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ABSTRACT During Kaposi's sarcoma-associated herpesvirus (KSHV) lytic infection, lytic-
related proteins are synthesized, viral genomes are replicated as a tandemly repeated
form, and subsequently, capsids are assembled. The herpesvirus terminase complex is
proposed to package an appropriate genome unit into an immature capsid, by cleavage
of terminal repeats (TRs) flanking tandemly linked viral genomes. Although the mecha-
nism of capsid formation in alpha- and betaherpesviruses are well-studied, in KSHV, it
remains largely unknown. It has been proposed that KSHV ORF7 is a terminase subunit,
and ORF7 harbors a zinc-finger motif, which is conserved among other herpesviral ter-
minases. However, the biological significance of ORF7 is unknown. We previously
reported that KSHV ORF17 is essential for the cleavage of inner scaffold proteins in cap-
sid maturation, and ORF17 knockout (KO) induced capsid formation arrest between the
procapsid and B-capsid stages. However, it remains unknown if ORF7-mediated viral
DNA cleavage occurs before or after ORF17-mediated scaffold collapse. We analyzed the
role of ORF7 during capsid formation using ORF7-KO-, ORF7&17-double-KO (DKO)-, and
ORF7-zinc-finger motif mutant-KSHVs. We found that ORF7 acted after ORF17 in the
capsid formation process, and ORF7-KO-KSHV produced incomplete capsids harboring
nonspherical internal structures, which resembled soccer balls. This soccer ball-like cap-
sid was formed after ORF17-mediated B-capsid formation. Moreover, ORF7-KO- and zinc-
finger motif KO-KSHV failed to appropriately cleave the TR on replicated genome and
had a defect in virion production. Interestingly, ORF17 function was also necessary for
TR cleavage. Thus, our data revealed ORF7 contributes to terminase-mediated viral ge-
nome cleavage and capsid formation.

IMPORTANCE In herpesviral capsid formation, the viral terminase complex cleaves the
TR sites on newly synthesized tandemly repeating genomes and inserts an appropriate
genomic unit into an immature capsid. Herpes simplex virus 1 (HSV-1) UL28 is a subunit
of the terminase complex that cleaves the replicated viral genome. However, the physio-
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SHV, also known as human herpesvirus 8 (HHV-8), belongs to the Rhadinovirus ge-

nus in the gammaherpesviridae subfamily (1, 2). KSHV is a major etiological agent
of Kaposi's sarcoma, primary effusion lymphoma, multicentric Castleman’s disease, and
KSHV-associated inflammatory cytokine syndrome (2-5). The tumorigenicity of KSHV
has been established, especially within the context of immunosuppressed patients
who are undergoing organ transplantation or those who are coinfected with human
immunodeficiency virus. KSHV establishes a lifelong infection in its host and exists as
either a latent or a lytic infection. During latent infection, the KSHV genome circularizes
to form an episome in the nucleus. The transition of KSHV between latent infection
and lytic replication depends on the immediate early gene ORF50/RTA (replication and
transcription activator), which triggers the transcriptional activation of early genes and
late genes encoding viral DNA replication enzymes and viral structural proteins (6). The
KSHV genome is replicated as a linear form consisting of tandem genomic repeats, and
each genomic unit is flanked by a terminal repeat (TR) sequence (6).

The basic structure and formation of viral capsids are considered to be similar among
the human herpesviruses because the viral genes related to encapsidation are highly
conserved in all human herpesviruses (6). Even though the encapsidation process of her-
pes simplex virus 1 (HSV-1), which belongs to the alphaherpesviridae subfamily, is rela-
tively well understood, little is known about the KSHV encapsidation process. In HSV-1
capsid formation, four types of capsids can be detected in the infected cell nucleus dur-
ing lytic infection. The capsid types are referred to as procapsid, A-capsid, B-capsid, or
C-capsid. The characteristic features of each type of capsid are reviewed below (7-9).
Procapsids are constructed on skeletons that contain a large amount of internal scaffold
proteins (10). Procapsids are unstable, not angularized, and are spherical rather than ico-
sahedral (11, 12). A-capsids contain little DNA or protein and are considered to be pro-
duced by desorption of genome from capsid or unsuccessful genome packaging into a
capsid (13, 14). B-capsids comprise a type of angularized capsid morphology as observed
by transmission electron microscopy (TEM). B-capsids have a spherical internal structure
consisting of scaffold proteins and they lack viral DNA genomes (15). C-capsids, correctly
maturated capsids, have an appropriate viral genome unit instead of a spherical internal
structure (13, 14). Herpesviral capsid formation occurs via the following steps: (i) procapsid
formation, (i) internal scaffold cleavage by viral proteases, (iii) internal scaffold disruption
by detachment from an outer capsid shell, and (iv) mature capsid (C-capsid) formation.
Procapsids are formed by the assembly of outer capsid proteins (also referred to as major
capsid proteins) and internal scaffold proteins (8). A viral protease cleaves the internal scaf-
fold proteins and the internal scaffold shell is eliminated from the outer capsid shell, result-
ing in its angularization (16-18). The HSV-1 terminase complex cleaves the tandemly linked
viral genomes and binds to the portal on the capsid, resulting in the packaging of an
appropriate genomic unit into an immature capsid (9, 11, 19). Although it is unclear when
the terminase-mediated DNA cleavage and DNA packaging into capsids occur, these
events are thought to take place between the aforementioned (i) procapsid formation and
(iv) C-capsid formation. B-capsids are formed as unsuccessful capsids when the scaffold is
not eliminated from the capsid during the aforementioned (i), (ii), and (iii) stages. However,
the B-capsid may also be an intermediate capsid in the C-capsid formation process.

In HSV-1, the mechanism of capsid formation has been revealed using recombinant
viruses. In contrast, KSHV capsid formation has not been well-studied. We previously
showed the KSHV protease ORF17 was essential for both the cleavage of the internal
scaffold protein as well as capsid maturation after procapsid formation (20). The KSHV
capsid formation process was arrested between the procapsid and B-capsid stages by
viruses lacking ORF17 or viruses lacking ORF17 protease activity (20). Even though pro-
capsids and B-capsids are not generally distinguished by TEM analysis, ORF17-deficient
KSHVs produced B-capsid-like procapsids which possessed spherical internal structures
as viewed by TEM (20).

HSV-1 terminase is required for viral DNA cleavage and DNA packaging into the
immature capsids (9). The terminase cleaves the viral DNA at the TR sites, which flank
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the tandem repeats of the viral genome. Thus, a correctly cleaved genome is inserted
into an immature capsid. Three HSV-1 proteins, UL15, UL28, and UL33, are components
of the HSV-1 terminase complex (21, 22). In cells infected with a temperature-sensitive
UL28 mutant, capsids containing viral genomes were not observed, but capsids con-
taining compact internal scaffolds were detected (23). Moreover, UL28-deficient HSV-1
is capable of replicating viral DNA, but it is unable to cleave replicated viral concatemer
DNA and fails to produce infectious progeny virus (24). Epstein-Barr virus (EBV) BALF3
and KSHV ORF7 are homologs of HSV-1 UL28. EBV BALF3 is required for viral DNA repli-
cation and mature capsid formation (25). The putative zinc-finger motif of UL28 (C197-
X2-C200-X22-C223-X-H225) is conserved among the UL28 homologs of all herpesviruses,
including KSHV ORF7 (25). This motif is essential for HSV-1 terminase function, because
recombinant HSV-1 lacking the putative zinc-finger motif of UL28 failed to package viral
DNA (21). Thus, the function of terminase and its components has been extensively stud-
ied in the context of HSV-1 and EBV. In KSHV, at least three viral proteins (ORF7, ORF29,
and ORF67.5) are thought to form the terminase complex because of their protein
sequence homology to terminase proteins from other viruses; however, the precise com-
position of the terminase complex from KSHV remains unknown.

We previously generated an ORF7-KO KSHV bacterial artificial chromosome (BAC) to
analyze the role of ORF7 in viral replication. We found that ORF7 was dispensable for
viral DNA replication but was essential for virus production (26). Furthermore, ORF7
interacted with ORF29 and ORF67.5, which are homologs of HSV-1 UL15 and UL33,
respectively (26). However, it remains unknown whether ORF7 is a component of the
KSHV terminase complex. Specifically, it is unclear whether ORF7 and its zinc-finger
motif contribute to viral DNA cleavage. It remains unknown if ORF7-mediated viral
DNA cleavage occurs before or after ORF17-mediated scaffold collapse. Therefore, in
order to address these questions, we analyzed the virological properties of ORF7 KO-,
ORF7&0ORF17 DKO-, and ORF7 zinc-finger motif mutant-KSHVs. We found ORF7 acted
after ORF17 in the capsid formation process, and KSHV ORF7 and its zinc-finger motif
were required for viral DNA cleavage and the capsid formation.

RESULTS

ORF7-KO KSHV produces unique incomplete capsids which resemble soccer
balls. We previously generated and analyzed two types of ORF7-KO KSHV, frameshift-
induced ORF7 (FS-AORF7 or ORF7-fsKO) BAC16 and stop codon-induced ORF7 (ST-AORF7
or ORF7-stKO) BAC16. It was revealed that ORF7 is essential for the production of virions
(26). However, the role of ORF7 in capsid formation remains unclear. Therefore, to evalu-
ate the contribution of ORF7 in KSHV capsid formation, we observed capsids formed in
wild-type (WT) BAC16-, ORF7-fsKO BAC16-, and ORF7-stkO BAC16-harboring iSLK cells
(WT-SLK, ORF7-fsKO-iSLK, and ORF7-stKO-iSLK, respectively) by TEM. The cells were
treated with Dox and NaB for 72 h in order to induce a lytic infection via RTA expression.
The lytic cells were sampled to analyze the capsids formed in the nucleus (Fig. 1). C-cap-
sids were detected in WT-iSLK (Fig. 1A, indicated by the black arrowhead), and a few
A-capsids were also found in the nuclei (Fig. 1A, indicated by the white arrowhead).
A small number of B-capsids were also observed in different visual fields (data not shown).
Interestingly, many unique capsids which resemble soccer balls were detected in ORF7-
fsKO-iSLK and ORF7-stKO-iSLK (Fig. 1B and C, indicated by the white arrows). These
incomplete capsids with unique structural features can be considered a type of B-capsid
because they have a nonspherical internal structure within the capsid. The capsids pro-
duced in ORF7-KO-iSLK cells contain a common internal structure that appears to be a tel-
star pattern (coin dot) of the soccer ball. Therefore, we refer to these capsids as “soccer
ball-like capsids” in this manuscript. In contrast to WT-iSLK, C-capsids were not observed
in ORF7-KO-iSLK cells (Fig. 1B and C). We counted the amount of each capsid type
observed via TEM of BAC16-harboring iSLK cells (Fig. 1D). From these data, it was clarified
that ORF7 plays an important role in the process of capsid formation.

In order to further characterize the soccer ball-like capsids, viral particles released in
the culture supernatant from lytic-induced BAC16-harboring iSLK cells were observed
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D Number (%) of capsids

A-capsid B-capsid C-capsid Soccer ball-like capsid All capsids
WT-iSLK 22(43.1) 6(11.8) 19(37.3) 4(7.8) 51(100.0)
ORF7-fsKO-iSLK 1 (1.3) 3(3.8) 0(0.0) 74 (94.9) 78 (100.0)
ORF7-stKO-iSLK 1 (0.8) 0(0.0) 0(0.0) 132 (99.2) 133 (100.0)

FIG 1 TEM images showing capsids produced from lytic-induced WT-KSHV- and ORF7-KO-KSHV-harboring
iSLK cells. iSLK cells harboring WT or ORF7-KO KSHV were cultured for 72 h in medium containing Dox and
NaB to induce the lytic phase. Capsid formation in nuclear (A) WT-iSLK, (B) frameshift-induced ORF7 KO
(ORF7-fsKO-iSLK), and (C) stop codon-induced ORF7 KO (ORF7-stKO-iSLK) cells as observed by TEM. The
black and white arrowheads indicate C-capsids and A-capsids, respectively, and the white arrows indicate
soccer ball-like capsids. The scale bars represent a length of 100 nm. (D) Quantification of the number of
each type of capsid observed by TEM.

by TEM. Viral particles in the culture supernatant from WT-iSLK cells mainly comprised
C-capsids (Fig. 2A), and a few A, B, and soccer ball-like capsids were also observed (data
not shown). In contrast, viral particles in the culture supernatant from ORF7-KO-iSLK cells
were mostly soccer ball-like capsids (Fig. 2B and C) and a few A and B capsids (data not
shown), whereas C-capsids were not observed. The viral particles released from WT-iSLK
cells were covered with a tegument-like outer layer and/or an envelope-like structure
(Fig. 2A). The envelope-like structure was not observed in all viral particles released from
ORF7-KO-iSLK cells (Fig. 2B and C), and only a small number of soccer ball-like capsids
were coated with a tegument-like outer layer (soccer ball-like capsid on the far right in
Fig. 2B and C). Of note, in nearly all TEM fields, the frequency at which viral particles
were observed in the ORF7-KO-KSHV sample was approximately 1/50 to 1/200 compared
with the WT-KSHV sample. In addition, it should be noted that the TEM images likely
contained not only viral particles egressed normally but also viral particles that leaked
from disrupted cells. It is difficult to distinguish between these two types of particles
with our current techniques.

ORF7 is required for the cleavage of the KSHV TR during the lytic state. Given
that incomplete capsids (i.e., soccer ball-like capsids) were formed in the nuclei of iSLK
cells harboring ORF7-KO KSHV during lytic infection, it was clear that ORF7 plays an
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FIG 2 TEM images showing viral particles present in the supernatants from lytic-induced WT-KSHV-
and ORF7-KO-KSHV-harboring iSLK cells. iSLK cells harboring WT or ORF7-KO KSHV were cultured for
120 h in medium containing Dox and NaB. The viral particles in the cell supernatants were pelleted
by ultracentrifugation and observed by TEM. The viral particle images in supernatants from (A) WT-
iSLK, (B) ORF7-fsKO-iSLK, and (C) ORF7-stKO-iSLK cells. The scale bars represent a length of 100 nm.

important role in KSHV capsid formation. Next, we asked whether the KSHV ORF7
cleaves the KSHV genome, thus contributing to KSHV terminase activity. To address
this question, the cleavage of replicated KSHV DNA containing tandemly repeated
genomes was detected by Southern blotting according to the method established by
Glaunsinger et al. (27, 28) with slight modifications (Fig. 3A). In the nucleus of an
infected cell, one KSHV genome containing approximately 96 ORFs is circularized via
binding of the TRs located at the 5’- and 3’-ends of the cording region. The TR region
is comprised of approximately 40 TRs, which contain several viral terminase cleavage
sites. In the lytic stage, KSHV genomes are replicated as a linear form containing tan-
demly repeating genomes, and each genomic unit is sequentially connected through a
TR region. The KSHV terminase complex cleaves the DNA at the TR sites within the
replicated KSHV genome and contributes to the production of an appropriate genome
unit. Purified cellular and viral genomic DNA from lytic-induced cells was digested with
restriction enzymes (EcoRl and Sall) and subjected to agarose gel electrophoresis.
EcoRI and Sall can digest the cellular DNA and ORFs of the KSHV genome (BAC16), but
not the KSHV TRs. The separated DNA was analyzed by Southern blotting using 1xTR
as a probe (Fig. 3B). Uncleaved TRs from BAC16 were detected in all samples: WT-BAC16-
(WT-iSLK), ORF7-fsKO-BAC16- (ORF7-fsKO-iSLK), ORF7-stKO-BAC16-(ORF7-stKO-iSLK), and
ORF7 revertant-BAC16-(ORF7-fskO Rev-iSLK and ORF7-stKO Rev-iSLK) harboring iSLK
cells. Cleaved TRs were detected in WT-iSLK, ORF7-fsKO Rev-iSLK, and ORF7-stKO Rev-
iSLK. However, cleaved TRs were not detected in ORF7-fsKO-iSLK and ORF7-stKO-iSLK
(Fig. 3B). These banding patterns of cleaved TR regions were in agreement with previous
data which characterized an ORF68-KO reported by Glaunsinger et al. (27, 28). Our data
indicated that ORF7 plays a critical role in TR cleavage during lytic infection-induced viral
DNA replication.

ORF7 and ORF17 double KO-KSHV produces procapsids possessing a circular
inner scaffold, similar to ORF17-KO-KSHV. We previously showed that the KSHV pro-

tease ORF17 was involved in capsid maturation as a viral protease which digests
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FIG 3 ORF7-KO-KSHV exhibits a genome cleavage defect. (A) Schematic diagram showing the Southern
blotting procedure for detection of viral genome cleavage at the TR. Replicated viral genome, experimental
procedure, and the DNA cleavage pattern with/or without TR cleavage. (B) Southern blotting of the EcoRI-
and Sall-digested genomic DNA purified from Dox- and NaB-treated iSLK cells harboring WT-KSHV (WT-iSLK),
ORF7-KO-KSHVs (ORF7-fsKO-iSLK and ORF7-stKO-iSLK), and the revertant-KSHVs (ORF7-fskO Rev-iSLK and
ORF7-stKO Rev-iSLK). The digested DNA was detected with a DIG-labeled TR probe. Left panel, short
exposure; right panel, long exposure.

scaffold proteins, resulting in scaffold shell disruption. Moreover, either complete KO
of ORF17 or a mutant deficient in ORF17 protease activity induced capsid formation
arrest between the procapsid and B-capsid stages (20). Here, we found ORF7 possessed
KSHV genome TR cleavage activity (Fig. 3B). The herpesvirus terminase complex con-
tributes to viral genome cleavage and packaging of the cleaved genomes into immature
capsids. This immature capsid is thought to be assembled after the formation of procap-
sids or internal scaffold shell-disrupted procapsids (29, 30). However, there are no reports
describing which event (i.e., ORF7-mediated genome cleavage or ORF17-mediated internal
scaffold disruption) occurs earlier during capsid formation. Thus, in order to determine the
order of ORF7- and ORF17-mediated effects on capsid assembly, we constructed ORF7
and ORF17 double KO (designated ORF7&17-DKO) KSHV. We then compared viral events,
including capsid formation among WT, ORF7-KO, ORF17-KO, and ORF7&17-DKO KSHVs. If
ORF7 acts earlier than ORF17 in capsid formation, then the ORF7&17-DKO KSHV should
have the same phenotype as ORF7-KO KSHV. On the other hand, if ORF17 acts earlier than
ORF7, then the ORF7&17-DKO KSHV should present the same phenotype as ORF17-KO
KSHV. Thus, we constructed ORF7&17-DKO-BAC16 from ORF7-fsKkO-BAC16 by insertion of
the ORF17 KO frameshift mutation (which has been previously described) (20) and con-
firmed the DKO mutation by Sanger sequencing (Fig. 4A). The ORF7&17-DKO-BAC16 clone
was transfected into the iSLK cell line, and stable cells harboring the BAC16 were selected
by hygromycin B. Next, the Dox-inducible iSLK harboring ORF7&17-DKO-BAC16 (ORF7&
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WT-iSLK 34 (24.6) 45(32.6) 49(35.5) 10(7.2) 138 (100.0)
ORF7&17-DKO-iSLK  0(0.0) 165 (100.0) 0(0.0) 0(0.0) 165 (100.0)

FIG 4 Construction of ORF7&17-DKO-KSHV, and TEM images of capsids produced from ORF7&17-DKO-KSHV.
(A) Schematic illustration of the genetic locus of ORF17 and the mutation added to ORF7-fskO-BAC16 for
construction of ORF7&17-DKO-BAC16. The neighboring DNA sequence of the additional mutation in ORF7&17-
DKO-BAC16 was confirmed by Sanger sequencing. (B and C) TEM images of capsids produced from WT-KSHV
and ORF7&17-DKO-KSHV. iSLK cells harboring WT-KSHV (WT-iSLK) or ORF78&17-DKO-KSHV (ORF7&17-DKO-iSLK)
were cultured for 72 h in medium containing Dox and NaB for induction of the lytic phase. Capsid formation
in nuclei from (B) WT-iSLK cells and (C) ORF7&17-DKO-iSLK cells were observed by TEM. The black arrowheads,
white arrowheads, black arrows, and white arrows indicate C-capsids, A-capsids, B-capsids, and soccer ball-like
capsids, respectively. The scale bars represent a length of 100 nm. (D) Quantification of the number of each
type of capsid observed by TEM.

17-DKO-iSLK) polyclonal cell line was established. We evaluated capsid formation in lytic-
induced ORF7&17-DKO-iSLK cells by observation of capsid morphology using TEM. The
WT-iSLK and ORF7&17-DKO-iSLK were treated with Dox and NaB for lytic induction, and
cells were fixed to observe capsid formation. In the nucleus of WT-iSLK cells (Fig. 4B),
C-capsids were predominant, and a few A- and B-capsids were also detected as shown in
Fig. 1A. In contrast, B-like capsids having an internal spherical scaffold were mainly
detected in ORF7&17-DKO-iSLK cells; however, soccer ball-like capsids were not observed
(Fig. 4C). We counted the amount of each capsid type observed via TEM of WT- and
ORF7&17-DKO-iSLK cells (Fig. 4D). These B-like capsids observed in ORF7&17-DKO-iSLK
cells are consistent with procapsids observed in ORF17 KO KSHV-harboring iSLK cells (20).
On the other hand, ORF7 single-KO KSHV produced soccer ball-like capsids, a type of B-
capsid possessing telstar pattern internal structures (Fig. 1B and Q).

We revealed that ORF7 was required for KSHV TR cleavage during the lytic state
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FIG 5 TR cleavage does not occur in both ORF7 and ORF17 DKO KSHV as well as ORF17 KO KSHV. (A)
Southern blotting of the EcoRI- and Sall-digested genomic DNA purified from Dox- and NaB-treated iSLK
cells harboring WT-KSHV (WT-iSLK), ORF7-KO-KSHVs (ORF7-fsKO-iSLK and ORF7-stKO-iSLK), ORF17-KO-KSHV
(ORF17-KO-iSLK), and ORF7&17-DKO-KSHV (ORF7&17-DKO-iSLK). The digested DNA was detected with a
DIG-labeled TR probe. Left panel, short exposure; right panel, long exposure. (B) Overview of the predictive
KSHV capsid formation process, including ORF7, ORF17, and soccer ball-like capsids. The period of KSHV
genome cleavage and genome insertion into capsids is represented by a bold line. MCP, major capsid
protein; TRI, triplex; PORT, portal protein; SCAF, scaffold protein.

(Fig. 3B). In addition to ORF7, we investigated the effects of ORF17-KO and ORF7&17-
DKO on KSHV TR cleavage by Southern blotting using the TR as a probe (Fig. 5A).
Uncleaved TRs were observed in all samples from BAC16-harboring iSLK cells. Cleaved
TRs were observed in WT-iSLK cells, but not in ORF7-KO-iSLK cells (ORF7-fsKO and
ORF7-stKO), which was similar to the data shown in Fig. 3B. As expected, cleaved TRs
were not observed in ORF7&17-DKO-iSLK cells (Fig. 5A). Surprisingly, cleaved TRs were
also not detected in ORF17-KO-iSLK cells (Fig. 5A). Thus, KSHV lacking either ORF7 or
ORF17 failed to appropriately cleave the TRs in the replicated genome. In summary,
our results indicated that in the KSHV capsid formation process, the soccer ball-like
capsids observed in ORF7-KO KSHVs are assembled after the formation of procapsids
or B-capsids (Fig. 4B and C and 5B). Moreover, ORF7 acts on capsid formation after
ORF17 (Fig. 5B). However, ORF17 functions or ORF17-mediated events (e.g., elimination
of the internal scaffold shell by degradation) are necessary for TR cleavage of the repli-
cated genome (Fig. 5A).

Virological analysis of ORF7&17-DKO-KSHV. ORF7-KO induced the formation of
KSHV soccer ball-like capsids (Fig. 1B and C), whereas ORF17-KO and ORF7&0ORF17-DKO
induced procapsids harboring an internal spherical scaffold, which resembled B-capsids
(Fig. 4C) (20). In order to obtain further information regarding the viral properties of
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FIG 6 Characterization of ORF7-KO-KSHV and ORF7&17-DKO-KSHV. (A) Quantification of intracellular viral DNA (genome
replication). WT-iSLK, ORF7-fsKO-iSLK, and ORF7&17-DKO-iSLK cells were treated with Dox and NaB to induce the lytic
phase. Next, the intracellular viral DNA levels were measured using qPCR and were normalized to the total amount of
DNA. (B) Quantification of extracellular encapsidated KSHV genomes. WT-iSLK, ORF7-fsKO-iSLK, and ORF7&17-DKO-iSLK
cells were treated with Dox and NaB to induce the lytic phase and the culture supernatants were harvested. The
encapsidated KSHV genome levels in the culture supernatants were measured using qPCR. ****, P < 0.001. (C)
Measurement of infectious virus. WT-iSLK, ORF7-fsKO-iSLK, and ORF7&17-DKO-iSLK cells were treated with Dox and NaB to
induce the lytic phase and the culture supernatants were harvested. Progeny virions from the cell supernatants were used
to infect fresh HEK293T cells, and GFP-positive cells were counted by flow cytometry at 24 h postinfection. (D) Analysis of
MRNA expression of KSHV lytic genes: IE, ORF16; E, ORF46 and ORF47; and L, K8.1. Total RNA was purified from lytic-
induced iSLK cells and was subjected to gqRT-PCR. The evaluated lytic gene mRNA levels were normalized to the GAPDH
MRNA levels. The values obtained from Dox- and NaB-untreated WT-iSLK cells were defined as 1.0.

ORF7-KO-KSHV and ORF7&O0ORF17-DKO-KSHV, we evaluated viral genome replication, vi-
rion production, and viral transcription in mutant KSHVs. The ORF7-fsKO-iSLK and
ORF7&17-DKO-iSLK cells were treated with Dox and NaB to induce the lytic state, and
the intracellular viral genome copy number was analyzed. There was no change in the
amount of intracellular viral genomes among the tested cells (Fig. 6A). Next, we deter-
mined virus production and virus infectivity. The supernatants from lytic-induced cells
were harvested, and encapsidated viral genome copies were measured by real-time PCR
(gPCR). In addition, in order to measure the viral infectivity, supernatants from lytic-induced
cells were incubated with fresh HEK293T cells, and GFP-positive cells were analyzed by flow
cytometry. The virus production derived from ORF7&17-DKO-iSLK cells significantly
decreased compared with the amount of virus derived from WT-iSLK cells. This decrease
was similar to the viral levels obtained with ORF7-fsKO-iSLK cells (Fig. 6B). The infectivity of
ORF7&17-DKO-iSLK and ORF7-fsKO-iSLK was drastically reduced to nearly undetectable lev-
els compared with the infectivity derived from WT-iSLK cells (Fig. 6C). As for viral transcrip-
tion, MRNA expression levels of immediate early (IE) (ORF16), early (E) (ORF46 and ORF47),
and late (L) (K8.1) genes in lytic-induced WT-iSLK, ORF7-fsKO-iSLK, and ORF7&17-DKO-iSLK
were evaluated by real-time reverse-transcription PCR (qRT-PCR). Similar to viral genome
replication, the expression levels of IE, E, and L genes were comparable among all of the
tested cells (Fig. 6D), which indicated that KO of ORF7, and KO of both ORF7 and ORF17, do
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FIG 7 A decrease in virus production in ORF7&17-DKO-iSLK cells was overcome by exogenous
expression of both ORF7 and ORF17. (A) Exogenous expression of both ORF7 and ORF17 rescued the
suppression of extracellular KSHV levels observed in ORF7&17-DKO-iSLK cells. ORF7&17-DKO-iSLK cells
were transiently transfected with ORF7-2xS (ORF7-2S) alone, 3xFLAG-ORF17 (3F-ORF17) alone, or both
ORF7-2xS (ORF7-2S) and 3xFLAG-ORF17 (3F-ORF17) plasmids and were simultaneously cultured with
medium containing Dox and NaB for 72 h to induce the lytic phase. Encapsidated KSHV genomes in
the culture supernatant were quantitated using gPCR. Exogenous ORF7 and ORF17 expression were
confirmed by Western blotting (WB) using anti-S (S) and anti-FLAG (FLAG) antibodies. Antibodies
directed against B-actin (Actin) were used as a loading control. N.S., not significant (P > 0.05); ***,
P < 0.005. (B) Exogenous expression of both ORF7 and ORF17 rescued the suppression of infectious
virus production observed in ORF7&17-DKO-iSLK cells. ORF7&17-DKO-iSLK cells were transiently
transfected with ORF7-2xS (ORF7-2S) alone, 3xFLAG-ORF17 (3F-ORF17) alone, or both ORF7-2xS
(ORF7-2S) and 3xFLAG-ORF17 (3F-ORF17) plasmids and were simultaneously cultured with medium
containing Dox and NaB for 72 h to induce the lytic phase. The harvested culture supernatants were
used to inoculate fresh HEK293T cells for infection. At 24 h postinfection, GFP-positive cells were
counted by flow cytometry.

not interfere with viral gene transcription. We previously reported ORF17-KO-iSLK cells had
similar viral genome replication activity compared with WT-iSLK cells but was deficient in vi-
rion production (20). Thus, ORF7&17-DKO KSHV showed the same properties as ORF7-KO
KSHV in viral genome replication and infectious virus production. These phenotypes are
fully consistent with those of ORF17-KO KSHV. Our data revealed ORF7-KO KSHV produced
soccer ball-like capsids (Fig. 1B and C) and failed to produce infectious virus (Fig. 6B and C).
Moreover, ORF7 acted on capsid formation after ORF17-mediated effects on capsid assem-
bly (Fig. 4 and 5). Therefore, ORF7-deficient KSHV may induce capsid formation arrest
between the B-capsid and mature C-capsid stages during the lytic phase. Meanwhile, it is
known that viral transcription and viral genome replication occur independently of capsid
formation. Therefore, it was not surprising that the KO of ORF7, ORF17, and both ORF7&17
did not impact viral transcription and viral genome replication.

In order to evaluate the importance of both ORF7 and ORF17 in virus production,
we analyzed whether exogenous ORF7 and ORF17 could rescue the infectious virus
production in ORF7&17-DKO-iSLK cells. ORF7&17-DKO-iSLK cells were transfected with
an empty plasmid, ORF7-2xS expressing plasmid alone (ORF7-2S), 3xFLAG-ORF17
expressing plasmid alone (3F-ORF17), or both ORF7-2xS (ORF7-2S) and 3xFLAG-ORF17
(3F-ORF17) expressing plasmids. The transfected cells were treated with Dox and NaB
to induce the lytic phase. Subsequently, culture supernatants were subjected to qPCR
to measure virus production. Virus production in ORF7&17-DKO-iSLK cells recovered
significantly when ORF7-2xS (ORF7-2S) and 3xFLAG-ORF17 (3F-ORF17) were exoge-
nously coexpressed (Fig. 7A). The protein expression of ORF7-2xS (ORF7-2S) and 3xFLAG-
ORF17 (3F-ORF17) were confirmed by Western blotting (lower panels of Fig. 7A). In addition
to measuring viral DNA, we also evaluated the virus titers in the culture supernatants. In
order to evaluate virion production, the culture medium was added to uninfected HEK293T
cells, and the numbers of GFP-positive cells were counted by flow cytometry. We found that
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zinc-finger of ORF7, which binds to zinc ion, is speculated to be formed by three Cys and one His (i.e, C182, C185, C208, and H210) within the
zinc-finger motif (C182-H210). Three expression plasmids encoding ORF7 zinc-finger mutants, along with a 3xFLAG tag were constructed. These
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H210A). (B) The effects of exogenous ORF7 zinc-finger mutants on suppressed extracellular encapsidated viral genome levels in ORF7-fsKO-iSLK
cells. ORF7-fsKO-iSLK cells were transfected with ORF7 WT or ORF7 zinc-finger mutant plasmids and were simultaneously cultured with Dox and
NaB for 72 h to induce the lytic phase. The culture supernatants were harvested and the levels of encapsidated KSHV genomes were determined
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(P > 0.05); ****, P < 0.001. (C) The effects of exogenous ORF7 zinc-finger mutants on suppressed infectious virus production in ORF7-fsKO-iSLK
cells. ORF7-fsKO-iSLK cells were transfected with ORF7 WT or the ORF7 mutants and were simultaneously cultured with Dox and NaB for 72 h to
induce the lytic phase. The culture supernatants were harvested and were inoculated into fresh HEK293T cells to monitor infectivity. At 24 h
postinfection, GFP-positive cells were counted by flow cytometry.

the infectivity of the viral particles produced from ORF7&17-DKO-iSLK cells were recovered
by exogenous ORF7-2xS (ORF7-2S) and 3xFLAG-ORF17 (3F-ORF17) coexpression (Fig. 7B).
These complementation assays that evaluated the effects of exogenous ORF expression
on virus production and infectivity indicated ORF7 and ORF17 play crucial roles in virus
production.

The conserved zinc-finger motif of ORF7 is important for infectious KSHV pro-
duction. The KSHV ORF7 harbors a putative zinc-finger motif (C182-X,-C185-X,,-C208-
X;-H210), which is highly conserved among other human herpesvirus homologous
genes (25). The zinc-fingers, which bind zinc ion, are speculated to be formed by three
Cys and one His (i.e.,, C182, C185, C208, and H210) within this motif (C182-H210). In
order to investigate the importance of the ORF7 zinc-finger motif for infectious virus
production, we generated a series of ORF7 zinc-finger mutants. These mutations con-
sisted of Ala substitutions of the three Cys and one His which form the zinc-finger
motif. These mutations are shown in Fig. 8A. These mutants were subjected to a tran-
sient complementation assay using ORF7-fsKO-iSLK cells. Expression plasmids encod-
ing 3xFLAG tagged ORF7 WT (ORF7 WT) or the ORF7 mutants (mC2 [C182A and
C185A], mC1H1 [C208A and H210A], and mZf [C182A, C185A, C208A, and H210A]) (Fig.
8A) were transiently transfected into ORF7-fsKO-iSLK cells, and virus production was
analyzed by qPCR and viral infectivity was assessed by flow cytometry. The ORF7 WT-
or ORF7 mutant-transfected cells were cultured with medium containing Dox and NaB
for lytic induction. The amount of virus production in the culture supernatant was
determined by measurement of viral DNA using qPCR. Virus production was efficiently
recovered by ORF7 WT expression; however, empty vector and all of the zinc-finger motif
mutants (mC2, mC1H1, and mZf) did not induce virus production recovery (Fig. 8B). The
protein expression of ORF7 WT and the ORF7 mutants were confirmed by Western blotting
(lower panels of Fig. 8B). Next, the amount of infectious virus in the culture supernatant,
prepared using the same method as described for Fig. 8B, was determined. The culture me-
dium was added to fresh HEK293T cells, and the number of GFP-positive cells were counted
by flow cytometry to evaluate the virion production. Our results agreed with the gPCR data
(Fig. 8B). Specifically, the infectivity of the viral particles produced from ORF7-fsKO-iSLK cells
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FIG 9 Construction and characterization of ORF7 mCTH1 KSHV. (A) Schematic illustration of the genetic locus of ORF7 and the mutation added to WT-BAC16
for construction of ORF7 mC1H1-BAC16. The neighboring DNA sequence of the additional mutation in ORF7 mC1H1-BAC16 was confirmed by Sanger
sequencing. (B) Measurement of mRNA expression levels of viral lytic genes: |IE, ORF16; E, ORF46 and ORF47; L, K8.1 in lytic-induced WT-iSLK and ORF7
mCTH1-iSLK cell lines. iSLK cells were treated with Dox and NaB for 72 h to induce the lytic phase, and total RNA was subjected to qRT-PCR. The mRNA levels
of the tested lytic genes were normalized to the GAPDH mRNA levels. The values obtained from Dox- and NaB-untreated WT-iSLK cells were defined as 1.0.
(O) Quantification of intracellular viral DNA (genome replication). iSLK cells were treated with Dox and NaB to induce the lytic phase. The intracellular viral
DNA levels were measured using qPCR and were normalized to the total amount of DNA. (D) Quantification of extracellular encapsidated KSHV genome
levels. iSLK cells were treated with Dox and NaB to induce the lytic phase. The culture supernatants were harvested and were assayed using qPCR to
quantitate the encapsidated KSHV genome levels. ****, P < 0.001. (E) Measurement of infectious virus released from lytic-induced iSLK cells. iSLK cells were
treated with Dox and NaB to induce the lytic phase and the culture supernatants were harvested. Progeny virions in the supernatants were used to infect
fresh HEK293T cells, and GFP-positive cells were counted by flow cytometry at 24 h postinfection.

were recovered by ORF7 WT, whereas all of the ORF7 zinc-finger motif mutants did not facil-
itate the recovery of viral infectivity (Fig. 8C). These results indicated that the zinc-finger
motif of ORF7 is essential for the production of infectious KSHV.

Virological analysis of ORF7 zinc-finger motif mutant KSHV. In order to further
explore whether the zinc-finger motif of ORF7 is important for virus production, we
constructed ORF7 mC1H1 (C208A, H210A) BAC16. Because the mC1H1 mutation
requires the narrowest mutation region compared with the other two mutations, the
mC1H1 mutation was introduced into WT-BAC16 to generate an ORF7 zinc-finger motif
mutant. To construct ORF7 mC1H1-BAC16, the alanine mutations (C208A, H210A) were
introduced into WT-BAC16 using the same method (Fig. 4A) described for the con-
struction of ORF7&17-DKO-BAC16. The introduced mutations were confirmed by
Sanger sequencing (Fig. 9A). Complementation assays (Fig. 8B and C) revealed the
reduced levels of infectious virus in ORF7-fsKO-iSLK cells was not recovered by any of
the three ORF7 mutants (mC2, mC1H1, and mZf). In contrast, ORF7 WT exhibited ro-
bust recovery. The ORF7 mC1H1-BAC16 clone was transfected into the iSLK cell line,
and stable cells harboring the ORF7 mCT1H1-BAC16 were selected with hygromycin B
for the establishment of a Dox-inducible ORF7 mC1H1-iSLK polyclonal cell line. In order
to characterize ORF7 mC1H1-BAC16, we measured the lytic gene mRNA expression lev-
els, replication of cellular KSHV genome copies, and infectious virus production in
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FIG 10 ORF7 mC1H1 KSHV failed to cleave the KSHV TR appropriately. Southern blotting of the EcoRI- and
Sall-digested genomic DNA purified from Dox- and NaB-treated iSLK cells harboring WT-KSHV (WT-iSLK),
ORF7-KO-KSHV (ORF-fsKO-iSLK and ORF7-stKO-iSLK) as well as ORF7 mC1H1-KSHV (ORF7 mC1H1-iSLK).
Digested DNA was detected with a DIG-labeled TR probe. Left panel, short exposure; right panel, long
exposure.

ORF7 mC1H1-iSLK cells by the same methods described for Fig. 6. There were no
marked changes in both lytic gene expression and intracellular viral genome copy
number in ORF7 mC1H1-iSLK cells compared with WT-iSLK cells (Fig. 9B and C). On the
other hand, in ORF7 mC1H1-iSLK cells, virus production was significantly suppressed,
and the infectivity was abolished compared with WT-iSLK cells (Fig. 9D and E). Thus,
our reverse genetic approach established that the zinc-finger motif of ORF7 is essential
for virion production during KSHV lytic infection.

Finally, we asked whether the ORF7 zinc-finger motif was required for cleavage of
the KSHV TR during lytic infection in ORF7 mC1H1-iSLK cells. The contribution of the
ORF7 zinc-finger motif to TR cleavage activity in BAC16 was examined by the same
Southern blotting method as described for Fig. 3. Uncleaved TRs were detected in all
of the tested KSHV- (WT-, ORF7-fsKO-, ORF7-stKO-, and ORF7 mC1H1-BAC16) harboring
cells. DNA fragments from cleaved TRs were detected in WT-iSLK cells but were not
detected in ORF7-fsKO-iSLK and ORF7-stKO-iSLK cells (Fig. 10). Interestingly, two aber-
rantly sized fragments, that differed from the banding pattern observed in WT-iSLK
cells, were detected in the ORF7 mC1H1-iSLK cells (Fig. 10). These results suggested
the ORF7 zinc-finger motif regulates cleavage (or cleavage length) at the TR site. Thus,
these data demonstrated the zinc-finger motif of ORF7 is necessary for proper KSHV TR
cleavage. In addition, ORF7 may function as a subunit of the KSHV terminase complex
that cleaves the TRs on KSHV genomes during lytic infection.

DISCUSSION

In this study, we showed KSHV ORF7 is required for viral DNA cleavage and packag-
ing, which suggests it is important for KSHV terminase function. In addition, TEM analy-
sis using both ORF7 and ORF17-deficient BAC16 confirmed ORF7 acts after ORF17 in
the KSHV capsid formation process. It was also revealed the putative zinc-finger motif
of ORF7 is essential for infectious virus production and contributes to proper TR cleav-
age by KSHV terminase. To our knowledge, this is the first report that used ORF-KO
KSHV to show ORF7 is involved in capsid formation and cleavage of viral genomes.

Soccer ball-like capsids observed in ORF7-deficient BACT16-harboring cells (Fig. 1B
and C) were also detected in WT-BAC16-harboring cells (Fig. TA). Although there are sev-
eral reports that include electron microscopy images showing completed C-capsids
mixed with a few soccer ball-like capsids of varicella-zoster virus (VZV) and KSHV (30-33),
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there have been no reports showing that an ORF deficiency resulted in the production
of soccer ball-like capsids in herpesviruses. The soccer ball-like capsids can be detected
during normal capsid formation of WT-KSHV, although our data revealed only ORF7-KO
induced the production of soccer ball-like capsids. Thus, we hypothesize two distinct ori-
gins of the soccer ball-like capsids: (i) the soccer ball-like capsid is an intermediate capsid
formed during the normal capsid assembly process, and ORF7-KO induces the arrest of
capsid formation, resulting in the production of soccer ball-like capsids; or (i) the soccer
ball-like capsids are not an intermediate form but a by-product of unsuccessful capsid for-
mation, and a small amount of soccer ball-like capsids are produced as a by-product
even during normal capsid formation (Fig. 11). Further research on the mechanism of soc-
cer ball-like capsid production is required to distinguish between these two hypotheses.

In order to characterize the biological properties of ORF7-KO-induced soccer ball-like
capsids, we investigated the possibility that the soccer ball-like capsids contain the KSHV
genome. KSHV capsids from culture supernatants of WT-KSHV-iSLK cells and ORF7-KO-
iSLK cells were fractionated by sucrose density gradient centrifugation according to the
method established by Kedes et al. (33), and KSHV DNA in each fraction was detected by
qPCR. In WT-KSHV particles, the KSHV genome was detected in the capsid-containing
fractions (data not shown), and the position of the fractions containing the KSHV ge-
nome were generally consistent with those reported by Kedes et al. (33). However, in
ORF7-KO-KSHYV particles, the KSHV genome was not detected in any fractions (data not
shown). These preliminary data suggested that WT-KSHV particles contained the viral ge-
nome, whereas ORF7-KO-KSHV particles may not contain the viral genome. However,
this finding may require further investigation because we found the number of observed
ORF7-KO-KSHV particles was approximately 50- to 200-fold less than the number of
observed WT-KSHV particles in the TEM images shown in Fig. 2.

Next, we would like to mention the viral particles in the culture supernatant (Fig. 2).
The particles having envelopes detected in WT-KSHV are thought to be virions that were
egressed normally. Because the viral particles observed in ORF7-KO-KSHV were very few
compared with those of WT-KSHV and were not covered with envelopes, we think that
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the viral particles observed in ORF7-KO-KSHV may not egressed normally. The soccer
ball-like capsids shown in Fig. 2 are thought to be released into the culture supernatant
by the following three potential mechanisms: (i) viral particles without envelopes were
egressed normally from ORF7-KO-iSLK cells; (ii) intermediate particles, about to acquire
the viral envelope, were leaked from the disrupted ORF7-KO-iSLK cells; and (i) a combi-
nation of both (i) and (ii). Future studies are necessary to further characterize the soccer
ball-like capsids, including assessing whether they contain the viral genome.

HSV-1 UL28 and human cytomegalovirus (HCMV) UL56, which are homologs of
KSHV ORF7, were reported to be required for both cleavage of viral DNA and virus pro-
duction (24, 34). These findings are consistent with the results obtained in our study.
Capsid formation was arrested at the B-capsid stage by UL28 disruption in HSV-1 and
UL56 inhibition in HCMV (24, 34). In both cases, the internal scaffold shell in these
B-capsids retained its spherical form (24, 34). In contrast to HSV-1 and HCMV, KSHV
ORF7 disruption produced soccer ball-like capsids lacking a spherical scaffold shell
structure and instead had several small circular deposits. Here, we would like to con-
sider the assembly process and internal components of soccer ball-like capsids.
ORF7&17 double deficiency (Fig. 4C) and ORF17 single deficiency (20) produced incom-
plete capsids harboring an internal spherical scaffold shell. In contrast, ORF7 single
deficiency produced soccer ball-like capsids (Fig. 1B and C). These results indicated
that soccer ball-like capsids are products derived from incomplete capsids (B-like cap-
sids) observed in ORF7&17-DKO and ORF17-KO KSHV-harboring iSLK cells because
ORF7 acts on capsid formation after ORF17-mediated capsid processing. Thus, we
hypothesize the soccer ball-like capsid is a subtype of B-capsid that forms after the col-
lapse of the B-capsid spherical scaffold. Because ORF7 functions as a DNA cleavage
enzyme in the terminase complex, ORF7-KO KSHV may not only fail to cleave the viral
genome, but also fail to package the cleaved genome into the capsid. Thus, we pro-
pose that the soccer ball-like capsid retains the collapsed scaffold shell debris and
does not include viral DNA. In KSHV, the B-capsid contains an ensemble of “B-capsid-
like” particles with highly diverse internal structures rather than a structurally homoge-
neous group with spherical scaffolds (30). The variable scaffold structures of B-capsids
comprise not only a spherical shell form but also an aggregate form, and a spherical
shell and aggregates emerge as the same density in cryo-electron tomography analysis
(30). Thus, we propose that in ORF7-KO KSHYV, the packaging of DNA into a capsid fails,
and the scaffold proteins accumulate in a capsid without elimination from the capsid.
Subsequently, scaffold proteins form aggregates that appear as a soccer ball pattern.

There are several reports describing KSHV B-capsid formation. It has been reported
that KSHV B-capsids retaining a spherical scaffold were produced by the KO of either
ORF43 or ORF68 (27, 35). ORF43 forms a portal in the viral capsid for insertion of viral
DNA into capsids, and ORF68 binds DNA and contributes to DNA cleavage and packag-
ing (27, 35). In fact, in ORF43 or ORF68 KO, the KSHV capsid formation process is
arrested at the B-capsid stage. If soccer ball-like capsids are produced from B-capsids,
the effects associated with ORF43 and/or ORF68 could be triggers for the transition
from B-capsids to soccer ball-like capsids. Thus, we hypothesize that soccer ball-like
capsid production is not derived from spontaneous collapse of the internal scaffold
shell in B-capsids; rather, they are derived from the functions associated with ORF43
(DNA packaging) or ORF68 (DNA cleavage). It has been reported that six KSHV capsid
proteins (ORF25, ORF62, ORF26, ORF17, ORF17.5, and ORF65) expressed in Sf9 cells
self-assembled into angularized capsids containing a spherical internal structure. Thus,
molecules other than these six ORFs may trigger the collapse or elimination of the in-
ternal scaffold shell in B-capsids (36). In addition, it has been reported that a KSHV
ORF19-DQ (D173A and Q177A) mutant produced incomplete B-capsids (37). ORF19 is
the cap protein of the portal within the capsid, and the ORF19-DQ mutant fails to self-
assemble into a pentamer. Krey et al. mentioned these incomplete capsids as B-capsids
observed in ORF19-DQ mutant KSHV (37). However, these capsids resemble soccer
ball-like capsids observed in the ORF7-KO KSHV. Thus far, there has been very limited
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information about soccer ball-like capsids. Therefore, it remains controversial whether
the soccer ball-like capsid is a by-product of unsuccessful capsid formation or an inter-
mediate capsid assembled during the normal capsid formation process. We need to
clear this question in future studies.

Cleaved TRs were not detected in the ORF7-KO-KSHVs (Fig. 3B). This is consistent
with the function of the KSHV ORF7 homolog, which contributes to viral DNA cleavage
(24). Interestingly, cleaved TRs were also not observed in ORF17-KO-KSHV (Fig. 5A). The
ORF17-KO-KSHV is thought to possess the intact terminase complex. These results sug-
gested that when the scaffold protein in the immature capsid is not cleaved from the
major capsid protein by the viral protease ORF17, TR cleavage does not occur even in
the presence of the intact terminase complex. ORF17 could have unknown roles in
facilitating terminase function. The KSHV genome is replicated as a tandemly linked
concatemer, and the appropriate genomic unit (possibly a single unit) is produced by
terminase complex-mediated DNA cleavage. The terminase complex binds to the viral
capsid portal (22). Even in the absence of ORF17, it has been speculated that the con-
catemer genome can be replicated, and the intact terminase complex can be formed.
Thus, we hypothesize that when the terminal single genomic unit of the concatemer
genome is inserted into the capsid (in which ORF17 proteolytically released the scaf-
fold protein), it can be cleaved from the concatemer genome by the terminase com-
plex bound to the capsid portal (Fig. 5B). Therefore, the replicated concatemer genome
drifting in the nucleus may not be cleaved by free terminase complex which is not
bound to the capsid portal.

KSHV ORF7 possesses a putative zinc-finger motif (C182-X,-C185-X,,-C208-X,-H210),
which is highly conserved among other human herpesviral homologous genes, includ-
ing HSV-1 UL28 and EBV BALF3. The conserved zinc-finger motifs of UL28 and BALF3
are important for viral DNA packaging and nuclease activity toward DNA genomes,
respectively (21, 25). Our complementation assays with the conserved zinc-finger motif
mutants of KSHV ORF7 showed that this motif is essential for infectious virus produc-
tion (Fig. 8B and C). In addition, ORF7 zinc-finger motif mutant-KSHV (ORF7 mC1H1-
BAC16) demonstrated this motif is necessary for proper TR cleavage (Fig. 10). Uncleaved
TRs were detected in WT-BAC16, ORF7-fsKO-BAC16, ORF7-stkO-BAC16, and ORF7
mC1H1-BAC16-harboring cells. WT-KSHV produced cleaved fragments from the BAC16
TR, whereas ORF7-KO-KSHV failed to produce cleaved fragments. Interestingly, the ORF7
mC1H1-KSHV produced two major aberrantly sized fragments, which was dissimilar to
the cleavage pattern of WT-KSHV. These data indicate the ORF7 zinc-finger motif may
distinguish the appropriate TR cleavage sites for the terminase, rather than regulating
the nuclease activity of the terminase.

We found KSHV ORF7 contributed to capsid formation as well as viral DNA cleavage,
which is a main function of the viral terminase complex. This study provides the first
evidence that ORF7 is necessary for KSHV terminase function. Because the machinery
for viral genome cleavage and packaging into capsids by the viral terminase does not
exist in the host cells, this machinery may be a promising target for the development
of antiviral drugs with high virus specificity. We have previously reported that KSHV
ORF7, ORF29, and ORF67.5 form a tripartite complex, in which ORF7 functions as a cen-
ter hub molecule (26). Similarly, HSV-1 UL15 (KSHV ORF29 homolog), UL28 (KSHV ORF7
homolog), and UL33 (KSHV ORF67.5 homolog) form a tripartite complex, and hexame-
ric ring of this tripartite complex becomes an HSV-1 terminase (22). Either UL15 or
UL33 KO failed to cleave viral DNA and produced incomplete capsids containing a
compact internal scaffold (38, 39). It was reported that the C-terminal exon region of
KSHV ORF29 has nuclease activity (40). However, the contribution of ORF29 to viral rep-
lication has not yet been clarified. The role of KSHV ORF67.5 (HSV-1 UL33 homolog) in
both viral replication and viral DNA cleavage remains unknown. The contributions of
ORF29 and ORF67.5 to viral DNA cleavage activity and capsid formation needs to be
investigated in future studies. Moreover, elucidation of the biological significance of
the tripartite terminase complex composed of ORF7, ORF29, and ORF67.5 will further
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expand our understanding of KSHV genomic DNA processing and DNA packaging into
capsids.

MATERIALS AND METHODS

Plasmids. The C-terminal 2xS-tagged and 3xFLAG-tagged ORF7 expression plasmids and the N-ter-
minal 3xFLAG-tagged ORF17 expression plasmid have been previously described (20, 26). ORF7 mutants
(mC2, mC1H1, and mZf) were amplified by conventional and overlap extension PCR utilizing KOD -Plus-
Neo (TOYOBO, Osaka, Japan). The following PCR primers were used: S_EcoRI_ORF7, CATGAATTCATG
GCAAAGGAACTGGCGGC; As_Xbal_ORF7, GTCTCTAGAGACCTGGGAGTCATTGTGGTTGC; S_ORF7_C182A_
C185A, CCGCCCTAGAAGCCCTTCAGGAAGTGTGTCTG; As_ORF7_C182A_C185A, GAAGGGCTTCTAGGGC
GGGCAGATTTGAGACATATAG; S_ORF7_C208A_H210A, CCGCAAGTGCAATATGTACCCCCGCATGCG; and
As_ORF7_C208A_H210A, TATTGCACTTGCGGCCGTGTCTGGGAGC. The plasmid pCl-neo ORF7 WT-3xFLAG
was used as the PCR template. The amplified inserts were cloned into the pCl-neo mammalian expres-
sion vector (Promega, WI, USA) with the DNA Ligation Kit, Mighty Mix (TaKaRa Bio, Shiga, Japan). The
insert sequences were verified by Sanger sequencing.

Construction of ORF7&17-DKO-BAC16 and ORF7 mC1H1-BAC16. ORF7&17-DKO-BAC16 was gen-
erated from ORF7-fsKO-BAC16 using a two-step markerless Red recombination system (26, 41, 42). ORF7
mC1H1 (C208A, H210A) mutated BAC16 was generated from WT-BAC16. The mutagenesis of these BAC
clones were performed according to a previously described protocol (20), using the following mutagen-
esis primers: S_dORF17_fs_EP, GCTCAGCGGCTCGGTCTCACACACGTATTTTCCGAGCATGCACAGGGCCTGT
ACGTCGGATAGGGATAACAGGGTAATCGATTT; As_dORF17_fs_EP, GACACAACATCTACAAACCCTCCGACGT
ACAGGCCCTGTGCATGCTCGGAAAATACGTGTGCCAGTGTTACAACCAATTAACG; S_ORF7_mC1H1_EP, CCA
GGGCACCAGTCTGCAGGCCATGCTCCCAGACACGGCCGCGAGTGCGATATGTACCCCCGCATGCGGTAGGGAT
AACAGGGTAATCGATTT; and As_ORF7_mC1H1_EP, AGAGGCCCCGGACAGGCTCACCGCATGCGGGGGTAC
ATATCGCACTCGCGGCCGTGTCTGGGAGCATGGGCCAGTGTTACAACCAATTAACC. The BAC clones contain-
ing the ORF7 and ORF17 mutated sites as well as the ORF7 mC1H1 alanine mutation (accession number:
GQ994935) were confirmed by Sanger sequencing. The ORF7-fsKO-BAC16, ORF7-stKO-BAC16, ORF7-fsKO
Rev-BAC16, and ORF7-stKO Rev-BAC16 mutants have been previously described (26). Briefly, ORF7-fsKO-
BAC16 contained a deletion of one base after the first methionine of ORF7, and ORF7-stKO-BAC16 con-
tained an insertion of three stop codons after the second methionine. As for the revertants of mutated
BAC16, ORF7-fsKO Rev-BAC16 and ORF7-stKO Rev-BAC16 were prepared by reversing added mutations.

Establishment of tetracycline/doxycycline-inducible recombinant KSHV-expressing iSLK cells.
In order to obtain efficient recombinant KSHV-producing cells, tetracycline/doxycycline (Dox)-inducible
(Tet-On) RTA/ORF50-expressing iSLK cells were used as virus-producing cells (43-45). iSLK cells were cul-
tured in Dulbecco modified Eagle’s medium supplemented with 10% fetal bovine serum, 1 ug/mL of pu-
romycin (InvivoGen, CA, USA), and 0.25 mg/mL of G418 (Nacalai Tesque Inc., Kyoto, Japan). Thirty-six ug
of WT-BAC16 or its mutants (ORF7-fskO-BAC16, ORF7-stKO-BAC16, ORF7-fsKO Rev-BAC16, ORF7-stKO
Rev-BAC16, ORF7&17-DKO-BAC16, and ORF7 mC1H1-BAC16) were transfected into iSLK cells (1 x 10° cells)
using the calcium phosphate method. ORF7-fsKO-BAC16, ORF7-stKO-BAC16, ORF7-fsKO Rev-BAC16, and
ORF7-stKO Rev-BAC16 were previously constructed (26, 42). The transfected cells were selected under
1 mg/mL of hygromycin B (Wako, Osaka, Japan) to establish Dox-inducible recombinant KSHV-producing
cell lines (WT-iSLK, ORF7-fsKO-iSLK, ORF7-stKO-iSLK, ORF7-fskO Rev-iSLK, and ORF7-stKO Rev-iSLK,
ORF7&17-DKO-iSLK, and ORF7 mC1H1-iSLK).

Measurement of viral gene expression, viral DNA replication, encapsidated viral DNA, and in-
fectious virus. iSLK cells harboring WT or each KSHV mutant were treated with 8 ng/mL of Dox and 1.5
mM sodium butyrate (NaB) for 72 h to induce the lytic phase (43-45). For quantification of viral gene
expression, lytic-induced cells (5 x 10° cells on a 6-well plate) were washed with PBS and harvested with
500 wL of RNAiso Plus (TaKaRa Bio). Total RNA was extracted according to the manufacturer’s protocol.
cDNA was synthesized from 160 ng of total RNA using the ReverTra Ace qPCR RT Master Mix (TOYOBO).
In order to quantitate the levels of viral lytic mRNAs, gRT-PCR was conducted using the synthesized
cDNAs as template.

For measurement of intracellular viral DNA replication, iSLK cells (3.5 x 10* cells on a 48-well plate)
were treated with Dox and NaB for 72 h and harvested. The viral genomic DNA was purified from har-
vested cells with a QlIAamp DNA Blood minikit (Qiagen, CA, USA). The viral genome copy number was
quantified by gPCR and normalized to the amount of total DNA.

For quantification of extracellular encapsidated viral DNA, iSLK cells (1.5 x 10° cells on a 12-well
plate) were treated with Dox and NaB for 72 h. The culture supernatants (400 L) were harvested and
centrifuged at 15,000 rpm for 10 min to remove debris. The supernatants (220 uL) were treated with
DNase | (New England Biolabs, MA, USA), and encapsidated viral DNA was extracted from the superna-
tants (200 uL) using the QIAamp DNA Blood minikit. The purified KSHV genomic DNA was quantitated
using qPCR.

For measurement of infectious virus, iSLK cells (2 x 10° cells on a 10 cm dish) were treated with Dox
and NaB for 72 h, and the culture supernatants and cells were collected. The supernatants and cells
(2.5 mL) were centrifuged at 15,000 rpm for 10 min at room temperature. Next, the collected superna-
tant (2 mL) was mixed with detached HEK293T cells (7.5 x 10° cells). Polybrene (8 ug/mL) (Sigma-
Aldrich, MO, USA) was added to the cell mixtures, which were then placed into 6-well plates. The plates
were centrifuged at 1,200 x g for 2 h at room temperature and incubated at 37°C with 5%CO,. After 24
h, GFP-positive cells were analyzed with a flow cytometer (FACSCalibur, Beckton Dickinson, CA, USA)
using the CellQuest Pro software (Beckton Dickinson, CA, USA).
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qRT-PCR and qPCR. All gqRT-PCRs were performed using the THUNDERBIRD Next SYBR qPCR Mix
(TOYOBO) (43, 44). The following primers were used for quantification of viral gene expression: Fw-GAPDH,
CATCAAGAAGGTGGTGAAGCAG; Rv-GAPDH, TGTCGCTGTTGAAGTCAGAGG; Fw-ORF16, AGATTTCACAGCA
CCACCGGTA; Rv-ORF16, CCCCAGTTCATGTTTCCATCGC; Fw-ORF47, CGATCCGAATCACTGCAACG; Rv-ORF47,
CTGCTGCTTTTAGCCCGAG; Fw-K8.1, TCCCACGTATCGTTCGCATTTGG; and Rv-K8.1, GCGTCTCTTCCTCTAGT
CGTTG. The relative mRNA expression levels were determined by AACt methods and were normalized to
GAPDH mRNA levels. For measurement of KSHV genome copies, gPCR was conducted with the following
KSHV-encoded ORF11-specific primers: KSHV ORF11-F, TTGACAACACGCACCGCAAG; and KSHV ORF11-R,
AAAAATCAGCACGCTCGAGGAG.

Complementation assay. The iSLK cells were transfected with each plasmid using ScreenFect A
plus (Wako) according to the manufacturer’s instructions and the transfected cells were simultaneously
cultured with medium containing Dox and NaB to induce the lytic state. After 72 h, the culture superna-
tants and cells were collected, and the amount of virus production and infectivity was assessed.

Western blotting and antibodies. Western blotting was performed as described previously (46).
Briefly, the cells were washed with PBS, lysed with SDS sample buffer, sonicated for 15 s, boiled for
5 min, and subjected to SDS-PAGE and Western blotting. Anti-FLAG mouse MAb (M185) (MBL, Nagoya,
Japan), horseradish peroxidase (HRP)-conjugated anti-S-tag rabbit pAb (ab18589) (Abcam, Cambridge,
UK), and anti-B-actin mouse MAb (sc-69879) (Santa Cruz Biotechnology, TX, USA) were used as the pri-
mary antibodies. Anti-mouse 1gG-HRP (NA931) (GE Healthcare, Buckinghamshire, UK) was used as the
secondary antibody.

Electron microscopy. In order to observe capsids formed in the nucleus, iSLK cells (WT-iSLK, ORF7-
fsKO-iSLK, ORF7-stKO-iSLK, and ORF7&17-DKO-iSLK) were cultured for 72 h in 8 wg/mL Dox and 1.5 mM
NaB containing medium to induce the lytic phase. The cultured cells that were induced for virus produc-
tion were washed with PBS and treated with a trypsin/EDTA solution for cell detachment. The detached
cells were suspended in media, washed with PBS, and pelleted. In order to observe viral particles present
in the cell supernatants, iSLK cells (WT-iSLK, ORF7-fsKO-iSLK, and ORF7-stKO-iSLK) were cultured for 120
hin 8 wg/mL Dox and 1.5 mM NaB containing medium. Each induced cell supernatant (300 mL) was
centrifuged (600 x g for 5 min and then 2,000 x g for 30 min), and cell debris were discarded.
Subsequently, the viral particles from the supernatant were pelleted by ultracentrifugation (50,000 x g
for 2 h). The pellet was resuspended in MTNE buffer (20 mM Tris-HCI [pH 8.0], 250 mM NacCl, and 1 mM
EDTA [pH 8.0]) and then sedimented (75,000 x g for 30 min) through a 17.5% (wt/vol) sucrose cushion
constructed in MTNE buffer. The supernatant was discarded, and the pellet samples were further proc-
essed. The samples were then fixed in 2% glutaraldehyde in PBS (pH 7.2) on ice for 2 h followed by incu-
bation in 1% osmium tetroxide in PBS at 4°C for 1.5 h. The fixed samples were washed five times in PBS
and dehydrated in ethanol using serially graded concentrations. The samples were then embedded in
an epoxy resin (Nisshin EM Co., Ltd., Tokyo, Japan) and processed using a routine electron microscopy
procedure. Ultrathin sections were prepared using a Porter Blum ultramicrotome (Reichert-Nissei
ULTRACUT-N) (Leica, Wetzlar, Germany) and mounted on a copper grid (200 mesh) supported by a car-
bon-coated collodion film. The ultrathin sections were doubly stained with 4% (wt/vol) uranyl acetate
and lead citrate for 10 min and 3 min, respectively. The sections were washed three times in distilled
water after each staining procedure. All of the sections were observed under a Hitachi H-7800 transmis-
sion electron microscope.

Southern blotting. For preparation of the DNA probe for Southern blotting, WT-BAC16 DNA was
digested with Notl (TOYOBO) overnight and subjected to agarose gel electrophoresis to purify one unit of
the TR sequence migrating near 800 bp. The extracted TR was cloned into a pCl-neo empty vector. The
cloned sequence was confirmed to be a single copy of the KSHV TR by agarose gel electrophoresis and
Sanger sequencing. Thus, the construct was referred to as the pCl-neo 1xKSHV TR (YI47). The DIG-labeled
DNA probe for Southern blotting was prepared using the DIG-High Prime DNA Labeling and Detection
Starter Kit Il (Roche, Basel, Switzerland). As a template, we utilized the KSHV 1xTR (1 g) obtained from
Notl-digested pCl-neo 1xKSHV TR (Y147).

The iSLK cells (2 x 10° cells on a 10 cm dish) were treated with 8 xg/mL Dox and 1.5 mM NaB for 72
h and were washed with PBS and suspended in TNE buffer (10 mM Tris-HCI [pH 7.5], 100 mM Nadl,
1 mM EDTA). In order to prepare the cell extract, SDS (0.3%) and proteinase K (100 wg/mL) were added
to the cell suspension and the mixture was incubated overnight at 60°C. Subsequently, the cell extracts
were incubated with RNase (100 wg/mL) at room temperature for 30 min. DNA was isolated from the
cell extracts by phenol-chloroform extraction and ethanol precipitation. The pellets were then resus-
pended in 1xTE buffer. The DNA samples (10 ng each) were digested overnight with EcoRI (TaKaRa Bio)
and Sall (TOYOBO) followed by electrophoresis on a 0.7% agarose 1xTBE gel. As for Southern blotting
(27, 28), the gel was denatured in alkaline denaturing buffer (0.5 N NaOH, 1.5 M NaCl) for 45 min and
transferred to Hybond-N+ (Cytiva, Tokyo, Japan) by capillary action overnight in the presence of alkaline
transfer buffer (0.4 N NaOH, 1 M NaCl). The transferred DNA was cross-linked to the membrane with a
CL-1000 UV Crosslinker (UVP, Cambridge, UK). The membrane was treated according to the DIG-High
Prime DNA Labeling and Detection Starter Kit Il (Roche, Basel, Switzerland) protocol. The membrane was
hybridized at 42°C overnight in DIG Easy Hyb buffer with a digoxigenin (DIG)-labeled TR probe. Next, the
membrane was washed two times with 2 x SSC, 0.1% SDS at room temperature followed by an addi-
tional two washes with 0.5 x SSC, 0.1% SDS at 68°C. The membrane was blocked, incubated with anti-
DIG antibody, and detected by CSPD. The blot was then exposed to X-ray film (Fuji film, Tokyo, Japan).

Statistics. The statistical significance was analyzed by one-way ANOVA followed by Dunnett's test.
The statistical significance was assessed using the GraphPad Prism 7 software (GraphPad Software,
CA, USA).
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