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ABSTRACT

The herpesviral terminase complex is part of the intricate machinery that delivers a single viral genome into empty preformed
capsids (encapsidation). The varicella-zoster virus (VZV) terminase components (pORF25, pORF30, and pORF45/42) have not
been studied as extensively as those of herpes simplex virus 1 and human cytomegalovirus (HCMV). In this study, VZV bacterial
artificial chromosomes (BACs) were generated with small (�30S), medium (�30M), and large (�30L) ORF30 internal deletions.
In addition, we isolated recombinant viruses with specific alanine substitutions in the putative zinc finger motif (30-ZF3A) or in
a conserved region (region IX) with predicted structural similarity to the human topoisomerase I core subdomains I and II (30-
IXAla, 30-620A, and 30-622A). Recombinant viruses replicated in an ORF30-complementing cell line (ARPE30) but failed to rep-
licate in noncomplementing ARPE19 and MeWo cells. Transmission electron microscopy of 30-IXAla-, 30-620A-, and 30-622A-
infected ARPE19 cells revealed only empty VZV capsids. Southern analysis showed that cells infected with parental VZV
(VZVLUC) or a repaired virus (30R) contained DNA termini, whereas cells infected with �30L, 30-IXAla, 30-620A, or 30-622A
contained little or no processed viral DNA. These results demonstrated that pORF30, specifically amino acids 619 to 624 (region
IX), was required for DNA encapsidation. A luciferase-based assay was employed to assess potential intermolecular complemen-
tation between the zinc finger domain and conserved region IX. Complementation between 30-ZF3A and 30-IXAla provided
evidence that distinct pORF30 domains can function independently. The results suggest that pORF30 may exist as a multimer or
participate in higher-order assemblies during viral DNA encapsidation.

IMPORTANCE

Antivirals with novel mechanisms of action are sought as additional therapeutic options to treat human herpesvirus infections.
Proteins involved in the viral DNA encapsidation process have become promising antiviral targets. For example, letermovir is a
small-molecule drug targeting HCMV terminase that is currently in phase III clinical trials. It is important to define the struc-
tural and functional characteristics of proteins that make up viral terminase complexes to identify or design additional termi-
nase-specific compounds. The VZV ORF30 mutants described in this study represent the first VZV terminase mutants reported
to date. Targeted mutations confirmed the importance of a conserved zinc finger domain found in all herpesvirus ORF30 termi-
nase homologs but also identified a novel, highly conserved region (region IX) essential for terminase function. Homology mod-
eling suggested that the structure of region IX is present in all human herpesviruses and thus represents a potential structurally
conserved antiviral target.

During herpesvirus replication, large head-to-tail double-
stranded DNA (dsDNA) concatemers accumulate in the in-

fected-cell nucleus and are subsequently packaged into preformed
viral capsids. The packaging process is complex and involves a
group of proteins that recognize specific viral DNA sequences and
simultaneously process and translocate unit-length genomes
through the portal vertex of the procapsid (1). The protein com-
plex that docks or interacts with the capsid portal protein consists
of the heterotrimeric viral terminase. Terminases of DNA bacte-
riophages have been well described (2, 3), and those of several
members of the Herpesviridae, including herpes simplex virus 1
(HSV-1) (4–14), human cytomegalovirus (HCMV) (15–21), Ep-
stein-Barr virus (EBV) (22), and varicella-zoster virus (VZV) (23–
25), are under investigation.

Members of the Alphaherpesvirinae, Betaherpesvirinae, and
Gammaherpesvirinae share a core set of orthologous proteins re-
quired for DNA encapsidation. A heterotrimeric viral terminase
complex consisting of three of these conserved core proteins was
recently isolated from HSV-1-infected cells (4). The HSV-1 ter-
minase consisted of a 1:1:1 equimolar complex of two different

terminase protein subunits, pUL15 and pUL28, and a protein en-
coded by the UL33 gene family. The pUL33 component may act as
an essential accessory protein involved in the formation and/or
stability of the terminase complex (7). Homologous terminase
components have also been identified for HCMV (pUL89, pUL56,
and pUL51) (16–21, 26–28) and VZV (pORF45/42, pORF30, and
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pORF25) (23, 24). The pUL15, pUL89, and pORF45/42 homologs
are encoded by spliced gene products (12, 24, 29) derived from
two exons, and pUL51 and pORF25 are the HSV-1 pUL33 family
homologs (5, 21, 23, 25, 30).

The functions of terminase complex components have been
investigated via expression and purification of terminase proteins
and/or analysis of herpesvirus mutants. For example, an essential
role for HSV-1 pUL28 in viral replication was shown by use of
temperature-sensitive and deletion mutants that were defective
for cleavage and packaging of concatemeric viral DNA (31–33).
Mutant UL28 viruses and/or coimmunoprecipitation experi-
ments identified important functional regions of pUL28, includ-
ing a potential zinc finger motif (4); interactions with other ter-
minase components and viral capsids (6–11, 14, 34–37); and
interaction with the viral portal protein (10, 38).

The VZV homolog, pORF30, has not been studied in the same
detail. In transfected MeWo cells, pORF30 localized primarily to
the cytoplasm, but in VZV-infected cells, nuclear localization was
predominant (24). These results were consistent with those for the
HSV-1 homolog, pUL28, which also localized to the cytoplasm of
transfected cells and to the nuclei of HSV-1-infected cells (6, 10,
35). In agreement with studies on the HCMV pUL56 subunit (19),
VZV pORF30 was shown to interact with the C terminus of the
pORF45/42 terminase subunit (24). pORF30 was also shown to
coprecipitate with pORF25, the UL33 gene family homolog, from
virus-infected cells (23). Similarities between VZV pORF30 and
HSV-1 pUL28 suggest that pORF30 may participate in a terminase
complex analogous to that described for HSV-1.

Studies formally proving an essential role for the VZV termi-
nase components have lagged behind those of HSV-1. Here we
report the isolation of the first VZV ORF30 terminase mutants.
VZV ORF30 was targeted for deletion to define its role in viral
replication. Considering its homology to pUL28, pORF30 was
predicted to be essential for DNA encapsidation. A human retinal
pigmented epithelial cell line (ARPE19) stably expressing pORF30
(ARPE30) was isolated and used to complement a series of recom-
binant VZV ORF30 deletion and substitution constructs. A pre-
viously described VZV bacterial artificial chromosome (BAC) (39,
40) containing green fluorescent protein (GFP) and luciferase
genes (VZVLUC) served as the backbone for deletion of ORF30
sequences (�30S, �30M, and �30L) via a galK selectable marker.
A repaired �30L virus (30R) was isolated by replacing galK with
the parental ORF30 gene. In addition, the �30 mutants were uti-
lized to generate specific alanine substitutions in regions of
pORF30 that are highly conserved in the Herpesviridae family. All
recombinant ORF30 deletion and point mutant viruses were
shown to be lethal, and pORF30 was shown to be essential for
viral DNA cleavage and packaging. Allelic complementation by
pORF30 mutants containing mutations in two different regions of
ORF30 suggests that pORF30 forms higher-order structures with
independently functioning domains.

MATERIALS AND METHODS
Cells and viruses. Human retinal pigmented epithelial cells (ARPE19;
ATCC CRL-2302), human melanoma cells (MeWo; ATCC HTB-65), and
a stable ORF30 cell line (ARPE30) were maintained at 37°C in 5% CO2.
ARPE19 and MeWo cells were grown in minimal essential medium
(MEM) containing 5% and 10% fetal bovine serum, respectively, with 2
mM L-glutamine and antimicrobial supplements.

VZV stocks were prepared by resuspending trypsinized ARPE19 or

ARPE30 infected-cell monolayers in 90% fetal bovine serum (FBS)–
10% dimethyl sulfoxide (DMSO) and freezing them overnight at
�80°C in a BioCision CoolCell unit (San Rafael, CA) prior to storage in
liquid nitrogen vapor phase.

Isolation of a cell line stably expressing ORF30. The ORF30 gene
(2,313 bp) was cloned into the lentivirus vector pLenti-EF-1a-Rsv-Puro
(GenTarget, San Diego, CA). ARPE19 cells were transduced with the
ORF30 lentivirus in the presence of puromycin. Genomic DNA from the
stable ARPE30 cell clone was validated via PCR with ORF30-specific
primers (data not shown). ARPE30 cells were cultured as described
above, with the addition of 0.625 �g/ml of puromycin (MP Biomedi-
cals, LLC, Santa Ana, CA) for stable maintenance of lentivirus-ORF30
sequences (39).

Bioinformatics. Terminase subunit sequences used for bioinformatic
analyses were derived from HSV-1 (KOS) pUL28, HSV-2 (HG52) pUL28,
VZV (Ellen) pORF30, EBV (B95-8) BALF3, HCMV (Towne) pUL56, hu-
man herpesvirus 6A (HHV-6A) (GS) pU40, HHV-6B (HST) pU40,
HHV-7 (RK) pU40, and HHV-8 (GK18) pORF7. Primary amino acid
sequences were submitted to the PHYRE2 server for structural homology
modeling based on all currently submitted protein structures found in the
Protein Data Bank (PDB) (41, 42). Clustal Omega was used to identify
conserved regions of the primary amino acid sequences of human herpes-
virus pORF30 homologs (43).

Recombineering of ORF30 deletion, ORF30 zinc finger, and ORF30
alanine substitution mutants. All procedures using the VZVLUC BAC
were performed as described previously (39, 40, 44), except that ORF30-
specific primers were employed. Primer pairs (Table 1) were used to gen-
erate PCR products (Phusion DNA polymerase; New England BioLabs
Inc., Ipswich, MA) containing homology arms to construct VZV BACs
with the following three different internal ORF30 deletions: 1,918 bp
(�30L), 1,637 bp (�30M), and 179 bp (�30S).

�30L was used as the backbone to generate a repaired virus, 30R,
containing the intact full-length ORF30 gene. In addition, primer pairs
encoding alanine substitutions within the zinc finger region or conserved
region IX of ORF30 (Table 1) were used to synthesize overlapping DNA
amplicons containing the mutations of interest. Equimolar amounts of
purified PCR products were used in primer extension reaction mixtures
with Q5 Hi Fidelity DNA polymerase (New England BioLabs Inc., Ips-
wich, MA) to obtain full-length mutant ORF30 genes for recombineering
into �30L.

The ORF30 sequences of all VZV BAC DNA constructs were con-
firmed by DNA sequencing prior to transfection into ARPE19 or ARPE30
cells. Virus was reconstituted by transfecting 1 � 106 ARPE19 or ARPE30
cells with 10 �g of BAC DNA complexed with Lipofectamine LTX (Life
Technologies, Carlsbad, CA). Plates were incubated for 5 days and ob-
served for cytopathic effect and GFP-positive plaques.

DNA sequencing. PCR products with nucleotide changes were cloned
into pJet1.2 (Life Technologies, Carlsbad, CA) and sequenced (Eurofins
WMG Operon, Louisville, KY) prior to recombineering. In addition, se-
quence analysis of recombinant VZV BAC DNA was performed to con-
firm the intended changes in ORF30 prior to transfection.

BAC DNA isolation and agarose gel electrophoresis. BAC DNAs
were isolated from Escherichia coli by using a NucleoBond Xtra BAC kit
(Clontech Laboratories, Palo Alto, CA), digested with SapI, and analyzed
in 0.65% agarose gels stained with ethidium bromide (EtBr) as described
previously (39).

VZV replication kinetics. Viral replication was determined via a pre-
viously described luciferase-based assay (39), with minor modifications.
Three hundred PFU of cell-associated VZV stock was used to infect �3 �
105 ARPE19, ARPE30, or MeWo cells in 12-well monolayers in triplicate.
Normalized data (based on 6-h relative luminescence units [RLU] read-
ings to account for variations in initial inocula) were graphed as the aver-
ages � standard deviations (SD) for triplicate samples.

DNA cleavage analysis. Approximately 107 ARPE19 cells were in-
fected with 1 � 104 PFU of VZVLUC, �30L, 30R, 30-IXAla, 30-620A, or
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30-622A for 24 h. Infected-cell DNAs extracted at 24 h postinfection were
digested with BamHI, separated in agarose gels, and subjected to Southern
blotting with digoxigenin (DIG)-labeled probes specific for the short or
long terminal repeats, as described previously (39).

TEM. Transmission electron microscopy (TEM) was performed to
confirm the phenotypes of selected ORF30 mutants. Samples were pre-
pared and microscopy performed as described previously (39). Briefly,
ARPE19 cell monolayers (�106 cells) were infected with 104 PFU of VZV
stock and harvested at 72 h postinfection. Samples were analyzed with a
JEOL JEM-1230 transmission electron microscope (JEOL USA Inc., Pea-
body, MA) at 110 kV and imaged with an UltraScan 4000 charge-coupled
device (CCD) camera (Gatan Inc., Pleasanton, CA).

Intermolecular complementation assay. Coinfection with two differ-
ent cell-free or cell-associated virus stocks was not efficient enough to
perform complementation assays. This issue was overcome by preparing
double mutant virus-infected cell stocks. ARPE30 cells in 100-mm tissue
culture dishes were doubly infected with 1 � 104 PFU each of 30-IXAla
and 30-ZF3A. Control stocks were prepared by infecting ARPE30 cells
with 2 � 104 PFU of either 30-IXAla or 30-ZF3A. Infection mixtures were
incubated at 37°C for 2 days, passaged 1:2, and incubated for an additional 2
days. Stocks were harvested and stored in liquid nitrogen as described above.

Twelve-well tissue culture plates were seeded with ARPE19 or ARPE30
cells to obtain 90% confluent monolayers (�4 � 105 cells/well). Virus
stocks were thawed, washed once in MEM, and resuspended at 1,000

TABLE 1 BACs, plasmids, primers, and strains used in this study

Reagent Description or purpose Source, reference, or sequencea

BACs
VZVLUC VZV pOKA with firefly luciferase and GFP 40
�30L galK cassette replaced ORF30 bp 144–2063 in VZVLUC This study
�30M galK cassette replaced ORF30 bp 144–1782 in VZVLUC This study
�30S galK cassette replaced ORF30 bp 1080–1260 in VZVLUC This study
30R Wild-type ORF30 replaced galK cassette in �30L BAC This study
30-620A H-to-A mutation at ORF30 aa 620 This study
30-622A K-to-A mutation at ORF30 aa 622 This study
30-IXAla PHLKEE-to-AAAAAA mutation at ORF30 aa 619–624 This study
30-ZF3Ab C-to-A, C-to-A, and H-to-A mutations at ORF30 aa 202, 225, and

227, respectively
This study

Plasmid
pgalK Used to flank galK cassette with ORF30 homology arms 44

Bacterial strain
SW102 Used to propagate/manipulate VZV BAC clones 44

Primersc

�30L-galK F Used to generate ORF30 homology arm from bp 144 GGGTGGCGTGTCGCTTTTTATATCGGTTAGCGGCTAACTGTTT
GACAGTTcctgttgacaattaatcatcggca

�30L-galK R Used to generate ORF30 homology arm from bp 2063 CTTTAGGTTGAGACGTGCACCCGCGTGGATCCTTACCTAGAC
GGTCAACGtcagcactgtcctgctcctt

�30M-galK R Used to generate ORF30 homology arm from bp 1782 GTAAAAAATAAGGCGGTGTTAGGGGGTTGTGCAAAACGGTGT
TCATCGTGtcagcactgtcctgctcctt

�30S-galK F Used to generate ORF30 homology arm from bp 1080 CACGCAGAACTTACAGCCGTAACGGTTGAGTTGGCGTTATTTG
GAAAAACTcctgttgacaattaatcatcggca

�30S-galK R Used to generate ORF30 homology arm from bp 1260 TCATCCTCACACCCAACTCTTTCTAAAAGTTGGCGTAAGGCGG
CTTCGTTtcagcactgtcctgctcctt

30R F Used to repair �30L and to make Ala mutations ATGGAATTGGATATTAATCGAAC
30R R Used to repair �30L and to make Ala mutations TTATGAAAACGCCGGGTCCGTTGAA
�30-620 F Used with 30R R to generate H-to-A mutation at ORF30 aa 620 CCGgcCTTAAAAGAGGAATTGGCAAAGTTTATG
�30-620 R Used with 30R F to generate H-to-A mutation at ORF30 aa 620 TTCCTCTTTTAAGgcCGGAAATAGGCCAACGTT
�30-622 F Used with 30R R to generate K-to-A mutation at ORF30 aa 622 CCGCACTTAgcAGAGGAATTGGCAAAGTTTATG
�30-622 R Used with 30R F to generate K-to-A mutation at ORF30 aa 622 TTCCTCTgcTAAGTGCGGAAATAGGCCAACGTT
�30-ALA F Used with 30R R to generate ORF30 Ala substitutions at aa 619–624 gctgccgcagcggctgccTTGGCAAAGTTTATG
�30-ALA R Used with 30R F to generate ORF30 Ala substitutions at aa 619–624 ggcagccgctgcggcagcAAATAGGCCAACGTT
30-ZF F Used with 30R R to generate C-to-A mutation at ORF30 aa 225 and

H-to-A mutation at ORF30 aa 227
AACCAAGGTGAGACCTTACATCGTAGATTATTAGGATGTATC

gcCGATgcCGTTACT
30-ZF Rb Used with 30R F to generate C-to-A mutation at ORF30 aa 199 and

C-to-A mutation at ORF30 aa 202
GGTCTCACCTTGGTTAGCTGTTATACATAATTCTTCAAAAgc

TATAGCAgcTGGATG
ARPE30 F Used to validate ORF30 genomic integration ATGGAATTGGATATTAATCG
ARPE30 R Used to validate ORF30 genomic integration TTATGAAAACGCCGGGTCCG
ORF29-3= F Used to identify genotypes present in complementation plaques TTGCGTGTAGTCCTTACCCAT
ORF31-5= R Used to identify genotypes present in complementation plaques GCTTGGAGAGACCGACACAA

a VZV sequences are shown in uppercase, VZV mutations in lowercase bold type, and galK sequences in lowercase lightface type.
b 30-ZF3A contains only 3 of the 4 targeted substitutions. The C-to-A substitution at position 199 was not observed in the sequence of the homology arm or the final BAC
construct.
c Primers are forward (F) or reverse (R) with respect to the genome map.
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PFU/ml in MEM-2% FBS. Approximately 1,000 PFU of each virus stock
was plated in triplicate. Images of representative plaques were taken on
day 3, using an Olympus IX51 inverted fluorescence microscope (Olym-
pus America Inc., Center Valley, PA), an Olympus DP72 12.8-megapixel
cooled digital color camera, and CellSens Entry 1.8 image acquisition
software. On day 4, wells were washed with phosphate-buffered saline
(PBS), lysed with 1� cell lysis buffer (Thermo Scientific-Pierce firefly
luciferase glow assay kit; Life Technologies, Carlsbad, CA), and frozen at
�80°C until assayed for luciferase activity.

On the day of infection, the titer of each virus stock was determined on
ARPE30 cell monolayers to confirm that equal amounts of virus were
added to the complementation assay wells.

Genotypic analysis of viral plaques. ARPE19 monolayers were in-
fected with dually ZF3A/IXAla-infected ARPE30 stocks as described for
the complementation assay. Three well-isolated plaques were removed

from the monolayer in 100 �l of PBS at 4 days postinfection. One hundred
microliters of lysis buffer (10 mM Tris, pH 7.4, 10 mM EDTA, and 0.25%
SDS) was added to each sample, followed by gentle mixing with an equal
volume of chloroform. After centrifugation for 5 min at 16,000 � g, the
upper layer was removed and sodium acetate (pH 5.2) added to 0.15 M.
DNA was precipitated with 2 volumes of 100% ice-cold ethanol (EtOH)
and pelleted at 16,000 � g for 15 min at 4°C. DNA pellets were washed
with 70% EtOH, dried for 5 min, and resuspended in 20 �l of 10 mM Tris,
pH 8.5. ORF30 products were amplified from each sample by using 1 �l of
DNA as the template, Phusion DNA polymerase, and primers ORF29-3=F
and ORF31-5=R (Table 1). Amplicons cloned into pJet1.2 were sequenced
to identify VZVLUC or mutant ORF30 genotypes.

Statistical analysis. P values for complementation data were calcu-
lated with GraphPad Prism 6.02 software (GraphPad Software, Inc., La
Jolla, CA).

FIG 1 Alignment of pORF30 terminase homologs of human alpha- and betaherpesviruses. Clustal Omega was used to align the pORF30 terminase subunit
primary amino acid sequences for 3 human alphaherpesviruses (HSV-1, HSV-2, and VZV) and 4 human betaherpesviruses (HCMV, HHV-6A, HHV-6B, and
HHV-7). The human gammaherpesviruses HHV-4 and HHV-8 were not included. Red sequences indicate the 12 conserved regions previously identified in
HCMV pUL56 by Champier et al. (15). Green sequences represent the 15 conserved regions identified using the current alignment and are in close agreement
with the previous analysis by Champier et al. (15). A highly conserved stretch of 11 amino acids found in the C terminus of region IX is indicated with x’s. The
conserved putative zinc finger motif, C-X2-C-X22-C-X-H (arrows mark the conserved cysteine/histidine residues), was found in region IV of all nine human
herpesviruses. *, identical residues; colons, highly conserved residues; periods, conserved residues. Identity/conservation is indicated for alignment of the 3 alpha-
and 4 betaherpesvirus pORF30 homologs; however, only the VZV and HCMV sequences are shown.
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RESULTS
Relatedness of herpesvirus pORF30 terminase homologs. The
VZV pORF30 terminase subunit is well conserved with other Al-
phaherpesvirinae homologs, including pORF30 of cercopithecine
herpesvirus 9 (simian varicella virus) (61%), pORF32 of equid
herpesviruses 1 and 3 (�50%), and pUL28 of HSV-1 and HSV-2
(�47%). Aligning the pORF30 homologs of human alphaherpes-
viruses (HSV-1, HSV-2, and VZV) and betaherpesviruses
(HCMV, HHV-6A, HHV-6B, and HHV-7) revealed 15 conserved
regions (Fig. 1). Twelve of these overlapped those reported in a
study on the HCMV homolog, pUL56 (15).

A conserved putative zinc finger motif, C-X2-C-X22-C-X-H, is
present in pORF30 homologs of members of all three herpesvirus
subfamilies (Fig. 1) (4, 15, 45). Mutagenesis of critical cysteine
and/or histidine residues in HSV-1 (UL28) (4) and EBV (BALF3)
(22) resulted in defective terminase activity. For HSV-1, recombi-
nant viruses containing zinc finger amino acid substitutions were
unable to effectively cleave and package viral DNA (4). We hy-
pothesized that the analogous region in VZV pORF30 was essen-
tial for viral replication.

Relatedness of pORF30 and the human TopI core sub-
domains. When the 770-amino-acid pORF30 sequence was sub-
mitted to the PHYRE2 protein fold recognition server, pORF30
residues 589 to 647 were modeled with �90.3% confidence to
portions of human topoisomerase I (TopI) subdomains I and II
(Fig. 2A). pORF30 region IX shared 24% identity and 61% simi-
larity with sequences of the TopI core subdomains I and II. In
addition, the longest continuous stretch of conserved amino acids

FIG 2 PHYRE2 modeling of pORF30 homologs. (A) The 770-amino-acid (full
length) VZV strain Ellen pORF30 terminase sequence was submitted to the
PHYRE2 Protein Fold Recognition Server (42). Sequences corresponding to
region IX (pORF30 amino acid residues 589 to 647) contained structural ho-
mology to portions of human topoisomerase I (TopI) subdomains I and II
(amino acids 223 to 280; includes the last 10 and first 48 amino acids of sub-
domains I and II, respectively [47]). The primary sequence alignment pro-
vided with the PHYRE2 model, showing amino acid identity (*) and similarity
(periods and colons), is shown. (B) All nine human herpesvirus pORF30 ho-
mologs (HSV-1 pUL28, HSV-2 pUL28, VZV pORF30, EBV BALF3, HCMV
pUL56, HHV-6A pUL40, HHV-6B pUL40, HHV-7 pUL40, and HHV-8
pORF7) were submitted to the PHYRE2 Protein Fold Recognition Server (42).
Structural homology to portions of TopI subdomains I and II was identified.
Models presented confidence levels between 79.7% (for HHV-7 pUL40) and
90.3% (for VZV pORF30). PHYRE2 did not model any other regions of
pORF30 to known structures in the PDB. The structural features of each model
are remarkably similar to each other and to the known structure of portions of
human TopI domains I and II. The complete 765-amino-acid human TopI
molecule associated with double-stranded DNA (fuchsia helix) is shown in the
upper left corner (47) (PDB entry 1a31; human reconstituted DNA topoisom-
erase I in covalent complex with a 22-bp DNA duplex). Structural features of
each model are coded as follows: green, helix; red, coil; and black, turn.

FIG 3 Predicted genome structures and features in the ORF30 region for
parental and mutant viruses. (A) VZVLUC parental virus with shared coding
regions for ORFs 30 and 31. The ORF31 promoter is predicted to fall within the
5= coding sequence of the 2,310-bp ORF30 gene. (B) �30L (large ORF30 de-
letion) has an internal deletion of 1,918 bp. (C) �30M (medium ORF30 dele-
tion) has an internal deletion of 1,337 bp. (D) �30S (small ORF30 deletion)
has an internal deletion of 179 bp. (E to G) ORF30 sequences containing
specific alanine substitutions in conserved terminase region IX. (H) ORF30
sequence containing three alanine substitutions in conserved terminase region
IV, containing a putative zinc finger. The amino acid numbers are listed along
with the amino acid changes. Promoters are indicated with arrows (galK pro-
moter; for E. coli galactokinase).
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in herpesvirus pORF30 homologs occurred in region IX (VZV
pORF30 residues 617 to 627) (Fig. 1). Full-length sequences of the
remaining pORF30 homologs were submitted to the PHYRE2

server. Sequences corresponding to region IX for all human her-
pesviruses were modeled with high confidence to TopI sub-
domains I and II (Fig. 2B). PHYRE2 did not model any other
regions of pORF30 homologs to protein structures in the PDB.

The results do not necessarily predict that pORF30 is a herpes-
virus-encoded topoisomerase; however, the similarity to human
TopI core subdomains (46, 47) suggests that pORF30 is likely to be
involved in dsDNA “processing” (i.e., DNA clamping, cleavage,
relaxation, and rotation). Regions or domains containing con-
served sequences are likely to retain important functional or struc-
tural roles. Therefore, the zinc finger and the topoisomerase core-
like domain (region IX) were selected for targeted mutagenesis
studies.

Isolation of a stable cell line containing the VZV ORF30 gene.
As discussed earlier, HSV-1 pUL28 was shown to be essential for
viral replication. Hence, the isolation of a stable ORF30 cell line
was presumed to be necessary to complement VZV ORF30 mu-
tant viruses. The 2,313-bp ORF30 gene was cloned downstream of
the EF-1	 promoter in a lentivirus expression vector. ARPE19
cells transduced with the ORF30 lentivirus were selected in the
presence of puromycin. Genomic integration was confirmed by
detection of a single PCR product, of �2.3 kb (data not shown),
in a reaction mixture containing ARPE30 genomic DNA and
ORF30-specific primers (Table 1). No gross morphological
changes were noted for ARPE30 cells.

Construction of BAC ORF30 deletion mutants �30L, �30M,
and �30S and BAC ORF30 zinc finger and region IX alanine
substitution mutants via recombineering. Analysis of the ORF30
region of the VZV genome sequence revealed that the 5= coding
region and promoter of VZV ORF31, an essential glycoprotein
(gB) (48), overlap the 3= coding region of ORF30 (Fig. 3A). The

ARPE30 cell line might not complement a full-length deletion,
because removal of the entire ORF30 coding region could affect
the expression of gB. In addition, the 5= region of ORF30 is in close
proximity to another essential gene, the ORF29 gene, encoding a
single-stranded DNA (ssDNA) binding protein (Fig. 3A) (49).
Therefore, a strategy to generate small, medium, and large dele-
tions within ORF30 was chosen to avoid unwanted effects on the
flanking open reading frames (ORFs). Primer sets were used to
prepare amplicons containing homology arms (Table 1) to gener-
ate 179-bp (�30S), 1,637-bp (�30M), and 1,918-bp (�30L) inter-
nal ORF30 deletions (Fig. 3B to D). A repaired BAC, BAC 30R, was
isolated by recombining the wild-type ORF30 gene into BAC
�30L (Fig. 3A). It was important to repair �30L because it pro-
vided the backbone for construction of the alanine substitution
mutants.

Targeted mutagenesis of the ORF30 zinc finger motif and se-
lected residues of the conserved stretch of amino acids in region IX
was performed by using BAC �30L as the parent construct and
recombining ORF30 fragments containing the indicated amino
acid substitutions (Table 1; Fig. 3E to H).

The genomic structures of BACs VZVLUC, �30S, �30M, �30L,
30R, 30-IXAla, 30-620A, 30-622A, and 30-ZF3A were analyzed by
restriction enzyme digestion with SapI (Fig. 4). The expected pat-
terns were observed for BAC DNAs containing ORF30 deletions
and reconstituted ORF30 (Fig. 4). Insertion of the galK gene, con-
taining an internal SapI site, yielded the expected restriction frag-
ments of 12.1 and 3.9 kb, 12.1 and 4.1 kb, and 13.0 and 4.7 kb
for BAC �30L, BAC �30M, and BAC �30S, respectively. The
genomic pattern for BAC 30R was identical to that for the parental
virus VZVLUC. The expected patterns of DNA fragments were also
observed for BACs digested with a second restriction enzyme,
BssHII (data not shown).

Replication of ORF30 mutants in ARPE19, ARPE30, and
MeWo cells. BAC DNAs were transfected into ARPE30 cells to

FIG 4 Analysis of VZV BAC genome structures. SapI restriction sites flanking the ORF30 gene and the resulting predicted fragment sizes are shown. Insertion
of galK results in an additional SapI site. SapI-digested BAC DNAs were visualized after electrophoresis on a 0.65% agarose gel and EtBr staining. Mutants
containing alanine substitutions are predicted to be identical to parental VZVLUC. All mutations were confirmed by sequence analysis. White arrows and dots
mark the approximate locations of fragments in �30L, �30M, and �30S.
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prepare viral stocks. All three ORF30 deletion constructs were
complemented in ARPE30 cells (data not shown). Mutant �30L
was selected for further analysis and as the parent construct/virus
for generation of zinc finger and region IX mutants. Using a pre-
viously described luciferase assay, the replication kinetics of
VZVLUC, �30L, 30R, 30-IXAla, 30-620A, 30-622A, and 30-ZF3A
were analyzed in the parental ARPE19, complementing ARPE30,
and MeWo cell lines.

Monolayers were infected with 300 PFU of cell-associated virus
stock and harvested at the indicated time points. VZVLUC and 30R
replicated efficiently in ARPE19 (Fig. 5B), ARPE30 (Fig. 5C), and
MeWo (Fig. 5A) cells. None of the ORF30 deletion or region IX
alanine mutants formed plaques or replicated efficiently in
ARPE19 (Fig. 5B) or MeWo (Fig. 5A) cells. Replication of �30L,
30-IXAla, 30-620A, and 30-622A in ARPE30 cells (Fig. 5C) sug-
gested that providing pORF30 in trans complemented the loss of
pORF30 function. However, none of the four mutants replicated
to the same level as that of VZVLUC or 30R. There are several
possibilities that might explain this observation: (i) expression of

another VZV gene product was altered in the mutant viruses, (ii)
pORF30 expression was not optimal for complete complementa-
tion in ARPE30 cells, or (iii) mutant pORF30s partially interfered
with the function of wild-type pORF30 expressed in ARPE30 cells.
The first explanation is unlikely, since single amino acid substitu-
tions (i.e., in the 30-620A and 30-622A mutants) are not likely to
affect expression of another VZV gene product. The fact that the
deletion mutant and alanine substitution mutants replicated to
approximately the same extent suggests that the second explana-
tion is most plausible. However, since pORF30 is likely part of a
terminase complex, mutant pORF30s could interfere with the
normal function of ARPE30-expressed pORF30.

The replication kinetics of the zinc finger mutant 30-ZF3A
were similar to those of the region IX mutants on noncomple-
menting cells. Monolayers were infected with 300 PFU of cell-
associated virus stock and harvested at the indicated time points.
VZVLUC and 30R replicated efficiently in ARPE19, ARPE30, and
MeWo cells (Fig. 6). 30-ZF3A did not form plaques or replicate in
ARPE19 or MeWo cells (Fig. 6). Replication of 30-ZF3A in

FIG 5 Growth kinetics of region IX mutants. MeWo (A), ARPE19 (B), and ARPE30 (C) cell monolayers were infected in triplicate with VZVLUC, 30R, �30L,
30-IXAla, 30-620A, or 30-622A. Representative fields were photographed at 4 days postinfection. Cells were harvested in luciferase lysis buffer at the indicated
time points. Firefly luciferase activity is shown in relative luminescence units (RLU). Each point is the average for three independent samples (the standard
deviation is provided).
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ARPE30 cells (Fig. 6) suggested that providing pORF30 in trans
complemented the loss of pORF30 function. These results are in
agreement with previous studies showing that the zinc finger re-
gion of the HSV-1 homolog, pUL28, is essential for viral replica-
tion (4).

Deletion of ORF30 and targeted mutations in region IX af-
fect viral DNA processing in ARPE19 cells. The absence of
pORF30 or mutation of conserved functional or structural regions
was hypothesized to result in defective DNA processing. ARPE19
cells were infected with VZVLUC, 30R, �30L, 30-IXAla, 30-620A,
or 30-622A and harvested after 24 h. Total infected-cell DNA was
digested with BamHI and analyzed via Southern blotting with a
probe (TRL probe) specific for the VZV long terminal repeat re-
gion (Fig. 7A and B). The TRL probe detected a fragment of 0.9 kb
representing viral DNA termini present only after cleavage of con-
catemeric viral DNA. The TRL probe also detected a 2.8-kb frag-
ment representing uncleaved viral DNA. The 0.9-kb fragments
observed for VZVLUC and the repaired virus, 30R, suggested that
viral DNA processing occurred normally in infected ARPE19 cells.
The amount of the 0.9-kb fragment was greatly reduced in
ARPE19 cells infected with �30L, 30-IXAla, 30-620A, or 30-622A,
suggesting that DNA processing was absent or inefficient.

The results suggest that pORF30, and specifically the PHLKEE
residues of region IX, are necessary for the efficient cleavage of
viral genomic DNA. These results are consistent with those of
previous studies showing that the HSV-1 homolog, pUL28, was
required for proper viral DNA cleavage and packaging (33) and
that a UL28 mutant with an in-frame linker insertion within re-
gion IX prevented DNA processing (7).

Absence of DNA-filled capsids in ORF30 deletion and region
IX mutant-infected ARPE19 cells. Viral DNA cleavage is tightly
linked to genome packaging and requires an intact terminase
complex to bind DNA, dock on the portal vertex, and deliver viral
DNA into the empty preformed capsid. Therefore, ORF30 mu-
tant-infected ARPE19 cells should contain only empty (unfilled)
viral capsids if pORF30 is an integral component of the VZV ter-

minase complex. Thin sections of 30R-, �30L-, 30-IXAla-, 30-
620A-, and 30-622A-infected ARPE19 cells were examined by
transmission electron microscopy. The repaired virus, 30R, was
used as the positive control (Fig. 8). Three DNA-filled capsids with
electron-dense staining cores could be seen in the same field. No
DNA-filled capsids were observed in ARPE19 cells infected with
�30L, 30-IXAla, 30-620A, or 30-622A (Fig. 8). Examination of
multiple fields for each of the pORF30 mutants revealed crystal-
line-packed clusters of empty capsids (the 30-620A images pro-
vide a typical example).

The results were consistent with previous studies showing that
the HSV-1 and bovine herpesvirus 1 (BHV-1) homolog, pUL28, is
required for DNA processing and packaging into preformed cap-
sids (7, 31–33, 50).

Complementation assays define functionally distinct pORF30
domains. The zinc finger and region IX sequences are approxi-
mately 400 amino acids apart with respect to the primary amino
acid sequence. Their proximity in the pORF30 tertiary structure is

FIG 6 Growth kinetics of ORF30 zinc finger mutant 30-ZF3A. (A) ARPE19,
ARPE30, and MeWo cells were infected with 30-ZF3A, and representative
fields were photographed at 4 days postinfection. (B) Monolayers of ARPE19,
ARPE30, and MeWo cells were infected in triplicate with VZVLUC or 30-ZF3A.
Cells were harvested in luciferase lysis buffer at the indicated time points.
Firefly luciferase activity is shown in RLU. Each point is the average for three
independent samples (the standard deviation is provided).

FIG 7 DNA cleavage assay. (A) Schematic of expected products from TRS-
TRL junction, due to viral terminase cleavage (arrow), BamHI digestion, or
both. (B) Monolayers of ARPE19 cells were infected with VZVLUC, 30R, �30L,
30-IXAla, 30-620A, or 30-622A. Cells were harvested at 24 h postinfection.
Total infected cell DNA was digested with BamHI, fractionated by agarose gel
electrophoresis, and analyzed by Southern blotting with a probe that specifi-
cally hybridized to the long terminal repeat (TRL). DNA fragments represent-
ing uncleaved DNA (2.8 kb) and the TRL fragment (0.9 kb) are indicated.
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not known, since the structures of pORF30 and pORF30 ho-
mologs have not been elucidated. The identification of 15 differ-
ent conserved domains suggests that distinct regions of pORF30
may participate in different functions related to terminase activity,
including DNA binding, DNA cleavage, and/or interaction with
other encapsidation proteins. Figure 9A shows that when stocks of
the 30-ZF3A/30-IXAla double mutant-infected ARPE30 cells
were plated on ARPE19 cells, plaques similar to those of VZVLUC

were observed. Only small or microplaques were seen for ARPE19
cells infected with individual 30-ZF3A or 30-IXAla mutant stocks.
Single and double mutant stocks formed visible plaques in com-
plementing ARPE30 cells, as expected. Luciferase activity in
ARPE19 cells infected with the double mutant stock was signifi-
cantly increased (�10-fold; P 
 0.002) compared to that in cells
infected with the individual mutant stocks (Fig. 9B). The differ-
ence in luciferase activity between the individual mutant stocks
was not significantly different (P � 0.8). The increased luciferase
activity and identification of plaques in double mutant-infected
ARPE19 cells suggested that intermolecular complementation oc-

curred between defective ORF30 polypeptides and that pORF30
contains separate functional domains.

Analysis of viral plaques supports ORF30 allelic complemen-
tation. The increased luciferase activity observed in the comple-
mentation assay could be due to reconstitution of ORF30 se-
quences (i.e., reversion to the parental genotype) that occurred
during dual stock preparation. Therefore, PCR was performed on
total DNAs extracted from three individual plaques derived from
dual mutant virus-infected ARPE19 monolayers. Primers flanking
the ORF30 gene (ORF29-3=F and ORF31-5=R) (Table 1) were
used so that the resident ORF30 gene present in ARPE30 cells
(inoculum) would not be amplified. Sequence analysis confirmed
the presence of ORF30 mutant genotypes for 6/6 cloned ampli-
cons (Table 2). ORF30 sequences were unchanged for DNA iso-
lated from a VZVLUC plaque.

Due to the cell-associated nature of the virus, cells transferred
from a plaque resulting from complementation would be ex-
pected to form plaques on noncomplementing cells. Because we
had shown that ORF30 mutant viruses replicated less efficiently
that VZVLUC in complementing cells (Fig. 5C), it was unlikely that
complementation would result in replication and plaque forma-
tion equal to those of VZVLUC. When individual plaques from the
complementation assay were transferred to fresh ARPE19 mono-
layers, smaller, irregular plaques were formed (data not shown).

Based on the above-described evidence, coinfection with the
30-ZF3A and 30-IXAla mutant viruses resulted in true allelic com-
plementation. These results were consistent with a previous
study reporting allelic complementation between two HSV-1
pUL28 temperature-sensitive mutants containing lethal muta-
tions in distant N- and C-terminal domains (32). A model is
proposed in which a 1:1:1 heterotrimeric terminase complex
participates in higher-order assemblies during DNA cleavage
and packaging (Fig. 9A).

DISCUSSION

Nucleoside analogs that target the viral DNA polymerase have
been the primary method for treating VZV, HSV, and HCMV
infections (51). Although nucleoside analogs have proven effec-
tive, there are a number of problems associated with their use,
including a limited antiviral spectrum and a requirement for treat-
ment to begin early during the course of primary or recurrent
infection (1). The limited number of approved drugs and the fact
that they share the same antiviral target (DNA replication) are
concerns with respect to drug-resistant infections. The develop-
ment of resistance in immunosuppressed individuals has led to
treatment failure for HSV-1 and -2, VZV, HCMV, and HHV-6
infections (51–55). Hence, there is a clinical need for new com-
pounds directed against novel targets to treat both resistant infec-
tions and herpesviruses with limited therapeutic options (HCMV,
EBV, and HHV-6, -7, and -8).

Previous research on pORF30 and the results presented here
further support a role for pORF30 as a component of the VZV
terminase complex. ORF30 deletion mutants replicated only in
ORF30-complementing cell lines. In addition, deletion of
ORF30 resulted in empty capsids in mutant-infected cells and
in an absence of viral DNA processing. An ORF30 alanine sub-
stitution(s) in either the conserved zinc finger domain or
pORF30 region IX was lethal, suggesting that these domains
perform important enzymatic or structural functions. The zinc
finger domain found in HSV pUL28 and EBV BALF3 was pre-

FIG 8 Electron microscopy of 30R, �30L, and region IX mutants. Monolayers
of ARPE19 cells were infected with 30R-, �30L-, 30-IXAla-, 30-620A-, or 30-
622A-infected cell stocks (multiplicity of infection of �0.001). Cells were har-
vested at 72 h postinfection, fixed, and examined via transmission electron
microscopy. Boxed images in the left column are enlarged in the right column.
Only 30R samples contained intranuclear DNA-filled capsids (dark arrows).
All other capsids are unfilled and represent either A- or B-type capsids.
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viously shown to be essential for viral DNA encapsidation and
viral replication. The conserved region IX had not previously
been investigated. The function of region IX remains un-
known, but single alanine substitutions at H620 and K622 ab-
rogated DNA cleavage and packaging. Region IX was modeled
with high confidence to two subdomains that make up the
human TopI core (46, 47). The precise functions of TopI sub-
domains I and II have not been determined. Studies suggest
that subdomains I and II are not involved in DNA binding but
instead transmit information related to DNA rotation and/or
possible enzyme release (46). The related sequences in herpes-
virus terminase homologs may transmit information about
DNA rotation to terminase domains involved in binding
and/or cleaving DNA during encapsidation. Additional studies

on pORF30 may contribute to understanding the functions of
herpesvirus and human DNA-metabolizing enzymes.

Bioinformatics revealed that the primary amino acid sequences
of pORF30 homologs can be divided into 15 distinct, conserved
regions. Complementation studies suggested that regions IV and
IX function independently. It will be interesting to identify other
terminase protein domains with separable enzymatic or structural
functions. The results suggest that the pORF30 zinc finger and
region IX domains are potential distinct antiviral targets. The
other conserved pORF30 regions may serve as additional novel
targets.

Viral proteins that play a role in DNA encapsidation have
become promising drug targets. Small molecules that target the
portal or terminase proteins of the DNA cleavage and packag-

FIG 9 Complementation assay. (A) Schematic representation depicting the association of wild-type and mutant heterotrimeric terminase complexes. Plaque
phenotypes are shown for single mutant (30-IXAla or 30-ZF3A)- and double mutant (30-IX3A/30-ZF3A)-infected ARPE19 and ARPE30 cells (3 days postin-
fection). (B) Luciferase activities (RLU) of samples from single and double mutant stocks at 5 days postinfection. P values were calculated via one-way analysis
of variance.
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ing machinery of herpesviruses have been described (1, 39,
56–63). Several small-molecule compounds have been identi-
fied that specifically target HCMV pUL56 (the pORF30 homolog).
2-Bromo-5,6-dichloro-1-(�-D-ribofuranosyl) benzimidazole (BDCRB)
and 2,5,6-trichloro-1-(�-D-ribofuranosyl) benzimidazole (TCRB)
(benzimidazole ribonucleosides) inhibit HCMV replication by
blocking viral DNA cleavage (45, 64). Letermovir (AIC246;
C29H28F4N4O4) also targets pUL56 and is currently in clinical de-
velopment (58, 62, 65). Letermovir has been used successfully to
treat multidrug-resistant HCMV infections (66) and has been
used prophylactically in hematopoietic cell (67) and kidney (68)
transplantation recipients. These reports provide proof of princi-
ple that small-molecule inhibitors of terminase are viable antiviral
options. A targeted screen against conserved domains found in
terminase homologs could yield antiviral drug candidates active
against one or more of the human herpesviruses.
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