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The Human Cytomegalovirus (HCMV) Tegument Protein UL94 Is
Essential for Secondary Envelopment of HCMV Virions

Stacia L. Phillips and Wade A. Bresnahan

Department of Microbiology and the Institute for Molecular Virology, University of Minnesota, Minneapolis, Minnesota, USA

Human cytomegalovirus (HCMYV) virions are structurally complex, and the mechanisms by which they are assembled are poorly
understood. However, several tegument proteins are known to be essential for proper particle assembly and maturation. Despite
intense investigation, the function of many tegument proteins remains unknown. The HCMV UL94 gene is conserved among all
herpesviruses and encodes a virion protein of unknown function. We demonstrate here that UL94 is a tegument protein that is
expressed with true-late kinetics and localizes to the viral assembly complex during infection. To elucidate the function of UL94,
we constructed a UL94-null mutant, designated UL94stop. This mutant is completely defective for replication, demonstrating
that UL94 is essential. Phenotypic analysis of the UL94stop mutant shows that in the absence of UL94, viral gene expression and
genome synthesis occur at wild-type levels. However, analysis of the localization of viral proteins to the cytoplasmic assembly
complex shows that the essential tegument protein UL99 (pp28) exhibits aberrant localization in cells infected with the
UL94stop mutant. Finally, we show that there is a complete block in secondary envelopment in the absence of UL94. Taken to-
gether, our data suggest that UL94 functions late in infection to direct UL99 to the assembly complex, thereby facilitating sec-

ondary envelopment of virions.

H uman cytomegalovirus (HCMV) is a ubiquitous member of
the betaherpesvirus family. HCMV infection is predomi-
nantly asymptomatic in healthy individuals but can cause severe
disease in individuals with compromised immune function.
Moreover, HCMYV poses a significant threat to neonates and is the
leading infectious cause of birth defects in the United States (17).

HCMV is the largest of the human herpesviruses, with a >230-
kbp DNA genome that has been estimated to encode more than
200 open reading frames (ORFs) (15, 16). The HCMV particle is
composed of a DNA-containing nucleocapsid, a surrounding
layer of virally encoded proteins referred to as the tegument, and a
host-derived envelope containing virally encoded glycoproteins.
Assembly of these structurally complex particles is poorly under-
stood. This is especially true of the cytoplasmic phase of virion
assembly, which includes the majority of tegument acquisition as
well as final envelopment.

Many HCMYV tegument and glycoproteins localize late in in-
fection to a unique juxtanuclear structure that is referred to as the
assembly complex (21). The assembly complex is formed through
a dramatic relocalization of various components of the cellular
secretory apparatus and is thought to be the site of final virion
assembly and envelopment (4, 5, 21). While the formation of the
assembly complex is a well-documented phenomenon, the subse-
quent events that result in the formation of mature virus particles
remain elusive. Abundant viral structural proteins that are known
to accumulate at the assembly complex include the tegument pro-
teins UL32 (pp150) and UL99 (pp28), as well as the glycoproteins
gB, gH, and gM:gN (9, 21, 22, 25). Phenotypic analysis of viral
mutants lacking UL32 or UL99 demonstrate that the assembly
complex forms normally in the absence of these proteins but that
final particle maturation does not occur, indicating that these teg-
ument proteins play essential roles in virion assembly (1, 26).

Although the mechanisms of tegumentation and viral assem-
bly are not well understood, these processes are thought to be
mediated at least in part by protein-protein interactions. Our lab
and others have reported an interaction between the tegument
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proteins UL94 and UL99 (7, 11, 18, 30). UL99 is essential for the
acquisition of the viral envelope in the cytoplasm. However, the
function of UL94 is unknown (23, 26). UL94 is a core herpesvirus
gene that is conserved among all members of the herpesvirus fam-
ily. UL94 was previously shown to be expressed with true-late
kinetics and to partition exclusively to the nuclear fraction of in-
fected cells, suggesting a potential role in the regulation of viral or
cellular gene expression (33).

We sought to further characterize UL94 and investigate its
function during HCMYV infection. We confirm that UL94 is ex-
pressed with true-late kinetics. However, we found that UL94 lo-
calizes almost exclusively to a juxtanuclear structure during infec-
tion that is consistent with the assembly complex. We also
constructed a UL94-null mutant, designated UL94stop. The
UL94stop mutant is completely defective for growth, demonstrat-
ing that UL94 is essential for HCMV replication. The UL94 mu-
tant virus shows no defect in viral gene expression or genome
synthesis, suggesting that UL94 functions during the late phase of
infection, subsequent to DNA replication. Analysis of the subcel-
lular localization of viral proteins to the assembly complex late in
infection shows that while several structural proteins localize nor-
mally, UL99 displays aberrant localization in the absence of UL94.
Finally, we show that there is an accumulation of nonenveloped
capsids in the cytoplasm of cells infected with the UL94stop mu-
tant. These data suggest that UL94 functions at least in part to
direct the proper localization of UL99 to the assembly complex, a
step that is necessary for secondary envelopment of virions.
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MATERIALS AND METHODS

Cell culture and virus infections. Human foreskin fibroblast (HFF) cells
were cultured in Dulbecco modified Eagle medium supplemented with
10% (vol/vol) fetal calf serum (HyClone), 100 U of penicillin/ml, and 100
g of streptomycin/ml in an atmosphere of 5% CO, at 37°C. All infections
were carried out with HCMV strain ADCREGFP derived from AD169 (2).
For infections, HFF cells were infected for 2 h at 37°C. After a 2-h incu-
bation period, the infection inoculum was removed and replaced with
fresh complete medium.

Western blotting. Total protein was harvested from HFF cells by
trypsinization, centrifugation, and lysis in radioimmunoprecipitation as-
say lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 0.4 mM EDTA, 1%
Ipegal, 0.1% sodium dodecyl sulfate [SDS], 0.5% deoxycholate) contain-
ing protease inhibitor cocktail (Roche). Protein concentration was deter-
mined by the method of Bradford. Lysates were boiled in 2X SDS sample
buffer (62.5 mM Tris-HCI [pH 6.8], 2.5% SDS, 20% glycerol, 1%
B-mercaptoethanol). Proteins were separated by SDS-PAGE on 10%
polyacrylamide gels and transferred to nitrocellulose membranes (What-
man Optitran). Membranes were blocked in 5% nonfat dry milk and
probed with primary and secondary antibodies. Immunoreactive proteins
were detected by the ECL chemiluminescence system (Thermo).

Antibodies. The following antibodies used for Western blotting were
obtained from commercial sources: mouse a-HA (16B12; Covance),
mouse a-UL94 (6]8; Santa Cruz Biotechnology), rabbit a-dsRed (632496;
Clontech), mouse a-UL99 (1207; Rumbaugh-Goodwin Institute), mouse
a-UL44 (1202S; Rumbaugh-Goodwin Institute), mouse alE1/2 (1203;
Rumbaugh-Goodwin Institute), mouse a-gB (1201; Rumbaugh-
Goodwin Institute), mouse a-EEA1 (14; BD Transduction Labs), and
mouse a-tubulin (TU-02; Santa Cruz Biotechnology). Rabbit a-UL86
was kindly provided by W. Gibson (Johns Hopkins) and has been previ-
ously described (8). Mouse a-UL32 (36-14) was kindly provided by W.
Britt (University of Alabama at Birmingham) and has been previously
described (21). The following horseradish peroxidase-conjugated second-
ary antibodies were used for chemiluminescent detection: goat a-mouse
IgG (Molecular Probes), goat a-mouse IgM (Chemicon), and goat
a-rabbit IgG (Zymax). Alexa 546-conjugated Fab2 goat a-mouse (Molec-
ular Probes) was used for immunofluorescence analysis.

Trypsin digestion of purified virions. HFF cells were infected at a
multiplicity of 0.1 PFU/cell and supernatant was collected 14 days postin-
fection when 100% cytopathic effect (CPE) was observed. Cellular debris
was removed by centrifugation at 1,500 rpm for 5 min. Supernatant was
further cleared by centrifugation at 20,000 rpm for 1 h on a 20% sucrose
cushion. Supernatant was decanted, and pelleted virus was resuspended in
phosphate-buffered saline (PBS). Equal aliquots of purified virus were
subjected to treatment with 1% Triton X-100, 1 ug of trypsin, or both at
37°C for 1 h in digest buffer (50 mM Tris [pH 7.5], 100 mM NaCl).
Trypsin inhibitor was added to stop the reactions, and an equal volume of
2X SDS sample buffer was added prior to Western blot analysis.

Recombinant virus generation. pADCREGFP-UL9%4stop and
PADCREGFP-UL94repair bacterial artificial chromosomes (BACs) were
generated using a two-step linear recombination protocol in SW105 Esch-
erichia coli as previously described (19, 32). pADCREGFP-UL94stop was
generated via a single nucleotide substitution to introduce a premature
stop codon after the seventh codon in the UL94 ORF. The first step in
generating pADCREGFP-UL94stop was recombination between the
HCMYV wild-type pADCREGFP BAC (2) and a linear PCR fragment con-
taining a GalK marker cassette flanked by 50-bp UL94 homology arms.
The GalK linear fragment was obtained by PCR using the pGalK plasmid
as a template (32) and the oligonucleotide primers UL94stopGalK5' (5'-
TTGCCGTCTCTTCGCGCGTCACTCTTCATGGCTTGGCGCAGCGG
GCTTTGCCTGTTGACAATTAATCATCGGCA-3") and UL94stopGalK3’
(5'-AGCTTCCACATGCATTCCTCTTGCAAGAACTGCTTCAAAGTT
CTGGAATCTCAGCACTGTCCTGCTCCTT-3"). The first recombina-
tion step resulted in insertion of the GalK cassette after nucleotide 136375
of the AD169 genome (RefSeq X17403.1) downstream of the UL94 start
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codon to generate pADCREGFPGalKUL94. Recombinants containing
the GalK cassette were selected on M63 minimal medium with galactose,
leucine, biotin, and chloramphenicol, followed by selection on Mac-
Conkey agar plates with galactose and chloramphenicol. BACs were fur-
ther screened by restriction enzyme analysis. A second recombination
step to replace the GalK cassette was carried out using double-stranded
oligonucleotides containing a C-to-A mutation at nucleotide 136376 of
the genome (RefSeq X17403.1). The oligonucleotides UL94stop sense (5'-
GCGGCTTTGCCGTCTCTTCGCGCGTCACTCTTCATGGCTTGGCG
CAGCGGGCTTTGAGAGACCGATTCCAGAACTTTGAAGCAGTTCT
TGCAAGAGGAATGCATGTGGAAGCTGGTCGG-3") and UL94stopAS
(5'"-CCGACAGCTTCCACATGCATTCCTCTTGCAAGAACTGCT
TCAAAGTTCTGGAATCGGTCTCTCAAAGCCCGCTGCGCCAAGCC
ATGAAGAGTGACGCGCGAAGAGACGGCAAAGCCGC-3") were an-
nealed, purified, and transformed into competent SW105 E. coli cells con-
taining pADCREGFPGalKUL94. Recombinants were selected on
2-deoxy-galactose minimal agar plates to counterselect for GalK. The re-
sulting recombinant BACs were screened by restriction enzyme digestion
and PCR. Insertion of the premature stop codon was verified by DNA
sequencing.

PADCREGFP-UL%4repair was generated as described above using
PADCREGFP-UL94stop as the parental BAC. The GalK cassette was am-
plified with the oligonucleotide primers UL94repGalK5' (5'-TTGCCGT
CTCTTCGCGCGTCACTCTTCATGGCTTGGCGCAGCGGGCTTTGC
CTGTTGACAATTAATCATCGGCA-3") and UL94repGalK3’ (5'-AGCT
TCCACATGCATTCCTCTTGCAAGAACTGCTTCAAAGTTCTGGAA
TCTCAGCACTGTCCTGCTCCTT-3"). Insertion of the GalK cassette by
recombination with pADCREGFP-UL94stop resulted in generation of
PADCREGFP-UL94repairGalK BAC. The GalK cassette was subsequently
removed by recombination of pADCREGFPUL94repairGalK with
double-stranded oligonucleotides UL94repair sense (5'-GCGGCTTTGC
CGTCTCTTCGCGCGTCACTCTTCATGGCTTGGCGCAGCGGGCTT
TGCGAGACCGATTCCAGAACTTTGAAGCAGTTCTTGCAAGAGGA
ATGCATGTGGAAGCTGGTC-3") and UL94repair AS (5'-GACCAGCT
TCCACATGCATTCCTCTTGCAAGAACTGCTTCAAAGTTCTGGAA
TCGGTCTCGCAAAGCCCGCTGCGCCAAGCCATGAAGAGTGACG
CGCGAAGAGACGGCAAAGCCGC-3"). The resulting recombinant
BACs were screened by restriction enzyme digest and PCR. Insertion of
the wild-type UL94 sequence was verified by DNA sequencing. Recombi-
nant viruses were generated by transfecting ~1 g of BAC DNA and 5 ug
of pCGN-pp71 expression plasmid into 5 X 10° HFF cells via electropo-
ration (950 uF, 260 V). Cells were plated, and infectious virus was har-
vested when 100% CPE was observed. Infectious titers for all viruses were
determined by plaque assay on HFF or UL94 complementing HFF cells.

Complementation of UL94stop mutant. The UL94stop mutant virus
was propagated in cells transduced with LEX lentivirus (Open Biosys-
tems) expressing HAUL94. HAUL94 was cloned into the BamHI and
Xhol sites of the LentiORF pLEX-MCS vector. The resulting HAUL94
pLEX plasmid was transfected into 293T cells with packaging mix using
the Profection mammalian transfection system (Promega). Lentivirus
was harvested at 48 and 72 h posttransfection, passed through 0.45-pum-
pore-size filters, and used directly or stored at —80°C until transduction.
To generate complementing cells, HFFs were transduced with HAUL94-
LEX in the presence of 8 ug of Polybrene/ml.

Analysis of viral DNA replication. A total of 10° HFF cells were
plated per well in 12-well culture dishes. Cells were infected with
ADCREGFPUL94HA (UL94HA virus) or ADCREGFPUL%4stop (UL94stop
virus) at a multiplicity of 0.01 PFU/cell. Cells were harvested and lysed in
Southern blot lysis buffer (0.5% SDS, 25 mM EDTA, 100 mM NacCl, 10
mM Tris [pH 8], 100 pg of proteinase K/ml) and spiked with 100 ng of
pGalK plasmid (NCI). Lysates were incubated at 37°C for 2 h, followed by
sequential phenol and chloroform-isoamyl alcohol extractions. DNA was
precipitated with 100% ethanol and washed with 70% ethanol. Pellets
were rehydrated in water, and 100 ng was used for detection of viral
genomes by real-time PCR. Real-time PCR was performed with Quanti-
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FIG 1 Detection of UL94 fusion proteins in infected cell lysates. HFF cells
were mock infected or infected at a multiplicity of 3 PFU/cell with wild-type,
UL94HA, or UL94mCherry virus. Total protein was harvested at 72 h postin-
fection, and lysates were analyzed for UL94 expression. Western blots were
probed with a-HA antibody (A) a-dsRed antibody, which also recognizes
mCherry (B) or a-UL94 antibody clone 6]8 (C).

a-mCherry

Fast SYBR green PCR mix (Qiagen) on the iQ5 real-time PCR detection
system (Bio-Rad). Viral genomes were detected by amplification of the
UL44 ORF with the primers 5'-CAGCTGCACGTTGATACGCATGT
T-3"and 5'-TCCACCGGCCATCAAGTTTATCCT-3'. GalK plasmid was
detected using the primers 5'-TCTCATGCCTCTATGCGCGATGAT-3’
and 5'-CACCTTTGTCGCCAATCACAGCTT-3". Viral DNA present in
each sample was calculated by comparison to a standard curve prepared
from a viral DNA sample of a known concentration. The data were nor-
malized to the levels of GalK plasmid in each sample to account for vari-
ation in DNA yield during purification.

Immunofluorescence analysis. HFF cells on glass coverslips were
washed in PBS and then fixed in 4% paraformaldehyde in PBS at room
temperature for 20 min. Fixed cells were washed and permeabilized in
PBS-T (PBS, 0.05% Tween 20, 0.1% Triton X-100). Cells were blocked
with PBS-T plus 0.5% bovine serum albumin plus 1% goat serum for 30
min, followed by sequential incubation with primary and secondary an-
tibodies in a humidified chamber at 37°C. The cells were incubated with
Hoechst stain to visualize nuclei and mounted in 90% glycerol. Fluores-
cence was visualized on a Zeiss Axiovert 40 CFL microscope. Images were
taken using a Jenoptik ProgRes C10 Plus camera equipped with ProgRes
CapturePro v.2.8.0 software.

TEM analysis. A total of 10° HFF cells were infected at a multiplicity of
0.05 PFU/cell and processed for transmission electron microscopy (TEM)
120 h postinfection. Briefly, the cells were trypsinized, pelleted, and
washed in PBS. Pellets were rinsed in 0.1 M cacodylate buffer and fixed in
2.5% glutaraldehyde for 45 min at room temperature. Cells were washed
and postfixed in 1% osmium tetroxide for 30 min at room temperature.
Samples were dehydrated with increasing concentrations of ethanol from
30 to 100% and then infiltrated with increasing concentrations of Poly/
Bed 812 resin. Samples were embedded by curing at 40° for 24 h, followed
by 60°C for 48 h prior to sectioning for TEM. Embedded samples were cut
into 65-nm-thick sections and stained with uranyl acetate and lead citrate.
Samples were imaged using a JEOL 1200-EXII transmission electron mi-
croscope, and images were acquired using Olympus iTEM imaging plat-
form software.

RESULTS

Characterization of epitope-tagged UL94 protein in infected
cells. Several antibodies raised against UL94 are commercially
available. All of these antibodies were raised against a peptide an-
tigen corresponding to amino acids 26 to 40 of UL94. We tested
three different UL94 antibody clones and found that none of them
specifically recognized UL94 (Fig. 1C and data not shown). There-
fore, to characterize the expression and localization of UL94 dur-
ing infection, we generated recombinant viruses that express
UL94 with a C-terminal hemagglutinin (HA) tag, designated
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UL94HA virus (18), or UL94 fused to the fluorescent mCherry
protein, designated UL94mCherry virus. To verify UL94 expres-
sion from these recombinant viruses, HEF cells were infected with
wild type, UL94HA, or UL94mCherry virus. Cell lysates were har-
vested at 72 h postinfection and assayed for UL94 expression by
Western blotting with an antibody directed against HA, dsRed
(mCherry), or UL94 (Santa Cruz Biotechnology, clone 6]8). We
were able to detect UL94 with either the HA or dsRed antibody,
and these proteins migrated at the expected molecular masses of
39 and 66 kDa, respectively (Fig. 1A and B). In contrast, when an
identical blot was incubated with an antibody raised against a
peptide antigen corresponding to amino acids 26 to 40 of UL94,
we were only able to detect an ~72-kDa band (Fig. 1C). Because
we do not observe the expected size shift corresponding to the
fusion of the HA tag or mCherry to the C terminus of UL94, it is
likely that the UL94 6]8 antibody is recognizing an infected cell
protein other than UL94. Two other commercial antibodies raised
against an identical peptide were also tested, and neither antibody
specifically detected UL94 (data not shown). The UL94HA virus
replicates to wild-type levels (see Fig. 5A). Therefore, we used the
UL94HA virus as the wild-type virus in all experiments designed
to characterize UL94 during infection.

UL94 is expressed with true-late kinetics and displays differ-
ential localization in transfected and infected cells. UL94 was
previously reported to be expressed with true-late kinetics based
on Northern blot analysis of UL94 transcript (33). We sought to
confirm these results by analyzing the expression of UL94 protein.
Therefore, we performed Western blot analysis of infected-cell
lysates over a time course of infection. HFF cells were infected with
UL94HA virus at a multiplicity of 3 PFU/cell, and total protein was
harvested every 24 h for 5 days. Infected cells were also incubated
in the presence of phosphonoacetic acid (PAA) to inhibit viral
DNA synthesis. Proteins were separated by SDS-PAGE and sub-
jected to Western blot analysis for expression of representative
immediate-early (IE1/2), early (UL44), and late (UL99) genes, as
well as UL94 (HA). UL94 was first detected at 48 h postinfection,
and its expression continued to increase over the next 48 h (Fig.
2A). In addition, the expression of UL94 was completely inhibited
by the addition of PAA to the growth medium (Fig. 2A, lane 5).
These data confirm that UL94 is a true-late gene and demonstrate
that the addition of the HA tag to the C terminus of UL94 does not
affect its expected expression kinetics.

UL94 is thought to be virion-associated based on proteomic
analysis of HCMYV particles. To establish whether UL94 is a tegu-
ment protein, HFF cells were infected with UL94HA virus and
supernatant was collected when 100% CPE was observed. Virus
particles were purified, incubated with trypsin and/or Triton
X-100, and assayed by Western blotting for the presence of UL94.
As shown in Fig. 2B, UL94 remains associated with the particle
after treatment with Triton X-100 (lane 1) or when particles are
exposed to trypsin alone (lane 3). However, when particles are
treated with both detergent and protease, UL94 is readily de-
graded (lane 2). The same results were observed when particles
were assayed for the abundant tegument protein UL83 (pp65).
Therefore, we conclude that UL94 is located within the tegument
layer of the virion and that the addition of the HA-tag to the C
terminus of UL94 does not prevent its packaging into HCMV
virions.

Previous reports analyzing the localization of UL94 in infected
cells described conflicting results regarding whether UL94 local-
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FIG 2 Characterization of UL94 protein. (A) UL94 is expressed with true-late
kinetics. HFF cells were infected with UL94HA virus at a multiplicity of 3
PFU/cell in the presence or absence of PAA, and total protein was harvested at
the indicated times postinfection. Cell lysates were analyzed by Western blot-
ting with the indicated antibodies. (B) UL94 is incorporated into the virion
tegument. Equal amounts of purified virions were subjected to treatment with
trypsin and/or Triton X-100 as indicated. Samples were analyzed for the pres-
ence of viral proteins by Western blotting. (C) UL94 exhibits a different pat-
tern of localization in transfected and infected cells. HFF cells were transfected
with HAUL94-pcDNA3.1 expression plasmid (top row) or infected at a mul-
tiplicity of 3 PFU/cell with UL94HA virus (bottom row). UL94 protein was
visualized by immunofluorescence staining with anti-HA antibody at 48 h
posttransfection or at 96 h postinfection.

izes to the cytoplasm or nucleus of infected cells (11, 33). There-
fore, we sought to determine the subcellular localization of UL94
in both transfected and HCMV-infected cells. HFF cells were
transfected with a plasmid expressing HA-tagged UL94, and im-
munofluorescence analysis with an a-HA antibody was per-
formed at 48 h posttransfection. In the absence of other viral pro-
teins, UL94 exhibits a diffuse pattern of localization that can be
seen in both the nucleus and the cytoplasm of transfected cells
(Fig. 2C, top row). To determine the localization of UL94 during
infection, HFF cells were infected with UL94HA virus at a multi-
plicity of 3 PFU/cell, and immunofluorescence analysis was per-
formed at 96 h postinfection. In contrast to the pattern of
localization observed in transfected cells, UL94 is detected pre-
dominantly in a juxtanuclear structure consistent with the viral
assembly complex during infection (Fig. 2C, bottom row). An
identical pattern of localization was observed with the
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FIG 3 Generation of UL94stop mutant BAC. (A) Schematic diagram of
genomic region containing UL94 and the strategy used to generate the
UL94stop BAC containing a premature stop codon from wild-type
ADCREGFP. (B) BAC DNA was isolated and digested with EcoRI. Digested
DNA fragments were separated by agarose gel electrophoresis. Arrows indicate
predicted fragments generated as a result of the desired recombination events.
(C) Wild-type or UL94stop BAC DNA was transfected into HFF cells. Spread
of infection was visualized 21 days postinfection by GFP expression from the
viral genome.

UL94mCherry fusion protein during infection (data not shown).
These results suggest that UL94 localizes to the assembly complex
late in infection and that this localization requires other infected-
cell proteins.

UL94 is essential for HCMYV replication. To investigate the
function of UL94 during infection, we generated a UL94-null mu-
tant which we have designated UL94stop. This mutant was gener-
ated through a single point mutation that introduces a premature
stop codon after the seventh codon of the UL94 ORF. Figure 3A
shows the region of the viral genome surrounding the UL94 ORF
and the recombination strategy used to generate the UL94stop
mutant. The UL93 ORF overlaps the 5" end of UL94 by 142 nu-
cleotides. Due to this overlap, we generated the UL94stop mutant
with a single C-to-A point mutation that introduces a premature
stop codon in UL94 without altering the amino acid sequence of
UL93. Figure 3B shows verification of the desired recombination
events by restriction digest analysis. The shifts in restriction frag-
ment sizes based on the proper recombination events are indi-
cated with arrows. Insertion of the GalK cassette results in a
1,333-bp increase in the size of the EcoRI fragment containing the
UL94 ORF. The GalK cassette was then removed by recombina-
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tion with double-stranded oligonucleotides containing the de-
sired mutation. The restriction pattern of the resulting UL94stop
BAC is identical to that of the parental ADCREGFP BAC. The
entire UL94 ORF in the UL94stop BAC was sequenced to confirm
the presence of the C-to-A point mutation and to verify that no
other mutations were incorporated into the UL94 gene. UL94stop
BAC DNA was cotransfected into HFF cells with a pp71 expres-
sion plasmid to determine whether UL94 is essential for viral rep-
lication. The spread of infection was then monitored by GFP ex-
pression from the ADCREGFP viral genome (2). Figure 3C shows
GFP expression in cell cultures 21 days posttransfection of either
wild-type or UL94stop BAC DNA. Cells transfected with the wild-
type BAC display significant CPE and >95% of the cells are GFP
positive by 21 days posttransfection due to the production of in-
fectious virus. In contrast, we are only able to detect single GFP-
positive cells in cultures transfected with the UL94stop BAC.
These individual GFP-positive cells represent those that were ini-
tially transfected with BAC DNA; however, there is no subsequent
spread of infection, indicating that no infectious virus is produced
from the UL94stop BAC. This result suggests that UL94 is essential
for HCMYV replication.

Complementation of the UL94stop mutant. Because UL94 is
likely essential for viral replication, we developed a complemen-
tation system that would allow us to propagate the UL94stop mu-
tant. To do this, we used a lentiviral system that allows for the
transduction of quiescent HFF cells. UL94 complementing HFF
cells were generated by transduction with lentivirus expressing
HA-tagged UL94. Expression of UL94 from transduced HFF cells
was verified by Western blot analysis with an a-HA antibody and
compared to the expression of UL94 from cells infected with the
UL94HA virus. The level of UL94 expressed from the UL94 com-
plementing HFF cells was significantly lower than the level of
UL94 present after infection with UL94HA virus (Fig. 4A, com-
pare lanes 2 and 3). However, upon infection of UL94 comple-
menting HFF cells with wild-type HCMV, we observe an induc-
tion in HAUL94 expression (Fig. 4A, compare lanes 3 and 4).
This effect is likely due to the action of viral proteins on the
CMV immediate-early promoter that is used to drive expres-
sion of UL94 from the lentivirus. However, even after induc-
tion, the levels of UL94 observed in the complementing cells
are still less than the levels of UL94 observed during infection
(compare lanes 2 and 4).

To generate a stock of the UL94stop virus, HFF cells were first
transfected with the UL94stop BAC. Cells were then transduced
with lentivirus expressing HA-tagged UL94 the day after BAC
transfection. Virus produced after BAC transfection was har-
vested when cells exhibited advanced CPE and then used to infect
a fresh culture of UL94 complementing HFF cells. The resulting
UL94stop virus titer was determined by plaque assay on UL94
complementing HFF cells. Although we were able to generate a
stock of the UL94stop virus, the complementation was inefficient.
The UL94stop virus spread very slowly compared to wild-type
virus and only produced titers of ~5 X 10> PFU/ml, ~3 logs lower
than the titers routinely obtained with wild-type virus. In addi-
tion, the UL94stop mutant formed plaques that were significantly
smaller in size than those produced by UL94HA virus by 14 days
after infection (Fig. 4B).

Once a stock of the UL94stop virus was obtained, we per-
formed growth curve analysis (Fig. 5). HFF cells were infected
with wild type, UL94HA, UL94stop, or UL94repair viruses at a
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FIG 4 Complementation of UL94stop mutant. (A) Western blot analysis of
HAUL94 expression in UL94 complementing cells. Normal HFF or comple-
menting HAUL94 HEFF cells were either mock infected (lanes 1 and 3) or
infected with UL94HA virus (lane 2) or wild-type virus (lane 4). Total protein
was harvested 72 h postinfection and analyzed for expression of HA-tagged
UL%4. (B) Plaques formed 14 days postinfection by UL94HA virus (left) or
UL%4stop virus (right) on complementing HAUL94 HFF.

multiplicity of 0.01 PFU/cell. Total virus was harvested at the in-
dicated times postinfection, and virus titers were determined by
plaque assay on UL94 complementing HFF cells. We were unable
to detect any infectious virus from cells infected with the
UL94stop mutant at any time postinfection (Fig. 5, filled trian-
gles), confirming that UL94 is essential for replication. However,
when the UL94stop mutation is repaired, the resulting UL94repair
virus replicates to levels similar to those for the wild type (Fig. 5,
open triangles). This result demonstrates that the growth defect of
the UL94stop mutant can be attributed specifically to the muta-
tion in UL94 and is not due to a secondary mutation elsewhere
in the viral genome. The UL94HA virus also replicates to wild-
type levels, demonstrating that the addition of the HA tag to the C
terminus of UL94 does not interfere with the essential function of
UL94 (Fig. 5, open circles).

UL94 is not required for viral gene expression or genome
replication. We next sought to determine where the block in viral
replication occurs following infection with the UL94stop virus.
We first examined the kinetics of viral gene expression in cells
infected with the UL94stop mutant. HFF cells were infected with
UL94HA or UL94stop virus at a multiplicity of 0.01 PFU/cell, and
total protein was harvested at the indicated times following infec-
tion. Cell lysates were analyzed for expression of representative
viral immediate-early (IE1/2), early (UL44), and late (UL86) pro-
teins by Western blotting. We observed no defect in the kinetics of
immediate-early, early, or late gene expression in cells infected
with the UL94stop mutant compared to the UL94HA virus (Fig.
5B). We did observe a modest increase in viral protein levels at late
times in cells infected with the UL94HA virus compared to the
UL94stop mutant. However, this is likely due to viral spread in
cells infected with the UL94HA virus, whereas the UL94stop mu-
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FIG 5 Characterization of UL94stop phenotype. (A) The UL94stop virus is
completely defective for replication. HFF cells were infected with wild-type
virus (@), UL94HA virus (O), UL94 stop virus (V¥), or UL94 repair virus (V)
at a multiplicity of 0.01 PFU/cell. Total virus (cells and supernatant) was har-
vested at the indicated days postinfection. Harvested virus titers were deter-
mined by plaque assay on HAUL94 complementing cells. (B) Expression of
viral proteins over a time course of infection. HFF cells were infected with
UL94HA virus or UL94stop virus at a multiplicity of 0.01 PFU/cell, and total
protein was harvested at the indicated times postinfection. Viral proteins were
analyzed by Western blotting with the indicated antibodies. (C) Quantitative
PCR analysis of viral genome replication over time. HFF cells were infected
with UL94HA virus (O) or UL94stop virus (@) at a multiplicity of 0.01 PFU/
cell, and total DNA was harvested at the indicated times postinfection. Accu-
mulation of viral DNA was analyzed by quantitative PCR. The results were
normalized for both input DNA and variations in DNA recovery introduced
during purification. Picograms of viral DNA present in each sample were cal-
culated from a standard curve prepared from purified viral DNA of a known
concentration.

tant is unable to produce infectious virus. These results suggest
that the absolute growth defect of the UL94stop mutant is not due
to a global defect in viral gene expression.

We also analyzed the kinetics and levels of viral genome repli-
cation in both UL94HA and UL94stop virus-infected cells. HFF
cells were infected at a multiplicity of 0.01 PFU/cell, and total
DNA was harvested at the indicated times postinfection. Purified
DNA was subjected to real-time PCR analysis for levels of
viral DNA. The results were normalized for both input DNA and
variations in DNA recovery during purification. Picograms of vi-
ral DNA present in each sample were calculated from a standard
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FIG 6 Immunofluorescence analysis of the viral assembly complex. HFF cells
were infected with UL94HA or UL94stop virus at a multiplicity of 0.01 PFU/
cell. Cells were fixed 120 h postinfection, and immunofluorescence analysis
was performed with the indicated antibodies to visualize viral proteins (A) or
cellular EEA1 (B). Proteins were visualized using an Alexa 546-conjugated
secondary antibody (red). Nuclei are stained with Hoechst (blue). Infected
cells are indicated by GFP expression from viral genome.

curve prepared from purified viral DNA of a known concentra-
tion. The kinetics and levels of viral genome synthesis are nearly
identical for both UL94HA and UL94stop virus infections (Fig.
5C). This result suggests that UL94 does not play an essential role
in viral DNA replication.

UL94 directs the proper localization of UL99 to the assembly
complex. Many viral tegument proteins function in assembly by
directing proper tegumentation, capsid trafficking, and envelope
acquisition at the assembly complex in the cytoplasm (1, 20, 23,
24,26, 28, 29). We therefore sought to characterize the phenotype
of the assembly complex with respect to the localization of viral
proteins in cells infected with the UL94stop mutant. HFF cells
were seeded on glass coverslips and infected at a multiplicity of
0.01 PFU/cell with either UL94HA or UL94stop virus. Cells were
fixed and stained for immunofluorescence analysis of viral pro-
teins 120 h postinfection (Fig. 6A). In cells infected with UL94HA
virus we observed the expected localization pattern of UL94,
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UL32, gB, and UL99 to the juxtanuclear viral assembly complex
(Fig. 6A). We saw a similar localization of UL32 and gB to the
assembly complex in cells infected with the UL94stop virus. Inter-
estingly, we observed a dramatic difference in the localization of
UL99 following infection with the UL94stop mutant. In contrast
to the juxtanuclear localization observed in cells infected with the
UL94HA virus, UL99 remained predominantly diffuse through-
out the cytoplasm in cells infected with the UL94stop mutant.

The assembly complex is composed of many components of
the cellular secretory apparatus including early endosomes. To
determine whether cellular components of the assembly complex
localize properly in the absence of UL94, we determined the local-
ization of the cellular early endosomal marker EEAL1 in cells in-
fected with the UL94stop mutant (Fig. 6B). Infected cells are in-
dicated by GFP expression from the viral genome. In cells infected
with either UL94HA virus (top row) or UL94stop virus (bottom
row), early endosomes become reoriented and accumulate at the
juxtanuclear assembly complex as previously described (3-5). In
contrast, early endosomes in uninfected cells are observed
throughout the cytoplasm. These results show that the reorienta-
tion of early endosomes to the assembly complex does not require
UL94. Taken together, these data suggest that the absence of UL94
does not result in a global defect in the formation of the assembly
complex, but rather that UL94 is required specifically for the
proper localization of UL99.

UL94 is required for virion envelopment in the cytoplasm.
To determine the ultrastructural morphology of virus particles in
the absence of UL94, we performed TEM analysis. HFF cells were
infected with UL94HA or UL94stop virus at a multiplicity of 0.05
PFU/cell, and the cells were collected for TEM analysis at 120 h
postinfection. Images of thin sections were collected at a final
magnification of X20,000 (Fig. 7). We observed similar numbers
of empty and DNA-containing capsids in the nuclei of both
UL94HA and UL94stop virus-infected cells, suggesting that there
is no defect in capsid formation or DNA packaging in the absence
of UL94 (Fig. 7A). The cytoplasm of cells infected with both
UL94HA and UL94stop virus also contained both empty (Fig. 7B,
black arrowheads) and DNA-containing capsids (Fig. 7B, white
arrows). The majority of cytoplasmic particles in both UL94HA
and UL94stop virus-infected cells appeared to be surrounded by a
layer of tegument proteins based on their thickness compared to
nuclear capsids, suggesting that the initial steps involved in tegu-
ment acquisition do not require UL94. We also observed a >3-
fold increase in the total number of capsids in the cytoplasm of
UL94stop-infected cells compared to cells infected with UL94HA
virus. Importantly, we were able to readily detect fully enveloped
virions in cells infected with the UL94HA virus (Fig. 7B, black
arrows). Approximately 10% of all cytoplasmic particles in
UL94HA virus-infected cells were surrounded by an envelope.
However, we were unable to detect any enveloped virions in cells
infected with the UL94stop mutant. Numerous infected cell sec-
tions were examined and after counting more than 600 cytoplas-
mic capsids in cells infected with the UL94stop virus, we were
unable to detect a single enveloped virion. We also observed large
spherical electron-dense structures in the cytoplasm of cells in-
fected with the UL94stop mutant that were enlarged compared to
those found in the cytoplasm of cells infected with the UL94HA
virus. Immature particles formed by the UL94stop mutant were
often found on the periphery of these structures but did not ac-
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quire an envelope. These results suggest that there is a complete
block in secondary envelopment in the absence of UL94.

DISCUSSION

The mechanisms that facilitate the assembly of mature HCMV
particles in the cytoplasm of infected cells remain poorly under-
stood. Although the events that result in virion maturation remain
largely undefined, many reports have demonstrated a role for teg-
ument proteins in virion assembly. Our lab and others have re-
ported an interaction between the tegument proteins UL99
(pp28) and UL9%4 (7, 11, 18, 30). We have previously demon-
strated that this interaction occurs at late times in infection, when
infectious progeny are being produced (18). UL99 localizes to the
viral assembly complex and is essential for secondary envelop-
ment of virions in the cytoplasm (22, 23, 26). In the absence of
UL99, partially tegumented but nonenveloped capsids accumu-
late in the cytoplasm, and no extracellular infectious virus is pro-
duced. Localization of UL99 to the cytoplasmic assembly complex
is essential for virus replication and requires the expression of
other late viral proteins (23, 25). In contrast, despite being a con-
served herpesvirus core gene, little is known about UL94, and its
function during infection has not been investigated. Mutagenesis
of the HCMV genome has suggested that UL94 is either essential
or augmenting depending on the mutagenesis strategy used (6,
35). Further, overlap of ORFs and the presence of coterminal tran-
scripts in the region of the viral genome in which UL94 is located
complicate the interpretation of results obtained with these mu-
tants. The role of UL94 for HCMV replication has never been
tested by the generation of a specific UL94-null mutant. There-
fore, we sought to characterize UL94 and determine whether it is
required for HCMYV replication.

To circumvent the lack of a specific UL94 antibody, we gener-
ated a recombinant virus that expresses UL94 with a C-terminal
HA tag (18). This virus expresses a protein of the predicted mo-
lecular weight and replicates to wild-type levels (Fig. 1A and 5A).
Using the UL94HA virus, we demonstrate that UL94 is a tegument
protein that is expressed with true-late kinetics (Fig. 2A and B).
We also used this virus to determine the subcellular localization of
UL94 in infected cells. Interestingly, we observed a dramatically
different pattern of UL94 localization in transfected cells com-
pared to infected cells (Fig. 2C). Whereas UL94 was found
throughout both the nucleus and the cytoplasm of transfected
cells, we found that UL94 localizes almost exclusively to the viral
assembly complex during infection. This demonstrates that the
proper localization of UL94 in infected cells requires other
infected-cell proteins.

To elucidate the function of UL94 during infection, we gener-
ated a UL94-null virus designated UL94stop. The UL94stop mu-
tant is completely defective for replication, which necessitated the
development of a complementation system for propagating the
mutant virus. We utilized a UL94 lentivirus complementation sys-
tem to generate HFF cells that stably express HA-tagged UL94.
UL94stop virus grown on complementing cells only replicated to
titers of ~5 X 10° PFU/ml. The reason for this poor complemen-
tation is unknown. Analysis of the localization of UL94 and UL99
in UL94 complementing cells infected with the UL94stop mutant
indicates that both proteins localize properly to the assembly com-
plex in these cells, suggesting that the low level of complementa-
tion achieved is not due to improper localization of UL94 or UL99
(data not shown). The most likely explanation is that poor com-
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FIG 7 TEM analysis of cells infected with UL94HA or UL94stop virus. HFF cells were infected with UL94HA or UL94stop virus at a multiplicity of 0.05 PFU/cell.
Cells were fixed and processed for TEM 120 h postinfection as described in Materials and Methods. Representative infected cell nuclear (A) or cytoplasmic (B)
regions are shown. Black arrows indicate enveloped virions. White arrows indicate DNA-containing capsids. Black arrowheads indicate empty capsids. Images
were taken at a final magnification of X20,000. Insets show magnified regions containing enveloped, empty, and DNA-containing capsids.
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plementation is due to the decreased level of UL94 protein ex-
pressed in the complementing cells compared to the levels of UL94
achieved during infection (Fig. 4A). Another possibility is that
poor complementation results from constitutive expression of
UL94 in the complementing cells. Viral gene expression is pre-
cisely controlled, and many structural proteins are expressed with
true-late kinetics, meaning that their expression is tightly sup-
pressed until after the onset of viral DNA synthesis. Late viral
proteins expressed constitutively in the host cell are therefore tem-
porally dysregulated and may not complement properly or per-
haps may even interfere with normal viral replication. Other
groups have also reported difficulty in complementing HCMV
mutants of essential viral structural proteins (1, 26). Interestingly,
the levels of complementation for the UL94stop mutant were sim-
ilar to those achieved for a UL99 deletion mutant (26).

Phenotypic analysis of the UL94stop mutant suggests that
UL94 functions late in infection, subsequent to viral DNA repli-
cation. The early phases of viral replication such as immediate-
early and early viral gene expression, as well as the synthesis of viral
DNA occur at wild-type levels in the absence of UL94 (Fig. 5B and
C). We also observe proper localization of the abundant viral pro-
teins UL32 (tegument) and gB (envelope) to the assembly com-
plex following infection with the UL94stop virus (Fig. 6A). Proper
formation of the assembly complex was further confirmed by
demonstrating reorientation of the early endosomal marker EEA1
to the juxtanuclear site of virion assembly (Fig. 6B). Interestingly,
we observe a dramatic defect in the localization of UL99 following
infection with the UL94stop mutant. In the absence of UL94,
UL99 fails to accumulate at the assembly complex and remains
largely diffuse throughout the cytoplasm. These results suggest
that UL94 functions at least in part to ensure the proper localiza-
tion of UL99 to the assembly complex where final virion envelop-
ment is thought to occur. These data are further supported by our
ultrastructural analysis, which shows that in the absence of UL94
there is a block in secondary virion envelopment, as indicated by
the complete absence of enveloped virions in the cytoplasm of
cells infected with the UL94stop virus (Fig. 7B). A very similar
phenotype was previously reported for cells infected with a UL99
deletion mutant (26). Taken together, our results suggest that
UL94 is required for the proper localization of UL99 to the assem-
bly complex, a step that is necessary for secondary envelopment of
virions.

Although we cannot rule out the possibility that UL94 directly
influences virion envelopment, we favor a model in which the
accumulation of unenveloped particles is secondary to the absence
of sufficient amounts of UL99 at the assembly complex. It has been
shown that the localization of UL99 to the assembly complex is
essential for HCMYV replication and that a mutant form of UL99
that traffics to but is not retained in the assembly complex shows a
defect in envelopment and delayed growth kinetics (23, 25). Fur-
ther, UL99 exhibits differential localization in transfected and in-
fected cells, associating with different cellular membranes in the
presence of other viral proteins (22, 25). These observations indi-
cate that other viral factors are required for the proper localization
of UL99 during infection. Based on the data presented here, we
propose that UL94 is the late viral protein that is essential for
trafficking of UL99 to the assembly complex.

UL94 and UL99 are both conserved across all members of the
herpesvirus family. Although their interaction is also conserved
(7,10, 11, 13, 27, 31), its functional significance remains unclear.
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In the case of herpes simplex virus type 1 (HSV-1), the interaction
between the UL94 homolog (UL16) and the UL99 homolog
(UL11) has been proposed to function in virion morphogenesis in
the cytoplasm (12, 14, 34). However, neither UL16 nor UL11 is
essential for HSV-1 replication, whereas HCMV lacking UL94 or
UL99 are completely defective for growth. Thus, it is likely that the
mechanisms of cytoplasmic virion assembly are different for
betaherpesviruses and alphaherpesviruses.

The data shown here represent the first report of a specific
function of the essential UL94 tegument protein during HCMV
infection. Our data suggest that UL94 is required for the proper
localization of UL99 to the cytoplasmic assembly complex, an
event ultimately necessary for final envelopment. Interestingly,
the phenotype of the UL94-null virus characterized in the present
study is virtually identical to that of a previously characterized
UL99 deletion mutant (26). Mutants lacking either UL94 or UL99
exhibit wild-type replication until the phase of cytoplasmic assem-
bly, during which unenveloped particles accumulate in the cyto-
plasm without subsequent envelope acquisition. Based on the fact
that UL94 and UL99 physically interact during infection, it is rea-
sonable to hypothesize that their interaction is required for the
proper localization of UL99 and thus for virus replication. How-
ever, we cannot rule out alternate mechanisms involving other
viral or cellular proteins in this process. For example, it is possible
that while the proper localization of UL99 requires UL94, the lo-
calization of UL94 may also be influenced by UL99. In addition,
the localization of each protein to the assembly complex may also
require one or more cellular proteins. We are currently investigat-
ing the functional significance of the interaction between UL94
and UL99 during HCMYV replication.
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