV gl
C79, a conserved cysteine analogous to C83 of VZV gI, was
also heterodimer competent but did not affect replication in
vitro (40). The remaining cysteine homologs in FHV gI were
not investigated in the context of infectious virus. The similar
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relative molecular masses of the mature VZV C83 and C200
mutant proteins under reducing conditions, which differed
from that of wild-type gl by 3 kDa, suggested that both mutants
undergo similar maturation processes. The prominent dimers
formed by the C83A mutant under nonreducing conditions
indicated that C83 is also obscured by the topology of gl. In the
C83A mutant, the free cysteine of C200 was available to form
a disulfide bond, unlike the free cysteine in the C200A mutant,
as the C83 could be hidden by cofolding with gE.

In contrast to the point mutants, the 21-amino-acid deletion
in the A105-125 mutant is very likely to have severely disrupted
the B-sheet configuration of gl, leading to a dramatic confor-
mational change. This was demonstrated clearly by the loss of
gE/gl heterodimer formation and MAb 6B5 binding in the
present study. It might be anticipated that the severe structural
alteration in A105-125 gl would cause extensive dimer forma-
tion. However, the presence of fewer multimers in the A105-
125 mutant than in the C95A mutant is not surprising, as the
deletion of C106 from the A105-125 mutant would not allow
disulfide bond formation, similar to the result seen for the
CI95A mutant.

A previous study using linker insertion mutagenesis close to
the signal peptide of baculovirus-derived gl showed a similar
failure of gE/gl heterodimer formation (28). This disrupted
region falls within the predicted B-sheet structure at the N
terminus of gl and endorses the predictions made for the
folded protein in the present study. In addition, the required
coexpression of VZV gE with gl needed for heterodimer for-
mation ensures trafficking of the heterodimer to the cell sur-
face, which becomes endocytosed and trafficked back to the
TGN for incorporation into virus particles during secondary
envelopment (2, 37, 47). A previous study has shown that gl
plays a role in the secondary envelopment of VZV particles
(54). However, immunoelectron microscopy analyses in the
present study clearly showed that the lack of gl incorporation
into virus particles did not affect virus particle morphology or
gE incorporation into the Agl, C95A, or A105-125 mutant.
This demonstrates that VZV particle envelopment is possible
in the absence of functional gl. Moreover, because the C95A
and A105-125 mutants had independent phenotypes in human
skin, gl must have a function in cells independent of gE and the
gE/gl heterodimer.

The VZV gE/gl heterodimer has receptor properties, in-
cluding phosphorylation of the cytoplasmic domains of gE and
gl (32, 46, 58, 59). The present study also demonstrated for the
first time that gl phosphorylation in the cytoplasmic domain
does not affect VZV skin virulence. Previously, it was thought
that VZV gl was phosphorylated at a single residue in the
cytoplasmic domain of gl (56). However, mass spectrometry
clearly identified that residues T338 and S347, in addition to
S343, were phosphorylated. Moreover, whether these phos-
phorylation sites were required for VZV virulence was not
known previously, but their substitution with alanine in this
study showed that they were not required for VZV replication
in vitro or skin virulence in vivo. The discrepancy in the num-
bers of residues phosphorylated between this and previous
studies can be attributed to the superior sensitivity of new mass
spectrometry tools compared to that of previous mutagenesis
studies using radiolabeled proteins from transiently expressed
¢l (56). Another fundamental difference was the immunopre-
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cipitation of the gE/gl heterodimer from VZV-infected rather
than transfected cells. It is plausible that more-extensive phos-
phorylation might occur during viral infection than during
transient transfection. The serine threonine kinases of VZV,
ORF47 and ORF66, could play a role in the phosphorylation
of gl at T338 and S347, but cellular kinases, such as casein
kinase II, which leads to gE phosphorylation, might also be
involved (20, 26). Nevertheless, mutation of these residues did
not generate an observable phenotype in vitro or in vivo, which
demonstrated that, in the context of functions related to the
phosphorylation of the gI cytoplasmic domain, viral or cellular
kinases are not relevant for VZV virulence in skin.

In conclusion, C95 in VZV gl has been identified as a critical
residue required for the structure of gl. This is very likely
conserved among the alphaherpesviruses. These experiments
demonstrate that gl, like gE, has a multifunctional role in the
pathogenicity of VZV.
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