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Human Cytomegalovirus pUL93 Links Nucleocapsid Maturation and

Nuclear Egress

Bernadette M. DeRussy, Molly T. Boland,* Ritesh Tandon

Department of Microbiology and Immunology, University of Mississippi Medical Center, Jackson, Mississippi, USA

ABSTRACT

Human cytomegalovirus (HCMYV) pUL93 and pUL77 are both essential for virus growth, but their functions in the virus life cy-
cle remain mostly unresolved. Homologs of pUL93 and pUL77 in herpes simplex virus 1 (HSV-1) and pseudorabies virus (PRV)
are known to interact to form a complex at capsid vertices known as the capsid vertex-specific component (CVSC), which likely
stabilizes nucleocapsids during virus maturation and also aids in nuclear egress. In herpesviruses, nucleocapsids assemble and
partially mature in nuclear replication compartments and then travel to the inner nuclear membrane (INM) for nuclear egress.
The factors governing the recruitment of nucleocapsids to the INM are not known. Kinetic analysis of pUL93 demonstrates that
this protein is expressed late during infection and localizes primarily to the nucleus of infected cells. pUL93 associates with both
virions and capsids and interacts with the components of the nuclear egress complex (NEC), namely, pUL50, pUL53, and pUL97,
during infection. Also, multiple regions in pUL93 can independently interact with pUL77, which has been shown to help retain
viral DNA during capsid assembly. These studies, combined with our earlier report of an essential role of pUL93 in viral DNA
packaging, indicate that pUL93 serves as an important link between nucleocapsid maturation and nuclear egress.

IMPORTANCE

HCMV causes life-threatening disease and disability in immunocompromised patients and congenitally infected newborns. In
this study, we investigated the functions of HCMYV essential tegument protein pUL93 and determined that it interacts with the
components of the nuclear egress complex, namely, pUL50, pUL53, and pUL97. We also found that pUL93 specifically interacts
with pUL77, which helps retain viral DNA during capsid assembly. Together, our data point toward an important role of pUL93
in linking virus maturation to nuclear egress. In addition to expanding our knowledge of the process of HCMV maturation, in-
formation from these studies will also be utilized to develop new antiviral therapies.

n herpes simplex virus 1 (HSV-1) and pseudorabies virus

(PRV), pUL17 and pUL25, the homologs of human cytomega-
lovirus (HCMYV) pUL93 and pUL77, respectively, form a complex
called the capsid vertex-specific component (CVSC) (1-5). Five
copies of this complex surround each of the 12 vertices of the
capsids. This complex was originally termed the C-capsid-specific
component (2) based on its presence on DNA containing C-cap-
sids, but it was later found to be present on all capsid types (1).
Nevertheless, some differences have been reported in the relative
distribution of the CVSC on different capsid types in herpesvi-
ruses. In HSV-1, occupancy of the CVSC is approximately 50% on
C-capsids and only 25% or less on A- (empty) and B-capsids (scaf-
fold containing), while in PRV, occupancy of the CVSC is nearly
100% on C-capsids and 55% on B-capsids (2, 5). The CVSC is
thought to aid in DNA packaging and retention by stabilizing
capsids during capsid assembly and in nuclear egress, but these
functions have yet to be studied (1, 6).

Nuclear egress, the process by which nucleocapsids escape
from the nucleus into the cytoplasm of infected cells, is a crucial
step in the life cycle of herpesviruses. During nuclear egress, nu-
cleocapsids first undergo primary envelopment at the inner nu-
clear membrane (INM), enter the perinuclear space (PNS), where
they are present as enveloped nucleocapsids, and finally lose this
envelope as they bud through the outer nuclear membrane
(ONM) into the cytoplasm (7, 8). Nuclear egress involves the dis-
ruption of the nuclear lamina via phosphorylation of lamins,
which is mediated by viral protein kinase pUL97 in human cyto-
megalovirus (HCMV) (9). Viral proteins pUL50 and pUL53,
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which together make up the core of the nuclear egress complex
(NEQC), are essential for the recruitment of pUL97 to the nuclear
envelope (9, 10). The recruitment of pUL97 by the NEC appears to
be unique to HCMYV, as herpes simplex virus 1 (HSV-1) and mu-
rine cytomegalovirus (MCMYV) have been shown to recruit host
protein kinase C (PKC) instead for the phosphorylation and sub-
sequent dissolution of lamins (9). However, expression of pUL50
and pULS53 in the absence of any other viral proteins has been
shown to be sufficient for the disruption of the nuclear lamina,
suggesting that PKC is recruited for this purpose in the absence of
pUL97 (11).

HSV-1 pUL31, the homolog of HCMV pUL53 and the func-
tional arm of the NEC, has been shown to interact with pUL17 and
pUL25 (12). It is hypothesized that this interaction between the
NEC and the CVSC in HSV-1 selectively promotes the nuclear
egress of C-capsids that have the potential to become infectious
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TABLE 1 Nucleotide sequences of primers used in this study

Primer name

Sequence

UL77-EcoRI-F
UL77-Kpnl-R
UL93FL-NotI-F
UL93FL-Xbal-R
UL93T-100-1785-NotI-F
UL93T-199-1785-Not-1F
UL93T-298-1785-NotI-F
UL93T-397-1785-NotI-F
UL93T-448-1785-Notl-F
UL93T-496-1785-NotI-F
UL93T-586-1785-NotI-F
UL93T-1-580-Xbal-R
UL93T-1-874-Xbal-R

GCGGAATTCGGATGAGTCTGTTGCAC
CTGGTACCCAACACCGCCACGCTC
ATAAGAATGCGGCCGCTATGGAAACGCACCTG
GCTCTAGACTAAAGATCGTCGAA
ATAAGAATGCGGCCGCTATGAACGAGGAGGCCGAG
ATAAGAATGCGGCCGCTATGCCGGCCTCCGACGAC
ATAAGAATGCGGCCGCTATGCCACTGGAGTTGCTC
ATAAGAATGCGGCCGCTATGGGTCTGCGCTGCCCC
ATAAGAATGCGGCCGCTATGAGACTGGTCTGGCCC
ATAAGAATGCGGCCGCTATGCGTGACCTGTTACGAG
ATAAGAATGCGGCCGCTATGCTGCGTAATAACTTAG
GCTCTAGAGCTCAATTACGCAGTCCGCC
GCTCTAGAGCTCAGTCGTGCGGATCGGT

viral particles (5, 12). Moreover, HSV-1 and PRV pUL25, compo-
nents of the CVSC and homologs of HCMV pUL77, are required
for nuclear egress (13, 14). It is thought that PRV pUL25 specifi-
cally acts as a trigger that allows the process of primary envelop-
ment to occur (14). In the absence of PRV pUL25, DNA is cleaved
and packaged appropriately, as evidenced by the presence of C-
capsids in the infected cell nucleus; however, these mutant capsids
remain closely associated with the INM and do not exit the nu-
cleus (14). Overall, these data suggest that one function of the
CVSC is to mediate nuclear egress.

Although HCMV pUL93, a putative tegument protein, and
pUL77, a putative capsid protein, are essential for virus growth
(15, 16), there is little known about the function of these proteins
and whether or not they form a structure similar to the CVSC
found in other herpesviruses. We recently discovered that pUL93
is required for viral genome cleavage and packaging, similar to its
homolog pUL17 in HSV-1 (17). These findings are supported by
another recent study which found that both pUL93 and pUL77 are
required for genome encapsidation (18). pUL77 has been found to
bind double-stranded DNA and interact with DNA-packaging
motor components as well as with major capsid protein, suggest-
ing that pUL77 helps retain viral DNA during capsid assembly
(19).

Here, we engineered a virus encoding fluorescent-tagged
pUL93 (UL93-eYFP-Towne-BAC) to establish that pUL93 is a late
protein that localizes to the infected cell nucleus and associates
with nuclear capsids and virions. Also, pUL93 interacts either di-
rectly or indirectly with the core components of the NEC, namely,
pULS50 and pUL53, as well as with pUL97, during infection. It is
important to note that in HSV-1, pUL17 interacts with pUL31 but
not with pUL34, the homolog of HCMV pUL50 and the compo-
nent of the NEC that is responsible for membrane tethering (12).
We also found that pUL93 interacts with pUL77, and multiple
regions of pUL93 mediate this interaction. These data point to-
ward a role of pUL93 in linking nucleocapsid maturation to nu-
clear egress.

MATERIALS AND METHODS

Cells. Primary human foreskin-derived fibroblasts (HF) prepared from
deidentified and discarded human foreskins (exempted by the Institu-
tional Review Board) at the University of Mississippi Medical Center or
293T cells (CRL-3216; American Type Culture Collection, Manassas, VA)
were cultured at 37°C with 5% CO, in Dulbecco’s modified Eagle’s
medium (MT10013CM; Fisher Scientific, Waltham, MA) containing
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4.5 g/ml glucose, 1 mM sodium pyruvate, 2 mM L-glutamine and supple-
mented with 10% fetal bovine serum (NC0327704; Fisher Scientific, Wal-
tham, MA) and 100 U/ml penicillin-streptomycin (MT30002CI; Fisher
Scientific, Waltham, MA). HF between passages 5 and 15 were used for
transfections and infections. The cell culture medium was changed (for
transfections) or additional medium was added (for infections) every
other day.

Plasmids. For the construction of a Myc-UL77 expression plasmid,
the full-length UL77 open reading frame (ORF) was amplified from the
HCMYV TB40/E genome (GenBank EF999921.1) by PCR and cloned in
frame between EcoRI and Kpnl sites of pCMV-Myc vector (Clontech,
Mountain View, CA), resulting in the fusion of a c-Myc epitope tag at the
N terminus of UL77 (Myc-UL77) (Table 1). For the construction of a
FLAG-UL93 expression plasmid or several plasmids expressing truncated
FLAG-UL93 fragments, the full-length UL93 ORF or truncated UL93
OREF, respectively, was amplified from the HCMV TB40/E genome by
PCR and cloned in frame between Notl and Xbal sites of p3XFLAG-
CMV-10 vector (Clontech, Mountain View, CA), resulting in a 3XFLAG
epitope tag fusion at the N terminus of UL93 (Table 1). For the construc-
tion of a Myc-tagged pUL96, the full-length UL96 ORF was amplified
from the HCMV Towne-BAC genome (GenBank accession number
KF493877.1) and cloned in frame between the multiple cloning sites of
pCDNA3.1/myc-His vector (Fisher Scientific, Waltham, MA).

BAC mutagenesis and recombinant viruses. Bacterial artificial chro-
mosome (BAC) recombineering protocols (20-22) were followed, with
minor modifications, in order to engineer enhanced yellow fluorescent
protein (eYFP) at the C terminus of UL93 in the Towne-BAC genome
(GenBank accession number KF493877.1). Briefly, in the first step, a
KanSacB cassette replacing the UL93 region was inserted into the BAC
genome, and clones were selected on the basis of kanamycin resistance
(Fig. 1A). Once verified by restriction fragment length polymorphism
(RFLP), in the second step, a PCR fragment containing UL93-eYFP was
introduced in the selected BAC clone, and subsequent screening for the
loss of kanamycin resistance identified clones that contained this desired
mutation (Fig. 1A). UL93 partially overlaps UL94, so to avoid interrup-
tion of UL94 by eYFP, the overlapping UL93-UL94 sequence was dupli-
cated and added downstream of eYFP in the PCR fragment used in the
second step of recombineering. Insertion of the mutation as well as the
absence of any undesired changes in the proximity of the insertion site
were confirmed by RFLP analysis and further by DNA sequencing of the
UL93-UL94 region from these BAC. In a third round of BAC recom-
bineering, a KanSacB cassette was inserted to knock out the GFP expres-
sion cassette that replaced US1 to US12 in the Towne-BAC genome (23)
to enable the visualization of pUL93-eYFP fluorescence independent of
the fluorescence from BAC-integrated GFP. The selected kanamycin-re-
sistant clones were confirmed by RFLP (Fig. 1B) analysis and DNA se-
quencing. BAC were transfected in HF, and infected cells were harvested
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FIG 1 UL93 is a late viral protein. (A) Construction of a fluorescently tagged UL93 Towne virus (UL93-eYFP-Towne-BAC) using BAC recombineering (21).
Schematic of the UL92-UL94 region in Towne-BAC (top line) with the intermediate and final genetic constructs shown underneath. UL93 overlaps both UL92
and UL94 open reading frames. A C-terminal region of UL93 overlapping UL94 first was replaced with a KanSacB cassette for selection with kanamycin (middle
line). The KanSacB cassette was subsequently replaced with UL93 fused to eYFP flanked by duplicate sequences of the overlapping UL93/UL94 region in order
to keep the UL94 open reading frame intact (bottom line). Start codons are marked by asterisks and stop codons by hashtags. (B) RFLP analysis of wild-type
Towne-BAC and UL93-eYFP-Towne-BAC. The hash tag and asterisk mark expected changes in UL93-eYFP-Towne-BAC after recombineering. (C) HF were
infected with UL93-eYFP-Towne-BAC virus at an MOI of 3.0 and harvested at 72 hpi, and immunoprecipitation (IP) with an anti-GFP antibody and immu-
noblot (IB) probing with an anti-UL93 antibody were performed to confirm the fusion of pUL93 to eYFP. UBP, unbound protein (supernatant of the
immunoprecipitations). (D) Time course (hpi) of pUL93-eYFP expression following UL93-eYFP-Towne-BAC virus infection of HF using whole-cell lysates and
detection with antibodies against GFP or a-tubulin (loading control) and depicting the impact of cycloheximide (CHX) or phosphonoformic acid (PFA)
treatment on pUL93-eYFP expression. Shown are the accumulated levels of pUL93-eYFP or a-tubulin from UL93-eYFP-Towne-BAC virus-infected cells that
were either cultured with the indicated drugs until harvest at the indicated times (hpi) or cultured with the indicated drugs for 8 h, washed, and then cultured in
normal medium until harvest at the times, indicated as hours postrelease (hpr). The PFA-treated GFP band is 31% the density of the mock-treated GFP band at

48 hpi based on densitometry.

after cytopathogenic effect (CPE) reached 100%. Harvested cells were
sonicated (Braun-Sonic 2000; B. Braun Biotech Inc., Allentown, PA) to
release the virus, and the preparation was diluted 10- to 100,000-fold
before plating on confluent HF for the determination of viral titers. At 10
days postinfection (dpi), cells were fixed in 100% methanol, stained with
Giemsa stain (GS1L; Sigma-Aldrich, St. Louis, MO), and allowed to dry
before enumerating PFU under an optical microscope. UL93-eYFP-
Towne-BAC virus grew to high titers (1.38 X 10% PFU) in HF. After virus
stocks were harvested and the titers were determined, the insertion of the
desired mutations and absence of undesired changes in the UL93-UL%4
region were verified by PCR amplification and DNA sequencing of this
region of the virus genome. Upon sequencing, we found that UL93-eYFP-
Towne-BAC virus stocks contained both eYFP-tagged UL93 virus and
wild-type (untagged UL93) virus, indicating some mixing of the genomes
(data notshown), most likely as a result of unintended recombining out of
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the eYFP cassette due to duplication of the overlapping UL93-UL94 se-
quence after transfection. After plaque purification of this virus, mixed
populations became apparent again after two to three passages, further
supporting that these mixed populations were due to recombination
events. Virus was harvested and immunoblotting (IB) was performed,
probing with the pUL93 antibody (described below) to demonstrate the
presence of both the tagged and untagged versions of pUL93 (data not
shown). We also used the same technique to tag UL93 with enhanced
green fluorescent protein (eGFP) in the TB40/E strain, but mixed popu-
lations also arose after transfection with this BAC (data not shown).
Co-IP analysis. HF infected with UL93-eYFP-Towne-BAC virus at
a multiplicity of infection (MOI) of 3.0 were harvested at 72 h postin-
fection (hpi) for coimmunoprecipitation (co-IP) with protein A/G
plus-agarose (SC-2003; Santa Cruz Biotech, Dallas, TX) according to
the manufacturer’s protocol, followed by IB. 293T cells cotransfected
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with Myc-UL77 and FLAG-UL93 (full-length or truncated) plasmids
were harvested at 48 hpi for co-IP with anti-c-Myc affinity gel (E6654;
Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s pro-
tocol, followed by IB.

Drug inhibition and release experiments. For determination of
pULI3 kinetics, HF were pretreated with cycloheximide (CHX; 50 pg/ml;
AC357420010; Fisher Scientific, Waltham, MA) for 1 h and then infected
with UL93-eYFP-Towne-BAC virus at an MOI of 3.0 in medium contain-
ing CHX (50 pg/ml) for 1 h, washed, and then incubated for 8 h in the
presence of CHX (50 g/ml). After this, HF were washed four times with
medium and incubated in drug-free medium. Phosphonoformic acid
(PFA; 300 pg/ml; P6801; Sigma-Aldrich, St. Louis, MO) was added at 1
hpi and maintained until 48 hpi. Cells were harvested at designated time
points and stored at —80°C before IB analyses.

Separation of cytoplasmic and nuclear fractions. HF were infected
with UL93-eYFP-Towne-BAC virus at an MOI of 3.0 or mock infected
and were harvested at 0, 6, 24, 48, 72, 96, and 120 hpi. Nuclear and
cytoplasmic extraction reagents (NE-PER; P178833; Fisher Scientific,
Waltham, MA) were used to separate nuclear and cytoplasmic frac-
tions of infected cells according to the manufacturer’s protocols before
analysis by IB.

Virus and capsid purification. Extracellular HCMV virions and nu-
clear B-capsids were purified using established protocols for herpesviruses
(24-26), with some modifications. Briefly, HF were infected with UL93-
eYFP-Towne-BAC virus or Towne virus at an MOI of 3.0 and harvested
after 100% CPE. Medium was clarified of any cellular debris by low-speed
centrifugation (2,000 X g, 10 min), and virus particles were pelleted
(20,000 X g, 1 h). Extracellular virus (ECV) particles were purified on a
30% sucrose cushion (SW 32Ti rotor, Beckman L-90 ultracentrifuge,
24,000 rpm, 1 h), harvested by puncturing the side of the centrifuge tube
with a 23-gauge needle, and diluted 1:3 in phosphate buffer before con-
centration by centrifugation (SW-41 rotor, Beckman L-80 ultracentri-
fuge, 24,000 rpm, 1 h). For purification of nuclear B-capsids, cell pellets
were washed in 1X phosphate-buffered saline (PBS) and incubated in
hypotonic buffer (20 mM Tris-HCl, pH 7.5) for 20 min to swell cells
before the addition of Triton X-100 (1.5% final concentration) to lyse the
cells for 30 min. Nuclei were spun at 2,000 X g for 10 min, resuspended in
TNE (500 mM NaCl, 10 mM Tris-HCI, 1 mM EDTA, pH 8.0), sonicated
(Braun-Sonic 2000; B. Braun Biotech Inc., Allentown, PA) for 10 s, and
spun at 14,000 rpm for 30 s in a microcentrifuge. The above-described
step was repeated once, and combined supernatants were loaded onto a 20
to 50% discontinuous sucrose-in-TNE gradient before centrifugation
(SW-41 rotor, Beckman L-80 ultracentrifuge, 24,000 rpm, 1 h). Capsids
were observed as visible-light-scattering bands with A-capsids forming a
thin upper band at around 30% sucrose concentration and B-capsids
forming a thick lower band at around 35%; we were unable to see a C-
capsid band. The B-capsids were harvested by puncturing the side of
the centrifuge tube with a 23-gauge needle and diluted in TNE before
concentration by centrifugation (SW-41 rotor, Beckman L-80 ultra-
centrifuge, 24,000 rpm, 1 h). The capsids or ECV particles were resus-
pended in 2% SDS-containing lysis buffer and run on a 4 to 20%
gradient polyacrylamide gel before transfer to a polyvinylidene diflu-
oride (PVDF) membrane and analysis by IB.

Antibodies and immunoblotting. Mouse monoclonal antibody to
GFP (MAB1083; EMD-Millipore, Darmstadt, Germany) was used in
co-IP and IB experiments. This anti-GFP antibody interacts with GFP as
well as with its variants, including eYFP (27). Mouse monoclonal anti-
body to a-tubulin (MA1 19401; Fisher Scientific, Waltham, MA) was used
to confirm equal loading of SDS gels in IB experiments. For co-IP and IB
in the infection setting, mouse monoclonal anti-UL93 antibody, kindly
provided by Eva Maria Borst (18), mouse monoclonal anti-lamin A/C
antibody (MA3 1000; Fisher Scientific, Waltham, MA), and rabbit anti-
UL50, anti-UL53, and anti-UL97 antibodies, kindly provided by Don
Coen (9), were used as the primary antibodies. Peroxidase-labeled goat
anti-mouse IgG (P131444; Fisher Scientific, Waltham, MA) or peroxi-

7112 jviasm.org

Journal of Virology

dase-labeled goat anti-rabbit IgG (PI31460; Fisher Scientific, Waltham,
MA) was used as the secondary antibody in IB. For transient transfection
in 293T cells and co-IP experiments, anti-c-Myc antibody (9E10.3; Fisher
Scientific, Waltham, MA) was used for immunoprecipitation, anti-FLAG
M2 antibody (200474; Agilent Technologies, Santa Clara, CA) was used as
the primary antibody, and peroxidase-labeled goat anti-mouse IgG
(PI31444; Fisher Scientific, Waltham, MA) was used as the secondary
antibody for IB. All blots were detected using Clarity Western ECL sub-
strate (1705061; Bio-Rad Laboratories, Hercules, CA).

Microscopy. Samples were prepared using established protocols for
fluorescence microscopy of HCMV-infected cells (22, 28). HF were grown
on coverslip inserts in 24-well tissue culture dishes and subsequently in-
fected with UL93-eYFP-Towne-BAC virus atan MOT of 3.0 or were mock
infected. Cells were fixed for fluorescence microscopy at 0 or 96 hpi in
3.7% formaldehyde for 10 min and incubated in 50 mM NH,Clin 1X PBS
for 10 min to reduce autofluorescence. This was followed by washing in
1X PBS, incubation in 0.5% Triton X-100 for 20 min to permeabilize cells,
and finally washing and staining with Hoechst 33258 (AnaSpec Corpora-
tion, San Jose, CA) to identify the nuclei. Coverslips were retrieved from
wells, mounted on glass slides with a drop of mounting medium (Gel/
Mount; Biomeda, Foster City, CA), and dried overnight before imaging.
Images were acquired on an EVOS-FL microscope.

RESULTS

pUL93 is expressed late during infection and is localized pri-
marily to the nucleus of infected cells. To determine when pUL93
expression occurs during infection, we first engineered an eYFP
tag at the C terminus of pUL93 in the Towne-BAC genome
(UL93-eYFP-Towne-BAC) using BAC recombineering (Fig. 1A)
(20-22). BAC constructs were validated by RFLP analysis as well
as by PCR sequencing of the UL93-UL94 region of the BAC ge-
nome (Fig. 1B). To further confirm the fusion of eYFP to pUL93,
HF were infected with UL93-eYFP-Towne-BAC virus and har-
vested at 72 hpi for immunoprecipitation (IP); IP with an anti-
GFP antibody and IB probing with an anti-pUL93 antibody,
which became available during the course of this study (18), were
performed. The 95-kDa band seen in the IB matches the predicted
size of pUL93-eYFP, confirming that pUL93 is fused to eYFP and
attesting to the feasibility of co-IP with this anti-GFP antibody
(Fig. 1C). UL93-eYFP-Towne-BAC was grown in HF, and final
virus yields at 5 dpi were comparable to those of the parent
Towne-BAC virus (data not shown), indicating no impact on
pUL93 function due to eYFP fusion. HF were treated with either
CHX or PFA and then infected with UL93-eYFP-Towne-BAC vi-
rus and probed with an anti-GFP antibody to monitor the time
course of pUL93 expression. CHX blocks all protein synthesis,
whereas PFA blocks viral DNA synthesis, thereby blocking only
late viral protein expression. pUL93-eYFP was first detected at 48
hpi in the mock-treated sample but not in the CHX-treated sam-
ples and was greatly reduced (31% of the mock-treated sample) in
the PFA-treated sample, indicating that pUL93 is a late protein
(Fig. 1D).Itis important to note that since PFA did not completely
block protein expression, pUL93 is a leaky late protein, not a true
late protein.

To determine the localization of pUL93 during infection, HF
were infected with UL93-eYFP-Towne-BAC virus at an MOI of
3.0 and fixed and stained with Hoechst at 0 and 96 hpi. pUL93
localized primarily to the nucleus of infected cells (Fig. 2A to F).
To confirm this localization, HF were infected with UL93-eYFP-
Towne-BAC virus and harvested at 0, 6, 24, 48, 72, 96, and 120 hpi.
Nuclear and cytoplasmic fractions were then separated and IB was
performed using anti-GFP, anti-lamin A/C (nuclear control), and
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FIG 2 pUL93 primarily localizes to the nucleus of infected cells. (A to F) HF were infected with UL93-eYFP-Towne-BAC virus at an MOI of 3.0, fixed at 0 or 96
hpi, and stained with Hoechst (blue). (G) HF were infected with UL93-eYFP-Towne-BAC virus at an MOI of 3.0 and harvested at 0, 6, 24, 48, 72, 96, and 120 hpi.
Cytoplasmic and nuclear fractions were separated, and IB was performed using antibodies against GFP, a-tubulin, and lamin A/C.

anti-a-tubulin (cytoplasmic control) antibodies. Based on IB
probing for a-tubulin and lamin A/C, there was no nuclear con-
tamination in the cytoplasmic fraction, but there was some cyto-
plasmic contamination in the nuclear fraction (Fig. 2G). The ma-
jority of pUL93 localized to the nuclear fraction, although some
pUL93 was detected in the cytoplasmic fraction by 48 hpi. Overall,
the levels of this protein increased through 120 hpi. These exper-

iments confirm that pUL93 is located primarily in the nucleus
during infection (Fig. 2G).

pUL93 is associated with virions and B-capsids. To deter-
mine if pUL93 is present in virions and capsids, UL93-eYFP-
Towne-BAC virions and nuclear B-capsids as well as unlabeled
Towne nuclear B-capsids were purified on sucrose gradients, run
on SDS-PAGE gels, and transferred to PVDF membranes before

FIG 3 pUL93 associates with virions and capsids. (A) UL93-eYFP-Towne-BAC virions and nuclear B-capsids or unlabeled Towne nuclear B-capsids were
harvested from infected HF and purified on sucrose gradients and then run on an SDS-PAGE gel. IB was performed, probing for pUL93-eYFP. Also shown are
typical transmission electron micrographs of purified Towne virions (B) and Towne B-capsids (C). The negative stain (uranyl acetate) penetrated some virions,
visible as a dark-stained DNA core, but not all of the virions. Some debris in B-capsid preparation is visible as a result of disintegration of capsids, most likely as
a result of sonication that was performed to reduce capsid aggregation.
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FIG 4 Multiple regions of pUL93 independently interact with pUL77. 293T cells were cotransfected with plasmids expressing Myc-tagged pUL77 and FLAG-
tagged pUL93 or FLAG-tagged pUL93 truncated from either the N terminus or the C terminus (A) and harvested at 48 hpi, and co-IP and IB were performed as
indicated (B to E). Empty vector pPCMV-Myc or a Myc-UL96 (an unrelated protein) expression plasmid was cotransfected with full-length FLAG-UL93 as a
negative control in panel B. The empty vector pPCMV-Myc was cotransfected with full-length FLAG-UL93 (FL) and the empty vector p3xFLAG-pCMV-10 was

cotransfected with Myc-UL77 as negative controls in panel C.

probing for eYFP. The IB data show that pUL93-eYFP is associ-
ated with purified virions and nuclear B-capsids (Fig. 3A). Unla-
beled Towne nuclear B-capsids did not have the pUL93-eYFP spe-
cific protein signal, confirming the specificity of eYFP-labeled
pUL93 detection.

pUL93 interacts with pUL77 and multiple regions of pUL93
mediate this interaction. To determine if HCMV pUL77 and
pUL93 interact with each other like their homologs in other her-
pesviruses, we constructed Myc-UL77 and FLAG-pUL93 expres-
sion plasmids. Interactions between Myc-UL77 and FLAG-UL93
were investigated in transfected 293T cells where anti-Myc anti-
body was used for co-IP and anti-FLAG antibody was used for IB.
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An empty pCMV-Myc plasmid and a Myc-UL96 (an unrelated
protein) expression plasmid were used as noninteracting controls.
Immunoblotting demonstrated that pUL93 and pUL77 interacted
with each other and that this interaction was specific (Fig. 4B).
To determine which regions of pUL93 are necessary for inter-
action with pUL77, we generated UL93 expression clones that
were truncated to various lengths from the N terminus or the C
terminus (Fig. 4A). Given that pUL93 is a relatively small protein
(595 amino acids) and we could not identify any conserved do-
mains, we progressively truncated UL93 from either the N or the C
terminus. Interactions between Myc epitope-tagged UL77 and
FLAG epitope-tagged UL93 clones were investigated using co-1P

August 2016 Volume 90 Number 16


http://jvi.asm.org

A. o 2
< N
& $
& &
N XL
& ")’QJ & 'b'@
& FES
Probe: UL50 “ -—
| J | J
| |
UBP IP: GFP
C. & &
& &
< <
&L N
o $2 @ 2
S v &
~L N Ny
Probe: ULO7 s = -
\ J | J
| [
UBP IP: GFP

Probe: Lamin A/C %:

pUL93 in Nuclear Egress

) )
S S
& &
oy o)
N &
] @ e 2
S v & &
«Q NS S’
Probe: UL53 “
( J | J
| |
UBP IP:GFP
) 2
S S
& &
Y oy
& N
2 @ 2 4
S g & &
g N R O

UBP IP: GFP
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and IB. All of the N-terminal and C-terminal truncations of
pUL93 interacted with pUL77, indicating that multiple regions of
pUL93 can independently interact with pUL77 (Fig. 4C to E) in
this overexpression setting.

pUL93 interacts with components of the nuclear egress com-
plex. HSV-1 pUL17, the homolog of HCMV pUL93, interacts
with pUL31, the homolog of HCMV pUL53 and a component of
the NEC, possibly to aid in nuclear egress (12). To detect interac-
tion of pUL93 with components of the NEC in HCMV, we in-
fected HF with UL93-eYFP-Towne-BAC virus, harvested cells at
72 hpi, and then performed co-IP with anti-GFP antibody and IB
with antibodies targeting either pUL50, pUL53, pUL97, or lamin
A/C. Cells infected with unlabeled Towne virus were used as a
control. The data demonstrated that pUL93 interacted with
pUL50 and pUL53, the core components of the NEC (Fig. 5A and
B). We also found that pUL93 interacted with pUL97 (Fig. 5C).
pUL93 did not interact with lamin A/C in this assay (Fig. 5D).

DISCUSSION

In the current study, we show that pUL93 is a leaky late protein
that is localized primarily to the nucleus of infected cells (Fig. 1D
and 2), which is consistent with our recent study implicating
pUL93 in viral DNA packaging (17). An early-late promoter most
likely is involved in the transcription of UL93 (29). Bioinformatics
analysis shows that pUL93 contains at least two strong putative
nuclear localization signals (NLS) at amino acids 177 to 193
(KRDRQHQLATATNHRRR) and 442 to 447 (RARRQR) (30)
that could mediate its localization to the nucleus independent of
other proteins. Based on HSV-1 data showing that homologs of
pUL93 and pUL77 interact with pUL31 (a homolog of HCMV
pUL53 and a component of the NEC) (12), it was hypothesized
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that pUL93 and pUL77 together (as the CVSC) are involved in
nuclear egress, and localization of pUL93 primarily to the nucleus
is in line with this hypothesis. We also found that pUL93 is asso-
ciated with purified virions and nuclear capsids (Fig. 3), which is
in agreement with a recent study (18). These data support an
important structural role for pUL93.

To determine if pUL93 interacts with pUL77, we performed
co-IP and IB in a transient-transfection setting. We found that
pUL93 interacted with pUL77 (Fig. 4B). To further investigate this
interaction, we tested the ability of pUL93 truncation mutations
to interact with pUL77 and found that multiple regions in pUL93
independently interacted with pUL77 (Fig. 4A and C to E). This
aroused our suspicion that pUL93 could be nonspecifically inter-
acting with pUL77; however, a very weak interaction with pUL96,
an unrelated protein, and no interaction with the Myc-expressing
empty vector verified the specificity of this pUL93-pUL77 inter-
action (Fig. 4B). It is also important to note that these interactions
were tested only in overexpression settings, not during infection.
Our findings are in agreement with two recent studies that also
found that pUL93 and pUL77 interact with each other (18, 31).
These data support the hypothesis that pUL93 interacts with
pUL77 to form a structure similar to the CVSC in other herpesvi-
ruses. The identity and structure of this complex are the subject of
further investigation in our laboratory.

During nuclear egress, the NEC in HCMV recruits viral pro-
tein kinase pUL97 for the dissolution of the nuclear lamina, and it
is the main entity involved in directing the budding of nucleocap-
sids through the nuclear membrane for primary envelopment and
eventual egress of nucleocapsids from the nucleus (9, 10). The
factors involved in the movement of nucleocapsids from the site of
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viral DNA packaging to the INM are not well understood, butina
recent study it was proposed that this movement occurs by diffu-
sion of nucleocapsids rather than by directed movement (32).
Given that the homologs of pUL93 and pUL77 in HSV-1 and PRV
are known to interact to form the CVSC and that they individually
interact with a component of the NEC in HSV-1, it has been hy-
pothesized that the CVSC is responsible for the selection of cap-
sids at the INM for nuclear egress (5, 12). To test the possibility of
an interaction between pUL93 and the NEC during infection, we
used co-IP and IB experiments. We demonstrate that pUL93 in-
teracted with both components of the NEC in HCMV (pUL50 and
pUL53) (Fig. 5A and B). It is worth noting that in HSV-1, both
pUL17 and pUL25 interact with pUL31, but neither pUL17 nor
pUL25 interacts with pUL34 (homolog of HCMV pUL50), which
is responsible for nuclear membrane tethering (12). Interestingly,
we also found that pUL93 interacted with pUL97 (Fig. 5C). We
were unable to detect an interaction between pUL93 and lamin
A/C (Fig. 5D), suggesting that pUL93 is not directly responsible
for tethering of nucleocapsids to the nuclear lamina but would
probably use an NEC interaction mechanism for this purpose, as
reported for other herpesviruses (33—35). Given that these studies
were done in an infection setting, it is possible that these are not
direct interactions and might require additional factors present
only during infection.

Given our findings that pUL93 interacted with pUL77 and also
with several components of the NEC, we hypothesize that pUL93
and pUL77 interact to form a complex at the capsid surface that
then interacts either directly or indirectly with pUL97, pUL50, and
pUL53 to aid in nuclear egress. pUL93 is an essential structural
protein, and targeting structural proteins has been shown to avoid
the development of resistance (36). Once we know more about the
interaction surfaces in play, novel tools such as nanobiotechnol-
ogy (37) can be used to target those activities. Further studies are
needed to establish the presence of a CVSC-like structure on
HCMYV nucleocapsid vertices and to delineate its roles in nucleo-
capsid stability and nuclear egress.
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