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Abstract

Herpesviruses encode multiple glycoproteins required for different stages of viral attachment,
fusion, and envelopment. The protein encoded by the human cytomegalovirus (HCMV) open
reading frame UL 116 forms a stable complex with glycoprotein H that is incorporated into virions.
However, the function of this complex remains unknown. Herein, we characterize R116, the rat
CMV (RCMV) putative homolog of UL116. Two R116 transcripts were identified in fibroblasts
with three proteins expressed with molecular weights of 42, 58, and 82 kDa. R116 is N-
glycosylated, expressed with late viral gene kinetics, and is incorporated into the virion envelope.
RCMYV lacking R116 failed to result in productive infection of fibroblasts and siRNA knockdown
of R116 substantially reduced RCMV infectivity. Complementation in #rans of an R116-deficient
virus restored ability of the virus to infect fibroblasts. Finally, UL116 knockdown also decreased
HCMYV infectivity indicating that R116 and UL116 both contribute to viral infectivity.
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Introduction

Human cytomegalovirus (HCMV) is ubiquitous in the human population, with primary
infections resulting in life-long infection. Although HCMV is generally mild or
asymptomatic in immunocompetent individuals, immunocompromised patients suffer severe
acute disease and /n utero infection can result in permanent neurological injuries [1]. In
addition, HCMV replication within transplanted tissues promotes chronic rejection and
affects patient and graft survival despite use of prophylactic anti-CMV strategies [2-5].
Therefore, the development of an effective HCMV vaccine remains a high-priority [6].
Previous vaccine candidates have targeted CMV envelope glycoproteins with varying
efficacy [7-10].

CMVs encode approximately 19 structural glycoproteins that are incorporated into the
mature virion. However, not all of these glycoproteins directly participate in the viral entry
process [11]. Glycoprotein B (gB), gH, gL, gM, gN, gO, UL128, UL130, and UL131A are
the most well characterized for their roles in virion assembly and the virus entry process.
These glycoproteins form several identified complexes (gB homotrimers, gM/gN,
gH/gL/g0O, and gH/gL/UL128/UL130/UL131A) that promote entry through either pH-
independent entry by macropinocytosis or membrane fusion, or pH-dependent entry via
endocytosis or macropinocytosis. Many cellular receptors have been proposed as having a
role in these HCMV entry processes, but further work remains to be done to detail the
mechanisms through which they promote entry [12,13].

The HCMV gB complex is a functional trimer that mediates viral membrane fusion with the
host membrane [14,15]. This glycoprotein complex has also been implicated in binding of
PDGFRa and several integrins to help facilitate entry [16-18], although no follow-up
studies have validated these interactions. The glycoproteins gN and gM form the most
abundant glycoprotein complex on the virion surface [11]. The precise role of the gM/gN
complex is not yet known; however, the complex has been identified as binding heparan
sulfate proteoglycans, suggesting a role in the initial tethering step [19]. Interestingly, viral
mutants containing a gM C’ terminal deletion result in unstable gM proteins and fail to
produce viable virus, and similarly mutations in the structural domains of gM generate
replication-deficient virus [20]. C’ terminal deletion mutants of gN are also replication-
deficient and fail to be enveloped, suggesting a further role for the gM/gN complex in viral
assembly [21].

The gH and gL glycoproteins form a scaffold for the two known HCMV entry complexes:
the gH/gL/gO heterotrimer and the pentameric complex consisting of gH/gL/UL128/UL 130/
UL131A [13,22-24]. These two complexes compete for the same binding region on the
gH/gL scaffold [22]. The levels of trimer and pentamer incorporated into viral particles are
influenced by HCMV UL 148 [25]. Disruption of UL148 leads to a loss of mature trimer and
promotes infection of epithelial cells, whereas rescue of UL148 expression decreases levels
of the pentamer and decreases infection of epithelial cells. The trimeric gH/gL/gO complex
is essential for entry into fibroblasts via binding of PDGFRa and for entry into epithelial
cells [26-30]. However, the precise role of trimer in entry into epithelial cells and
endothelial cells is unclear, as PDGFRa is not highly expressed on these cell types whereas
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viruses lacking pentamer have impaired entry efficiency into these cells [26,31-33]. In
addition to being necessary for entry into endothelial and epithelial cells, the pentamer is
also essential for entry into dendritic cells and monocytes [34,35]. The Integrin/Src/Paxillin
signaling pathway is activated in pentamer associated entry processes [35]. Furthermore,
Neuropilin-2 and OR1411 were recently identified as cellular receptors for the pentamer
[36,37].

An additional gH complex has been recently shown to exist that contains the viral
glycoprotein UL116. UL116 is incorporated into the HCMV viral envelope complexed with
gH [38]; however, the function of this complex and influence on viral infectivity remain
unknown. Proteomics analysis also indicated the M116 was also present in mouse CMV
(MCMV) particle preparations [39]. To better define the role of UL116, we described the
role of a putative homolog of UL116 in rat cytomegalovirus (RCMV), and we have
previously reported that the R116 gene is highly expressed in many different rat tissues
following infection with rat cytomegalovirus (RCMV) [40]. In the present study, we
investigated R116 expression, virion association and requirement for entry. We demonstrate
that R116 is a virion-associated glycoprotein that is required for efficient viral infection of
fibroblasts, and trans-complementation of R116 restored infectivity. Similarly, we also
demonstrate here that HCMV UL116 is required for efficient production of infectious
HCMV.

R116 in vitro and in vivo expression profiles

R116 transcription kinetics were determined by Northern blot analysis using a double
stranded DNA probe to identify all transcripts sharing the R116 sequence. Two transcripts,
measuring 1kb and 3kb in length, were detectable at 48 hours post-infection (hpi), with a
faint band detected at 24 hpi. R116 mRNA expression was blocked by treatment with the
viral DNA synthesis inhibitor Foscarnet, suggesting that R116 is expressed with late viral
gene expression kinetics (Figure 1a). Using a cDNA library generated from RCMV infected
fibroblasts harvested at 48 hpi, we observed that the 3 kb transcript contained R116, R115
(gL), and R114, but that the 1 kb transcript contained only R116 sequences. A truncated
form of R116 (880bp) was additionally identified at 24 hpi, corresponding in size to the
shifted northern bands observed at 24 hpi. Analysis of these three R116 transcripts revealed
a common splice event such that 84 base pairs are removed from 355 to 436 bp of the gene
(Figure 1e). A recombinant R116 protein based on the mid-sized transcript and encoding
amino acid residues 19-222 of the protein, excluding the predicted signal peptide (residues
1-18), was used to generate a rabbit polyclonal a-R116 antibody. The predicted molecular
weight of R116 is 42 kDa; however, four different molecular weight R116 protein species
were detected under denaturing conditions with this polyclonal serum (Figure 1b). The
lowest molecular weight band was detected by 24 hpi corresponding to the small transcript,
and expression of the low molecular weight version was unaltered by Foscarnet treatment at
48 hpi. In contrast, the larger R116 isoforms (42, 58, and 82 kDa) were expressed with late
viral expression Kinetics, as their expression was first detectable at 48 hpi and was sensitive
to Foscarnet. Interestingly, western blot analysis on solubilized salivary gland tissue from
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mock-infected and RCMV-infected rats at 28 days post-infection (dpi) revealed that only the
two higher molecular weight species of R116 were detected in salivary gland lysates (Figure
1c). The 82 kDa R116 band was the most abundant /n vivo, whereas the 58 kDa band was
the most abundant /n vitro. The presence of R116 in the salivary glands was confirmed by
immunofluorescence staining of frozen sections from rats infected with RCMV-GFP at 21
dpi (Figure 1d).

RCMV R116 localizes to the virion assembly compartment

The cellular localization of R116 was identified using immunofluorescence microscopy by
co-staining RCMV-infected RFL6 fibroblasts (48hpi) for R116 and either the endoplasmic
reticulum (ER) marker KDEL, the trans-Golgi network (TGN) marker TGN-38, or the
lysosomal marker LAMP-1. R116 protein localized to the TGN, but not within the ER or
lysosomes in infected fibroblasts (Figure 2a). In order to chase R116 to its natural final
compartment, cells infected for 48 hours were treated with cycloheximide and fixed and
stained at 0, 1, 2, or 4 hours post treatment. Virion-associated glycoprotein gB translocates
from the surface into the assembly compartment within 4-6 hours (Figure 2b). While R116
does not relocate to the same extent as gB, by 6 hours a portion of the cellular R116 protein
localizes with gB to a perinuclear site, reminiscent of the virion assembly compartment.

RCMV R116 is a virion associated glycoprotein

Since R116 localized to the virus assembly compartment, it was possible that R116 was
incorporated into RCMV particles. Western blot analysis of gradient purified virions
indicated that the high molecular weight species of R116 are preferentially enriched in
RCMV virions, whereas the lowest molecular weight species was excluded from the virions
(Figure 3a). RCMV IE and GAPDH are present in infected cell lysates but not incorporated
into virions, and were used as controls. To determine whether R116 was incorporated into
the virion as part of the viral envelope, aliquots of gradient purified RCMV virions were
treated with either 2% NP40 or PBS and centrifuged to separate the virion envelope from the
capsid/tegument fraction (Figure 3b). The pellet and supernatant fractions were analyzed by
western blot with a-R116 and a-gB antibodies. Similar to the viral glycoprotein gB, R116
protein was present in the pellet fraction of the PBS-treated virus preparation and in the
supernatant fraction when treated with NP40 (Figure 3c). This finding suggests that R116 is
part of the viral envelope. In addition, R116 in gradient purified virions was sensitive to
trypsin degradation indicating that R116 was present on the surface of the viral particle
(Figure 3c).

Examination of the R116 amino acid sequence indicates that the protein contains three
predicted N-glycosylation sites. Virion associated R116 and gB were treated with
endoglycosidase H (Endo H) and Peptide N Glycosidase F (PNGaseF) to trim off sugar
moieties. Endo H removes high mannose and some hybrid types of N-linked carbohydrates,
whereas PNGaseF cleaves all N-linked carbohydrates without regard to type. Similar to gB,
both enzymes reduced the molecular weight of R116, from the 82kDa and 58 kDa bands to
42 kDa (Figure 3d). The predicted size of R116 without glycosylation is 42 kDa. However,
PNGase F had a greater effect than Endo H, suggesting that R116 is N-linked glycosylated
with a mixture of high mannose or hybrid and complex glycans.
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Loss of R116 impairs RCMV infectivity

Since R116 is a virion envelope glycoprotein, we hypothesized that R116 plays a role in
virus entry. A bacterial artificial chromosome (BAC) was generated containing a GFP
reporter and the RCMV genome. BAC recombineering was then used to generate a mutant
virus containing a 2xSTOP mutation at the beginning of the R116 coding sequence. RFL6
cells transfected with recombinant BACs containing the R116 2xSTOP mutation produced
GFP and the viral IE proteins indicating successful transfection of the BAC DNA and viral
gene expression. However, exhaustive transfection experiments with multiple BAC clones
and preparations failed to rescue infectious virus (data not shown).

As an alternative approach, R116 knockdown experiments were performed in WT RCMV-
infected fibroblasts using two different siRNAs specific for R116. Western blot analysis of
cell lysates validated that both R116 specific sSiRNAs, but not a control siRNA, reduced
R116 protein production (Figure 4a). Titration of supernatant virus from this experiment
revealed that knockdown of R116 reduced RCMV infectivity by nearly 10-fold when
compared to the negative control siRNA or non-transfected controls (Figure 4b). To
determine whether R116 knock-down affects viral genome replication or the release of
genome containing particles, viral DNA levels in supernatants and cell pellets from siRNA
treated cells were analyzed by quantitative PCR. Knockdown of R116 did not decrease viral
genomic DNA levels in the infected cells indicating that the R116 knockdown did not
decrease the production of infectious virus by preventing DNA replication (Figure 4c).
Furthermore, knockdown of R116 did not decrease the release of viral genome containing
particles into the supernatant suggesting that R116 deficient viruses display a reduced
infectivity per particle ratio, rather than a reduction in the production of viral particles
(Figure 4c).

We next investigated whether the reduced infectivity per particle ratio was due to a defect in
an entry process or a post-entry step. For these experiments, cells were treated with
polyethylene glycol (PEG) following infection with WT RCMV collected from cells treated
with the anti-R116 or control siRNA. PEG is a fusogenic substance, known to promote viral
and cell membrane fusion [41,42]. PEG restored infectivity of the R116-deficient virus to
PEG-treated control siRNA levels (Table 1). While PEG treatment increased the infectivity
of virus from both control and R116 siRNA treated cells, the effect of PEG was greatest in
cells infected with the R116-deficient virus, wherein PEG increases the infectivity by 10-12-
fold. This result indicates there were similar numbers of RCMV virions present in the R116
knockdown supernatants compared to controls and confirms our findings of equal viral
genome levels in the R116-deficient virions. Thus, R116-deficient viral particles have a
reduced infectivity per particle ratio and lack the necessary entry machinery to complete
early entry steps.

Since R116 is necessary for virus entry into fibroblasts, we hypothesized that trans-
complementation may permit the rescue of recombinant RCMV lacking expression of R116.
For this experiment, fibroblasts were constructed that express R116 in a doxycycline-
inducible manner using a Tet OFF system. R116 expression was confirmed by western blot
of lysates from transfected fibroblasts (Figure 4d). To evaluate whether trans-
complementation was possible for viruses lacking R116, these cells expressing R116 were
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transfected with the RCMV-GFP-116-2xStop BAC, in the absence of doxycycline.
Supernatants were collected at 7 days post transfection and titered on fibroblasts by GFP
expression. Importantly, virus was recovered from the R116 expressing cells, which was
used to infect WT or R116 expressing cells to assess viral entry and support of viral
replication. Cells were infected with a low multiplicity of infection (MOI = 0.1) and
visualized fluorescence microscopy at 5 dpi for the presence of virus as indicated by GFP.
R116 complementation restored infectivity of RCMV (Figure 4e) and the RCMV-
GFP-116-2xStop virus was capable of spreading in the cells expressing R116 but not in cells
that did not express R116. This data confirms that R116 is required for the production of
infectious virus.

UL116 knockdown impairs HCMYV infectivity

Previously it has been reported that UL116 binds to gH but the function of this complex
remains unknown [38]. To examine whether UL116 is required for HCMV infectivity, we
utilized a UL116 knockdown technique in WT HCMV infected cells, which was similar to
our approach for R116. For this experiment, UL116 was knocked-down with 2 unique
SiRNAs targeting different regions of the UL116 gene and then infected with HCMV-
TB40EgfpUL116-HiBiT. This virus contains a C’terminal in-frame fusion of UL116 with an
11 amino acid epitope that binds to Large BiT in trans for luminescence detection (Figure
5a). Multistep growth curves in NHDFs infected with HCMV WT and UL116 HiBIiT viruses
demonstrated that the HiBiT-tag did not affect viral replication (Figure 5b).

For siRNA knockdown experiments, culture supernatants were collected at 5 days post-
infection and titered to determine viral infectivity. sSiRNA knockdown of UL116 with
50pmol siRNA significantly decreased viral loads at 5 days post-infection with HCMV
TB40e UL116-HiBiT (MOI=0.3) in NHDF fibroblasts (Figure 5¢). Knock-down of UL116-
HiBIT in this experiment was confirmed in supernatants from the infected cells using the
NanoGlo HiBiT lytic detection system (Figure 5d), which detects HiBiT-tagged proteins
following treatment with a membrane-dissociation buffer. These data indicate that UL116
contributes to the production of infectious HCMV.

Quantification of UL116 incorporation into HCMV

To determine the number of UL116 molecules incorporated into viral particles, we isolated
UL116-HiBiT tagged virus particles by serial centrifugation over a 20% sorbitol cushion, a
discontinuous 10-50% histodenz gradient, and a 20% sorbitol cushion. Gradient purified
HCMYV incorporation of UL116-HiBiT was detected by western blot analysis and compared
to pelleted HCMV TB40e WT virus (Figure 5e). gH, gL, and gB were all incorporated into
the viral particle of UL116-HiBiT HCMV (Figure 5e). Molecules of HiBiT tagged protein in
three different volumes of virus were determined by HiBiT lytic detection assay relative to a
tagged control protein purchased from Promega (Figure 5f). Viral genome copies in the virus
preparations were determined by gPCR using primers and probes directed against UL54
gene sequences and this data was used to calculate the number of viral genomes per pL of
the virus preparation (Figure 5g). By directly comparing the number of HCMV genome
copies with HiBiT molecules per volume, it was calculated that, on average, 1.06x10°
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molecules of UL116-HiBiT per viral genome are incorporated into virus particles (Figure
5h).

Discussion

The UL116 proteins are incorporated into multiple CMVs including HCMV, MCMV and
RCMV. In this report, we demonstrate that RCMV ORF R116 is a virion surface envelope
glycoprotein required for an early step of virus entry. R116 protein localizes to the TGN in a
compartment that co-stains with RCMV glycoprotein gB. From this data and given the
incorporation of R116 into the virion, we predict that this compartment is the virion
assembly compartment. Transfection with a RCMV BAC containing a disrupted R116 gene
was unable to spread in fibroblasts /n vitro. Similarly, sSiRNA knockdown of R116 decreased
RCMV infectivity of fibroblasts by approximately a log but did not alter viral genome
replication or release of viral genome containing particles. Polyethylene glycol treatment
promotes the fusion of membranes and as such restored the infectivity of virus lacking
R116, indicating that the R116-deficient particles are otherwise intact. R116
complementation restored RCMV infectivity in fibroblasts. Finally, knockdown of UL116
decreased HCMYV infectivity in human fibroblasts by approximately a log. Importantly, we
determined that UL 116 is incorporated at 1.06x10° molecules per genome copy. Taken
together the data presented in this manuscript demonstrate that CMV ORF 116 encodes a
virion glycoprotein involved in the production of infectious virus.

Despite a low identity (18%) with UL116, the RCMV R116 protein shares many structural
characteristics with its HCMV homologue. Both proteins contain predicted 18 amino-acid
signal peptides in their N-terminal regions, with a cleavage site between position 18 and 19
for R116 (www.cbs.dtu.dk/services/SignalP/). Additionally, both proteins are expressed with
late viral gene expression, as observed for UL116 [38]. Multiple variants of UL116 have
been described, with a 35 kDa, a 76 kDa, and a 125 kDa form accumulating after 3 dpi [38].
Similarly, we found two distinct R116 forms of about 82 and 58 kDa expressed in vivo.
R116 is glycosylated, and post-translational modification prediction reveals 3 N-linked
glycosylation sites at positions 98, 134 and 335 and more than 60 O-glycosylation sites
(http://www.cbs.dtu.dk/services/NetNGlyc), while UL116 contains 14 N-glycosylation sites
and numerous O-glycosylation sites. Therefore, we suggest that the function of ORF 116
might be conserved between RCMV, MCMV and HCMV. Notably, treatment of cell lysates
with PNGase F decreased the size of R116, but a large proportion of R116 was not reduced
to the un-glycosylated size of 42kDa. Since PNGase F treatment had significantly more
effect on reducing the size at which gB migrates, this suggests that additional post-
translational modifications beyond N-linked glycosylation occur to R116. The requirement
for R116 and UL116 in the production of infectious virus suggests that either the protein
encoded by ORF116 is a member of a putative entry complex or is involved in regulation of
other entry complexes. A putative entry complex containing UL116 has been proposed
previously for HCMV, consisting of gH/UL116 [38]. So far, gH/gL/gO has been described
as the primary gH based complex for entry into fibroblasts, and is believed to function with
gB to create the core fusion machinery for entry [13]. Importantly, the decrease in
production of infectious CMV via UL116/R116 knockdown may alternatively be due to
effects on an MRNA also containing UL115/R115 (gL); however, our trans-
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complementation of RCMV deficient of R116 would indicate that expression of only R116
is sufficient to regain infectivity.

Interaction between gH and gB to form gB:gH/gL complexes is essential to induce cell-to-
cell fusion [43,44]. The crystal structure for HCMV gH was recently described in complex
with the other pentamer components [45]. This crystal structure showed substantial
similarities to previous descriptions of gH for Epstein-Barr virus (EBV) and Herpes Simplex
virus-2 (HSV-2) [45-49]. Based on mechanistic studies involving different neutralizing
antibodies, some studies determined that binding of gH/gL to gB depends on N-terminal
domain H1 of gH [47-49], which is supported by the inability of MSL-109 (an anti-CMV
neutralizing antibody binding domain H2 of gH) to prevent the generation of gB:gH/gL [46].
Here, we found that gB and R116 are colocalized, but formation of a gB:gH/R116 (or
gB:gH/UL116) complex remains to be explored.

Numerous receptors of CMV envelope glycoproteins have been identified, conferring a
broad cell tropism to CMV, including fibroblasts, endothelial cells, epithelial cells and
myeloid cells [16-18,37,50]. Platelet-derived growth factor alpha is known as the main
receptor of gH/gL/gO, while neuropilin-2 and OR14I1 are known as the main receptors of
the pentameric complex [26,36,37]. Calo et a/. showed that UL116 competes with gL for gH
binding, leading to the formation of a stable gH/UL116 complex, which is transported to the
plasma membrane [38]. How UL 116 interacts with gH remains unknown, but UL116 does
not contain the necessary cysteine residues to form disulfide bonds with gH. Further work
remains to be done to identify binding partners of the gH/UL116 complex and to determine
whether UL116 limits CMV cell tropism beyond fibroblasts. Additional studies are required
to determine whether UL116/R116 acts a chaperone promoting gH complex formation. In
conclusion, ORF 116 encodes a CMV envelope glycoprotein essential for production of
infectious virus in both HCMV and RCMV, and should be considered as an attractive
therapeutic target when developing vaccines and monoclonal antibodies against CMV.

Materials and Methods

Antibodies.

Rabbit polyclonal antibodies were generated to ORF R116 by immunizing rabbits with a
HIS tag R116 (19-222aa) fusion protein. Rabbit anti-RCMV-IE polyclonal antibody was
previously described [51]. A rat anti-RCMV gB monoclonal antibody was produced by Dan
Cawley at the OHSU-VGTI Monoclonal Antibody Facility from splenocytes derived from
RCMV-infected rats. Mouse monoclonal antibodies directed against GAPDH (ab8245),
KDEL (ab12223), LAMP-1 (ab13523), and TGN-38 (ab16059) were purchased from
AbCAM. Secondary anti-mouse and anti-rabbit horseradish peroxidase (HRP)-conjugated
antibodies (NA934V and NA931V) were purchased from Amersham and rabbit anti-rat HRP
(6180-05) was purchased from Southern Biotech. Secondary anti-mouse (A11020), anti-
rabbit (A11046) and anti-rat (A21470) fluorescently tagged antibodies were purchased from
BioSource International.
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The RCMV Maastricht strain genome was captured as a Bacterial Artificial Chromosome
(BAC) using homologous recombination by replacing ORFs r144-r146 with a BAC cassette
expressing eGFP under the HCMV major immediate early promoter [52]. Two-step
recombination was used to mutate RCMV open reading frames in the creation of the R116
2xSTOP mutant. The first recombination step incorporated a gene cassette expressing ga/K
and Kanamycin resistance genes into the RCMV BAC genome at the genomic site for
introduction of the mutation, via PCR amplification of a 100bp homology region flanking
the galK/Kan gene cassette. The amplified DNA was treated with Dpnl, purified, and then
electroporated into competent RCMV-BAC SW102 cells. Clones were positively selected for
gain of resistance against Kanamycin, screened by PCR and sequenced to identify clones
with the proper insertion. PCR was used to generate DNA fragments containing RCMV
sequences with the desired mutation. This amplicon was electroporated into competent
bacteria and negatively selected for ga/K replacement on 2-deoxy-galactose-1-phosphate
(DOG) negative selection plates. BAC clones were verified by PCR and the fragments were
sequenced for correct incorporation of mutations. DNA from correct clones was transfected
into RFL6 fibroblasts (RFL6, ATCC) to rescue the virus. RCMV mutants and WT were then
expanded on RFL6 fibroblasts and purified over a 10% sorbitol cushion by
ultracentrifugation at 25,000RPM (SW32) for 1 hour. Purified virus was then titered over
RFL6 fibroblasts in serial dilutions to determine viral titer as measured in PFU/mL.

In order to evaluate the efficiency of UL116 knockdown using specific sSiRNA, we modified
a GFP-expressing BAC of wild type HCMV clinical isolate TB40E using galK positive/
negative selection as described for RCMV. The HiBIT tag (5’-
GTGAGCGGCTGGCGGCTGTTCAAGAAGATTAGC-3") was inserted between
nucleotides 1026 and 1027 in the UL 116 gene, corresponding to the C-terminal region of the
protein. Correct insertion of the tag was confirmed by sequencing.

Identification of RCMV R116 transcripts.

An RCMV cDNA library was constructed from rat RFL6 fibroblasts infected with RCMYV at
a multiplicity of infection (MOI) of 1 for 24 and 48 hours post infection (hpi) using the
Superscript Plasmid System with Gateway Technology for cDNA synthesis and cloning
(Invitrogen). The cDNA was ligated into the plasmid pSPORT and screened by Southern
blotting using a R116 DNA probe. The R116-positive clones were sequenced using
oligonucleotides corresponding to Sp6 and T7 binding sites present in the plasmid flanking
the cDNA insert. The predicted splicing of R116 was confirmed by RT-PCR using flanking
primers. The products were analyzed by gel electrophoresis and the products were
sequenced.

Northern blot.

RFL6 fibroblasts plated on 10cm dishes were infected with RCMV (MOI=1). At 8, 24 and
48 hpi the cells were washed and lysed with Trizol for 5 min at room temperature.
Subsequently, the samples were scraped and stored at —80°C. RNA was isolated per the
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manufacturer’s instructions and electrophoresed through a 1% agarose/formaldehyde gel and
transferred to GeneScreen Plus nylon membranes (Dupont/NEN). The blots were hybridized
with probes specific for R116 and GAPDH generated from 500bp BamHI fragments of
plasmids containing R116 or GAPDH using Roche Random Prime Labeling Kit.
Alternatively, single stranded probes were made by end labeling DNA oligonucleotides
complementary for R116 or GAPDH sequences using T4 polynucleotide kinase (New
England Bio). The Northern blots were hybridized in Express Hybe (Clontech) and washed
with low stringency wash (2xSSC with 0.05% SDS) followed by high stringency wash
(0.1xSSC with 0.1% SDS). The blots were exposed to autoradiography film (Kodak Biomax
MS) using intensifying screens at —80°C, developed, and visualized.

Western blots.

Cells were placed on ice, washed once with 4°C PBS, and 1x cell lysis buffer (cell signaling)
containing HALT protease inhibitor (ThermoFisher) was added. Cells were incubated on ice
for 15 minutes and scraped. Cell nuclei were pelleted out at 10,000RPM for 10 minutes at
4°C and clarified supernatants were transferred to new Eppendorf tubes. NuPage loading
buffer with 2% BME was added to cell lysates at a final concentration of 2x. Samples were
boiled for 5 minutes and loaded on 4-12% SDS-PAGE protein gels. Proteins were
transferred using a semi-dry transfer system to PVDF membranes and membranes were
probed with the appropriate antibodies with membrane blocking in 5% milk-TBST. HiBiT
blots on PVDF membranes were washed in TBST (10mM Tris, pH 7.2, 100mM sodium
chloride, 0.1% Tween-20) for 15 minutes at room temperature, incubated with 1:200 LgBiT
in 1x HiBIT blotting buffer for 1 hour at room temperature, and HiBiT substrate was added
at 1:500 for 5 minutes at room temperature. Blots were then developed by
chemiluminescence.

Salivary gland protein isolation.

R116 in vivo protein expression was performed on approximately 100ug of protein extracted
from flash frozen salivary gland tissue from uninfected control rats and rats infected with
RCMV for 28 days (n=3). Tissues were homogenized in RIPA buffer (50mM Tris HCI
pH7.4, 150mM NaCl, 5mM MgCl,, 0.5% NP-40, 1mM PMSF and protease inhibitor
cocktail) using a Precellys tissue homogenizer. Lysates were analyzed by SDS-PAGE and
Western blotted for R116 and GAPDH as described above.

Cellular localization of R116 assessed by immunofluorescence microscopy.

Fibroblasts grown in 4-well chamber slides were infected with RCMV (MOI1=0.5) for 48 hpi
and then treated with cycloheximide (100ug/ml) for an additional 0, 1, 2, 4 and 6 hpi to
block new protein synthesis. At the indicated time points, cells were fixed in 2%
paraformaldehyde in PBS and then permeabilized with Saponin buffer (0.2% saponin,
1%BSA, PBS) blocking with normal goat serum. Localization of viral and cellular proteins
was determined by immunofluorescence (IF) microscopy utilizing primary antibodies
directed against R116, gB, KDEL, LAMP-1, and TGN-38. Samples were then incubated
with appropriate fluorescently-labeled species-specific secondary antibodies and DAPI DNA
stain. Frozen, thin-sections of rat salivary glands from rats infected with RCMV-GFP at 21
days post-infection were fixed and stained with antibodies directed against R116 using the
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same protocols described above. Deconvolution microscopy was used to visualize the
stained cells in the 4-well chamber slides and tissue sections (mag=60X).

Virion localization and glycosylation of R116.

The protein composition of the pelleted virus was analyzed by Western blotting to determine
whether R116 was incorporated into virions. We analyzed samples of RFL6 fibroblasts
infected with RCMV (MOI=1.0), salivary gland tissue homogenates (supplementary data),
or different preparations of virus pellets. RCMV virus particles were purified by layering
over a discontinuous 10-to-50% Nycodenz gradient and centrifuged at 110,000x g for 2
hours at 4°C. Virus banded at 20-30% Nycodenz was brought up in PBS and pelleted at
59,439x%g for 1 hr through a 10% sorbitol cushion. The virus pellet was resuspended in a
minimal volume of PBS. First, to determine whether RCMV R116 was an envelope protein,
the resuspended viral pellet was split into 2 samples. One sample was treated with 1%
NP-40 in PBS added in a 1:1 ratio and the second half of the original sample was treated
with an equivalent volume of PBS. The samples were incubated for 30 minutes at 4°C and
centrifuged in a mini-ultracentrifuge at 100,000 xg for 30 minutes to acquire both the pellet
and supernatant fractions. Second, to determine whether R116 was on the virion surface, an
additional preparation of gradient banded virus particles was incubated with increasing
concentrations of trypsin and incubated at 37°C for 15 minutes. Laemmli’s sample buffer
was added to the virus/protease mixture to stop the reaction and the samples were analyzed
by SDS-PAGE in combination with either Coomassie brilliant blue staining or Western
blotting for R116. Third, to determine whether virion-associated R116 was glycosylated,
RCMV particles were treated with PNGaseF (NEB) or EndoH (Roche). The treated virus
samples were analyzed by SDS PAGE and Western blotting for R116 and gB.

siRNA transfection and infection.

Two R116-specific siRNAs (R116 ORF positions 308-326 nt and 520-538 nt) and a control
SiRNA were purchased from Dharmacon. The sequences of the R116 siRNA were: R116-
308 5’-CTACATTACCCTCGCAAAT-3" and siRNA R116-520 5’-
GCGACGAGGCGATACGTTT-3". Two UL116-specific siRNA were purchased from
Horizon having the following sequences: UL116-1 5’-
ACAAGAAACACAAGGAAUAUU-3’ and UL116-2 5’-
CCGUCAUCGUCGCGGGUAAUU-3’. RFLS6 fibroblasts and NHDF fibroblasts seeded in
24-well plates were transfected twice with each siRNA using Lipofectamine RNAIMAX
Reagent (Invitrogen) according to the manufacturer’s protocol. At 24 hours after the initial
transfection step, the cells were infected with RCMV (MOI=1) or HCMV (MOI=0.3). The
cells and supernatants were collected and titered using a standard plaque assay at 2 and 5 dpi
for RCMV and at 5 dpi for HCMV. For HCMV, protein levels were determined by HiBiT
lytic detection, as described below. For RCMV, the triplicate samples of cells were lysed in
either DNAZzol (viral DNA analysis), Trizol (mMRNA analysis) or Laemmli’s buffer (viral
protein analysis). Host cell production of the viral MRNAs was quantified by RT-PCR
Tagman. R116 protein expression levels were determined by Western blotting. Viral
genomic DNA was analyzed by Real Time PCR for R54 (viral DNA polymerase) as
described below.
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Plaque Assays.

Serial dilutions (101 to 107) of viral supernatant were performed in complete DMEM and
100uL were added to confluent 24-well plates of rat fibroblasts or NHDF fibroblasts as
appropriate. Viral solutions were incubated for 2 hours at 37°C. Carboxy-methyl-cellulose
(CMC; 500uL per well) was overlaid onto the cells and cells were incubated for 7 days for
RCMV or 14 days for HCMV at 37°C. Titer plates were fixed in 3.7% PFA and stained with
methylene blue and plaques were counted using a dissecting microscope. HCMV titers were
counted by GFP fluorescence microscopy.

Viral Entry Assays.

A 1:10 dilution of supernatant from siRNA treated cells infected with RCMV was allowed
to bind for 1 hour and then treated with the fusogenic substance polyethylene glycol (PEG)
6000 (Calbiochem) diluted in PBS (44%) for 30 seconds at 37°C using a protocol designed
by Ryckman et al. for the study of HCMV entry [41,42]. Following PEG treatment, the cells
were washed once with PBS, twice with media and then overlaid with CMC and incubated
for 5 days to allow for plaquing of virus. Cells were then fixed with 3.7% paraformaldehyde
and stained with methylene blue and plaques were counted.

Quantitative PCR detection of RCMV genomic DNA and viral gene expression.

For the quantification of RCMV DNA in virus particles and infected cells treated with
siRNA, total genomic DNA was extracted from cells and supernatants using DNAzol
(Invitrogen). A total of 0.5 pg of DNA was analyzed using a Tagman probe/primer set
recognizing a RCMV R54 DNA polymerase sequence as previously described [40,53]. PCR
reactions were set up using the TagMan Universal PCR Master Mix (Applied Biosystems).
Following thermal activation of AmpliTag Gold (10 min. at 95°C), a total of 40 cycles were
performed (15 sec. at 95°C and 1 min. at 58°C) using an ABI StepOnePlus Real Time PCR
machine. The sensitivity of detection for this assay was <100 copies.

Real-time (RT)-PCR was used to quantify expression levels of RCMV R114, R115 and
R116 from infected cells collected following treatment with sSiRNA [40]. cDNA was
generated from mRNA using Superscript I11 RT (Invitrogen) and analyzed by real-time PCR
techniques using primer sets recognizing RCMV gene sequences. RT-PCRs were performed
using the SYBR Green PCR Master Mix (Applied Biosystems) as previously described
using an ABI StepOnePlus Real Time PCR machine [40,51]. Plasmid clones containing each
gene fragment were used as positive controls and quantification standards. The sensitivity of
detection of this assay was <100 plasmid copies for all of the tested RCMV genes.
Quantitative PCR data were analyzed by ANOVA and student’s t-test.

Fibroblast R116 transfection and infection.

The entire R116 gene was ligated into the plasmid pGEM®-T easy (PROMEGA). Briefly,
we combined 22ng of amplified modified R116 gene (forward primer 5’-
TCCACGAACACACATACGTA-3’, reverse primer 5’-TTCGACATCTGTTGGCGAAT-3’),
50 ng of pGEM®-T easy vector and 5ul of rapid ligation buffer in a total volume of 10 pL.
After incubation for 1 hour at room temperature, we carried out transformation of high-
efficiency competent cells using 10uL of ligation reactions. Mix was successively incubated
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for 20 minutes on ice, heat-shocked for 45 seconds at 42 °C, and chilled for 2 minutes on
ice. Transformed competent cells were then recovered in 500 pul of LB media for 1 hour at
37°C with shaking (300 RPM) and transformants were selected on carbenicillin-containing
2xYT agar plates. Colonies were PCR screened and positive colonies were expanded in
carbenicillin-containing 2xYT broth. DNA was purified from pGEM-T easy R116 positive
clones and empty pB vector and digested with Kpnl and Xhol. Purified DNA was then
isolated by gel electrophoresis, followed by gel extraction. The R116 gene was then ligated
into the pB expression vector and transformed into chemically competent cells as above.
Colonies were screened by PCR and sequenced to confirm R116 insertion.

Sequence-confirmed constructs were transfected into rat RFL6 fibroblasts. The pB vector is
a TET-Off system, so treatment with doxycycline (250ug/ml) was used to silence R116 gene
expression. R116 production in absence of doxycycline was confirmed by western blot.
R116-expressing RFL6 cells were infected with RCMV-116-2xStop to produce a R116
complemented RCMV. Spreading of infection was monitored by GFP detection.

Virion purification of UL116 HiBIT.

HCMYV UL116 HiBiT was expanded over NHDF fibroblasts. Supernatants were pelleted at
76,755x%g for 2 hours over a 20% sorbitol cushion. Viral particles were then resuspended in
TNE buffer (50mM Tris [pH 7.4], 100mM NaCl, 10mM EDTA) and layered over a
discontinuous 10-to-50% Histodenz gradient and centrifuged at 111,132 xgfor 2 hours at
4°C. Virus banded at 20-30% Histodenz was brought up in PBS and pelleted at 76,755 xg
for 2 hours through a 20% sorbitol cushion. The virus pellet was resuspended in a minimal
volume of PBS.

gPCR for genome copies of UL116 HiBiT:

DNA was extracted from histodenz-purified virus with the GenelJet viral DNA and RNA
purification kit (ThermoFisher). Dilutions of DNA were prepared (Undiluted, 1:10, 1:100,
1:1000) and gPCR against HCMV DNA pol (UL54) was performed in triplicate. HCMV
TB40e of known genome copies was used to create a standard curve in triplicate. UL54
primers and probe were as follows: (P1: CGCTGCGAGTCCACCTTATAC, P2:
ACCGGTTACAACATCAACTCTTTTG, Probe: CGCGTGAGGATGTACT). Genome
copies per uL of the histodenz-purified virus preparation was determined for use in
calculating UL116-HiBiT molecules/genome copy.

HiBIT lytic detection assay for UL116-HiBiT.

For infection of NHDF with UL116 HiBIiT, supernatants were removed from cells and 25uL
per well of fresh media was added to cells. For detection of virion incorporated proteins,
three quantities of histodenz-purified HCMV UL116 HiBiT (7.5uL, 3.75uL, 1.875uL) were
diluted with PBS to 25uL in a black 96-well plate and assayed in triplicate. A standard curve
was generated using HiBiT control protein (ProMega) from 1000 to 15.625 nM. For all
assays, 25uL per well of HiBIT lytic detection reagent with LgBiT and substrate was then
added to wells as per the manufacturer’s protocol. Plates were incubated at room
temperature for 10 minutes on an orbital shaker. Luminescence was read on a 96-well plate
reader with a gain setting of 135.
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Highlights
Rat cytomegalovirus R116 is a virion-associated glycoprotein
R116 is required for production of infectious virus

Human cytomegalovirus UL116 is required for the production of infectious virus
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Figure 1. R116 expression profiles differ between in vitro and in vivo infections.
(a) R116 is a spliced message expressed on two viral transcripts with late viral gene

expression kinetics. Rat fibroblasts were mock infected or infected with RCMV (MOI=1)
and harvested at 8, 24, and 48 hpi. One infected cell sample was treated with Foscarnet (100
ug/ml) and harvested at 48 hpi. RNA was separated by electrophoresis utilizing a 1%
formaldehyde agarose gel. RNA was transferred to nitrocellulose membranes and probed for
R116. The blot was then stripped and re-probed for GAPDH. The Northern blots were
visualized by autoradiography. (b) R116 protein is expressed with early and late viral
kinetics /n vitro. Rat RFL6 fibroblasts were mock infected or infected with RCMV (MOI=1)
and harvested at 8, 24, and 48 hpi in Laemmli’s sample buffer. An additional infected cell
sample was treated with Foscarnet (100 pg/ml) upon infection and harvested at 48 hpi. The
blot was probed with antibodies directed against the RCMV proteins R116 and immediate
early proteins 1 and 2 (IE1&2) as well as GAPDH. (c) Only high molecular weight R116
proteins are expressed in the salivary gland of RCMV infected rats. Salivary glands were
harvested from RCMV infected rats at 28 dpi. Salivary glands from uninfected rats served as
a control. The salivary glands were homogenized in RIPA buffer, analyzed by SDS-PAGE
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and probed using the anti-R116 polyclonal antibody. Equal loading was confirmed by
staining for the cellular protein GAPDH. Western blots were visualized by autoradiography.
(d) R116 protein expression is limited to glandular infected cells. Salivary glands were
harvested from rats infected with RCMV-GFP RCMV at 21 dpi. Embedded frozen tissues
were cut and sections were fixed with 2% PFA, washed and stained with antibodies directed
against R116. Infected cells were detected by GFP expression. Deconvolution microscopy
was used to visualize the stained cells. Mag=60X. () The RCMV R116 gene is expressed as
three transcript variants with the largest containing transcripts for R115 (gL) and R114. A
short transcript corresponding to the low molecular weight protein identified by western
blots in (b) is shown.
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Figure 2. R116 localizes with the trans-Golgi network marker TGN-38 and the viral glycoprotein
gB.
Rat fibroblasts were infected with RCMV (MOI=1). (a) At 48 hpi the cells were fixed with

2% paraformaldehyde (PFA) diluted in PBS. The fixed cells were stained for R116 (red) and
antibodies to the cellular ER, TGN or lysosomal compartments using antibodies directed
against KDEL, LAMP-1 or TGN-38 (green), and DAPI (blue). (b) To confirm the cellular
localization of R116 (red) in relationship to the viral glycoprotein gB (green), RCMV
infected fibroblasts were fixed in 2% PFA at 0, 1, 2, 4, and 6 hrs post treatment with
Cycloheximide (100 ug/ml) that was initiated at 48 hpi. Deconvolution microscopy was used
to visualize the stained cells. Mag=60x.
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Figure 3. R116 is a virion surface envelope glycoprotein.
RCMV virus particles were purified over a discontinuous 10-to-50% Nycodenz gradient and

then resuspended and pelleted through a 10% sorbitol cushion. (a) The RCMV virion
preparation, infected fibroblast lysate, and lysate from mock-infected fibroblasts were
analyzed by SDS-PAGE for R116, IE1&2 and GAPDH by Western blot. (b) RCMV virion
preparation was split into two samples. One sample was treated with 1% NP-40 and the
control sample with an equal volume of PBS. Both samples were pelleted at 100,000xg for
30 minutes. The pellet and supernatant fractions were analyzed by SDS-PAGE and probed
for RCMV R116 and gB. (c) RCMV virion preparation was subjected to increasing
concentrations of trypsin (0-5ug) for 15 minutes at 37°C. The samples were analyzed on
two separate SDS-PAGE gels; one was stained with Coomassie Brilliant Blue and the other
was probed for R116. (d) RCMV particles was treated with either EndoH or PNGaseF and
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analyzed by SDS-PAGE. The Western blot was stained for RCMV R116 and gB and
visualized by chemiluminescence.
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Figure 4. R116 is necessary for viral entry into fibroblasts.
(a-c) In triplicate wells RFL6 fibroblasts were transfected with a control siRNA or siRNAs

targeting sequences present with the R116 gene. At 24 hours post transfection, the cells were
infected with RCMV (MOI=1.0) and allowed to incubate for 4 hours at which time the virus
inocula were removed and the cells were washed twice with fresh medium. At 48 hpi,
supernatants and cell pellets were collected and analyzed by: (a) Western blotting for R116
and GAPDH,; (b) Plaque assay for the presence of infectious virus. Statistical significance
was determined by Student’s t-test [control vs R116 siRNA at 10 and 50pmol ****p<0.001,
n=3]; and (c) Quantitative PCR for the presence of viral DNA genomes. Statistical
significance was determined by Student’s t-test [control vs. sSiRNA R116-308 cell pellet
p=0.02 and supernatant p=0.33, n=3; control vs. sSiRNA R116-520 cell pellet and
supernatant p=0.01, *p<0.05, n=3]. (d-e) R116 expression by RFL6 cells restores infectivity
of AR116-RCMV. (d) RFL6 fibroblasts were harvested in lysis buffer containing protease
inhibitor, analyzed by SDS-PAGE and probed using the anti-R116 polyclonal antibody.
Western blots were visualized by autoradiography. (e) GFP expression 5 days after infection
with AR116-RCMYV in triplicate wells wild-type RFL6 fibroblasts (left) or R116-expressing
RFL6 fibroblasts (right). Representative images are shown.
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Figure 5. HCMV UL116 is required for entry into fibroblasts
HCMYV UL116 was molecularly tagged with the HiBIT tag using BAC recombineering in a

TB40e background. (a) NHDF fibroblasts were infected with TB40e GFP HCMV or TB40e
GFP UL116-HiBiT HCMV and were harvested in lysis buffer. Western blots were
performed for IE2, HiBiT, and B-actin to confirm expression of UL116-HiBiT. (b) NHDF
fibroblasts were infected at a MOI=0.3 with HCMV TB40egfp-UL116-HiBiT or WT virus.
At 2 hours post infection, the virus inoculums were removed, cells were washed with PBS,
and then fresh culture media was added. Supernatants were collected at 24, 48, 120, and 168
hpi and titered using NHDF fibroblasts. (c) NHDF fibroblasts were plated in 24-well plates
and treated in quadruplicates. NHDF fibroblasts were transfected with a control SiRNA or
SiRNAs targeting sequences present within the UL116 gene at 50pmol/well. At 24 hours
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post transfection, the cells were infected with HCMV (MOI=0.3) and incubated for 2 hours
at which time the virus inoculums were removed and the cells were washed twice with fresh
medium. At 5 days post-infection, supernatants and cell pellets were collected and analyzed
by plaque assay for the presence of infectious virus. Statistical significance was determined
by one-way ANOVA with Dunnett’s correction for multiple comparisons [****p<0.0001,
n=4]. (d) NHDF fibroblasts were seeded in 96-well black plates and transfected with control
siRNA or siRNAs targeting sequences present within the UL116 gene. Cells were infected at
a MOI=0.3 using a UL116-HiBiT tagged HCMV or TB40e WT HCMYV for 2 hours, at
which time the virus inoculums were removed and cells were washed with PBS and fresh
media was added. At 3 days post-infection cells were harvested and analyzed by HiBiT lytic
detection assay. Statistical significance was determined by two-way ANOVA with Dunnett’s
correction for multiple comparisons [****p<0.0001]. (e) gH, gB, and gL are incorporated
into viral particles of UL116-HiBiT HCMV. WT and UL116-HiBiT HCMV were expanded
over NHDF fibroblasts. Viruses were harvested at the time of maximum cytopathic effect
and pelleted through a 20% sorbitol cushion. UL116-HiBiT viral particles were further
purified over a 10-50% histodenz gradient. Purified viral particles were run on SDS-PAGE
gels and western blots for gH, gB, gL, and HiBiT were performed. (f-h) UL116 is
incorporated into HCMV virions at 1.06x10° moleculessHCMV genome. HCMV UL116
HiBIT viral particles were isolated over a histodenz gradient and molecules of HiBiT was
determined against a standard curve by HiBIiT lytic detection assay (f) and genome copies
were determined by qPCR for HCMV DNA polymerase (g). HiBiT control protein
(Promega) and known genome copies of HCMV TB40e were used as respective assay
controls. Ratio of UL116-HiBiT molecules over genome copies was calculated (h).
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Table 1.
PEG treatment restores infectivity of RCMV lacking R116.

# plaques a
Fold i ith PEG
No treatment PEG old increase wi
Control SIRNA 725 +/-199 2417 +/- 736 3.3
R116-308 158 +/- 1437 1050 +/- 421° 123
R116-520 208 +/- 1747 2183 +/- 640° 10.5

a=PEG treatment increases infectivity for all sSiRNA (p<0.005)

=siRNA to R116 decreases infectivity vs. control (p<0.0003, p<0.0008 respectively)

c'ezPEG restores infectivity of RCMV lacking R116 to control levels (p=0.21, p=0.57 respectively)
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Primer and probe sets for gRT-PCR.

Forward Primer

Table 2.

Reverse Primer

Page 28

Probe

R54

5’-CCTCACGGGCTACAACATCA-3’

GAGAGTTGACGAAGAACCGACC-3’

5’-VIC-
CGGCTTCGATATCAAGTATCTCCTGCACC-
TAMRA-3’

R114

ACCTTTACGGAACCGGAGTTG-3’

5’-ACGGACAAGGTCGATAGGGA-3’

5’-FAM-ACTCCAACGGTGCACGT-MGB-3’

R115

GAGCAACTCCGCGTCTTACTCA-3’

5’-TACCTGGCCGGATACAACGA-3’

5’-FAM-TCATCCAATCCTCTCC-MGB-3’

R116

5’-TCCGGCTGAATAAGACCTCG-3’

5’-CCCATCCTCAACAGCACACA-3’

5’-FAM-CATAGACCCGAAGATCTGTA-
MGB-3’
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