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Human cytomegalovirus (HCMYV) virions are composed of a DNA-containing nucleocapsid surrounded by a
tegument layer and host-derived lipid envelope studded with virally encoded glycoproteins. These complex
virions are estimated to be composed of more than 50 viral proteins. Assembly of HCMYV virions is poorly
understood, especially with respect to acquisition of the tegument; however, it is thought to involve the stepwise
addition of virion components through protein-protein interactions. We sought to identify interactions among
HCMY virion proteins using yeast two-hybrid analysis. Using 33 known capsid and tegument proteins, we
tested 1,089 pairwise combinations for binary interaction in the two-hybrid assay. We identified 24 interactions
among HCMYV virion proteins, including 13 novel interactions among tegument proteins and one novel
interaction between capsid proteins. Several of these novel interactions were confirmed by coimmunoprecipi-
tation of protein complexes from transfected cells. In addition, we demonstrate three of these interactions in
the context of HCMYV infection. This study reveals several new protein-protein interactions among HCMV
tegument proteins, some of which are likely important for HCMYV replication and pathogenesis.

Human cytomegalovirus (HCMV) is a ubiquitous member
of the herpesvirus family and the prototype betaherpesvirus.
HCMV infection is usually associated with asymptomatic car-
riage in healthy individuals. However, HCMV is a significant
cause of morbidity and mortality in individuals with compro-
mised immune function. Moreover, HCMV poses a significant
threat to neonates and is the leading infectious cause of birth
defects in the United States (31).

HCMYV is the largest of the human herpesviruses with a
>230-kbp genome composed of linear double-stranded DNA.
The predicted coding capacity of the genome ranges from 160
to more than 200 open reading frames (ORFs) (28, 29).
HCMV particles are structurally complex and are composed of
a DNA-containing nucleocapsid surrounded by a layer of vi-
rally encoded proteins referred to as the tegument. A host-
derived envelope that is studded with virally encoded glyco-
proteins surrounds the nucleocapsid and tegument. As many as
71 viral proteins are predicted to be incorporated into HCMV
particles (47).

The function of HCMV tegument proteins is a subject of
intense interest. Although there may be as many as 35 proteins
that are packaged in the tegument layer of the virion, less than
half of these proteins have been ascribed a function (16, 47).
Tegument proteins are released into the cytoplasm of the host
cell upon viral entry; thus, they are able to function immedi-
ately upon infection, prior to the onset of viral gene expression.
Tegument proteins function in various capacities throughout
the course of infection, including delivery of the viral genome,
regulation of gene expression, modulation of host immune
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responses, nuclear egress, and virion envelopment (2, 5, 6, 9,
20, 35, 43).

The assembly of HCMYV virions is poorly understood, espe-
cially with respect to acquisition of the tegument proteins.
Several tegument proteins localize exclusively to the cytoplasm
throughout the course of infection, suggesting that much of the
tegument is acquired after nuclear egress of DNA-containing
capsids (3, 39). This is supported by the observation that many
tegument and glycoproteins localize to a unique perinuclear
structure that is referred to as the assembly complex (AC) at
late times during infection, where it is thought that final virion
assembly and envelopment occur (38). However, it has also
been shown that the abundant tegument protein UL32 (pp150)
associates with capsids in the nucleus and remains bound to the
capsid during nuclear egress and migration of the capsid to the
AC (15, 37). While the formation of the AC is a well-docu-
mented phenomenon, the events that occur in the AC that
result in the formation of mature virus particles have remained
elusive.

Although the mechanisms of tegumentation and viral assem-
bly are not well understood, these processes are generally
thought to involve the stepwise addition of proteins through
protein-protein interactions. In addition to the role played by
protein-protein interactions in assembly of the virion, such
interactions are also likely to be required for important func-
tions of tegument proteins throughout the course of infection.
Therefore, to identify protein-protein interactions among
virion proteins, we carried out a yeast two-hybrid screen to
identify binary interactions among HCMV capsid and tegu-
ment proteins. Using this method we identified 24 interactions,
including 13 novel interactions between tegument proteins and
one novel interaction between capsid proteins. Coimmunopre-
cipitation experiments were used to confirm many of these
interactions in both transfected and HCMV-infected cells. In-
teractions identified in this screen will provide insight into
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virion assembly, tegumentation, and the function of tegument
proteins in the HCMYV life cycle.

MATERIALS AND METHODS

Generation of HCMV ORF entry vectors. Vectors containing the HCMV
ORFs were constructed by using a pENTR/D-TOPO cloning kit (Invitrogen) to
generate Gateway compatible entry clones. All ORFs, with the exception of
UL112, were PCR amplified using one primer that began at the start codon and
a second primer that ended at the stop codon of each ORF using Advantage HD
Polymerase (Clontech). PCR products were subsequently gel purified and cloned
into the pPENTR/D-TOPO entry vector according to the manufacturer’s instruc-
tions. For UL112, only the first exon (or 268 amino acids) was amplified and
cloned into the entry vector and from here on is referred to as UL112el. All
ORFs except UL46, UL48, and UL86 were amplified using HCMV AD169
genomic DNA as a template. Plasmids TA-MCP, UL48-pGEM, and ULS6MH17
were kindly provided by W. Gibson (Johns Hopkins) and were used as a template
for UL46, UL48, and ULS6, respectively. All entry clones were screened for
proper insertion by restriction enzyme analysis and DNA sequencing.

Yeast two-hybrid screen. The yeast two-hybrid screen was performed by using
the ProQuest two-hybrid system (Invitrogen) according to the manufacturer’s
instructions. Briefly, each HCMV ORF was transferred to both the pDEST22
(prey) and pDEST32 (bait) vectors using the LR Clonase II enzyme mix (In-
vitrogen) according to the manufacturer’s protocol. All bait and prey vectors
were then screened for proper recombination by restriction enzyme analysis.

The yeast two-hybrid screen was performed by cotransformation of bait and
prey plasmids into Saccharomyces cerevisiae strain MaV203 by using the Fro-
zen-EZ Yeast Transformation II kit (Zymo Research) according to the manu-
facturer’s protocol. Transformants were selected on minimal synthetic agar
medium containing dropout supplements lacking leucine and tryptophan
(Leu Trp ) (Clontech). Prior to screening for interactions, each bait vector was
tested for auto-activation. The background levels of HIS3 activation by the bait
protein alone were tested on plates containing increasing concentrations of
3-amino-1,2,4-triazole (3AT). Each bait vector was then assayed on plates con-
taining a concentration of 3AT that eliminated any autoactivation from the bait
vector alone. Interactions were identified through activation of two independent
reporter genes. To assay for activation of the HIS3 reporter gene, multiple
colonies from each Leu Trp ™~ plate were resuspended in 0.9% NaCl and spotted
onto synthetic complete agar medium containing dropout supplements lacking
leucine, tryptophan, and histidine (Leu™ Trp His ™) (Clontech). Plates were in-
cubated for 3 days at 30°C and assessed for growth. Each plate included a set of
interaction controls provided with the ProQuest two-hybrid system and a bait-
only control. Transformants that exhibited growth on Leu Trp His™ dropout
medium were then assayed for activation of the lacZ reporter gene by filter lift
assay. Briefly, cells were transferred to nitrocellulose filters and lysed by freeze-
thawing in liquid nitrogen. Filters were incubated at 30°C for 24 h on filter paper
saturated with buffer containing 60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM
KCl, 1 mM MgSO,, 1 mg of X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopy-
ranoside)/ml, and 86 mM B-mercaptoethanol. Interactions were scored as posi-
tive when both the HIS3 and the lacZ reporter genes were activated.

Generation of HA- and FLAG-tagged expression plasmids. pcDNA3.1 (In-
vitrogen) and pCI-neo (Promega) were used as backbone vectors to generate
Gateway compatible destination vectors containing an N-terminal FLAG or
hemagglutinin (HA) tag. The resulting vectors were named HA-Dest-pcDNA3.1,
FLAG-Dest-pcDNA3.1, HA-Dest-pCI-neo, and FLAG-Dest-pCI-neo. To gen-
erate these vectors, the recombination cassette of pPDEST22 containing the attR
sites, chloramphenicol resistance marker, and ccdB counterselectable marker
was amplified and cloned into the pcDNA3.1 or pCI-neo backbone. Recombi-
nation cassettes were amplified and cloned into the HindIII and Xhol sites of
pcDNA3.1 using the primers pcDNA3.1 HA For (5'-AAGCTTGTTTAAACA
TGTATCCTTATGACGTGCCTGACTATGCCTCTAGATCAACAAGTTTG
TACAAAAAAGCTGAACGAG-3') or pcDNA3.1 FLAG For (5'-AAGCTTG
TTTAAACATGGATTACAAGGATGACGACGATAAGTCTAGATCAACA
AGTTTGTACAAAAAAGCTGAACGAG-3') with the reverse primer Dest
Conv Rev (5'-CTCGAGGTTTAAACACCACTTTGTACAAGAAAG-3') or
the Nhel and Xhol sites of pCI-neo using the primers pCl-neo HA For (5'-G
CTAGCGTTTAAACACCATGGCTTATCCTTATGACGTGCCTGACTATG
CCTCTAGATCAACAAGTTTGTACAAAAAAGCTGAACGAG-3') or pCI-
neo FLAG For (5'-GCTAGCGTTTAAACACCATGGCTGATTACAAGGAT
GACGACGATAAGTCTAGATCAACAAGTTTGTACAAAAAAGCTGAAC
GAG-3") with the reverse primer Dest Conv Rev (5'-CTCGAGGTTTAAACA
CCACTTTGTACAAGAAAG-3'). Due to the presence of the ccdB gene, these
destination vectors were propagated in DB3.1 Escherichia coli (Invitrogen).
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HCMYV ORFs were then transferred to these FLAG- and/or HA-tagged desti-
nation vectors by using LR Clonase II enzyme mix (Invitrogen) according to the
manufacturer’s protocol.

Cell culture and virus infections. Human foreskin fibroblast (HFF) cells and
human embryonic kidney 293T cells were cultured in Dulbecco modified Eagle
medium supplemented with 10% (vol/vol) fetal calf serum (HyClone), 100 U of
penicillin/ml, and 100 wg of streptomycin/ml in an atmosphere of 5% CO, at
37°C. For HCMYV infections, HFF cells were infected with either ADCREGFP-
HAULS8 or ADCREGFP-UL94HA at a multiplicity of 3 PFU/cell. After 2 h of
incubation, the inoculum was removed and replaced with fresh complete me-
dium.

Immunoprecipitation and Western blotting. At 24 h prior to transfection, 5 X
10° 293T cells were plated onto 100-mm dishes. The next day, the medium was
changed, and the cells were transfected with 4 pg each of the FLAG- and
HA-tagged expression constructs by using the ProFection mammalian transfec-
tion system (Promega) according to the manufacturer’s protocol. Total protein
was harvested 48 h posttransfection by trypsinization, centrifugation, and lysis in
NP-40 lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 0.5% NP-40, 0.75%
Ipegal) containing protease inhibitor cocktail (Roche). Immunoprecipitations
were performed with 400 wg of total protein incubated with 3 pg of rabbit
a-FLAG antibody or 600 ng of goat a-HA antibody for 6 h at 4°C. Protein
complexes were precipitated with Protein A/G Plus Agarose (Santa Cruz Bio-
technology) for 2 h at 4°C. Immunoprecipitates were washed three times with
NP-40 lysis buffer and boiled in 2X sodium dodecyl sulfate (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, and Western blotting was performed.
Proteins were separated by electrophoresis on 8 to 12% polyacrylamide gels and
transferred to nitrocellulose membranes (Whatman Optitran). Membranes were
blocked in 5% nonfat dry milk and probed with primary and secondary antibod-
ies. Immunoreactive proteins were detected by using the ECL chemiluminescent
system (Thermo).

For infection experiments, HFF cells cultured in 100-mm dishes were infected
with the indicated viruses, and total protein was harvested 120 h postinfection as
described above. Immunoprecipitation was performed as described above with
goat a-HA antibody (Y-11; Santa Cruz Biotechnology).

Antibodies. Rabbit polyclonal a-FLAG antibody (F-7425; Sigma) and goat
polyclonal a-HA antibody (Y-11; Santa Cruz Biotechnology) were used for
immunoprecipitation. The following antibodies used for Western blotting were
obtained from commercial sources: mouse «-HA antibody (16B12; Covance),
mouse a-FLAG antibody (M2; Sigma), mouse a-UL99 antibody (1207; Rum-
baugh-Goodwin Institute), and mouse a-tubulin antibody (TU-02; Santa Cruz
Biotechnology). Mouse o-UL69 antibody was kindly provided by T. Shenk
(Princeton) and has been previously described (50). Rabbit polyclonal a-UL48
antibody was kindly provided by W. Gibson (Johns Hopkins) and has been
previously described (18). The following horseradish peroxidase-conjugated sec-
ondary antibodies were used for detection: goat a-mouse IgG (Santa Cruz
Biotechnology), goat a-rabbit IgG (Zymed), and goat a-mouse IgM (Chemicon).

Recombinant virus generation. pADCREGFP-HAULS8 and pADCREGFP-
UL94HA BACs were generated by using a two-step linear recombination pro-
tocol in SW102 Escherichia coli as previously described (33, 48). The UL88 ORF
overlaps with both UL87 at the 5 end and ULS89 at the 3’ end. The ULS87 stop
codon TGA is located at nucleotides 131178 to 131180 (RefSeq X17403.1),
overlapping with the ULSS initiating ATG located at nucleotides 131177 to
131179. Therefore, to insert an HA epitope at the N terminus of ULSS, we
inserted an ATT isoleucine codon immediately following the UL8S initiating
ATG. This strategy allowed us to insert the HA tag in-frame with the N terminus
of ULSS8 while leaving the UL87 stop codon intact. The first step in generating
pADCREGFP-HAULSS was recombination between the HCMV wild-type
pADCREGFP BAC (7) and a linear PCR fragment containing a GalK/kanamy-
cin (GalK/Kan) marker cassette flanked by 50-bp UL88 homology arms. The
GalK/Kan linear fragment was obtained by PCR using the pYD-C255 plasmid (a
gift from D. Yu, Washington University) as a template and the oligonucleotides
primers UL88GalKFOR (5'-ACGGCAGTTCTGAACCCACGTCGCCGCGA
GCGCGGTTTGCATCACGATGACCTGTTGACAATTAATCATCG-3") and
UL88KanREV (5'-CGGACGCTCCTCCGGACGAAACGCCGCGGCGGCA
GCGGCCGCGGCTTCCACTCAGCAAAAGTTCGATTTA-3"). The first re-
combination step resulted in insertion of the GalK/Kan cassette at nucleotide 131181 of
the AD169 genome (RefSeq X17403.1) directly downstream of the UL8S start codon to
generate pADCREGFPGulK/KanULSS. Recombinants containing the GalK/Kan cas-
sette were selected on LB kanamycin plates and screened by restriction enzyme analysis.
A second recombination step was then carried out with double-stranded oligonucleo-
tides containing an HA tag to replace the GalK/Kan cassette. The oligonucleotides
HAULSS sense (5'-ACGGCAGTTCTGAACCCACGTCGCCGCGAGCGCGGTT
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TGCATCACGATGATTTATCCTTATGACGTGCCTGACTATGCCAGCCTGG
GAATGGAAGCCGCGGCCGCTGCCGCCGCGGCGTTTCGTCCGGAGGAGC
GTCCG-3') and HAULSS antisense (5'-CGGACGCTCCTCCGGACGAAACGCC
GCGGCGGCAGCGGCCGCGGCTTCCATTCCCAGGCTGGCATAGTCAGGC
ACGTCATAAGGATAAATCATCGTGATGCAAACCGCGCTCGCGGCGACG
TGGGTTCAGAACTGCCGT-3") were annealed, purified, and transformed into
competent SW102 cells containing pADCREGFPGualK/KanULSS. Recombinants were
selected on 2-deoxygalactose (DOG) minimal agar plates to counterselect for GalK. The
resulting recombinant BACs were screened by restriction enzyme digest and PCR. The
correct in-frame insertion of the HA tag at the 5" end of UL88 was verified by DNA
sequencing.

The UL93 ORF overlaps with the 5’ end of the UL94 ORF by 142 bp.
Therefore, to generate pADCREGFP-UL94HA, the stop codon of UL94 was
removed, and the HA epitope was fused to the C terminus of UL94, leaving the
coding sequence for UL93 intact. pADCREGFP-UL94HA was generated using the
same protocol as described above. Briefly, The GalK/Kan linear fragment was amplified
with the oligonucleotides primers UL94GalKFOR (5'-GTGTCACGTATGATAGTG
TGTTCCTGTCCGGTGCTTAAGAACCTAGTGCACCCTGTTGACAATTAAT
CATCG-3") and UL94KanREV (5'-TCCTCCTTTTTTTTGTTATTTCTTGTTTCIT
CTCCCCGTGAACTGTCAGACCCCGCTCAGCAAAAGTTCGATTTA-3"). The
first recombination step resulted in removal of the UL94 stop codon and insertion of the
GalK/Kan cassette at nucleotide 137387 of the AD169 genome (RefSeq X17403.1)
directly downstream of the UL94 ORF to generate pADCREGFPGualK/KanUL94. The
second recombination step was carried out by using double-stranded oligonucleotides
UL94HA sense (5-GTGTCACGTATGATAGTGTGTTCCTGTCCGGTGCTITAA
GAACCTAGTGCACAGATCATATCCTTATGACGTGCCTGACTATGCCTAA
GAATTCCGGGGTCTGACAGTTCACGGGGAGAAGAAACAAGAAACAAC
AAAAAAAAGGAGGA-3') and UL94HA antisense (5'-TCCTCCTTTTTTTTGTT
GTTTCTTGTTTCTTCTCCCCGTGAACTGTCAGACCCCGGAATTCTTAGGC
ATAGTCAGGCACGTCATAAGGATATCTTGAGTGCACTAGGTTCTTAAGC
ACCGGACAGGAACACACTATCATACGTGACAC-3'). Recombinant  viruses
were generated by transfecting ~1 pg of BAC DNA and 5 pg of pp71-pCGN expression
plasmid into 5 X 10° HFF cells via electroporation (950 uF, 260 V). Cells were seeded
into dishes and infectious virus harvested when 100% cytopathic effect was observed.
Infectious titers for all viruses were determined by plaque assay on HFF cells.

RESULTS

Interactions identified by yeast two-hybrid analysis. To
identify protein-protein interactions between virion proteins
we performed a yeast two-hybrid screen. Proteins selected for
inclusion in the screen were previously identified as virion
components by mass spectrometry (47). The selected proteins
included 5 capsid and 28 tegument proteins (Table 1). Table 1
also lists the proposed function of each protein and whether
the protein plays an essential, augmenting, or dispensable role
in viral replication based on transposon mutagenesis studies
(10, 52).

Each ORF was cloned into both the bait (pDEST32) and
prey (pDEST22) vectors of the yeast two-hybrid system. This
was done to account for the possibility that interactions may
only occur in a single bait-prey orientation, as has been previ-
ously reported (22, 36). Each protein was tested against itself
and all other proteins in a binary fashion by cotransformation
of a single bait and prey vector for a total of 1,089 pairwise
combinations. Prior to screening, we tested each bait for au-
toactivation of the HIS3 reporter. Yeast cells were transformed
with an individual bait vector and the empty prey vector.
Transformants were then tested for growth on plates contain-
ing increasing concentrations of 3AT, which specifically inhib-
its the enzyme product of the HIS3 gene. Subsequent screening
was carried out using the lowest concentration of 3AT that
inhibited growth of yeast cells containing each bait vector
alone. UL32, UL69, UL71, and UL94 exhibited significant
levels of autoactivation and were subsequently screened on
plates containing 50 mM 3AT. The remaining 29 baits were
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TABLE 1. HCMV virion proteins analyzed in yeast
two-hybrid analysis

. . Role in
Protein type and ORF Function infection
Capsid
UL46 Major capsid-binding Essential
protein

UL48A Smallest capsid protein Essential
ULS80 Capsid assembly protein ~ Essential
ULS8S Minor capsid protein Essential
ULS86 Major capsid protein Essential

Tegument/uncharacterized

UL24 Unknown Dispensable
UL25 Unknown Dispensable
UL26 Transcriptional regulation Augmenting
UL32 Late phase maturation Essential
UL35 Transcription/particle Augmenting
formation
UL43 Unknown Dispensable
UL44 DNA replication Essential
UL45 Unknown Dispensable
ULA47 Unknown Augmenting
UL48 Ubiquitin-specific Essential
protease
UL69 Transcriptional regulation Augmenting
UL71 Unknown Essential
ULS82 Transcriptional regulation Augmenting
ULS3 Lower matrix protein Dispensable
ULS84 DNA replication Essential
ULSS8 Unknown Dispensable
ULY%4 Unknown Essential
UL96 Unknown Essential
UL97 Protein kinase Augmenting
UL99 Late phase maturation Essential
UL103 Unknown Augmenting
UL104 DNA packaging/cleavage  Essential
UL112 DNA replication Augmenting
UsS22 Unknown Dispensable
US23 Unknown Augmenting
US24 Unknown Dispensable
IRS1 Transcription Dispensable
TRS1 Transcription/egress Augmenting

screened on plates containing 12.5 mM 3AT. These stringent
requirements were implemented to reduce the potential for
false positives resulting from autoactivation by the bait protein.

Each bait and prey pair was tested for interaction by co-
transformation into MaV203 yeast. Protein-protein interac-
tions were first identified based on activation of the HIS3
reporter gene, as indicated by growth of transformants on His™
minimal synthetic agar medium. Colonies that grew on His™
plates were then assayed for B-galactosidase activity to test for
activation of lacZ, a second independent reporter gene. Each
interaction identified in the initial screen was repeated at least
twice and exhibited activation of both the HIS3 and lacZ re-
porter genes. Representative results for each of the interac-
tions identified in the two-hybrid screen are shown in Fig. 1.
Each bait alone was analyzed as a negative control and was
spotted to the left of each bait and prey combination.

The two-hybrid screen revealed 24 interactions among virion
proteins. We identified 19 interactions between tegument pro-
teins and 5 interactions between capsid proteins. Of the five
capsid-capsid interactions identified, only the interaction be-
tween the minor capsid binding protein UL46 and the major
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FIG. 1. Protein-protein interactions between HCMV virion pro-
teins. Protein interactions between HCMV tegument proteins (A) or
capsid proteins (B) as determined by yeast two-hybrid analysis. Virion
proteins were screened for binary interaction by cotransformation of
bait and prey plasmids into MaV203 yeast. Activation of the HIS3
reporter gene was assayed by growth on media lacking histidine (left
column). Activation of the lacZ reporter gene was assayed by staining
for B-galactosidase activity (right column). Novel interactions are in-
dicated with an asterisk.

capsid protein UL86 has not been previously reported. Of the
19 interactions among tegument proteins, 13 are novel (Fig.
1A, asterisks). The interactions UL82-UL32 (40), UL82-UL35
(40), and UL94-UL99 (24), as well as the self-interactions
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between UL44 (1), UL69 (23), and UL112el (30), have all
been previously demonstrated by using either yeast two-hybrid
analysis or coimmunoprecipitation. Of the 24 binding pairs
identified, 7 are self-interactions and 17 are heterologous in-
teractions. We identified interactions involving 21 of the 33
virion proteins tested. We did not identify any interactions
between tegument and capsid proteins.

Of the 17 heterologous interactions identified, only the in-
teraction between the tegument proteins UL25 and UL26
could be demonstrated in both bait/prey orientations (data not
shown). This is consistent with the results of similar two-hybrid
screens and validates our approach of testing each interaction
in both orientations (22, 36).

Coimmunoprecipitation from transfected cells confirms in-
teractions identified by yeast two-hybrid assay. To eliminate
the possibility that the interactions identified in the yeast two-
hybrid screen represent false positives, we sought to verify a
subset of the interactions by coimmunoprecipitation of binding
partners from transfected mammalian cells. Due to the un-
availability of antibodies against specific viral proteins, we first
generated epitope-tagged Gateway compatible expression
plasmids using pcDNA3.1 and pCl-neo as backbone vectors.
Each vector was designed to express the protein of interest
fused in-frame with an N-terminal HA or FLAG tag.

293T HEK cells were cotransfected with vectors expressing
HA- and FLAG-tagged binding partners. Total protein was
harvested 48 h after transfection, and immune complexes were
precipitated with an antibody against the FLAG epitope. Pre-
cipitated proteins were subjected to SDS-PAGE, followed by
Western blotting with an antibody against the HA epitope. Cell
lysates were also analyzed to demonstrate the expression of
each protein after transfection. The results of the coimmuno-
precipitation analysis are shown in Fig. 2. For all 11 protein
pairs tested, the HA-tagged protein immunoprecipitated with
the FLAG-tagged binding partner as demonstrated by Western
blot analysis of protein complexes (Fig. 2, top row). The self-
interactions of UL69 (Fig. 2, panel 1) and UL112el (Fig. 2,
panel 3) have been previously demonstrated using coimmuno-
precipitation analysis and were used as positive controls for
validation of other interactions (23, 30). The interaction be-
tween UL99 and UL94 (Fig. 2, panel 2) has been previously
demonstrated using fluorescence resonance energy transfer
and yeast two-hybrid analysis but has not been demonstrated
using coimmunoprecipitation (24). The remaining eight inter-
actions tested—UL25-UL25 (Fig. 2, panel 4), UL25-UL26
(Fig. 2, panel 5), UL45-UL25 (Fig. 2, panel 6), UL45-UL32
(Fig. 2, panel 7), UL45-UL69 (Fig. 2, panel 8),
ULS8-UL6Y (Fig. 2, panel 9), UL94-ULS82 (Fig. 2, panel 10),
and UL94-US22 (Fig. 2, panel 11)—are novel interactions
between tegument proteins. These results confirm the results
of the yeast two-hybrid screen and demonstrate that the inter-
actions identified in the screen are not false-positive results or
artifacts of the two-hybrid system.

Coimmunoprecipitation from HCMV-infected cells con-
firms interactions identified by yeast two-hybrid assay. Yeast
two-hybrid and coimmunoprecipitation from transfected cells
are valid methods for demonstrating protein-protein interac-
tions. However, these assays are carried out in the absence of
other viral factors and may not necessarily reflect the interac-
tions that occur during the course of infection. In addition,
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conditions of overexpression may result in an artificial associ-
ation between proteins that would not otherwise interact.
Therefore, we sought to verify a subset of interactions in in-
fected cells to assess whether the interactions identified by
yeast two-hybrid analysis could also be demonstrated in the
context of HCMV infection.

We chose to examine the interactions between UL94-UL99,
UL69-ULSS, and UL48-ULSS during viral infection. Due to
the unavailability of antibodies needed to directly test the
interactions in the context of an infection, we generated
recombinant viruses that express HA-tagged ULSS
(ADCREGFP-HAULSS) or HA-tagged UL94 (ADCREGFP-
UL94HA) proteins. The recombination strategy and charac-
terization of ADCREGFP-HAULSS and ADCREGFP-
UL94HA are shown in Fig. 3. We generated these
recombinant viruses using a previously described two-step
BAC recombineering protocol (33, 48) that involves site-spe-
cific insertion of a GalK/Kan marker cassette followed by re-
placement of the marker cassette with the HA epitope tag
(Fig. 3A).

BAC constructs were analyzed by restriction enzyme di-
gest for insertion and removal of the GalK/Kan cassette and
the in-frame insertion of the HA tag was verified by DNA
sequencing (data not shown). pADCREGFP-UL94HA and
pADCREGFP-HAULSS BAC DNA were transfected into
HFF cells to generate virus stocks. The addition of the HA
tag did not result in any observable change in the replication
kinetics of either virus compared to wild-type ADCREGFP
virus (data not shown). To confirm expression of the tagged
proteins during infection, HFF cells were infected at a mul-
tiplicity of 3 PFU/cell, and total protein was harvested 96 h
postinfection. Cell lysates were analyzed by Western blot
using an antibody directed against the HA epitope. As
shown in Fig. 3B, we detected proteins at the predicted sizes
of 36 kDa (UL94) and 48 kDa (ULSS) after infection with
the respective recombinant viruses.

To validate the interactions between UL48 and ULSS, UL69
and ULSS, and UL99 and UL94 in the context of infection,
HFF cells were infected with the indicated viruses at a multi-
plicity of 3 PFU/cell, and total protein was harvested 120 h
postinfection. This time point was chosen because, with the
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FIG. 2. Verification of protein interactions by coimmunoprecipitation. 293T cells were transfected with equal amounts of HA and FLAG-
tagged vectors, and total protein was harvested 48 h posttransfection. Lysates were subjected to immunoprecipitation with a-HA antibody.
Precipitated proteins were separated by SDS-PAGE, and blots were probed with a-FLAG antibody to detect precipitation of binding partners. An
immunoblot of the total cell lysate confirmed the expression of each tagged protein. a-Tubulin is shown as a loading control.

exception of UL69Y, each of the proteins involved in these
interactions is expressed with true late kinetics and does not
accumulate to appreciable levels until late time points during
infection (18, 34, 49). Immunoprecipitation was carried out
with polyclonal anti-HA antibody. Immunoprecipitates were
separated by SDS-PAGE and Western blot was performed
with antibodies against UL48, UL69, or UL99. The cell lysates
were also analyzed for expression of each protein. Figure 4
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FIG. 3. Generation of recombinant virus expressing HA-tagged
ULSS or UL9%4. (A) Schematic diagram of UL94 and UL88 genomic
regions and the procedure used to generate recombinant BACs from
wild-type ADCREGFP BAC. In the first recombination step, the
GalK/Kan selection cassette was inserted at either the 5 (UL88) or 3’
(UL94) end of the ORF. The GalK/Kan cassette was then removed via
recombination with a double-stranded oligonucleotide containing the
HA tag and gene-specific flanking sequences. (B) HFF cells were
either mock infected or infected with  ADCREGFP-UL94HA or
ADCREGFP-ULSSHA at a multiplicity of 3 PFU/cell. Cell lysates
were harvested 96 h postinfection and assayed for UL94 or ULSS
expression by Western blot analysis with a-HA antibody.
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FIG. 4. Verification of protein interactions during HCMYV infec-
tion. HFF cells were mock infected or infected with either
ADCREGFP-HAULSS or ADCREGFP-UL94HA viruses at a mul-
tiplicity of 3 PFU/cell. Cell lysates were harvested 120 h postinfec-
tion and subjected to immunoprecipitation with a-HA antibody.
Precipitated proteins were separated by SDS-PAGE, and Western
blotting was performed with the indicated antibodies to demon-
strate coimmunoprecipitation of binding partners. Antibodies
against another abundant virion protein were used to show speci-
ficity of the interaction. An immunoblot of the total cell lysates
confirmed the expression of each protein. a-Tubulin is shown as a
loading control.

shows that for each interaction tested, we were able to dem-
onstrate coimmunoprecipitation of each set of binding part-
ners (Fig. 4, top row). In addition, each blot was probed with
an antibody against another abundant virion protein to dem-
onstrate the specificity of each interaction and to rule out the
possibility that the HA antibody was pulling down intact or
partially intact virions during the immunoprecipitation proce-
dure (Fig. 4, second row). Panel 1 shows that UL99 coimmu-
noprecipitates with UL94-HA, whereas we were unable to
detect an interaction between UL94 and the UL69 tegument
protein. Panels 2 and 3 show that UL69 and UL48 both coim-
munoprecipitate with HA-ULS8. However, we were unable to
detect an interaction between ULS8 and the UL99 tegument
protein. These results show that UL48-ULS8S (Fig. 4, panel 3),
UL69-ULSS (Fig. 4, panel, 2), and UL99-UL94 (Fig. 4, panel
1) are physically associated with each other or are in a complex
with additional viral proteins at late times during HCMV in-
fection of HFF cells.

DISCUSSION

The goal of this study was to gain insight into the structure
and organization of the HCMYV virus particle by identifying
interactions between virion proteins. To this end, we used the
yeast two-hybrid assay to identify binary interactions among
HCMYV capsid and tegument proteins.

Our yeast two-hybrid screen identified 24 interactions
among HCMYV virion proteins. Of these 24 protein-protein
interactions, 10 have been previously reported in the literature.
These include UL44-UL44 (1), UL69-UL69 (23), UL82-UL32
(40), UL82-UL35 (40), UL99-UL9%4 (24), UL112e1-UL112el
(30), UL46-ULS5 (13), UL48a-UL86 (21), UL80-ULS0 (26,
51), and UL85-ULSS5 (13). Our screen also revealed 14 novel
interactions, including UL25-UL25, UL25-UL26, UL32-UL35,
ULA43-ULS83, ULA45-UL2S, UL45-UL45, ULA45-UL69, ULA48-
ULA4S5, UL48-UL8S8, UL69-ULSS, UL82-UL94, UL94-US22
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(Fig. 1A), and UL46-ULS86 (Fig. 1B). Several of these inter-
actions were subsequently confirmed in coimmunoprecipita-
tion experiments following coexpression in transient overex-
pression studies (UL25-UL25, UL25-UL26, UL32-ULA4S,
ULA45-UL25, ULAS-UL69, UL69-ULSS, ULS2-UL94, and
UL94-US22 (Fig. 2). Three of the interactions identified in the
yeast two-hybrid screen were also confirmed in the context of
HCMYV infection (UL99-UL94, ULS88-UL69, and ULAS-
ULRS) (Fig. 4). These coimmunoprecipitation studies validate
the yeast two-hybrid results and suggest the importance of
these interactions during HCMV infection.

We detected 19 tegument-tegument interactions and 5 cap-
sid-capsid interactions. However, we did not identify any in-
teractions between HCMV tegument and capsid proteins.
These results were initially surprising considering the results of
similar screens carried out for other herpesvirus family mem-
bers. Analysis of interactions between HSV-1 and KSHV
virion proteins revealed five and seven interactions, respec-
tively, between capsid and tegument proteins (22, 36). Inter-
estingly, a comprehensive yeast two-hybrid screen performed
for murine cytomegalovirus also failed to detect any binary
interactions between tegument and capsid proteins (11). The
only HCMV tegument protein that has been shown to interact
with the capsid is pp150 (UL32), an abundant tegument pro-
tein that is unique to betaherpesviruses. Interestingly, pp150
has only been shown to bind intact capsids isolated from viri-
ons but does not bind individual capsid subunits in glutathione
S-transferase pull-down assays (4). Therefore, HCMV tegu-
ment proteins may only bind the capsid in its fully assembled
conformation and not to individual capsid proteins. Taken
together, these data suggest the possibility that the mechanism
of betaherpesvirus assembly differs markedly from those of
alpha- and gammaherpesviruses.

There are a number of previously reported interactions be-
tween HCMYV virion proteins that were not detected in the
present study. Several factors can contribute to false negative
results using the yeast two-hybrid assay. Improper folding or
masking of binding domains due to the fusion of the GAL4
activation domain or DNA-binding domain to each protein
may prevent an interaction from occurring. False negatives
may also result from the absence of posttranslational modifi-
cations that may be necessary for an interaction to occur. This
may be especially relevant for viral proteins that are normally
glycosylated or phosphorylated during infection. Another pos-
sible explanation for the failure to detect interactions that have
been previously demonstrated using other methods is that
some of these interactions may be indirect or require the pres-
ence of other viral factors to form a complex. Finally, it is
possible that false negatives in our screen resulted from insuf-
ficient expression of bait or prey proteins. However, we were
able to detect interactions with all five capsid proteins and 16
of the 28 tegument proteins tested, confirming that all of these
proteins were expressed in our system.

Using the data from our screen and from previous literature
reports of interactions between HCMYV proteins, we have con-
structed an interactome map (Fig. 5). This map illustrates
interactions involving the proteins that are predicted to be
incorporated into the tegument layer of the virion and does not
include interactions involving capsid or glycoproteins. Novel
interactions identified in the current study are indicated by
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FIG. 5. Interactome map of HCMYV virion proteins. The map illus-
trates interactions identified in this screen (solid lines) and those that
have been previously reported (dashed lines). Self-interactions are
indicated by looped lines. Map shows the relationship between 31
interactions involving 21 proteins. Proteins included in the map are
known tegument proteins or are virion components that have not yet
been characterized.

single solid lines. Previously reported interactions not identi-
fied in the current screen are indicated by dashed lines (5, 8,
12,17, 19, 27, 41, 42, 44-46). The interactome map shows that
all of the known interactions involving the proteins that are
likely packaged in the virion tegument form a network in which
each protein has at least one other binding partner. This map
can be used to make predictions about tegument architecture
or the mechanisms by which the tegument is assembled. In
addition to possible roles in the structure or assembly of viri-
ons, these interactions may also have regulatory functions such
as in regulation of viral gene expression, modulation of host
cell responses, or pathogenesis in vivo.

Several of the novel interactions identified in our screen
involve the tegument protein UL45. We demonstrate that
ULAS associates with itself, as well as with the tegument pro-
teins UL25, UL32, UL48, and UL69. It was originally hypoth-
esized that ULA4S5 functions as a ribonucleotide reductase or as
an inhibitor of apoptosis based on homology to other proteins.
However, UL45 does not appear to function in either of these
capacities during HCMV infection in vitro (14). One group
predicted that ULA4S5 plays a role in assembly or egress based
on an apparent defect in plaque formation by a UL45 deletion
mutant (32). Our data are consistent with a possible role for
ULA4S in assembly due to its interaction with several other
tegument proteins that are expressed at late times in infection.
These interactions may contribute to the proper acquisition of
tegument proteins or maintenance of tegument structure
within the virion. Analysis of the tegument composition of
virions produced by a UL45 deletion mutant will help reveal
whether ULA45 is required for proper tegument incorporation
of UL25, UL32, ULA48, or UL69.

Previous yeast two-hybrid analysis identified UL32 and
ULS35 as viral binding partners of UL82. Subsequent charac-
terization of a UL35 deletion mutant demonstrated that, in the
absence of UL35, ULS2 is retained in the nucleus rather than
localizing to the cytoplasm during virion assembly (40). The
UL35 deletion mutant was also associated with an accumula-
tion of unenveloped cytoplasmic particles and a decrease in
particle infectivity (40). In the present study, we identified the
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previously reported interactions between UL32 and ULS2 and
between UL35 and ULS2. In addition, we also detected an
interaction between UL32 and UL35. Therefore, it is possible
that these three proteins form a complex in infected cells.
These interactions may contribute to the functions of these
three proteins during infection.

Finally, an interaction of particular interest is that between
UL94 and UL99. Both of these tegument proteins are required
for efficient HCMYV replication (10, 43, 52; unpublished data).
Both UL94 and UL99 are core herpesvirus proteins and the
homologs of these conserved tegument proteins from several
other herpesviruses have also been shown to interact (11, 25).
It is tempting to speculate that the interaction between these
proteins serves an essential function in the viral life cycle,
making it an attractive target for antiviral compounds.
Whether this interaction plays a structural or regulatory role
during infection is not yet known. We are currently investigat-
ing whether the interaction between UL94 and UL99 is essen-
tial for viral replication or if other unrelated functions of each
protein are responsible for the defective phenotype of UL94
and UL99 deletion mutants.

Further study of the kinetics, subcellular location, and func-
tional significance of these interactions during infection will be
necessary to characterize the potential contribution of each
interaction to HCMYV replication. The interactions identified
in the present study will likely shed light on the mechanisms of
tegument assembly during virion maturation and also provide
clues about the functions of as yet uncharacterized tegument
proteins.
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