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There is no vaccine to prevent HCMV infection, and the drugs
currently approved by the FDA for the treatment of HCMV
disease suffer from low bioavailability, toxicity, and the formation of resistant viruses (18).
HCMV is the prototype member of the betaherpesvirus family and has the classical herpesvirus structure and cascade of
gene expression (126). The virion (Fig. 1) is composed of the
double-stranded, 235-kb DNA genome enclosed in an icosahedral protein capsid, which itself is surrounded by a proteinaceous layer termed the tegument (the topic of this review)
and, finally, a lipid envelope. The genome is divided by internal
repeat sequences (IRS) into segments termed the unique long
(UL) and unique short (US) regions. Terminal repeat sequences (TRS) are also present. Viral genes (of which there
are more than 166) are named with a prefix based upon the
segment of the genome in which they are located and are
numbered sequentially. Virally encoded glycoproteins in the
envelope function as mediators of viral entry through a membrane fusion event, which releases both the DNA-containing
capsid and the tegument proteins into the cell. The expression
of viral immediate-early (IE) genes commits the virus to the
lytic replication program. Viral IE proteins modulate the host
cell environment and stimulate the expression of viral early
genes. Viral early proteins replicate viral genomic DNA. After
DNA replication, viral late genes are expressed. The late proteins are mostly structural components of the virion and permit
the assembly and egress of newly formed progeny viral parti-

INTRODUCTION
Human cytomegalovirus (HCMV) is a successful, widespread pathogen that infects the majority of the world’s population by early adulthood (126). The virus establishes a lifelong infection with a reservoir of both latently infected cells
and persistently infected cells that intermittently shed infectious virus. Numerous cell types become infected, and virus can
be found in most organ systems (169). HCMV infection is
responsible for approximately 8% of the cases of infectious
mononucleosis, and in populations with immature or compromised immune systems, HCMV is a significant pathogen causing morbidity and mortality (178). It is the leading viral cause
of birth defects (57), where infection of neonates causes deafness and mental retardation, and is the major cause of retinitis
and blindness in AIDS patients. HCMV contributes to graft
loss in bone marrow and solid-organ transplants, causes disease in cancer patients receiving immunosuppressive chemotherapy, and likely contributes to ageing-associated immunosenescence (94, 180). HCMV infection is also associated with
inflammatory and proliferative diseases such as certain cardiovascular diseases and some cancers (172). Both primary infection and reactivation of latent infections cause HCMV disease.
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FIG. 1. The HCMV virion. The cartoon represents (not to scale)
an average HCMV infectious viral particle. Abundant tegument proteins are listed. The large shapes on the surface of the virion represent
various virally encoded membrane glycoproteins. Please see the text
for further details.

TEGUMENT COMPOSITION AND STRUCTURE
The tegument layer of HCMV virions (84, 126) is defined as
the space enclosed by the lipid envelope but outside of the
protein capsid. Visualization of herpesvirus virions by electron
microscopy and electron tomography has shown that the tegument is generally unstructured or amorphous (34, 58, 190),
although some structuring of tegument proteins closely associated with the capsid has been observed. Of the 71 viral
proteins found within infectious virions (192), over one-half
(Table 1) appear to be tegument components (the others are
capsid or envelope proteins). Tegument protein abundance

can be inferred (although not precisely determined) by comparing their signal intensities observed during proteomic analysis of virions to the signal of the major capsid protein, which
is known to exist at 960 copies (triangulation number ⫽ 16) per
virion (27). Thus, while abundances for some tegument proteins are listed in this review, they should be considered to be
estimates. In general, viral tegument proteins are phosphorylated (and are thus sometimes named with the prefix pp, for
phosphoprotein), but the significance of phosphorylation to
their function remains largely unexamined. Neither experimental nor bioinformatic approaches have identified a common sequence that can specifically direct proteins into the
tegument (analogous to a nuclear localization signal). It is
likely that phosphorylation, subcellular localization to the assembly site, interaction with capsids or the cytoplasmic tails of
envelope proteins, as well as the formation of higher-order
heterologous complexes all facilitate the incorporation of proteins into the HCMV tegument. Thus, the mechanisms
through which tegument proteins are incorporated into virions
remain an enigma while continuing to be an area of active
research. In the absence of any discovered common mode of
virion incorporation for tegument proteins, a determination of
the incorporation requirements for multiple individual viral
proteins seems to be a logical approach to solving the puzzle of
tegument assembly.
In addition to viral proteins, approximately 70 cellular proteins have been found in the HCMV virion (192), presumably
in the tegument layer. Specific roles for any of these cellular
tegument proteins have not been extensively examined. Furthermore, viral and cellular RNAs are also packaged within
virions, NIEPS, and dense bodies, presumably in the tegument
layer (185). RNA packaging is proportional to the expression
level, does not appear to require a specific signal, and may
occur by nonspecific interactions with tegument proteins (185).
These RNAs may be incorporated for structural stability in
order for their translation in a newly infected cell or simply
nonspecifically. More work is required to determine the role
that virion RNAs play during HCMV infections.

ENTRY
Upon interaction of the viral envelope glycoproteins with
cellular receptors on fibroblasts, the virion and cell membranes
fuse (37), releasing the capsid and tegument proteins directly
into the cytoplasm. In epithelial and endothelial cells, HCMV
enters through low-pH-dependent endocytosis mediated by additional viral envelope glycoproteins (151). Any roles that tegument proteins may play in the process of membrane fusion
during viral entry remain largely unexamined. After fusion,
some tegument proteins likely remain in the cytoplasm. Others, such as pp65 and pp71, appear to migrate independently to
the nucleus. Still other tegument proteins remain tightly associated with the capsid and mediate the delivery of capsids
along microtubules to the nuclear pore complex, through
which the viral genomic DNA then enters the nucleus (Fig. 2).
The processes of HCMV entry and capsid delivery to the
nucleus have been recently reviewed (71, 84). The tegument
proteins suspected to play roles in the delivery of incoming
viral genomes to the nucleus are described below.
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cles. In certain cell types, IE genes are silenced upon HCMV
infection, resulting in a latent infection (168). During latency,
viral gene expression is minimized, presumably to avoid immune detection, and no viral progeny are produced. Latent
infections periodically reactivate as productive, lytic infections
that cause disease and allow viral spread.
In addition to infectious virions, two other types of particles,
noninfectious enveloped particles (NIEPS) and dense bodies,
are also produced from HCMV-infected cells (70). NIEPS are
very similar to infectious virions and contain an essentially
identical assortment of envelope, tegument, and capsid proteins but lack viral genomes packaged within the icosahedral
capsid. Dense bodies are enveloped tegument proteins that
lack capsids (and thus genomes). They are composed primarily
of the viral pp65 protein (see below). The significance (if any)
of these two types of particles to HCMV infections is not well
understood.
Activities for less than half of the tegument proteins have
been determined or suggested (Table 1). The phenotypes of
recombinant viruses with null mutations in genes encoding
tegument proteins demonstrate that some are absolutely essential for viral replication, others are required for efficient
replication (often termed augmenting genes), while still others
are dispensable for lytic replication in vitro (44, 126, 209). This
review discusses the functional roles that tegument proteins
play during HCMV infection, which include early events such
as the delivery of viral genomes to the nucleus, the regulation
of gene expression, and disarming the immune system as well
as later events such as the assembly of viral particles and their
release from the infected cell.
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TABLE 1. HCMV tegument proteinsa
Gene (protein)

Phenotype

D
D
D
A
E
A
D
A
D
E
A
A
E

UL50
UL53
UL54
UL57
UL69

E
E
E
E
A

UL71
UL72
UL76
UL77
UL79
UL82 (pp71)

A/E
A
A/E
E
E
A

UL83 (pp65)

D

UL84
UL88
UL93
UL94

E
D
E
A/E

UL96
UL97

A/E
A

UL99 (pp28)
UL103
UL112
IRS1/TRS1

E
A
A
A/E

US22
US23
US24

D
A
A

Reference(s)

Colocalizes with pp28
Increases stability of virion proteins
Directs capsid to site of final envelopment
Activates viral gene expression
Inhibits apoptosis
Inhibits apoptosis

12
108, 127
7
162
171
186

HCMV DNA polymerase processivity/transcription factor
Inactive (?) ribonucleotide reductase subunit
Release of viral DNA from capsid
Deubiquitinating protease
Release of viral DNA from capsid
Nuclear egress of capsids
Nuclear egress or assembly of capsids
Viral DNA polymerase
Single-stranded DNA-binding protein
Nuclear export of unspliced mRNAs
Arrests cell cycle in G1 phase

74
135
14
194
14
148
39
63, 95
89
103
109

Inactive (?) dUTPase
Nuclear function?
Putative pyruvoyl decarboxylase

30
196
208

Degrades Daxx; facilitates IE gene expression
Degrades Rb; stimulates cell cycle progression
Prevents cell surface expression of MHC
Endogenous kinase activity
Associated kinase activity
Evasion of adaptive immunity
Evasion of innate immunity
HCMV DNA replication/transcription factor

152
81
189
207
47, 85
52
6
48

Putative DNA-binding protein
Similar to autoantigen in systemic sclerosis

200
110

Kinase that phosphorylates ganciclovir
Stimulates DNA replication, assembly/egress
Cyclin-dependent kinase-like functions
Disrupts nuclear aggresomes
Directs enclosure of enveloped particles

105, 181
139
67
141
166

HCMV DNA replication factor
Inhibits PKR antiviral response
Virion assembly

134
61
3
2

Activates viral gene expression

46

a

Genes that encode tegument proteins along with commonly accepted protein names (if applicable) are shown. Phenotypes are listed as augmenting (A), dispensable
(D), or essential (E) and refer to the requirement of the gene for lytic replication in human fibroblast cells in vitro as determined either in the provided reference, by
two global mutational analyses of HCMV (44, 209), or as described in a recent review (126). The column labeled “Function(s)” displays either demonstrated or inferred
functions for these proteins. Blank rows indicate that no function has been described or hypothesized. Envelope glycoproteins and capsid components are not included.

pUL47 (HMWP-Binding Protein)
Disruption of the UL47 gene, which is expressed with late
kinetics (69), results in a 100-fold reduction in viral titers after
infections at either high or low multiplicities (14). The UL47
protein is found in approximately equal levels in infectious
virions, NIEPS, and dense bodies (9). A proteomic analysis of
purified virions estimated that at least 240 copies of UL47 are
packaged into an average virion (192). UL47 binds to the
high-molecular-weight protein (HMWP) (UL48) (see below)
and, thus, has been called HMWP-binding protein (194). In

addition to binding UL48, UL47 also interacts with the UL69
tegument protein and with the major capsid protein, perhaps
forming a complex (14). Interestingly, the absence of UL47
results in a decrease in the accumulation of the UL48 protein
(but apparently not the mRNA from which it is translated) and
a decrease in UL48 incorporation into virions (14). This indicates that UL47 is required for either the efficient translation
of or, more likely, the stability of UL48. Thus, the UL47-null
virus is also deficient in UL48, making it difficult to ascribe a
specific function to UL47. Upon infection of permissive fibro-
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UL23
UL24
UL25
UL26
UL32 (pp150)
UL35
UL36
UL38
UL43
UL44
UL45
UL47
UL48

Function(s)
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pathway (68, 83). Another possible role for the deubiquitinating activity of UL48 may be to facilitate viral egress. Recombinant HCMV with an active-site mutation in UL48 is viable
but shows a temporal delay in virion release (194). As retroviral budding through the multivesicular body pathway has
recently been shown to be inhibited by a catalytically inactive
cellular deubiquitinating enzyme in a dominant fashion (4), the
deubiquitinase activity of UL48 may also play a role during
HCMV egress. Interestingly, an association between UL48 and
a cellular protein that may participate in vesicular transport
has been observed, but the role that this association plays
during HMCV infection has not been analyzed (132).

blasts with a UL47-null virus, viral IE gene expression is delayed, but entry, as assayed by the delivery of the tegument
proteins pp65 and pp71 to the nucleus, appears to be normal
(14). These data, along with the phenotype of a herpes simplex
virus type 1 (HSV-1) temperature-sensitive mutant in the homolog of UL48 (11), led to the hypothesis that a UL47-containing complex facilitates the efficient release of viral DNA
from the capsid (14). However, because the levels of IE mRNA
eventually accumulate to near-wild-type levels but the titers of
the mutant virus never approach that of the wild type, UL47
and/or UL48 likely plays an additional and as-yet-uncharacterized role or roles in HCMV infection, perhaps during viral
maturation and/or egress (see below).
pUL48 (HMWP)
The UL48 gene has been classified as being either augmenting (209) or essential (44) and is expressed simultaneously as a
3⬘-coterminal transcript with UL47 (14, 69). Originally termed
the HMWP, its incorporation into virions was known prior to
establishing that it was the product of the UL48 gene (20, 50).
It is also found in NIEPS and dense bodies (9) and is incorporated at approximately 1,400 copies per virion (192).
UL48 is a deubiquitinating protease (194), but the significance of this enzymatic activity for the viral life cycle has yet to
be elucidated. One possible role for the deubiquitinating activity of UL48 is to inhibit the proteasomal degradation of viral
proteins upon entry, thereby allowing them to exert their individual effects on the newly infected cells as well as to prevent
their presentation to the immune system. The presence of such
an enzymatic activity in virions may explain why the proteasomal degradation of repressive cellular transcription factors (81,
152) mediated by the tegument-delivered viral pp71 protein
(see below) occurs through an unusual, ubiquitin-independent

Summary
The process of HCMV tegument disassembly upon viral
entry is poorly understood. It is widely speculated that herpesvirus tegument proteins mediate the delivery of genome-containing capsids to the nuclear pore complex and perhaps the
release of the viral DNA into the nucleus. In the alphaherpesviruses, there is accumulating evidence that the homologs of
HCMV UL47 and UL48 (termed UL37 and UL36 [VP1/2],
respectively) do indeed interact with each other and with capsids (36, 93, 193) and help transport those capsids along microtubules to the nucleus (112, 205). Further evidence that the
HCMV UL47/UL48 complex may be analogous to the alphaherpesvirus UL37/UL36 complex is the similar phenotypes of
HCMV UL47 and HSV-1 UL36 mutants described above as
well as the observations that HSV-1 UL36 is also a deubiquitinating protease that appears to play a role in viral egress (43,
87). Thus, one can build a model in which a tight association of
the HCMV UL47 and UL48 proteins with viral capsids and
perhaps with microtubule motor proteins facilitates the delivery of capsids to the nuclear pore complex and perhaps the
deposition of viral DNA into the nucleus. The approximately
5- to 10-fold decrease in the levels of UL47 and UL48 in dense
bodies (9, 192) further suggests that these proteins are predominantly capsid bound. The HCMV pp150 protein also appears to be tightly associated with incoming capsids (170) and
may thus play a role during viral entry (Fig. 2). Both genetic
and biochemical experiments to test this model are warranted.
GENE EXPRESSION
After the delivery of the viral genome to the nucleus, viral IE
genes are either expressed to initiate a lytic infection or repressed to establish latency. The pp71 protein is the only tegument component that plays a key and undisputed role in
activating IE gene expression at the start of a lytic infection.
Other tegument proteins may also increase viral gene expression; however, the significance of their contribution to this
process is unclear, largely because viral mutants have not yet
been fully analyzed.
pp71 (UL82)
Originally termed VP8 because it was identified as the
eighth largest viral protein (160) and subsequently termed the
upper matrix protein (145), the product of the UL82 gene (33)
is most commonly referred to as pp71 (130). As its name
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FIG. 2. Tegument proteins help deliver the HCMV genome-containing capsid to the nucleus during the viral entry process. (A) Signals
initiated upon receptor binding induce cellular antiviral responses but
may also prime the cell for subsequent events during viral entry.
(B) Capsid-associated tegument proteins UL47 and UL48 (and perhaps pp150) direct capsids along microtubules (MTs) toward nuclear
pore complexes. Cellular motor proteins such as dynein (not shown)
likely assist this transport. (C) A subset of tegument proteins (such as
pp65 and pp71) is transported to the nucleus independently of capsids.
(D) Capsids eventually dissociate from microtubules, dock at nuclear
pores, and release their DNA into the nucleus. The role of tegument
proteins in this process is implicated but has not been described in
detail.
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(HDACs) and is recruited to promoters by DNA-binding transcription factors, resulting in transcriptional repression. In addition, Daxx localizes to PML-nuclear bodies (PML-NBs), sites
where other cellular transcriptional repressors also accumulate. pp71 binds to Daxx through two Daxx interaction domains
(66) and partially localizes to PML-NBs through this interaction (66, 72, 116). Recombinant HCMVs expressing Daxx interaction domain mutant pp71 proteins (and not the wild type)
that cannot bind Daxx have the same phenotype as the pp71null mutant, indicating that pp71 binding to Daxx is required
for efficient viral IE gene expression and subsequent replication (28). The molecular mechanism through which pp71 activates IE gene expression was identified when it was determined that pp71 induces the proteasomal degradation of Daxx
to relieve Daxx- and HDAC-mediated silencing of the MIEP
(152). Inhibition of Daxx degradation by a proteasome inhibitor (152) or the overexpression of Daxx (29, 206) inhibits IE
gene expression in HCMV-infected cells and the knockdown
of Daxx by RNA interference (29, 138, 152, 183, 206), or the
inactivation of HDACs (152, 206) enhances IE gene expression
in HCMV-infected cells, especially when pp71 activity is absent
or inhibited. A model (Fig. 3A) for how pp71 regulates viral IE
gene expression at the start of a productive, lytic infection was
recently described (84).
When latent HCMV infections are established, expression
of the viral IE genes that initiate lytic replication is inhibited.
In two independent in vitro models systems used to study the
silencing of viral IE gene expression at the start of latent
infections, a recent study found that Daxx is absolutely required to repress IE gene expression (153). When Daxx levels
were reduced in these cells by RNA interference, viral IE
genes were expressed, and lytic replication was initiated upon
HCMV infection. However, lytic replication was not completed, but an abortive infection resulted. Thus, Daxx-mediated repression of viral IE gene expression may be utilized by
the virus to prevent the initiation of lytic replication in cells
that are not competent to support the complete, productive
replication cycle (153).
Importantly, Daxx is not degraded in cells where latent infections are established because tegument-delivered pp71 fails
to enter the nucleus but is trapped in the cytoplasm (153; R. T.
Saffert and R. F. Kalejta, unpublished observations). Much like
Daxx knockdown, the preexpression of nuclear pp71 in these
cells allows IE gene expression and the initiation, but not
the completion, of lytic replication. Thus, pp71 delivery to the
nucleus and its subsequent degradation of Daxx appear to be
the key events that determine whether lytic replication will be
initiated or whether latency will be established (Fig. 3). Interestingly, the potential dual roles of PML-NB proteins such as
Daxx in regulating herpesviral lytic and latent transcriptional
programs are not confined to HCMV but also seem to be
conserved in HSV-1 infections as well (154).
In addition to regulating viral IE gene expression, pp71 has
additional activities. For example, pp71 targets the hypophosphorylated forms of the Rb family of tumor suppressors for
proteasomal degradation (81). Similar to Daxx degradation
(68), the pp71-mediated degradation of Rb proteins is proteasome dependent but ubiquitin independent (83). The hypophosphorylated forms of the Rb proteins bind to the E2F
transcription factors and repress transcription from promoters
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implies, pp71 is a 71-kDa phosphoprotein (70) whose gene is
located next to and shares homology with the UL83 gene
encoding pp65 (33, 130, 149). The UL82 gene is expressed with
early-late kinetics, and the pp71 protein localizes to the nucleus in both HCMV-infected and UL82-transfected cells (65).
The ability of HCMV virion proteins to activate expression
from the viral major IE promoter (MIEP) was previously established (175, 179) when a candidate approach identified
pp71 as being the first known HCMV virion transactivator
(106). Subsequent work showed that pp71 increased the infectivity of transfected viral genomic DNA (10), as was previously
shown for the virion transactivators encoded by alphaherpesviruses. This phenomenon is of increasing importance, as mutant viral genomes are now routinely generated in Escherichia
coli cells as part of bacterial artificial chromosome (BAC)
clones and must be transfected into permissive cells to reconstitute infectious virus (150). Interestingly, the preexpression
of viral IE genes did not increase the infectivity of transfected
viral genomic DNA (10), leading to the hypothesis that tegument-delivered pp71 facilitates viral replication by multiple
methods, including the activation of viral IE gene expression.
Genetic experiments described below subsequently confirmed
this hypothesis.
Although pp71 is not absolutely essential, it is required for
efficient viral replication. This was first proposed when it was
observed that an antisense RNA to UL83 that would also
hybridize to UL82 transcripts inhibited the expression of both
pp65 (UL83) and pp71 (UL82) as well as viral replication (38)
but that a deletion of UL83 alone had no effect on viral replication (163). A role for pp71 in HCMV replication was shown
directly when a null mutant was constructed and found to have
a severe growth defect (21). To isolate this mutant virus, a
complementing cell line that expresses pp71 was employed,
allowing the generation of two types of viral stocks. Null mutant viruses grown on complementing cells incorporate the
ectopically expressed pp71 into the tegument and are called
⫹/⫺ viruses (present in virion/absent in genome) here. This is
analogous to “pseudotyping” virions with exogenous glycoproteins. Null mutants passaged once at a high multiplicity of
infection (MOI) in noncomplementing cells do not have pp71
in the tegument and are termed ⫺/⫺ viruses here. After lowMOI infections, both forms of pp71-null viruses (⫹/⫺ and
⫺/⫺) show a 10,000-fold growth defect (21). At higher multiplicities, the growth defect of the ⫺/⫺ virus is less severe
(100-fold at an MOI of 3 and 5-fold at an MOI of 10) but still
significant. Cells infected with pp71-null ⫺/⫺ stocks show decreased levels of expression of viral IE genes from at least four
different loci: UL36-UL38, UL106-UL109, UL115-UL119, and
the major IE locus UL122-UL123 (21). Interestingly, cells infected with the pp71-null ⫹/⫺ virus (with the pp71 protein in
the tegument but missing the genomic copy of UL82) at a high
MOI of 3 still showed a 10-fold growth defect (21). This may
indicate that the “pseudotyped” pp71 did not completely rescue viral gene expression (which was not monitored in these
experiments) or that pp71 plays an additional role in viral
replication after its important role in stimulating IE gene expression, as previously speculated (9).
At least one mechanism through which pp71 activates viral
gene expression is to counteract the repressive effects of the
cellular Daxx protein (155). Daxx binds to histone deacetylases
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that respond to E2F. Because E2F-responsive genes regulate
DNA replication and progression into the S phase (41), it is
suspected that it would be to the advantage of a DNA virus
such as HCMV to inhibit Rb function and stimulate E2F activity. By degrading Rb proteins, pp71 does stimulate cell cycle
progression by driving quiescent (G0) cells into the S phase
(81). Interestingly, pp71 also appears to have an Rb-independent ability to accelerate cells through the G1 phase of the cell
cycle (82). The functions that these activities of pp71 play
during HCMV infection are unknown, but a mutant HCMV
that expresses only a pp71 protein that is unable to degrade Rb
(81) replicates as well as wild-type virus (28). Thus, although
pp71 does mediate Rb degradation in HCMV-infected cells
(67), such degradation is not essential for lytic viral replication
in vitro. This is likely because in addition to pp71-mediated Rb
degradation, HCMV has other ways to impact the Rb-E2F
pathway (67, 174). Multiple redundant mechanisms attest to
the importance of modulating this cellular pathway and make
it challenging to decipher what roles the cell cycle regulatory
functions of the individual proteins play during HCMV infection.
Finally, pp71 expression late during infection of semipermissive glioblastoma cells decreases the cell surface expression of
major histocompatibility complex (MHC) class I proteins approximately 50% by slowing their intracellular transport (189).
This activity of pp71 may be cell type dependent, as it was not
observed in fully permissive fibroblasts (78). Much like the case
for Rb/E2F described above, pp71 is only one of many HCMV
proteins to modulate MHC class I proteins (125).
ppUL35
The UL35 open reading frame is transcribed into two coterminal transcripts that are translated from unique, in-frame

start codons into two proteins (UL35 and UL35a) that are
subsequently phosphorylated in infected cells (107). UL35 is
considered to be the full-length protein (640 amino acids),
while UL35a represents only the carboxy-terminal 193 amino
acids of UL35 (107). Only the larger form of UL35 was found
in the tegument of both virions and dense bodies. It localizes to
the cytoplasm at the very start of a lytic infection in fibroblasts
and accumulates to high levels only at late times of infection
(107). The short form, UL35a, is synthesized with early-late
kinetics and begins to accumulate in the nucleus of infected
cells as early as 4 h postinfection (107). These same subcellular
localizations were also observed with green fluorescent protein
fusion proteins in transfected fibroblasts (107). However, using
the same antibody as that used for the previous study (which
recognizes both UL35 and UL35a), a subsequent report observed only nuclear localization when an expression plasmid
for full-length UL35 was transfected into fibroblasts (161). No
Western blot analysis was provided to determine if this expression plasmid produced both UL35 and UL35a. Thus, the subcellular localization of these proteins remains an open question.
Deletion of the entire open reading frame from HCMV
Towne identified UL35 as being a locus required for efficient
replication at low MOIs (44). This phenotype was subsequently
confirmed in another laboratory-adapted strain of the virus,
HCMV AD169 (162). A transposon inserted into the aminoterminal end of the UL35 gene produced a virus without a
growth defect (209), potentially indicating that UL35 and
UL35a may have partially redundant functions or that UL35 is
dispensable for viral replication. Mutants that express only
UL35 or only UL35a will need to be created (perhaps by
mutating the relevant start codons) to determine the functions
of these individual proteins during HCMV infection.
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FIG. 3. Subcellular localization of tegument-delivered pp71 determines whether HCMV initiates lytic replication or establishes quiescent,
latent-like infections. (A) Lytic replication initiates when tegument-delivered pp71 is allowed access to the nucleus. Capsids docked at nuclear
pores release their DNA into the nucleus, and viral genomes associate with cellular histones (H). The Daxx protein, which rapidly dissociates from,
and reassociates with, PML-NBs, accumulates around viral genomes, recruits an HDAC, and silences viral IE gene expression. Other PML-NB
components are also recruited and participate in the silencing of viral genomes. pp71 binds to Daxx in these newly formed PML-NBs, induces Daxx
degradation, derepresses viral IE gene expression, and thus initiates the lytic replication cycle. (B) In cells where quiescent or latent infections are
established, tegument-delivered pp71 remains in the cytoplasm. Daxx (and presumably other PML-NB proteins) silences viral gene expression in
these cells.
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ppUL69
The UL69 gene is expressed with early-late kinetics (201)
and encodes a nuclear phosphoprotein that is incorporated
into both virions and dense bodies (202). Only a single
phophoisoform of UL69 is found in the tegument (202), but
the role that phosphorylation plays in the activities of UL69
has not been explored. In reporter assays, UL69 increased
luciferase expression from heterologous promoters (201) and,
in cooperation with IRS1/TRS1, the HCMV MIEP (146). Subsequent work indicated that UL69 binds to SPT6, a cellular
protein that modulates both chromatin structure and transcriptional elongation (203). A UL69 point mutant that is unable to
bind SPT6 failed to activate expression from reporter constructs (203); however, that same mutant also failed to properly oligomerize (104), making the functional assay difficult to
interpret.
UL69 also shuttles between the nucleus and the cytoplasm,
and shuttling was found to be required for the transactivation
of reporter constructs (102) and for the export of unspliced
reporter RNAs from the nucleus to the cytoplasm (103). Thus,

it was not surprising to find that UL69 binds to RNA nonspecifically, but what was surprising was that this ability to bind
RNA was not required for UL69-mediated nuclear RNA export (187). However, the recent finding of UL69 localization to
sites of viral gene expression (86) indicates that UL69 selects
viral mRNAs for export because it accumulates at subnuclear
sites where viral transcripts are synthesized. This mechanism
may also explain why UL69 stimulates the expression of reporter constructs that contain an simian virus 40 intron (201).
While in comparison to other herpesviral proteins, it seems
likely that a role of UL69 is to help move the many unspliced
HCMV messenger RNAs from the nucleus to the cytoplasm, it
is now important to move away from reporter assays and to
demonstrate that UL69 facilitates the nuclear export of true
unspliced HCMV mRNAs within infected cells. Finally, because viral IE mRNAs are generally spliced, in contrast to
early and late mRNAs, which are generally unspliced, it is
unclear if viral mRNA export facilitated by tegument-delivered
UL69 early during a lytic infection (as opposed to the export of
early and late viral mRNAs by the newly synthesized protein)
plays a significant role during HCMV infection. For an expanded discussion of the role of UL69 in mRNA export, readers are directed to a recent review by Toth and Stamminger
(188).
Even if mRNA export mediated by UL69 is not important at
the outset of HCMV infections, another function of this protein may be. The expression of UL69 arrests cells in the G1
phase of the cell cycle (80, 109) through an unknown mechanism. A virus lacking the UL69 gene fails to efficiently arrest
cells in the G1 phase, indicating that UL69 contributes to, but
is not solely responsible for, the G1 arrest observed in HCMVinfected cells (62). The UL69-null virus grows slowly but eventually produces a wild-type yield of virus (62). When total
cellular RNA was analyzed, it was found that the mutant produces normal levels of IE and early messages (62). Because
cells were not fractionated and protein levels were not analyzed, it is still unclear if the proposed ability of UL69 to export
unspliced nuclear RNAs to the cytoplasm plays any role during
HCMV infection. However, viral DNA replication was significantly delayed in cells infected with the UL69-null virus (62).
Interestingly, positive effects of UL69 on viral DNA replication
were observed in reporter assays (159), suggesting that the
delay in virion production observed in the absence of UL69
may result from defects in viral DNA replication.
The current challenge is to identify UL69 mutations that fail
to arrest the cell cycle and that fail to augment viral DNA
replication (mutants that fail to export unspliced RNAs have
already been characterized). Once created, all mutants must be
examined for all of the activities of UL69 when expressed both
alone and in the context of an HCMV infection. Only then will
an accurate picture of the role or roles of UL69 during HCMV
infection begin to emerge.
Summary
While tegument-delivered pp71 clearly controls IE gene expression and the course of HCMV infection (lytic replication
versus latency), more work is needed to determine if other
tegument proteins delivered to the cell upon HCMV infection
also play key roles in viral gene expression. Pseudotyping of
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Both UL35 and UL35a interact with pp71 (161); however,
the functional significance of this interaction is unclear. Because pp71 facilitates viral IE gene expression, the UL35 proteins may also regulate this process. However, reporter assays
with UL35 and the MIEP have so far given conflicting results
(107, 161). Even consistent results would be hard to interpret,
because it is well established that reporter assay results do not
always indicate the way that the MIEP is regulated in the
context of the viral genome in infected cells (119). Analysis of
viral gene expression after infection with the UL35-null mutant
led those authors to conclude that UL35 enhances IE gene
expression (162). While this is certainly true, the data indicate
that IE gene expression is only delayed in the mutant but
eventually reaches levels that are comparable to those of the
wild-type virus. However, accumulation of the early UL44 protein is dramatically reduced in the mutant (162), perhaps indicating that while UL35 has a modest effect on IE gene
expression, it may have a much more significant effect on early
gene expression.
Interestingly, an interaction between UL35 and pp71 may
play a prominent role during viral egress. In cells infected with
the UL35-null virus, pp71 (and pp65) remains in the nucleus at
late times during infection and does not enter the cytoplasm
with egressing capsids (162). Other assembly/egress defects
were also noted. Thus, UL35 may control the incorporation of
other viral proteins (such as pp71) into the tegument. Lower
levels of pp71 in UL35-null virions could explain the delay in
IE gene expression observed after infection with the mutant
virus. A quantitative comparison of tegument proteins incorporated into wild-type and UL35-null virions is thus an essential experiment. Interestingly, UL35 appears to be only a minor
component of the tegument. It was not identified in the original gel-based proteomics screen (9), and a later, more comprehensive screen estimated that an average of only about 80
molecules of UL35 are present in the virion (192). Thus, UL35
may have a catalytic (as opposed to a stoichiometric) role in
tegument assembly, perhaps by influencing nucleocytoplasmic
transport pathways, as was hypothesized previously (162).
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UL35- and UL69-null virions so that these proteins will be
incorporated into the tegument layer of infectious virions and
delivered to the cell, while not being expressed de novo from
infecting viral genomes, should help in identifying and separating the roles that the tegument-delivered proteins play early
during HCMV infection from the roles that the newly synthesized forms of the same proteins may play at later times.
IMMUNE EVASION

pp65 (ppUL83) (Lower Matrix Protein)
The pp65 phosphoprotein is the major constituent of
HCMV particles (70, 145) and is delivered to the nucleus of
permissive cells at the very start of a lytic infection (144). The
protein is a target of both humoral and cellular immunity and
is the dominant target antigen of cytotoxic T lymphocytes (15,
55, 76, 90, 118, 198). The persistence of this viral protein in the
presence of strong immune surveillance implies that the protein serves a very important function during the viral life cycle.
Numerous laboratories using various methods have mapped
the gene encoding pp65 to the UL83 locus (33, 40, 130, 133,
149). Surprisingly, the UL83 gene is completely dispensable for
replication in cultured fibroblasts but is essential for the formation of dense bodies (163).
Many HCMV genes not required for replication in vitro help
the virus modulate or evade the immune system, and pp65 has
been implicated in counteracting both innate and adaptive
immune responses. pp65 was found to mediate the phosphorylation of viral IE proteins, which blocks their presentation by
MHC class I molecules (52), and to cause the degradation of
the HLA-DR alpha chain by mediating an accumulation of
HLA class II molecules in the lysosome (131). In addition to
these alterations of adaptive immunity, pp65 also protects infected cells from innate immunity by inhibiting natural killer
cell cytotoxicity through an interaction with the NKp30 activating receptor (6).
Another branch of the innate immune system, the interferon
response, was also found to be attenuated by pp65 (1, 25). The
level of expression of interferon-stimulated genes (ISGs) was
found to be elevated in cells infected with a pp65-null virus.
This was a puzzling result for two reasons. First, the interferon
response to HCMV infection is more robust in the absence of
viral gene expression (e.g., infection with UV-inactivated virus), a condition where tegument-delivered pp65 presumably
should attenuate ISG induction. This implies that a newly
synthesized protein down-regulates this cellular antiviral response (24). Second, it is likely that a higher interferon response to infection with a pp65-null virus would cause a growth
defect or delay in viral replication, where none is observed
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Viruses must inactivate cellular and organismal defenses for
their successful replication and spread. HCMV tegument proteins target all types of antiviral immune measures including
intrinsic, innate, and adaptive defenses. For example, the
Daxx-mediated repression of IE gene expression is characterized as an intrinsic immune defense (152) and is neutralized by
the pp71 protein, as described above. Additional tegument
proteins such as pp65 and IRS1/TRS1 modulate innate and
adaptive immune responses, as described below.

(163). An explanation for this paradox was proposed when it
was determined that the pp65-null virus employed in the previous studies shows a delay in the expression of viral IE genes
and that the viral IE2 protein is likely responsible for suppressing the expression of ISGs in HCMV-infected cells (184). Note
that IE1 is also implicated in suppressing the interferon response (137). The delay in IE gene expression in the pp65-null
virus is likely caused by a decrease in pp71 expression caused
by the substitution of the UL83 gene with a selectable marker
(184). pp65 and pp71 are neighboring genes expressed as a
bicistronic mRNA (149), and previous studies described decreases in pp71 expression after targeting this message with an
antisense RNA (38).
The most enigmatic characteristic assigned to pp65 is kinase
activity. Early on, it was discovered that HCMV virions contained protein kinase activity (113) and that kinase activity was
found to be associated with pp65 (22, 124, 173). Virion-associated kinase activity is diminished in the UL83-null virus
(163), thus providing additional evidence for a pp65-associated
kinase activity. Interestingly, this kinase activity appears to be
important for preventing MHC presentation of IE proteins at
the start of HCMV infections by phosphorylating the IE proteins on threonine residues (52). The unsettling aspect of this
work is that the putative kinase domain of pp65 shows only
modest similarity with other kinases (173), making it possible
that the kinase activity observed in immunoprecipitates with
pp65 antibodies resulted not from an intrinsic kinase activity of
pp65 itself but from a copurifying, tightly associated cellular or
viral kinase. An apparent resolution was the observation of an
interaction of pp65 with polo-like kinase 1 (Plk1), and the
localization of Plk1 kinase activity to wild-type, but not UL83null, virions (47). However, that report did not test the ability
of Plk1 to phosphorylate the IE proteins and detected Plk1mediated phosphorylation of pp65 on serines only (47). Recently, pp65 has been found in association with the viral UL97
protein kinase (85), and cellular casein kinase II has also been
found in virions (128).
The findings that HCMV virions contain multiple kinases
and that pp65 associates with both a viral kinase and a cellular
kinase do not necessarily mean that pp65 does not have kinase
activity itself (despite the poor homology to known kinases). In
fact, bacterially produced pp65 protein was reported to both
autophosphorylate and phosphorylate casein in vitro on threonine residues only, and a mutation of the predicted catalytic
lysine (K436N) abolished kinase activity (207). Thus, the mystery remains as to whether the kinase activity associated with
pp65 is an activity of the protein itself, of the associated kinases
to which it binds, or of both. Determination of whether or not
the K436N protein associates with Plk1 (pp65 residues 398 to
456 are required for Plk1 binding) will be an informative experiment. More importantly, incorporating this mutation into
the viral genome and testing this virus (along with wild-type
virus produced from Plk1 knockdown cells) for virion kinase
activity and the ability to prevent MHC presentation of IE
peptides should help resolve this controversy. Finally, testing
the sensitivity of pp65-associated kinase activity to the UL97specific inhibitor maribavir (17) and assaying for pp65-associated kinase activity in cells infected with the UL97-null virus
(139) will be telling experiments.
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pIRS1/pTRS1

transcription from various viral early and late promoters (and
the promoter that drives the expression of pIRS1263) but only
in cooperation with the viral UL69, IE1, and IE2 proteins (73,
91, 146, 177). The IRS1263 protein was found to antagonize
transcription stimulated by the IE proteins in similar assays
(146). It is presently unclear whether the effects observed in
reporter assays actually represent a modulation of transcription or (more likely) result from the effects of these cytoplasmic proteins on translation described above.
Summary
IRS1/TRS1 and pp65 inactivate cellular defenses against
HCMV infection; however, detailed mechanisms for how they
accomplish this important task remain to be elucidated. Importantly, it is presently unclear if tegument-delivered proteins
or newly synthesized proteins are the major immune regulators.
ASSEMBLY AND EGRESS
After viral DNA is replicated and viral late genes are expressed, capsid formation and genomic DNA packaging into
the preformed capsids occur in the nucleus. These DNA-containing capsids then leave the cell through an envelopmentdeenvelopment-reenvelopment process (120). Capsids acquire
a primary envelope when they bud through the inner nuclear
membrane into the perinuclear space, lose that envelope when
they bud through the outer nuclear membrane into the cytoplasm, and acquire their final envelope when they bud into
Golgi apparatus-derived vesicles. The fusion of these vesicles
with the cell membrane results in the release of the enveloped
virion. As described in the introduction, other types of tegument-containing particles, NIEPS and dense bodies, are also
produced in vitro from HCMV-infected cells. Most of the
tegument proteins are thought to be acquired in the cytoplasm,
although it is likely that some associate with the capsid in the
nucleus. How tegument proteins control viral assembly and
egress and how they are incorporated into virions are poorly
understood processes but are topics currently under intense
study.
ppUL97
The UL97 gene is expressed with early-late kinetics (199),
and the protein, which localizes to the nucleus (123), is a minor
component of NIEPS and virions (191, 192). UL97 is a protein
kinase that phosphorylates (and thus activates) the antiviral
drug ganciclovir (105, 181) as well as the viral UL44 protein
(97, 114) and the cellular EF-1␦ (88), p32, and lamin (115)
proteins. Although not absolutely required for viral replication, null mutants of UL97 show a 100- to 1,000-fold growth
defect (139). A minor defect in the absence of UL97 activity,
by either genetic mutation or pharmacological inhibition, is a
decrease in viral DNA replication by between 5- and 20-fold
(17, 96, 204).
A more significant defect in assembly and egress is also
observed, although the exact step that is impaired is controversial. Reports described defects in DNA packaging (204), the
exit of DNA-containing capsids from the nucleus (96), the
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The IRS1 and TRS1 genes initiate in the “c” repeats that
flank the US segment of the genome and extend into this
region (197). They are members of the US22 family of genes
(33). Their protein products are 100% identical over the aminoterminal 549 amino acids, and while their carboxy-terminal
domains diverge, they still maintain 55% identity (33, 197). A
promoter within the IRS gene leads to the production of a
smaller in-frame version of pIRS1 termed pIRS1263 (146).
pIRS1 and pTRS1 are detected in virions, NIEPS, and dense
bodies, but IRS1263 is not (147). Approximately 220 molecules
of pIRS1/pTRS1 are found per virion (192). The genes are
expressed at IE times, and expression is maintained throughout the course of infection (177). The proteins accumulate to
high levels only at later times and localize primarily to the
cytoplasm in both infected and transfected cells (146), although nuclear localization of both proteins (as well as
IRS1263) can be detected at early times after infection.
The IRS1 gene is nonessential (19, 54, 77), but a mutant in
the TRS1 gene displays a 200-fold reduction in viral yields at a
low MOI (19). No defects in viral mRNA accumulation were
observed (3), perhaps because of the presence of the IRS1
gene in the TRS1 mutant. However, the absence of TRS1
resulted in an altered pattern of viral DNA accumulation in the
nucleus and a defect in DNA packaging (3). As this is not
observed in the absence of IRS1, this assembly function of
TRS1 likely maps to the unique C terminus of the protein. It is
unclear how a predominantly cytoplasmic protein could alter
nuclear events such as viral DNA localization and packaging.
An IRS1/TRS1 double knockout has yet to be generated.
The shutoff of protein synthesis upon viral infection is an
antiviral response mediated by ISGs and double-stranded
RNA, and many viruses have ways to counteract this innate
immune defense (49). Both pIRS1 and pTRS1 can rescue the
replication of mutant vaccinia virus (35) and HSV-1 (31) that
are unable to counteract the shutoff of protein synthesis observed after infection because they lack their own proteins that
counteract this cellular innate immune response. pIRS1/TRS1
prevent the phosphorylation of the ␣ subunit of eukaryotic
initiation factor 2 (31, 35) and the activation of RNase L (35),
which help mediate protein synthesis shutoff. The identical
amino-terminal portions of the proteins bind double-stranded
RNA, and this binding is necessary but not sufficient to prevent
protein synthesis shutoff (60). The similar but not identical
carboxy-terminal portions of the proteins interact with protein
kinase R (PKR). The full-length proteins prevent the activation (i.e., phosphorylation) of PKR and sequester it in the
nucleus (61). Once again, it is not presently clear how proteins
that localize to the cytoplasm, such as pIRS1/TRS1, can sequester PKR in the nucleus. Furthermore, this sequestration
does not occur until 72 h postinfection, and presumably, efficient viral replication would require that the inhibition of the
shutoff of protein synthesis occur much earlier. Because most
of these experiments have been performed using nonpermissive cells (and ones that express other viral proteins, such as
HeLa cells) and not in the context of an HCMV infection, it is
unclear what role that the ability of pIRS1/TRS1 to inhibit the
shutoff of protein synthesis plays during HCMV infection.
In reporter assays, the IRS1 and TRS1 proteins activate
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pp150 (UL32)
Originally termed BPP for basic phosphoprotein (50), pp150
is the highly immunogenic (76, 99) protein product of the
UL32 gene (75). pp150 is phosphorylated (50), but the modification sites have not been mapped, nor have the functional
consequences of pp150 phosphorylation been examined. pp150
is also modified by O-linked N-acetylglucosamine on serine
residues located at amino acids 921 and 952 (16, 56). The
substitution of alanine for either of these serines individually
does not inhibit pp150 function (7). The phenotype of a double
O-linked N-acetylglucosamine site mutant has not been reported.
pp150 is the second most abundant tegument protein (behind only pp65), with approximately 1,500 copies per virion
(192). Similar levels were found in NIEPS, but very little pp150
was observed in dense bodies (70, 145). Virions and NIEPS
contain viral capsids, but dense bodies do not. pp150 interacts
with preformed capsids (but apparently not with any capsid
protein when they are expressed individually) via its aminoterminal 275 amino acids (13), and the amino terminus of
pp150 is required for HCMV infection (7), as determined with
the UL32-null virus secondary spread assay described below.
One testable hypothesis generated by these studies that should
be explored is that the amino terminus of pp150 is required for
the incorporation of pp150 into virions. A controversial point
is in which compartment of the cell pp150 initially associates
with capsids. Some studies detected nuclear localization of
pp150 (64, 156), while others detected only cytoplasmic localization (7, 157, 190). No matter where this interaction takes
place, it is likely that the pp150 association with the capsid is
one of the steps, if not the earliest step, in tegument assembly.
Global analyses of viral mutants showed that pp150 is abso-

lutely essential for productive HCMV replication (44, 209), a
result predicted by two earlier studies (122, 210). A naturally
occurring pp150 mutant detected along with wild-type virus in
a viral isolate from a heart transplant patient could not be
purified to homogeneity (210), indicating that pp150 may be
required for HCMV replication. Because it is unknown
whether this mutant had additional mutations, a firm conclusion as to the necessity of pp150 could not be drawn. Similarly,
stably expressed antisense mRNA to pp150 inhibited HCMV
replication in astrocytoma cells (122). However, because these
cells also showed decreased levels of expression of gB upon
HCMV infection, the growth phenotype could not be prescribed only to the loss of pp150.
The partial complementation of a UL32-null, green fluorescent protein-expressing BAC clone (44) was achieved by cotransfecting the BAC with an expression plasmid for pp150 or
by transfecting cells that constitutively express low levels of
pp150 (7). Monitoring the secondary spread of the viral infection from the initially transfected cells by fluorescence microscopy allowed a more thorough characterization of the null
virus phenotype than was previously possible. No defects were
observed in viral gene expression or DNA replication, but
infectious particles were rarely produced, even in the complementing cells. After observing bromodeoxyuridine-labeled
DNA and the major capsid protein in the cytoplasm, those
authors concluded that the lack of pp150 does not prevent
nuclear egress but blocks virion maturation somewhere in the
cytoplasm (7). However, the labeled DNA observed in the
cytoplasm was synthesized 48 h earlier in cells that express
pp150. Thus, while those authors implied that this DNA represents virions that have left the nucleus and are trapped in the
cytoplasm (and this is likely the case), it could represent virus
that has completed egress, entered a different cell, and is
trapped during the process of entry and uncoating. Likewise, the major capsid protein localized in the cytoplasm is
assumed to be fully formed capsids that have left the nucleus
and are trapped in the cytoplasm in the absence of pp150 (and
it likely is), but it could represent the accumulation of the
monomeric protein due to a pp150-related defect in nuclear
capsid assembly. Finally, dense bodies may still form in the
absence of pp150 because pp65 (but not the IE proteins) was
detected in the nuclei of cells surrounding those that were
transfected with the UL32-null BAC DNA (7). Together, all of
the data point to an essential role for pp150 in directing capsids
to the site of final envelopment; however, whether this role is
confined to the cytoplasm or has a nuclear component is still
unclear. In addition, any possible role of pp150 during entry
has yet to be explored.
pp28 (UL99)
pp28 is a highly immunogenic phosphoprotein found in virions, NIEPS, and dense bodies that is expressed with late kinetics (70, 121, 129, 142). It is 190 amino acids long and is
encoded by the UL99 gene, whose expression pattern and
promoter have been extensively studied (33, 42, 92, 98, 117,
199). Through the myristoylation of a glycine residue at the
second amino acid position, pp28 associates with cellular and
viral membranes (158). In HCMV-infected cells, pp28 colocalizes with other tegument and viral glycoproteins at jux-
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mislocalization of yet-to-be-packaged tegument proteins in either the nucleus (140) or the cytoplasm (8), and the disruption
of nuclear aggresomes containing viral tegument proteins
(141). Effects of UL97 deletion or inhibition on any or all of
these processes could explain the growth defect observed in the
absence of UL97 kinase activity. The incorporation and phosphorylation statuses of tegument proteins in UL97-null virions
have yet to be examined, and such an experiment may help
elucidate the mechanism through which UL97 modulates assembly and egress. Recently, UL97 was shown to possess cyclin-dependent kinase-like activity and to stimulate cell cycle
progression by directly phosphorylating the Rb protein (67).
Rb phosphorylation by UL97 could enhance viral DNA replication by stimulating the expression of the E2F-responsive
genes required for DNA replication and entry into the S phase
of the cell cycle (41). UL97 contains three putative Rb-binding
motifs (67, 141) that appear to contribute to, but are not
absolutely required for, UL97-mediated Rb phosphorylation
(141). As mentioned above, UL97 disrupts aggregated tegument proteins, and the ability of UL97 to phosphorylate Rb
may play a role in aggresome disruption and, thus, in virion
assembly and egress (141). The kinase activity of UL97 is
clearly important at many different steps during HCMV infection. The current challenge is to elucidate how UL97-mediated
phosphorylation of individual viral and cellular proteins impacts HCMV infection.
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Summary
The roles that pp150 and pp28 play in viral egress are similar
yet have some important distinctions. It appears that pp150 is
required to incorporate capsids into particles but not to make
particles themselves. Even in the absence of pp150, the spread
of pp65 likely signifies that dense bodies are formed (7). The
formation of dense bodies by pp28-null viruses has not been
examined. However, DNA-containing capsids appear to be
able to spread from cell to cell in the absence of pp28 (167) but
not in the absence of pp150 (7). Thus, pp150 may affect the
stability of cytoplasmic capsids or direct their movement within
the cytoplasm (e.g., to the assembly site for particle formation
or the plasma membrane for cell-to-cell spread), while pp28
controls the enclosure of tegument proteins and capsids within
an enveloped particle (Fig. 4). Finally, the phosphorylation of
tegument proteins by UL97 may facilitate their incorporation
into virions, although evidence for this hypothesis is lacking.
OTHER TEGUMENT PROTEINS
The UL25 protein is present in about 350 copies per virion
(192) and appears to be more abundant in dense bodies (9). It
is detected in Western blots as a doublet around 85 kDa (12).
The protein is highly immunogenic (101), is likely phosphory-

FIG. 4. HCMV egress. DNA-containing capsids may associate with
some tegument proteins while still in the nucleus. After exiting the
nucleus by an envelopment-deenvelopment pathway (not shown), they
acquire more tegument proteins in the cytoplasm. Tegumented capsids
migrate to assembly sites located on Golgi apparatus-derived vesicles,
where they obtain their final envelope that contains viral glycoproteins.
The eventual fusion of these vesicles with the cell membrane results in
the release of fully formed virions. The pp150 protein likely plays a role
in directing capsids to assembly sites, and the pp28 protein likely plays
a role in the formation of viral particles. Symbols are as shown in
Fig. 1.

lated (12), and colocalizes with pp28 in cytoplasmic structures
(12) that are thought to represent the site of final envelopment.
A function for UL25 has not been proposed. The gene is
nonessential (44, 209) and has limited homology to UL35.
UL26 is found in virions and perhaps at higher levels in
dense bodies (9, 192). Two isoforms of UL26 do not appear to
be phosphorylated, accumulate in the nucleus of HCMV-infected cells, and activate expression from the MIEP in reporter
assays (176). The UL26 gene is a member of the US22 family
that is expressed with early-late kinetics (176) and is required
for efficient viral replication (44, 108, 127, 209). The growth
defect of a UL26-null virus can be complemented in large part
by ectopically expressed UL26 (127) and partially by IE1 (108).
A decreased stability of proteins or particles may account for
the growth defect of UL26 mutant viruses, but there is disagreement as to whether this is manifested shortly after infection or at very late times. One report defined specific defects
very early during the replication cycle, such as decreased viral
IE gene syntheses and a decreased stability of the pp28 tegument protein after viral entry (127). Because only hypophosphorylated pp28 was found in UL26-null virions, those authors
concluded that alterations in the phosphorylation state of one
or more tegument proteins affect their stability after viral entry
into newly infected cells (127). Interestingly, the particle/PFU
ratio was not altered (127), so while the defect appears to be

Downloaded from mmbr.asm.org at Univ of Wisconsin - Mad on September 10, 2008

tanuclear structures likely derived from the Golgi apparatus
that presumably represent the site of viral assembly and final
envelopment (100, 157). Both myristoylation and a cluster of
acidic residues (amino acids 44 to 59) are required for this
localization and for incorporation into virions (79, 158, 164).
A pp28-null mutant fails to make infectious virus, although
there are no defects in viral DNA replication or gene expression (166). In cells infected with this mutant, other viral tegument and glycoproteins accumulate at the cytoplasmic assembly sites, and DNA-filled, tegument protein-associated capsids
accumulate in the cytoplasm but fail to associate with the
preformed assembly sites (166). Thus, it appears that pp28 is
required for the final envelopment of infectious virions. A
recombinant HCMV encoding only a mutated pp28 lacking the
myristoylation site also failed to produce infectious particles
(23). However, viruses that express only the amino-terminal 61
(164) or 57 (79) amino acids replicate almost as well as wildtype virus, indicating that a significant region (⬃75%) of the
carboxy terminus of the protein is dispensable. Deletion from
the C terminus to amino acid 50 produces viable viruses with
significant growth defects (164, 165), and deletions to amino
acid 43 are not viable (79). Deletion of the stretch of acidic
residues between amino acids 44 and 59 also leads to the
inability to recover infectious virus. Thus, studies so far indicate that that localization of pp28 to the site of final envelopment is necessary for the production of infectious viral progeny. Finally, a careful examination of the pp28-null mutant
revealed that in the absence of infectious particle production,
this virus (as well as the wild type) can spread directly from one
cell to other adjacent cells (167). Further work is required to
confirm and characterize this alternative method of viral
spread and to determine if it represents, as those authors
speculated, a means by which the virus might avoid a neutralizing antibody response.
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Viruses lacking the UL88 gene show either no (209) or very
modest (44) growth defects. UL88 is found in virions, NIEPs,
and dense bodies (9), and about 100 molecules are incorporated into the average virion (192). No reports of a function of
UL88 have been presented.
The 36-kDa UL94 protein (200) is present at about 200
molecules per virion (192), and its localization within virions
has been confirmed with a monoclonal antibody (200). It has
been classified as being either an essential (44) or an augmenting (209) protein. UL94 is expressed only at late times of
infection, localizes to the nucleus in both transfected and infected cells, and may exist as a disulfide-linked dimer (200).
The amino acid sequence of UL94 reveals a possible zinc
and/or nucleic acid binding domain (200), but the function of
this protein has not been determined. However, UL94 is medically relevant in systemic sclerosis, an autoimmune disease
characterized by vascular damage and excessive extracellular
matrix deposition. Most systemic sclerosis patients have antibodies that recognize a specific epitope of UL94 (GGAGIWL)
that shares homology to both intracellular and cell surface
autoantigens (110) such as the NAG-2 protein. NAG-2 is a cell
surface receptor that associates with integrins (182). Antibodies to the UL94 peptide recognize and bind to NAG-2 on
endothelial and fibroblasts cells (110, 111). This leads to the
activation of signal transduction pathways that result in endothelial cell apoptosis and the synthesis of proinflammatory
cytokines and extracellular matrix molecules by fibroblasts.
Thus, anti-UL94 antibodies induce changes in cells that are
consistent with those seen in systemic sclerosis and may be
linked to the pathogenesis of this autoimmune disease (110,
111).
The US24 gene is expressed with early kinetics (32), has
been classified as being dispensable in the Towne viral strain
(44) but augmenting in AD169 (209), and encodes a tegument
protein (192) found in virions, NIEPS, and dense bodies (46).
AD169 mutants lacking US24 show a 20- to 30-fold growth
defect and a 10-fold-higher particle/PFU ratio (46). Cells infected with the mutant show a minor delay in the expression of
IE1, a moderate reduction in the levels of the early protein
UL44, and significantly less pp28 protein (46). The mechanism
behind these deficiencies, and, thus, the role of US24, is not
known.
Minor tegument components identified by mass spectrometry include US23, UL44 (DNA polymerase processivity factor),
UL51 (terminase component), UL54 (DNA polymerase),
UL57 (single-stranded DNA-binding protein), UL71, UL72
(dUTPase homolog), UL79, UL84 (viral DNA replication factor), UL89 (terminase component), UL96, UL103, UL104
(portal protein), and UL112 (126, 192). In addition to those
described above (UL36, IRS1 [TRS1], and US24), other members of the US22 family, namely, UL23, UL24, UL43, US22,
and US23, are also incorporated into virions (2, 192). It is not
known if additional members of the family (UL28, UL29, and
US26) are virion proteins, but they are required for efficient
viral replication (44, 209).
CONCLUDING REMARKS
Viral proteins that localize to the HCMV tegument play
important roles in viral entry, gene expression, immune eva-
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established at late times, it does not manifest itself until the IE
phase in a newly infected cell. Another report detected no
defects at IE times and increased tegument incorporation of
pp71 but found a larger number of noninfectious particles and
a decrease in the stability of UL26-null virions (108). In that
report, the defect is both established and manifested at late
times. Thus, while UL26 appears to play a role in tegument
assembly/disassembly and tegument protein/virion stability, it
is unclear if this defect is displayed at IE times only, late times
only, or both. Finally, it is uncertain how the observation that
UL26 is likely to be a minor constituent of the tegument (9),
perhaps present at as low as 15 copies per virion (192), relates
to the function of this protein.
UL36 (136) and UL38 (192) are found in the tegument and
inhibit apoptosis (171, 186). UL36 inhibits the extrinsic apoptosis pathway (171), while UL38 inhibits intrinsic and endoplasmic reticulum-mediated apoptotic pathways (186). In addition to these two tegument proteins, HCMV also encodes a
nontegument protein (UL37x1) and a noncoding RNA (␤2.7)
that also inhibit apoptosis (53, 143). For a more detailed discussion of HCMV interference with apoptotic pathways, readers are directed to a recent review by Andoniou and DegliEsposti (5).
The UL45 gene is expressed with early-late kinetics, and its
protein product accumulates only after viral DNA replication
(135). The protein is incorporated into virions independent of
the pp65 protein (135) at a level of about 750 copies per virion
(192). UL45 has significant homology to the large (R1) subunit
of ribonucleotide reductase (33), although it lacks many catalytic residues and does not appear to functionally contribute to
ribonucleotide reductase activity (135). Mutant viruses have
been constructed in both clinical (59) and laboratory (135)
strains of the virus, and they show no growth defect at high
MOIs and a moderate (50-fold) growth defect at a low MOI
(0.1). A function for HCMV UL45 has not been proposed, and
experimental evidence does not support a role for UL45 in
regulating nucleotide pools during HCMV infection (135).
Perhaps this is not surprising, as HCMV infection has been
shown to increase the expression of cellular ribonucleotide
reductase subunits (174). While the murine cytomegalovirus
homolog (M45) has been reported to have an antiapoptotic
function and to be required for endothelial cell tropism (26),
neither of these activities is conserved in HCMV UL45. Thus,
the function of this protein remains to be discovered.
The UL76 gene is expressed with true late kinetics (196) and
is classified as being either augmenting (209) or essential (44).
The monomeric protein is incorporated into virions, NIEPS,
and dense bodies, and a higher-molecular-weight form is found
specifically in virions (196). UL76 localizes to the nucleus (195,
196), modestly regulates expression from viral promoters in
reporter assays (195), and appears to inhibit HCMV replication when preexpressed in semipermissive U373 MG cells
(196). It is presently unclear how to reconcile the negative
effects of preexpressing the protein with the negative effects of
deleting the gene.
UL77 is incorporated at about 100 molecules per virion
(192) and contains a putative pyruvoyl decarboxylase domain
(208). Thus, it may be involved in polyamine synthesis, a process critical to HCMV replication (51). The UL77 gene is
essential (44, 209).
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sion, assembly, and egress. The mechanisms through which
tegument proteins mediate these functions are beginning to
emerge. More emphasis should be directed at determining the
role of tegument protein phosphorylation and what roles (if
any) tegument proteins play when latent infections are established or reactivated. However, the largest gap in our knowledge is an understanding of how specific viral proteins are
selected for incorporation into the tegument layer of virions.
The mechanism through which tegument proteins are incorporated into virions is poorly understood. While association
with the capsid or with the cytoplasmic tails of envelope glycoproteins is a likely mechanism, few, if any, studies have
addressed this possibility. Knowing how tegument proteins are
incorporated into virions is important for many reasons. First,
because many tegument proteins are either essential for or
augmenting to viral replication (Table 1), therapeutic inhibition of their incorporation into virions could be a means of
antiviral intervention. Second, an understanding of tegumentation will increase our knowledge of viral assembly and egress
and, possibly, how the virus disassembles during entry. Third,
preventing the incorporation of tegument proteins into infectious virions will aid in defining the roles of tegument-delivered
versus newly synthesized viral proteins. Last, as herpesvirus
vectors are being explored as delivery vehicles for gene therapy
(45), learning how to specifically incorporate desired proteins
(or other macromolecules) into these virions may open additional avenues for therapies.

261

262

35.

36.

37.

38.

39.

40.

42.

43.

44.

45.

46.

47.

48.

49.
50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

dimensional visualization of tegument/capsid interactions in the intact human cytomegalovirus. Virology 260:10–16.
Child, S. J., M. Hakki, K. L. De Niro, and A. P. Geballe. 2004. Evasion of
cellular antiviral responses by human cytomegalovirus TRS1 and IRS1.
J. Virol. 78:197–205.
Coller, K. E., J. I. H. Lee, A. Ueda, and G. A. Smith. 2007. The capsid and
tegument of the alphaherpesviruses are linked by an interaction between
the UL25 and VP1/2 proteins. J. Virol. 81:11790–11797.
Compton, T., R. R. Nepomuceno, and D. M. Nowlin. 1992. Human cytomegalovirus penetrates host cells by pH-independent fusion at the cell
surface. Virology 191:387–395.
Dal Monte, P., C. Bessia, A. Ripalti, M. P. Landini, A. Topilko, B. Plachter,
J. L. Virelizier, and S. Michelson. 1996. Stably expressed antisense RNA to
cytomegalovirus UL83 inhibits viral replication. J. Virol. 70:2086–2094.
Dal Monte, P., S. Pignatelli, N. Zini, N. M. Maraldi, E. Perret, M. C.
Prevost, and M. P. Landini. 2002. Analysis of intranuclear and intraviral
localization of the human cytomegalovirus UL53 protein. J. Gen. Virol.
83:1005–1012.
Davis, M. G., E. C. Mar, Y. M. Wu, and E. S. Huang. 1984. Mapping and
expression of a human cytomegalovirus major viral protein. J. Virol. 52:
129–135.
DeGregori, J., and D. G. Johnson. 2006. Distinct and overlapping roles for
E2F family members in transcription, proliferation, and apoptosis. Curr.
Mol. Med. 6:739–748.
Depto, A. S., and R. M. Stenberg. 1992. Functional analysis of the true late
human cytomegalovirus pp28 upstream promoter: cis-acting elements and
viral trans-acting proteins necessary for promoter activation. J. Virol. 66:
3241–3246.
Desai, P. 2000. A null mutation in the UL36 gene of herpes simplex virus
type 1 results in the accumulation of unenveloped DNA-filled capsids in the
cytoplasm of infected cells. J. Virol. 74:11608–11618.
Dunn, W., C. Chou, H. Li, R. Hai, D. Patterson, V. Stolc, H. Zhu, and F.
Liu. 2003. Functional profiling of a human cytomegalovirus genome. Proc.
Natl. Acad. Sci. USA 11:14223–14228.
Epstein, A. L., P. Marconi, R. Argnani, and R. Manservigi. 2005. HSV-1derived recombinant and amplicon vectors for gene transfer and gene
therapy. Curr. Gene Ther. 5:445–458.
Feng, X., J. Schroer, D. Yu, and T. Shenk. 2006. Human cytomegalovirus
pUS24 is a virion protein that functions very early in the replication cycle.
J. Virol. 80:8371–8378.
Gallina, A., L. Simoncini, S. Garbelli, E. Percivalle, G. Pedrali-Noy, K. S.
Lee, R. L. Erikson, B. Plachter, G. Gerna, and G. Milaneshi. 1999. Polo-like
kinase 1 as a target for human cytomegalovirus pp65 lower matrix protein.
J. Virol. 73:1468–1478.
Gao, Y., K. Colletti, and G. S. Pari. 2008. Identification of human cytomegalovirus UL84 virus- and cell-encoded binding partners by using proteomics
analysis. J. Virol. 82:96–104.
Garcia-Sastre, A., and C. A. Biron. 2006. Type 1 interferons and the virushost relationship: a lesson in detente. Science 312:879–882.
Gibson, W. 1983. Protein counterparts of human and simian cytomegaloviruses. Virology 128:391–406.
Gibson, W., R. van Breemen, A. Fields, R. LaFemina, and A. Irmiere. 1984.
D,L-␣-Difluoromethylornithine inhibits human cytomegalovirus replication.
J. Virol. 50:145–154.
Gilbert, M. J., S. R. Riddell, B. Plachter, and P. D. Greenberg. 1996.
Cytomegalovirus selectively blocks antigen processing and presentation of
its immediate-early gene product. Nature 383:720–722.
Goldmacher, V. S., L. M. Bartle, A. Skaletskaya, C. A. Dionne, N. L.
Kedersha, C. A. Vater, J. W. Han, R. J. Lutz, S. Watanabe, E. D. Cahir
McFarland, E. D. Kieff, E. S. Mocarski, and T. Chittenden. 1999. A cytomegalovirus-encoded mitochondria-localized inhibitor of apoptosis structurally unrelated to Bcl-2. Proc. Natl. Acad. Sci. USA 96:12536–12541.
Greaves, R. F., J. M. Brown, J. Vieira, and E. S. Mocarski. 1995. Selectable
insertion and deletion mutagenesis of the human cytomegalovirus genome
using the Escherichia coli guanosine phosphoribosyl transferase (gpt) gene.
J. Gen. Virol. 76:2151–2160.
Grefte, J. M., B. T. van der Gun, S. Schmolke, M. van der Giessen, W. J.
van Son, B. Plachter, G. Jahn, and T. H. The. 1992. The lower matrix
protein pp65 is the principal viral antigen present in peripheral blood
leukocytes during an active cytomegalovirus infection. J. Gen. Virol. 73:
2923–2932.
Greis, K. D., W. Gibson, and G. W. Hart. 1994. Site-specific glycosylation of
the human cytomegalovirus tegument basic phosphoprotein (UL32) at
serine 921 and serine 952. J. Virol. 68:8339–8349.
Grosse, S. D., D. S. Ross, and S. C. Dollard. 2008. Congenital cytomegalovirus (CMV) infection as a cause of permanent bilateral hearing loss: a
quantitative assessment. J. Clin. Virol. 41:57–62.
Grunewald, K., P. Desai, D. C. Winkler, J. B. Heymann, D. M. Belnap, W.
Baumeister, and A. C. Steven. 2003. Three-dimensional structure of herpes
simplex virus from cryo-electron tomography. Science 302:1396–1398.
Hahn, G., H. Khan, F. Baldanti, U. H. Koszinowski, M. G. Revello, and G.
Gerna. 2002. The human cytomegalovirus ribonucleotide reductase ho-

MICROBIOL. MOL. BIOL. REV.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

molog UL45 is dispensable for growth in endothelial cells, as determined by
a BAC-cloned clinical isolate of human cytomegalovirus with preserved
wild-type characteristics. J. Virol. 76:9551–9555.
Hakki, M., and A. P. Geballe. 2005. Double-stranded RNA binding by
human cytomegalovirus pTRS1. J. Virol. 79:7311–7318.
Hakki, M., E. E. Marshall, K. L. De Niro, and A. P. Geballe. 2006. Binding
and nuclear relocalization of protein kinase R by human cytomegalovirus
TRS1. J. Virol. 80:11817–11826.
Hayashi, M. L., C. Blankenship, and T. Shenk. 2000. Human cytomegalovirus UL69 protein is required for efficient accumulation of infected cells in
the G1 phase of the cell cycle. Proc. Natl. Acad. Sci. USA 97:2692–2696.
Heilbronn, R., G. Hahn, A. Burkle, U. K. Freese, B. Fleckenstein, and H.
zur Hausen. 1987. Genomic localization, sequence analysis, and transcription of the putative human cytomegalovirus DNA polymerase gene. J. Virol. 61:119–124.
Hensel, G., H. Meyer, S. Gartner, G. Brand, and H. F. Kern. 1995. Nuclear
localization of the human cytomegalovirus tegument protein pp150
(ppUL32). J. Gen. Virol. 76:1591–1601.
Hensel, G. M., H. H. Meyer, I. Buchmann, D. Pommerehne, S. Schmolke,
B. Plachter, K. Radsak, and H. F. Kern. 1996. Intracellular localization and
expression of the human cytomegalovirus matrix phosphoprotein pp71
(ppUL82): evidence for its translocation into the nucleus. J. Gen. Virol.
77:3087–3097.
Hoffman, H., H. Sindre, and T. Stamminger. 2002. Functional interaction
between the pp71 protein of human cytomegalovirus and the PML-interacting protein human Daxx. J. Virol. 76:5769–5783.
Hume, A. J., J. S. Finkel, J. P. Kamil, D. M. Coen, M. R. Culbertson, and
R. F. Kalejta. Phosphorylation of retinoblastoma protein by viral protein
with cyclin-dependent kinase function. Science, in press.
Hwang, J., and R. F. Kalejta. 2007. Proteasome-dependent, ubiquitin-independent degradation of Daxx by the viral pp71 protein in human cytomegalovirus-infected cells. Virology 367:334–338.
Hyun, J. J., H. S. Park, K. H. Kim, and H. J. Kim. 1999. Analysis of
transcripts expressed from the UL47 gene of human cytomegalovirus. Arch.
Pharm. Res. 22:542–548.
Irmiere, A., and W. Gibson. 1983. Isolation and characterization of a noninfectious virion-like particle released from cells infected with human
strains of cytomegalovirus. Virology 130:118–133.
Isaacson, M. K., L. K. Juckem, and T. Compton. 2008. Virus entry and
innate immune activation. Curr. Top. Microbiol. Immunol. 325:85–100.
Ishov, A. M., O. V. Vladimirova, and G. G. Maul. 2002. Daxx-mediated
accumulation of human cytomegalovirus tegument protein pp71 at ND10
facilitates initiation of viral infection at these nuclear domains. J. Virol.
76:7705–7712.
Iskenderian, A. C., L. Huang, A. Reilly, R. M. Stenberg, and D. G. Anders.
1996. Four of eleven loci required for transient complementation of human
cytomegalovirus DNA replication cooperate to activate expression of replication genes. J. Virol. 70:383–392.
Isomura, H., M. F. Stinski, A. Kudoh, S. Nakayama, S. Iwahori, Y. Sato,
and T. Tsurumi. 2007. The late promoter of the human cytomegalovirus
viral DNA polymerase processivity factor has an impact on delayed early
and late viral gene products but not on viral DNA synthesis. J. Virol.
81:6197–6206.
Jahn, G., T. Kouzarides, M. Mach, B. C. Scholl, B. Plachter, B. Traupe, E.
Preddie, S. C. Satchwell, B. Fleckenstein, and B. G. Barrell. 1987. Map
position and nucleotide sequence of the gene for the large structural phosphoprotein of human cytomegalovirus. J. Virol. 61:1358–1367.
Jahn, G., B. C. Scholl, and B. Fleckenstein. 1987. The two major structural
phosphoproteins (pp65 and pp150) of human cytomegalovirus and their
antigenic properties. J. Gen. Virol. 68:1327–1337.
Jones, T. R., and V. P. Muzithras. 1992. A cluster of dispensable genes
within the human cytomegalovirus genome short component: IRS1, US1
through US5, and the US6 family. J. Virol. 66:2541–2546.
Jones, T. R., L. K. Hanson, L. Sun, J. S. Slater, R. M. Stenberg, and A. E.
Campbell. 1995. Multiple independent loci within the human cytomegalovirus unique short region down-regulate expression of major histocompatibility complex class I heavy chains. J. Virol. 69:4830–4841.
Jones, T. R., and S. W. Lee. 2004. An acidic cluster of human cytomegalovirus UL99 tegument protein is required for trafficking and function. J.
Virol. 78:1488–1502.
Kalejta, R. F., A. D. Brideau, B. W. Banfield, and A. J. Beavis. 1999. An
integral membrane green fluorescent protein marker, Us9-GFP, is quantitatively retained in cells during propidium iodide-based cell cycle analysis
by flow cytometry. Exp. Cell Res. 248:322–328.
Kalejta, R. F., J. T. Bechtel, and T. Shenk. 2003. Human cytomegalovirus
pp71 stimulates cell cycle progression by inducing the proteasome-dependent degradation of the retinoblastoma family of tumor suppressors. Mol.
Cell. Biol. 23:1885–1895.
Kalejta, R. F., and T. Shenk. 2003. The human cytomegalovirus UL82 gene
product (pp71) accelerates progression through the G1 phase of the cell
cycle. J. Virol. 77:3451–3459.
Kalejta, R. F., and T. Shenk. 2003. Proteasome-dependent, ubiquitin-inde-

Downloaded from mmbr.asm.org at Univ of Wisconsin - Mad on September 10, 2008

41.

KALEJTA

VOL. 72, 2008

84.

85.

86.

87.

88.

89.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.
125.

126.

127.

128.

129.

130.

263

ment protein that enhances transcription from promoters with upstream
ATF and AP-1 cis-acting elements. J. Virol. 66:4434–4444.
Liu, Y., and B. J. Biegalke. 2002. The human cytomegalovirus UL35 gene
encodes two proteins with different functions. J. Virol. 76:2460–2468.
Lorz, K., H. Hofmann, A. Berndt, N. Tavalai, R. Mueller, U. SchlotzerSchrehardt, and T. Stamminger. 2006. Deletion of open reading frame
UL26 from the human cytomegalovirus genome results in reduced viral
growth, which involves impaired stability of viral particles. J. Virol. 80:5423–
5434.
Lu, M., and T. Shenk. 1999. Human cytomegalovirus UL69 protein induces
cells to accumulate in G1 phase of the cell cycle. J. Virol. 73:676–683.
Lunardi, C., C. Bason, R. Navone, E. Millo, G. Damonte, R. Corrocher, and
A. Puccetti. 2000. Systemic sclerosis immunoglobulin G autoantibodies bind
the human cytomegalovirus late protein UL94 and induce apoptosis in
human endothelial cells. Nat. Med. 6:1183–1186.
Lunardi, C., M. Dolcino, D. Peterlana, C. Bason, R. Navone, N. Tamassia,
R. Beri, R. Corrocher, and A. Puccetti. 2006. Antibodies against human
cytomegalovirus in the pathogenesis of systemic sclerosis: a gene array
approach. PLoS Med. 3:e2.
Luxton, G. W. G., S. Haverlock, K. E. Coller, S. E. Antinone, A. Pincetic,
and G. A. Smith. 2005. Targeting of herpesvirus capsid transport in axons
is coupled to association with specific sets of tegument proteins. Proc. Natl.
Acad. Sci. USA 102:5832–5837.
Mar, E. C., P. C. Patel, and E. S. Huang. 1981. Human cytomegalovirusassociated DNA polymerase and protein kinase activities. J. Gen. Virol.
57:149–156.
Marschall, M., M. Freitag, P. Suchy, D. Romaker, R. Kupfer, M. Hanke,
and T. Stamminger. 2003. The protein kinase pUL97 of human cytomegalovirus interacts with and phosphorylates the DNA polymerase processivity factor pUL44. Virology 311:60–71.
Marschall, M., A. Marzi, P. aus dem Siepen, R. Jochmann, M. Kalmer, S.
Auerochs, P. Lischka, M. Leis, and T. Stamminger. 2005. Cellular p32
recruits cytomegalovirus kinase pUL97 to redistribute the nuclear lamina.
J. Biol. Chem. 280:33357–33367.
Marshall, K. R., K. V. Rowley, A. Rinaldi, I. P. Nicholson, A. M. Ishov,
G. G. Maul, and C. M. Preston. 2002. Activity and intracellular localization
of the human cytomegalovirus protein pp71. J. Gen. Virol. 83:1601–1612.
Martinez, J., R. S. Lahijani, and S. C. St. Jeor. 1989. Analysis of a region
of the human cytomegalovirus (AD169) genome coding for a 25-kilodalton
virion protein. J. Virol. 63:233–241.
McLaughlin-Taylor, E., H. Pande, S. J. Forman, B. Tanamachi, C. R. Li,
J. A. Zaia, P. D. Greenberg, and S. R. Riddell. 1994. Identification of the
major late human cytomegalovirus matrix protein pp65 as a target antigen
for CD8⫹ virus-specific cytotoxic T lymphocytes. J. Med. Virol. 43:103–110.
Meier, J. L. 2001. Reactivation of the human cytomegalovirus major immediate early regulatory region and viral replication in embryonal NTera2
cells: role of trichostatin A, retinoic acid, and deletion of the 21-base-pair
repeats and modulator. J. Virol. 75:1581–1593.
Mettenleiter, T. C., B. G. Klupp, and H. Granzow. 2006. Herpesvirus
assembly: a tale of two membranes. Curr. Opin. Microbiol. 9:423–429.
Meyer, H., A. T. Bankier, M. P. Landini, C. M. Brown, B. G. Barrell, B.
Ruger, and M. Mach. 1988. Identification and prokaryotic expression of the
gene coding for the highly immunogenic 28-kilodalton structural phosphoprotein (pp28) of human cytomegalovirus. J. Virol. 62:2243–2250.
Meyer, H. H., A. Ripalti, M. P. Landini, K. Radsak, H. F. Kern, and G. M.
Hensel. 1997. Human cytomegalovirus late-phase maturation is blocked by
stably expressed UL32 antisense mRNA in astrocytoma cells. J. Gen. Virol.
78:2621–2631.
Michel, D., I. Pavic, A. Zimmermann, E. Haupt, K. Wunderlich, M. Heuschmid, and T. Mertens. 1996. The UL97 gene product of human cytomegalovirus is an early-late protein with a nuclear localization but is not a
nucleoside kinase. J. Virol. 70:6340–6346.
Michelson, S., M. Tardy-Panit, and O. Barzu. 1984. Properties of a human
cytomegalovirus-induced protein kinase. Virology 134:259–268.
Mocarski, E. S. 2004. Immune escape and exploitation strategies of cytomegaloviruses: impact on and imitation of the major histocompatibility
system. Cell. Microbiol. 6:707–717.
Mocarski, E. S., T. Shenk, and R. F. Pass. 2007. Cytomegaloviruses, p.
2701–2772. In D. M. Knipe and P. M. Howley (ed.), Fields virology, 5th ed.
Lippincott Williams & Wilkins, Philadelphia, PA.
Munger, J., D. Yu, and T. Shenk. 2006. UL26-deficient human cytomegalovirus produces virions with hypophosphorylated pp28 tegument protein
that is unstable within newly infected cells. J. Virol. 80:3541–3548.
Nogalski, M. T., J. P. Podduturi, I. B. DeMeritt, L. E. Milford, and A. D.
Yurochko. 2007. The human cytomegalovirus virion possesses an activated
casein kinase II that allows for the rapid phosphorylation of the inhibitor of
NF-B, IB␣. J. Virol. 81:5305–5314.
Nowak, B., C. Sullivan, P. Sarnow, R. Thomas, F. Bricout, J. C. Nicolas, B.
Fleckenstein, and A. J. Levine. 1984. Characterization of monoclonal antibodies and polyclonal immune sera directed against human cytomegalovirus virion proteins. Virology 132:325–338.
Nowak, B., A. Gmeiner, P. Sarnow, A. J. Levine, and B. Fleckenstein. 1984.

Downloaded from mmbr.asm.org at Univ of Wisconsin - Mad on September 10, 2008

90.

pendent degradation of the Rb family of tumor suppressors by the human
cytomegalovirus pp71 protein. Proc. Natl. Acad. Sci. USA 100:3263–3268.
Kalejta, R. F. 2008. Functions of human cytomegalovirus tegument proteins
prior to immediate early gene expression. Curr. Top. Microbiol. Immunol.
325:101–116.
Kamil, J. P., and D. M. Coen. 2007. Human cytomegalovirus protein kinase
UL97 forms a complex with the tegument phosphoprotein pp65. J. Virol.
81:10659–10668.
Kapasi, A. J., and D. H. Spector. 2008. Inhibition of the cyclin-dependent
kinases at the beginning of human cytomegalovirus infection specifically
alters the levels and localization of the RNA polymerase II carboxyl-terminal domain kinases cdk9 and cdk7 at the viral transcriptosome. J. Virol.
82:394–407.
Kattenhorn, L. M., G. A. Korbel, B. M. Kessler, E. Spooner, and H. L.
Ploegh. 2005. A deubiquitinating enzyme encoded by HSV-1 belongs to a
family of cysteine proteases that is conserved across the family Herpesviridae. Mol. Cell 19:547–557.
Kawaguchi, Y., T. Matsumura, B. Roizman, and K. Hirai. 1999. Cellular
elongation factor 1␦ is modified in cells infected with representative alpha-,
beta-, or gammaherpesviruses. J. Virol. 73:4456–4460.
Kemble, G. W., A. L. McCormick, L. Pereira, and E. S. Mocarski. 1987. A
cytomegalovirus protein with properties of herpes simplex virus ICP8: partial purification of the polypeptide and map position of the gene. J. Virol.
61:3143–3151.
Kern, F., T. Bunde, N. Faulhaber, F. Kiecker, E. Khatamzas, I. M. Rudawski, A. Pruss, J. W. Gratama, R. Volkmer-Engert, R. Ewert, P. Reinke, H. D.
Volk, and J. L. Picker. 2002. Cytomegalovirus (CMV) phosphoprotein 65
makes a large contribution to shaping the T cell repertoire in CMV-exposed
individuals. J. Infect. Dis. 185:1709–1716.
Kerry, J. A., M. A. Priddy, T. Y. Jervey, C. P. Kohler, T. L. Staley, C. D.
Vanson, T. R. Jones, A. C. Iskenderian, D. G. Anders, and R. M. Stenberg.
1996. Multiple regulatory events influence human cytomegalovirus DNA
polymerase (UL54) expression during viral infection. J. Virol. 70:373–382.
Kerry, J. A., M. A. Priddy, C. P. Kohler, T. L. Staley, D. Weber, T. R. Jones,
and R. M. Stenberg. 1997. Translational regulation of the human cytomegalovirus pp28 (UL99) late gene. J. Virol. 71:981–987.
Klupp, B. G., W. Fuchs, H. Granzow, R. Nixdorf, and T. C. Mettenleiter.
2002. Pseudorabies virus UL36 tegument protein physically interacts with
the UL37 protein. J. Virol. 76:3065–3071.
Koch, S., R. Solana, O. Dela Rosa, and G. Pawelec. 2006. Human cytomegalovirus infection and T cell immunosenescence: a mini review. Mech.
Ageing Dev. 127:538–543.
Kouzarides, T., A. T. Bankier, S. C. Satchwell, K. Weston, P. Tomlinson,
and B. G. Barrell. 1987. Sequence and transcription analysis of the human
cytomegalovirus DNA polymerase gene. J. Virol. 61:125–133.
Krosky, P. M., M. C. Baek, and D. M. Coen. 2003. The human cytomegalovirus UL97 protein kinase, an antiviral drug target, is required at the stage
of nuclear egress. J. Virol. 77:901–914.
Krosky, P. M., M. C. Baek, W. J. Jahng, I. Barrera, R. J. Harvey, K. K.
Biron, D. M. Coen, and P. B. Sentha. 2003. The human cytomegalovirus
UL44 protein is a substrate for the UL97 protein kinase. J. Virol. 77:7720–
7727.
Lahijani, R. S., E. W. Otteson, J. D. Adlish, and S. C. St. Jeor. 1991.
Characterization of a human cytomegalovirus 1.6-kilobase late mRNA and
identification of its putative protein product. J. Virol. 65:373–381.
Landini, M. P., M. C. Re, G. Mirolo, B. Baldassarri, and M. La Placa. 1985.
Human immune response to cytomegalovirus structural polypeptides studied by immunoblotting. J. Med. Virol. 17:303–311.
Landini, M. P., B. Severi, G. Furlini, and L. Badiali De Giorgi. 1987.
Human cytomegalovirus structural components: intracellular and intraviral
localization of p28 and p65-69 by immunoelectron microscopy. Virus Res.
8:15–23.
Lazzarotto, T., S. Varani, L. Gabrielli, S. Pignatelli, and M. P. Landini.
2001. The tegument protein ppUL25 of human cytomegalovirus (CMV) is
a major target antigen for the anti-CMV antibody response. J. Gen. Virol.
82:335–338.
Lischka, P., O. Rosorius, E. Trommer, and T. Stamminger. 2001. A novel
transferable nuclear export signal mediates CRM1-independent nucleocytoplasmic shuttling of the human cytomegalovirus transactivator protein
pUL69. EMBO J. 20:7271–7283.
Lischka, P., Z. Toth, M. Thomas, R. Mueller, and T. Stamminger. 2006.
The UL69 transactivator protein of human cytomegalovirus interacts with
DEXD/H-box RNA helicase UAP56 to promote cytoplasmic accumulation
of unspliced RNA. Mol. Cell. Biol. 26:1631–1643.
Lischka, P., M. Thomas, Z. Toth, R. Mueller, and T. Stamminger. 2007.
Multimerization of human cytomegalovirus regulatory protein UL69 via a
domain that is conserved within its herpesvirus homologs. J. Gen. Virol.
88:405–410.
Littler, E., A. D. Stuart, and M. S. Chee. 1992. Human cytomegalovirus
UL97 open reading frame encodes a protein that phosphorylates the antiviral nucleoside analog ganciclovir. Nature 358:160–162.
Liu, B., and M. F. Stinski. 1992. Human cytomegalovirus contains a tegu-

HCMV TEGUMENT PROTEINS

264

131.

132.

133.

134.

135.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.
151.

152.

Physical mapping of human cytomegalovirus genes: identification of DNA
sequences coding for a virion phosphoprotein of 71 kDa and a viral 65-kDa
polypeptide. Virology 134:91–102.
Odeberg, J., B. Plachter, L. Branden, and C. Soderberg-Naucler. 2003.
Human cytomegalovirus protein pp65 mediates accumulation of HLA-DR
in lysosomes and destruction of the HLA-DR alpha-chain. Blood 101:4870–
4877.
Ogawa-Goto, K., S. Irie, A. Omori, Y. Miura, H. Katano, H. Hasegawa, T.
Kurata, T. Sata, and Y. Arao. 2002. An endoplasmic reticulum protein,
p180, is highly expressed in human cytomegalovirus-permissive cells and
interacts with the tegument protein encoded by UL48. J. Virol. 76:2350–
2362.
Pande, H., S. W. Baak, A. D. Riggs, B. R. Clark, J. E. Shively, and J. A. Zaia.
1984. Cloning and physical mapping of a gene fragment coding for a
64-kilodalton major late antigen of human cytomegalovirus. Proc. Natl.
Acad. Sci. USA 81:4965–4969.
Park, M.-Y., Y.-E. Kim, M.-R. Seo, J.-R. Lee, C. H. Lee, and J.-H. Ahn.
2006. Interactions among four proteins encoded by the human cytomegalovirus UL112-113 region regulate their intranuclear targeting and the
recruitment of UL44 to prereplication foci. J. Virol. 80:2718–2727.
Patrone, M., E. Percivalle, M. Secchi, L. Fiorina, G. Pedrali-Noy, M. Zoppe,
F. Baldanti, G. Hahn, U. H. Koszinowski, G. Milanesi, and A. Galina. 2003.
The human cytomegalovirus UL45 gene product is a late, virion-associated
protein and influences virus growth at low multiplicities of infection. J. Gen.
Virol. 84:3359–3370.
Patterson, C. E., and T. Shenk. 1999. Human cytomegalovirus UL36 protein is dispensable for viral replication in cultured cells. J. Virol. 73:7126–
7131.
Paulus, C., S. Krauss, and M. Nevels. 2006. A human cytomegalovirus
antagonist of type 1 IFN-dependent signal transducer and activator of
transcription signaling. Proc. Natl. Acad. Sci. USA 103:3840–3845.
Preston, C. M., and M. J. Nicholl. 2006. Role of the cellular protein hDaxx
in human cytomegalovirus immediate-early gene expression. J. Gen. Virol.
87:1113–1121.
Prichard, M. N., N. Gao, S. Jairath, G. Mulamba, P. Krosky, D. M. Coen,
B. O. Parker, and G. S. Pari. 1999. A recombinant human cytomegalovirus
with a large deletion in UL97 has a severe replication deficiency. J. Virol.
73:5663–5670.
Prichard, M. N., W. J. Britt, S. L. Daily, C. B. Hartline, and E. R. Kern.
2005. Human cytomegalovirus UL97 kinase is required for the normal
intranuclear distribution of pp65 and virion morphogenesis. J. Virol. 79:
15494–15502.
Prichard, M. N., E. E. Sztul, S. L. Daily, A. L. Perry, S. L. Frederick, R. B.
Gill, C. B. Hartline, D. N. Streblow, S. M. Varnum, R. D. Smith, and E. R.
Kern. 2008. Human cytomegalovirus UL97 kinase activity is required for
the hyperphosphorylation of retinoblastoma protein and inhibits the formation of nuclear aggresomes. J. Virol. 82:5054–5067.
Re, M. C., M. P. Landini, P. Coppolecchia, G. Furlini, and M. La Placa.
1985. A 28000 molecular weight human cytomegalovirus structural
polypeptide studied by means of a specific monoclonal antibody. J. Gen.
Virol. 66:2507–2511.
Reeves, M. B., A. A. Davies, B. P. McSharry, G. W. Wilkinson, and J. H.
Sinclair. 2007. Complex I binding by a virally encoded RNA regulates
mitochondria-induced cell death. Science 316:1345–1348.
Revello, M. G., E. Percivalle, A. Di Matteo, F. Morini, and G. Gerna. 1992.
Nuclear expression of the lower matrix protein of human cytomegalovirus
in peripheral blood leukocytes of immunocompromised viraemic patients.
J. Gen. Virol. 73:437–442.
Roby, C., and W. Gibson. 1986. Characterization of phosphoproteins and
protein kinase activity of virions, noninfectious enveloped particles, and
dense bodies of human cytomegalovirus. J. Virol. 59:714–727.
Romanowski, M. J., and T. Shenk. 1997. Characterization of the human
cytomegalovirus irs1 and trs1 genes: a second immediate-early transcription
unit within irs1 whose product antagonizes transcriptional activation. J. Virol. 71:1485–1496.
Romanowski, M. J., E. Garrido-Guerrero, and T. Shenk. 1997. pIRS1 and
pTRS1 are present in human cytomegalovirus virions. J. Virol. 71:5703–
5705.
Rupp, B., Z. Ruzsics, C. Buser, B. Adler, P. Walther, and U. H. Koszinowski. 2007. Random screening for dominant-negative mutants of the
cytomegalovirus nuclear egress protein M50. J. Virol. 81:5508–5517.
Ruger, B., S. Klages, B. Walla, J. Albrecht, B. Fleckenstein, P. Tomlinson,
and B. Barrell. 1987. Primary structure and transcription of the genes
coding for the two virion phosphoproteins pp65 and pp71 of human cytomegalovirus. J. Virol. 61:446–453.
Ruzsics, Z., and U. Koszinowski. 2008. Mutagenesis of the cytomegalovirus
genome. Curr. Top. Microbiol. Immunol. 325:41–62.
Ryckman, B. J., M. A. Jarvis, D. D. Drummond, J. A. Nelson, and D. C.
Johnson. 2006. Human cytomegalovirus entry into epithelial and endothelial cells depends on genes UL128 to UL150 and occurs by endocytosis and
low-pH fusion. J. Virol. 80:710–722.
Saffert, R. T., and R. F. Kalejta. 2006. Inactivating a cellular intrinsic

MICROBIOL. MOL. BIOL. REV.

153.

154.
155.
156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.
169.

170.

171.

172.

173.

174.

175.

176.

177.

immune defense mediated by Daxx is the mechanism through which the
human cytomegalovirus pp71 protein stimulates viral immediate early gene
expression. J. Virol. 80:3863–3871.
Saffert, R. T., and R. F. Kalejta. 2007. Human cytomegalovirus gene expression is silenced by Daxx-mediated intrinsic immune defense in model
latent infections established in vitro. J. Virol. 81:9109–9120.
Saffert, R. T., and R. F. Kalejta. 2008. PML-nuclear body proteins: herpesviral enemies, accomplices, or both? Future Virol., in press.
Salomoni, P., and A. F. Khelifi. 2006. Daxx: death or survival protein?
Trends Cell Biol. 16:97–104.
Sampaio, K. L., Y. Cavignac, Y. D. Stierhof, and C. Sinzger. 2005. Human
cytomegalovirus labeled with green fluorescent protein for live analysis of
intracellular particle movements. J. Virol. 79:2754–2767.
Sanchez, V., K. D. Greis, E. Sztul, and W. J. Britt. 2000. Accumulation of
virion tegument and envelope proteins in a stable cytoplasmic compartment
during human cytomegalovirus replication: characterization of a potential
site of virus assembly. J. Virol. 74:975–986.
Sanchez, V., E. Sztul, and W. J. Britt. 2000. Human cytomegalovirus pp28
(UL99) localizes to a cytoplasmic compartment which overlaps the endoplasmic reticulum-Golgi-intermediate compartment. J. Virol. 74:3842–
3851.
Sarisky, R. T., and G. S. Hayward. 1996. Evidence that the UL84 gene
product of human cytomegalovirus is essential for promoting oriLyt-dependent DNA replication and formation of replication compartments in cotransfection assays. J. Virol. 70:7398–7413.
Sarov, I., and I. Abady. 1975. The morphogenesis of human cytomegalovirus. Isolation and polypeptide characterization of cytomegalovirions and
dense bodies. Virology 66:464–473.
Schierling, K., T. Stamminger, T. Mertens, and M. Winkler. 2004. Human
cytomegalovirus tegument proteins ppUL82 (pp71) and ppUL35 interact
and cooperatively activate the major immediate-early enhancer. J. Virol.
78:9512–9523.
Schierling, K., C. Buser, T. Mertens, and M. Winkler. 2005. Human cytomegalovirus tegument protein ppUL35 is important for viral replication
and particle formation. J. Virol. 79:3084–3096.
Schmolke, S., H. F. Kern, P. Drescher, G. Jahn, and B. Plachter. 1995. The
dominant phosphoprotein pp65 (UL83) of human cytomegalovirus is dispensable for growth in cell culture. J. Virol. 69:5959–5968.
Seo, J. Y., and W. J. Britt. 2006. Sequence requirements for localization of
human cytomegalovirus tegument protein pp28 to the virus assembly compartment and for assembly of infectious virus. J. Virol. 80:5611–5626.
Seo, J. Y., and W. J. Britt. 2007. Cytoplasmic envelopment of human
cytomegalovirus requires a postlocalization function of a tegument protein
pp28 within the assembly compartment. J. Virol. 81:6536–6547.
Silva, M. C., Q. C. Yu, L. Enquist, and T. Shenk. 2003. Human cytomegalovirus UL99-encoded pp28 is required for the cytoplasmic envelopment
of tegument-associated capsids. J. Virol. 77:10594–10605.
Silva, M. C., J. Schroer, and T. Shenk. 2005. Human cytomegalovirus
cell-to-cell spread in the absence of an essential assembly protein. Proc.
Natl. Acad. Sci. USA 102:2081–2086.
Sinclair, J., and P. Sissons. 2006. Latency and reactivation of human
cytomegalovirus. J. Gen. Virol. 87:1763–1779.
Sinzger, C., A. Grefte, B. Plachter, A. S. H. Gouw, T. H. The, and G. Jahn.
1995. Fibroblasts, epithelial cells, endothelial cells, and smooth muscle cells
are major targets of human cytomegalovirus infection in lung and gastrointestinal tissues. J. Gen. Virol. 76:741–750.
Sinzger, C., M. Kahl, K. Laib, K. Klingel, P. Rieger, B. Plachter, and G.
Jahn. 2000. Tropism of human cytomegalovirus for endothelial cells is
determined by a post-entry step dependent on efficient translocation to the
nucleus. J. Gen. Virol. 81:3021–3035.
Skaletskaya, A., L. M. Bartle, T. Chittenden, A. L. McCormick, E. S.
Mocarski, and V. S. Goldmacher. 2001. A cytomegalovirus-encoded inhibitor of apoptosis that suppresses caspase-8 activation. Proc. Natl. Acad. Sci.
USA 98:7829–7834.
Soderberg-Naucler, C. 2006. Does cytomegalovirus play a causative role in
the development of various inflammatory diseases and cancer? J. Intern.
Med. 259:219–246.
Somogyi, T., S. Michelson, and M. J. Masse. 1990. Genomic location of a
human cytomegalovirus protein with protein kinase activity (PK68). Virology 174:276–285.
Song, Y. J., and M. F. Stinski. 2002. Effect of the human cytomegalovirus
IE86 protein on expression of E2F-responsive genes: a DNA microarray
analysis. Proc. Natl. Acad. Sci. USA 99:2836–2841.
Spaete, R. R., and E. S. Mocarski. 1985. Regulation of cytomegalovirus
gene expression: ␣ and ␤ promoters are trans activated by viral functions in
permissive human fibroblasts. J. Virol. 56:135–143.
Stamminger, T., M. Gstaiger, K. Weinzierl, K. Lorz, M. Winkler, and W.
Schaffner. 2002. Open reading frame UL26 of human cytomegalovirus
encodes a novel tegument protein that contains a strong transcriptional
activation domain. J. Virol. 76:4836–4847.
Stasiak, P. C., and E. S. Mocarski. 1992. Transactivation of the cyto-

Downloaded from mmbr.asm.org at Univ of Wisconsin - Mad on September 10, 2008

136.

KALEJTA

VOL. 72, 2008

178.

179.

180.
181.

182.

183.

185.

186.

187.

188.
189.

190.

191.

192.

193.

194.

265

195. Wang, S. K., C. Y. Duh, and T. T. Chang. 2000. Cloning and identification
of regulatory gene UL76 of human cytomegalovirus. J. Gen. Virol. 81:2407–
2416.
196. Wang, S. K., C. Y. Duh, and C. W. Wu. 2004. Human cytomegalovirus UL76
encodes a novel virion-associated protein that is able to inhibit viral replication. J. Virol. 78:9750–9762.
197. Weston, K., and B. G. Barrell. 1986. Sequence of the short unique region,
short repeats, and part of the long repeats of human cytomegalovirus. J.
Mol. Biol. 192:177–208.
198. Wills, M. R., A. J. Carmichael, K. Mynard, X. Jin, M. P. Weeks, B. Plachter,
and J. G. P. Sissons. 1996. The human cytotoxic T-lymphocyte (CTL)
response to cytomegalovirus is dominated by structural protein pp65: frequency, specificity, and T-cell receptor usage of pp65-specific CTL. J. Virol.
70:7569–7579.
199. Wing, B. A., and E. S. Huang. 1995. Analysis and mapping of a family of
3⬘-coterminal transcripts containing sequences for human cytomegalovirus
open reading frames UL93 through UL99. J. Virol. 69:1521–1531.
200. Wing, B. A., G. C. Y. Lee, and E. S. Huang. 1996. The human cytomegalovirus UL94 open reading frame encodes a conserved herpesvirus capsid/
tegument-associated virion protein that is expressed with true late kinetics.
J. Virol. 70:3339–3345.
201. Winkler, M., S. A. Rice, and T. Stamminger. 1994. UL69 of human cytomegalovirus, an open reading frame with homology to ICP27 of herpes
simplex virus, encodes a transactivator of gene expression. J. Virol. 68:
3943–3954.
202. Winkler, M., and T. Stamminger. 1996. A specific subform of the human
cytomegalovirus transactivator protein pUL69 is contained within the tegument of virus particles. J. Virol. 70:8984–8987.
203. Winkler, M., T. Aus Dem Siepen, and T. Stamminger. 2000. Functional
interaction between pleiotropic transactivator pUL69 of human cytomegalovirus and the human homolog of yeast chromatin regulatory protein
SPT6. J. Virol. 74:8053–8064.
204. Wolf, D. G., C. T. Courcelle, M. N. Prichard, and E. S. Mocarski. 2001.
Distinct and separate roles for herpesvirus-conserved UL97 kinase in cytomegalovirus DNA synthesis and encapsidation. Proc. Natl. Acad. Sci.
USA 98:1895–1900.
205. Wolfstein, A., C. H. Nagel, K. Radtke, K. Dohner, V. J. Allan, and B. Sodeik.
2006. The inner tegument promotes herpes simplex virus capsid motility
along microtubules in vitro. Traffic 7:227–237.
206. Woodhall, D. L., I. J. Groves, M. B. Reeves, G. Wilkinson, and J. H.
Sinclair. 2006. Human Daxx-mediated repression of human cytomegalovirus gene expression correlates with a repressive chromatin structure around
the major immediate early promoter. J. Biol. Chem. 49:37652–37660.
207. Yao, Z. Q., G. Gallez-Hawkins, N. A. Lomeli, X. Li, K. M. Molinder, D. J.
Diamond, and J. A. Zaia. 2001. Site-directed mutation in a conserved
kinase domain of human cytomegalovirus-pp65 with preservation of cytotoxic T lymphocyte targeting. Vaccine 19:1628–1635.
208. Yoakum, G. H. 1993. Mapping a putative pyruvoyl decarboxylase active site
to human cytomegalovirus open reading frame UL77. Biochem. Biophys.
Res. Commun. 194:1207–1215.
209. Yu, D., M. C. Silva, and T. Shenk. 2003. Functional map of human cytomegalovirus AD169 defined by global mutagenesis analysis. Proc. Natl.
Acad. Sci. USA 100:12396–12401.
210. Zipeto, D., F. Baldanti, E. Percivalle, G. Gerna, and G. Milanesi. 1993.
Identification of a human cytomegalovirus mutant in the pp150 matrix
phosphoprotein with a growth-defective phenotype. J. Gen. Virol. 74:1645–
1648.

Downloaded from mmbr.asm.org at Univ of Wisconsin - Mad on September 10, 2008

184.

megalovirus ICP36 gene promoter requires the alpha gene product TRS1 in
addition to IE1 and IE2. J. Virol. 66:1050–1058.
Steininger, C. 2007. Clinical relevance of cytomegalovirus infection in patients with disorders of the immune system. Clin. Microbiol. Infect. 13:953–
963.
Stinski, M. F., and T. J. Roehr. 1985. Activation of the major immediate early
gene of human cytomegalovirus by cis-acting elements in the promoter-regulatory sequence and by virus-specific trans-acting components. J. Virol. 55:431–
441.
Streblow, D. N., S. L. Orloff, and J. A. Nelson. 2007. Acceleration of
allograft failure by cytomegalovirus. Curr. Opin. Immunol. 19:577–582.
Sullivan, V., C. L. Talarico, S. C. Stanat, M. Davis, D. M. Coen, and K. K.
Biron. 1992. A protein kinase homologue controls phosphorylation of ganciclovir in human cytomegalovirus-infected cells. Nature 358:162–164.
Tachibana, I., J. Bodorova, F. Berditchevski, M. M. Zutter, and M. E.
Hemler. 1997. NAG-2, a novel transmembrane-4 superfamily (TM4SF)
protein that complexes with integrins and other TM4SF proteins. J. Biol.
Chem. 272:29181–29189.
Tavalai, N., P. Papior, S. Rechter, and T. Stamminger. 2008. Nuclear
domain 10 components promyelocytic leukemia protein and hDaxx independently contribute to an intrinsic antiviral defense against human cytomegalovirus infection. J. Virol. 82:126–137.
Taylor, R. T., and W. A. Bresnahan. 2006. Human cytomegalovirus immediate-early 2 protein IE86 blocks virus-induced chemokine expression.
J. Virol. 80:920–928.
Terhune, S. S., J. Schroer, and T. Shenk. 2004. RNAs are packaged into
human cytomegalovirus virions in proportion to their intracellular concentration. J. Virol. 78:10390–10398.
Terhune, S., E. Torigoi, N. Moorman, M. Silva, Z. Qian, T. Shenk, and D.
Yu. 2007. Human cytomegalovirus UL38 protein blocks apoptosis. J. Virol.
81:3109–3123.
Toth, Z., P. Lischka, and T. Stamminger. 2006. RNA-binding of the human
cytomegalovirus transactivator protein UL69, mediated by arginine-rich
motifs, is not required for nuclear export of unspliced RNA. Nucleic Acids
Res. 34:1237–1249.
Toth, Z., and T. Stamminger. 2008. The human cytomegalovirus regulatory
protein UL69 and its effect on mRNA export. Front. Biosci. 13:2939–2949.
Trgovcich, J., C. Cebulla, P. Zimmerman, and D. D. Sedmak. 2006. Human
cytomegalovirus protein pp71 disrupts major histocompatibility complex
class I cell surface expression. J. Virol. 80:951–963.
Trus, B. L., W. Gibson, N. Cheng, and A. C. Steven. 1999. Capsid structure
of simian cytomegalovirus from cryoelectron microscopy: evidence for tegument attachment sites. J. Virol. 73:2181–2192.
van Zeijl, M., J. Fairhurst, E. Z. Baum, L. Sun, and T. R. Jones. 1997. The
human cytomegalovirus UL97 protein is phosphorylated and a component
of virions. Virology 231:72–80.
Varnum, S. M., D. N. Streblow, M. E. Monroe, P. Smith, K. J. Auberry, L.
Pasa-Tolic, D. Wang, D. G. Camp, K. Rodland, S. Wiley, W. Britt, T. Shenk,
R. D. Smith, and J. Nelson. 2004. Identification of proteins in human
cytomegalovirus (HCMV) particles: the HCMV proteome. J. Virol. 78:
10960–10966.
Vittone, V., E. Diefenbach, D. Triffett, M. W. Douglas, A. L. Cunningham,
and R. J. Diefenbach. 2005. Determination of interactions between tegument proteins of herpes simplex virus type 1. J. Virol. 79:9566–9571.
Wang, J., A. N. Loveland, L. M. Kattenhorn, H. L. Ploegh, and W. Gibson.
2006. High-molecular-weight protein (pUL48) of human cytomegalovirus is
a competent deubiquitinating protease: mutant viruses altered in its activesite cysteine or histidine are viable. J. Virol. 80:6003–6012.

HCMV TEGUMENT PROTEINS

