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Previous studies have revealed critical roles for the human cytomegalovirus (HCMV) UL97 kinase in viral
nuclear maturation events. We have shown recently that UL97 affects the morphology of the viral cytoplasmic
assembly compartment (AC) (M. Azzeh, A. Honigman, A. Taraboulos, A. Rouvinski, and D. G. Wolf, Virology
354:69–79, 2006). Here, we employed a comprehensive ultrastructural analysis to dissect the impact of UL97 on
cytoplasmic steps of HCMV assembly. Using UL97 deletion (�UL97) and kinase-null (K355M) mutants, as well as
the UL97 kinase inhibitor NGIC-I, we demonstrated that the loss of UL97 kinase activity resulted in a unique
combination of cytoplasmic features: (i) the formation of pp65-rich aberrant cytoplasmic tegument aggregates, (ii)
distorted intracytoplasmic membranes, which replaced the normal architecture of the AC, and (iv) a paucity of
cytoplasmic tegumented capsids and dense bodies (DBs). We further showed that these abnormal assembly
intermediates did not result from impaired nuclear capsid maturation and egress per se by using 2-bromo-5,6-
dichloro-1-(�-d-ribofuranosyl) benzimidizole (BDCRB) to induce the artificial inhibition of nuclear maturation and
the nucleocytoplasmic translocation of capsids. The specific abrogation of UL97 kinase activity under low-multi-
plicity-of-infection conditions resulted in the improved release of extracellular virus compared to that of �UL97,
despite similar rates of viral DNA accumulation and similar effects on nuclear capsid maturation and egress. The
only ultrastructural correlate of the growth difference was a higher number of cytoplasmic DBs, tegumented capsids,
and clustered viral particles observed upon the specific abrogation of UL97 kinase activity compared to that of
�UL97. These combined findings reveal a novel role for UL97 in HCMV cytoplasmic secondary envelopment steps,
with a further distinction of kinase-mediated function in the formation of the virus-induced AC and a nonkinase
function enhancing the efficacy of viral tegumentation and release.

Human cytomegalovirus (HCMV), a ubiquitous betaherpes-
virus, is a major cause of disease in immunocompromised
individuals and a leading cause of congenital infection (57).
The HCMV virion consists of a DNA-containing capsid, which
is embedded in a tegument layer, and a lipid envelope, which
contains the virus-encoded glycoproteins (57). The HCMV
infection of cells in culture generates infectious virions, as well
as dense bodies (DBs; nonreplicating particles composed of
tegument surrounded by an envelope) and noninfectious en-
veloped particles lacking viral DNA (57, 80).

During capsid maturation in the nucleus, large concatemeric
DNA intermediates are cleaved to genome-length units and
packaged into preformed capsids via the DNA cleavage/pack-
aging machinery (57). The current model suggests that assem-
bled nucleocapsids bud through the inner nuclear membrane,
acquiring a primary envelope layer. Subsequent shuttling into
the cytoplasm and cytoplasmic assembly steps involve deenvel-
opment and the budding of nucleocapsids into virus-induced
concentric layers of cytoplasmic vesicles derived from endo-
somes, the trans-Golgi network, and the Golgi apparatus and
endoplasmic reticulum (ER) Golgi intermediate compartment,
together regarded as the viral assembly compartment (AC),

where final tegumentation and secondary envelopment occurs
(13, 22, 25, 29, 51, 57, 59, 69, 77).

Mature virions and DBs are carried by the cellular vesicle
transport machinery to the plasma membrane for exocytic release
(57). The mechanisms mediating these final steps of cytoplasmic
assembly, including tegument formation and envelopment, parti-
cle transport, and release, are still largely unknown.

The HCMV UL97 gene product is a serine/threonine kinase,
originally discovered because of its unique ability to phosphor-
ylate the nucleoside analog ganciclovir, thus mediating its an-
tiviral activity (46, 73). The UL97 kinase has recognizable
homologs in all herpesviruses, including the herpes simplex
virus (HSV) UL13, the varicella zoster virus (VZV) ORF47,
the Epstein-Barr virus (EBV) BGLF4, the human herpesvirus
6 (HHV-6) U69, the human herpesvirus 8 (HHV-8) ORF36,
murine cytomegalovirus (CMV) M97, and rat CMV R97 (52).
These proteins modify common cellular and conserved viral
targets, such as the cellular elongation factor 1 delta (36), the
nuclear lamins (16, 45), and the viral DNA polymerase pro-
cessivity factor (17, 84), but they are functionally divergent
(68). The alphaherpesvirus homologs have been shown to
phosphorylate immediate-early and late viral proteins and, al-
though proven nonessential for viral growth in cell culture,
have been implicated in the regulation of all phases of viral
infection as well as in affecting tissue tropism (35, 37, 58, 60,
66). Other serine/threonine kinases, the US3 kinases (ORF66
in VZV), are found among members of the alphaherpesvirus
subfamily (67). The US3 kinases have been shown to promote
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the egress of nucleocapsids from the nucleus, sustain viral
long-distance axon transport, and influence various host cell
processes, including actin dynamics, apoptosis, nuclear mem-
brane architecture, and intracellular signaling (21, 23, 67).

The UL97 gene product is expressed early during infection
and is a constituent of the viral tegument (53, 62, 79). This
protein plays a crucial role in viral replication, and a UL97
deletion results in severe replication deficits (62, 64).

The UL97 kinase has been shown to be the target of the new
experimental antiviral drug maribavir (7, 8). It has been shown to
phosphorylate several viral proteins, including itself, the viral
DNA polymerase processivity factor ppUL44, the major tegu-
ment protein pp65, and the viral nuclear mRNA export factor
pUL69 (3, 34, 41, 48, 76). Identified cellular targets of UL97
kinase include the large subunit of RNA polymerase II, eukary-
otic elongation factor 1�, P32, lamins A/C, and the retinoblas-
toma tumor suppressor protein (Rb) (4, 27, 30, 36, 49, 65).

Previous studies of replication-deficient null mutants of
UL97 have shown a complex role of UL97 kinase in nuclear
steps of the viral life cycle, namely, in DNA synthesis, DNA
encapsidation, capsid maturation, and nuclear egress (27, 40,
49, 55, 82). More recently, we have shown that UL97 affects the
morphology of the viral cytoplasmic assembly compartment
(2). This finding, pointing to a cytoplasmic role for UL97,
prompted us to dissect the cytoplasmic events of HCMV as-
sembly that are governed by UL97 using comprehensive ultra-
structural analysis. In view of the multiple roles played by this
protein, we further sought to determine whether the individual
multistep defects exerted by the absence of UL97 all are due to
the loss of its kinase activity. Using UL97 mutants and specific
viral inhibitors, we demonstrate that UL97 is involved in
HCMV secondary envelopment and tegumentation in the cy-
toplasm via both kinase- and nonkinase-mediated functions.

MATERIALS AND METHODS

Cells, viruses, antibodies, and drugs. HCMV strain AD169 (wild-type HCMV)
was obtained from the American Type Culture Collection. Two independently
engineered isolates of RC�97 (UL97 deletion mutant; �UL97), RC�97.08 and
RC�97.19, derived from AD169 and containing the Escherichia coli lacZ and gpt
genes replacing most of UL97 as described previously (64), were generously pro-
vided by Mark Prichard (University of Alabama, Birmingham). T2819, a point
mutant in which the UL97 kinase activity was specifically abrogated by a K355M
substitution of the kinase catalytic lysine (50), was constructed as described below.
All virus strains were propagated in human foreskin fibroblasts (HFF) as described
previously (82). Primary mouse monoclonal antibodies (MAbs) against HCMV
immediate-early protein IE1/2, pp28, pp65, and glycoprotein B (gB) were purchased
from Chemicon (Rosemont, IL) and Virusys Corporation (Taneytown, MD). The
secondary antibody was anti-mouse IgG coupled to a 10-nm gold particle (Electron
Microscopy Sciences, Hatfield, PA). The antiviral drug 2-bromo-5,6-dichloro-1-(�-
d-ribofuranosyl) benzimidizole (BDCRB) (20 �M; a kind gift from John Drach,
University of Michigan) or NGIC-I (0.5 �M; Calbiochem, Germany) was added 1 h
after virus adsorption to cells, which subsequently were incubated in the presence of
the drug for 96 h postinfection (hpi) unless specified differently. For block-release
experiments, drug-treated cultures were washed five times with phosphate-buffered
saline (PBS) and then further incubated for the indicated times after drug release in
drug-free medium. Viral growth curves were carried out in freshly plated HFF
infected at a specified multiplicity of infection (MOI). Samples of infected cell
supernatants were removed at designated time points and stored at �80°C before
titration by plaque assay on HFF.

Construction of UL97 K355M mutant (strain T2819). The Escherichia coli
strain SW102, containing a deleted galK gene and temperature-inducible genetic
elements exo, bet, and gam, which enable the transient high-frequency homolo-
gous recombination of hosted bacterial artificial chromosomes (BACs) (81), and
a galK expression plasmid vector (81), was obtained from the Biological Re-
sources Branch of the National Cancer Institute (http://recombineering.ncifcrf

.gov). The HCMV strain AD169-derived BAC HB5 was obtained from Messerle
et al. (10). HB5 was electroporated into E. coli strain SW102, and 42°C heat
-induced, electrocompetent bacteria containing the BAC were prepared as
described previously (81) and transformed with the plasmid-derived galK
expression cassette flanked by UL97 coding sequences, such that homologous
recombination with HB5 resulted in the removal of the UL97 region DNA
sequence between the BamHI restriction site at 140547 (UL97 codon 23) and the
XhoI site at 142713 (past the end of the UL97 coding sequence). The
recombinant BAC HB5-B2 was isolated by selective growth on minimal medium
containing d-galactose (81) and purified by retransformation into E. coli SW102.
DNA from an isolated colony was checked by PCR for the presence of the
intended galK gene and the absence of the removed UL97 sequence. The galK
-containing BAC HB5-B2 then was recombineered (81) again with a subclone of
strain AD169 containing the UL97 region (plasmid SC102; nucleotides 139690 to
144436) modified to contain the K355M mutation (20). After electroporation
into heat-induced E. coli SW102 containing HB5-B2, recombinant BACs that
had lost galK and gained the K355M mutation were isolated by counterselection
with 2-deoxygalactose (81). Recombinant BACs were restreaked for isolation in
host bacteria and qualified by having intact restriction digest patterns (e.g., with
XbaI or HindIII) identical to that of HB5 and by PCR and sequencing to show
the presence of the mutation K355M and the absence of galK sequences. A
qualifying BAC, HB5-B8, was grown in E. coli SW102, and the extracted DNA
(�3 �g) was transfected (using Fugene 6 reagent; Roche) into a human foreskin
fibroblast culture monolayer in a six-well cluster plate. After the serial passage of
the cells to T25 and T75 flasks, HCMV cytopathic effect was observed starting 2
weeks later (strain T2819), and it had the characteristic appearance of multiple small
intranuclear inclusions typical of UL97-deficient strains (63). Viral DNA extracted
from the infected fibroblasts was sequenced throughout the coding sequences of
UL97 and UL27 to confirm the presence of the mutation UL97 K355M and the
absence of any other unintended changes elsewhere in UL97 or UL27 (19).

Transmission electron microscopy (EM). (i) Standard fixation. HFF cells
grown on coverslips in six-well plates were infected at an MOI of 0.1. At 96 hpi, cells
were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate
buffer (pH 7.4) at room temperature for 1 h, washed, and postfixed with 1% osmium
tetroxide in the same buffer for 1 h at room temperature. After en bloc staining with
2% aqueous uranyl acetate for 1 h at room temperature, the samples were dehy-
drated through a graded ethanol series and embedded in Epon 812.

(ii) HPF fixation. Cells grown on sapphire disks in six-well plates were infected
at an MOI of 0.1. At 96 hpi, cells were fixed by high-pressure freezing (HPF) in
a Bal-Tec HPM10 apparatus. Frozen samples were transferred to a Leica AFS
apparatus (Vienna, Austria) and freeze substituted in acetone containing 0.1%
glutaraldehyde and 0.1% uranyl acetate at �90°C for 72 h. The samples then
were washed in ethanol and embedded in HM20 resin at �30°C under UV light.

Ultrathin sections (70 to 90 nm) were prepared with the Ultramicrotome Leica
UCT (Vienna, Austria), analyzed at 120 kV with a Tecnai 12 transmission
electron microscope (FEI, Eindhoven, Netherlands), and digitized with a Mega-
view III charge-coupled-device camera using AnalySIS software (AnalySIS,
Munster, Germany).

(iii) Immunogold labeling. Following HPF, the sections were washed with PBS
with 0.2% glycine. After 20 min of blocking using 0.1% glycine, 1% gelatin, 0.1%
Tween 20, and 1% bovine serum albumin (BSA) in PBS, the indicated primary
antibody was added to the cells in an appropriate dilution in the blocking buffer
and incubated for 1.5 to 2 h at room temperature or overnight at 4°C. The
secondary gold-labeled antibody was added and incubated for 30 to 40 min at
room temperature. The sections then were rinsed once with PBS and six times
with double-distilled water.

Analysis of viral DNA accumulation. To measure the accumulation of viral
DNA, total cellular DNA was extracted at specified times from virus-infected
and mock-infected HFF using the QIAamp blood minikit extraction kit (Qiagen,
Hilden, Germany). Viral DNA was quantified by quantitative real-time PCR (RT
PCR), using primers and probe derived from the gB gene as previously described
(9). The assay demonstrated a linear quantitation for a 6-log range (71).

Amplification and sequencing of the HCMV UL97 gene. Direct PCR sequenc-
ing was performed as described previously by using overlapping primer pairs
encompassing nucleotides 1207 to 1979 (83).

RESULTS

A role for UL97 in cytoplasmic steps of secondary envelop-
ment and tegumentation. (i) Formation of aberrant cytoplas-
mic tegument aggregates and distorted intracytoplasmic mem-
branes in the absence of UL97. To evaluate the effect of UL97
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deletion on the presence and distribution of cytoplasmic as-
sembly intermediates, we have employed transmission EM on
ultrathin sections of HFF infected with �UL97 (RC�97.08) or
wild-type virus (AD169) at 96 hpi. Major differences were
found in the comparison of the cytoplasmic morphology of
cells infected by the two viruses (Fig. 1). In �UL97-infected
cells, only a few DNA-containing capsids and dense bodies
could be seen in the cytoplasm, with the notable complete
absence of viral particle clusters (Fig. 1a and c and Table 1).
No release of viral particles at the cell surface could be de-
tected. These findings were in contrast to those for cells in-
fected with the wild-type virus, which demonstrated all cyto-
plasmic stages of the virus morphogenesis, including budding
and envelopment of DNA-containing nucleocapsids in Golgi-
derived membrane vesicles and the formation of tegumented C
capsids along with clusters of mature viral particles and dense
bodies within vesicles (Fig. 1b and d and Table 1), with the
release of virions and DBs at the cell surface (not shown).
Additional striking features found exclusively in �UL97-in-

fected cells included (i) the formation of abnormally large (1 to
8 �m diameter) cytoplasmic electron-dense structures (Fig.
1a), occasionally surrounded by a thin membrane or associated
with viral particle intermediates, and (ii) distorted intracyto-
plasmic membrane stacks, which appeared as ovoid tightly
packed multilayer onion-like structures (Fig. 1a and c). Impor-
tantly, similar findings were noted with the independently en-
gineered UL97 deletion mutant RC�97.19 (data not shown),
further supporting the relatedness of the observed phenotype
to the UL97 deletion.

To characterize the aberrant intracytoplasmic structures
formed in the absence of UL97 and their relation to viral
assembly intermediates, we have used immunogold labeling
with antibodies directed against the viral structural proteins
pp65, pp28, and gB (Fig. 2). Immunoelectron microscopy re-
vealed the diffuse heavy staining of the electron-dense struc-
tures with antibodies for the major tegument protein pp65
(Fig. 2a), with comparable yet mainly peripheral staining for
the tegument protein pp28 (Fig. 2b) and no specific staining for

FIG. 1. Transmission electron microscopy of �UL97 (a and c)- and AD169 (b and d)-infected HFF at 96 hpi. The arrow in panel b points to viral
particles clustered within cytoplasmic vacuoles. The arrowheads point to dense bodies. The arrows in panel d point to tegumented C capsids. E,
electron-dense structures; M, ovoid membrane stacks; GA, Golgi apparatus; NU, nucleus. Cells in the presented micrographs were fixed by high-pressure
freezing.

TABLE 1. Quantitative measurements of viral assembly intermediates in HFF infected with wild-type and mutant HCMV strainsa

HCMV
strain

Empty:DNA-containing
capsids in the nucleus

(mean ratio)

Cytoplasmic
tegumented capsids

(mean no./�m2 �SE)

Cytoplasmic dense bodies
(mean no./�m2 �SE)

Cytoplasmic VPC vacuole status

No. per
infected cell

% of infected cells
containing VPC

AD169 1:1.5 1.3 � 0.3 0.6 � 0.3 1–2 100
�UL97 3:1 0.02 � 0.04 0.04 � 0.01 0 0
T2819 3:1 0.2 � 0.04 0.2 � 0.1 1 25

a Quantitative measurements were based on analysis of 100 representative fields from different sections. SE, standard errors. VPC, virus particle cluster.
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gB (gB could be detected in mature extracellular viral particles
in wild-type infected cells; data not shown). These findings
suggest that the electron-dense structures formed in the ab-
sence of UL97 represent aberrant cytoplasmic tegument ag-
gregates composed mainly of pp65. The impacted membranes
showed abundant specific staining for the membrane-associ-
ated tegument protein pp28 (Fig. 2c), with sparse staining for
gB (Fig. 2d) and no staining for pp65 (not shown). Taken
together, the paucity of the predicted cytoplasmic assembly
intermediates, including enveloped particle forms and exocytic
vesicle clusters in the cytoplasm of �UL97-infected cells, along
with the formation of aberrant tegument and membrane ag-
gregates, suggest the involvement of UL97 in cytoplasmic as-
sembly steps.

(ii) The defect in cytoplasmic assembly in �UL97-infected
cells does not result from impaired capsid maturation and
nuclear egress per se. To examine whether the observed cy-
toplasmic effects could result from the block in nuclear
maturation and egress in the absence of UL97, wild-type
HCMV-infected cells were cultured for 96 h in the presence
of 20 �M 2-bromo-5,6-dichloro-1-(�-d-ribofuranosyl) benz-
imidizole (BDCRB), which is known to inhibit the matura-
tion and nucleocytoplasmic translocation of capsids (75, 78),
and examined by transmission EM. The BDCRB block of
wild-type-infected cells resulted in the expected inhibition
of capsid maturation and nuclear egress, as revealed by the
nuclear accumulation of empty capsids and the absence of
capsid forms or mature virions in the cytoplasm (Fig. 3a to
c). However, despite the abrogation of nuclear maturation
steps, none of the aberrant cytoplasmic structures observed
in the absence of UL97 could be detected (compare Fig. 1a
and c to Fig. 3c). Interestingly, a more prominent feature in
the cytoplasm of BDCRB-treated cells was the formation of

numerous DBs, which could be seen both as free particles
and in clusters within cytoplasmic vacuoles, transported and
released into the extracellular space (Fig. 3c and d). These
results demonstrate that the abrogation of nuclear encapsi-
dation and egress by itself is not the cause of the aberrant
cytoplasmic features and the paucity of tegumented DB
forms observed in the absence of UL97. Furthermore, com-
bined treatment with BDCRB and the UL97 inhibitor
NGIC-I resulted in the nuclear accumulation of empty cap-
sids (similar to that observed in BDCRB-treated cells; data
not shown) with the formation of �UL97-like tegument
aggregates and aberrant membrane stacks (Fig. 3e and f).
These findings confirm that the defect in cytoplasmic assem-
bly in the absence of UL97 reflects its involvement in cyto-
plasmic assembly steps and does not represent a direct con-
sequence of impaired nuclear maturation.

UL97 has both kinase-mediated and nonkinase functions in
viral replication. (i) Specific abrogation of UL97 kinase activ-
ity results in improved release of extracellular virus compared
to the effect of UL97 deletion. The multiple defects displayed
by the UL97 deletion mutant, involving both nuclear and cy-
toplasmic maturation steps, raised the question of whether
they all are due to the loss of kinase activity. To delineate the
specific contribution of the UL97 kinase activity to viral repli-
cation, the growth rate of the UL97 deletion mutant was com-
pared to that of a point mutant (K355M; strain T2819) in
which the UL97 kinase activity was specifically abrogated. The
K355M point mutation abrogates the kinase catalytic lysine,
and in the case of UL97 it has been shown to result in the
complete inactivation of the kinase activity (30, 50, 63). HFF
were infected with AD169, �UL97, and T2819 at either high
(�1 PFU/cell) or low (�0.1 PFU/cell) multiplicity, and virus
titers were determined in the supernatant at different times
postinfection. The MOI equivalence of the different viruses in
comparative experiments was further confirmed by the immu-
nofluorescence staining of HFF infected with the different
strains for the immediate-early protein IE1/2 at 24 hpi. After
high-multiplicity infection, �UL97 and T2819 accumulated to
similar levels, both demonstrating �2 log reduction in viral
yield compared to the level of AD169 (data not shown). This
finding was consistent with results reported previously (26, 30).
At an MOI of �0.1, the titer of cell-associated virus measured
in infected HFF lysates remained comparable between �UL97
and T2819 (Fig. 4a). However, the release of infectious virus
from T2819 was lower by one order of magnitude than that of
AD169 and higher by one order of magnitude than that of
�UL97-infected cells (Fig. 4b). Similar results were obtained
using independently derived deletion mutants RC�97.08 and
RC�97.19.

Sequence analysis of DNA extracted from T2819 viral stock
and infected cells confirmed the presence of pure K355M mutant
population, thus excluding the presence of a reversion mutation
with a mixed viral population as a potential cause for the inter-
mediate growth phenotype of T2819. To further confirm that the
growth difference between �UL97 and T2819 was related to the
specific abrogation of UL97 kinase activity in T2819, we em-
ployed the UL97 kinase inhibitor NGIC-I as previously described
(2). NGIC-I (0.5 �M) was added to the growth medium following
AD169, �UL97, or T2819 adsorption to the cells. The infected
cells were further incubated in the presence of the drug for 96 h.

FIG. 2. Immunoelectron microscopy detection of HCMV proteins
in �UL97-infected HFF at 96 hpi. Ultrathin sections prepared follow-
ing high-pressure freezing were subjected to immunogold labeling with
anti-pp65 (a), pp28 (b and c), and gB (d) antibodies. The specific
staining of the cytoplasmic electron-dense structures (a and b) and
ovoid membrane stacks (c and d) is shown.
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At low MOI, NGIC-I-treated AD169-infected cells yielded virus
titers similar to those of the T2819-infected cells, with a 1-log
increase compared to titers of �UL97-infected cells (Fig. 4b). The
consistent growth advantage of the kinase-null or kinase-abro-
gated virus over the UL97 deleted mutant suggested that the
kinase activity is not responsible for all of the replication steps
mediated by the UL97 protein, and that an additional nonkinase
function contributes to the efficiency of virus release under low-
MOI conditions.

(ii) Viral DNA accumulation. Since UL97 has been shown to
play a role in viral DNA synthesis, we examined whether the
observed replication difference between the kinase-abrogated
K355M mutant and �UL97 results from different rates of
DNA synthesis. The intracellular accumulation of viral DNA
was evaluated by quantitative RT PCR. Overall, DNA accu-

mulation in cells infected with the two mutant viruses was
similar and demonstrated an up to 1-log decrease in viral DNA
synthesis compared to results for the wild-type virus (Fig. 4c).
Thus, the inhibition of DNA synthesis appeared to be com-
pletely mediated by the abrogated kinase activity of UL97 and
could not explain the observed replication difference between
the deletion and kinase-null mutants.

Kinase-mediated and nonkinase functions of UL97 in the
late phase of viral replication. We investigated the effect of
UL97 deletion versus kinase abrogation during the late phase
of viral replication by employing a reversible block with
BDCRB as previously described (82). BDCRB is known to
inhibit the cleavage of concatemeric viral DNA molecules as
well as the packaging of progeny DNA into nucleocapsids (78,
82). As we have shown previously, BDCRB treatment results

FIG. 3. Transmission electron microscopy of AD169-infected HFF treated with BDCRB and NGIC-I at 96 hpi. (a and b) Nucleus; (c, e, and
f) cytoplasm; (d) intercellular space; (b to d) BDCRB-treated infected HFF; (e and f) BDCRB- and NGIC-I-treated infected HFF. Arrows in panel
a point to C capsids. Arrows in panels c and d point to dense bodies. E, electron-dense structures; M, ovoid membrane stacks. Cells in the presented
micrographs were fixed by standard fixation.
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in the accumulation of only noncleaved DNA intermediates,
thus synchronizing DNA accumulation in both the wild type
and �UL97 mutant (82). Indeed, during BDCRB block (for 96
hpi), viral DNA accumulated to similar levels in cells infected
with AD169, �UL97, and T2819 (Fig. 4d), with a complete
block in virus yield (Fig. 4e). This finding was consistent with
the drug’s mechanism of action and with our previous results
(82). However, following release from the drug-induced block,
T2819 and �UL97 demonstrated �2- and �3-log reductions,
respectively, in the yield of extracellular progeny virus com-
pared to levels for the wild-type virus (Fig. 4e). These main-
tained differences in viral yield, despite the synchronization of
DNA accumulation by the BDCRB-induced block, suggest
that UL97 has both a kinase-mediated role (responsible for the
2-log reduction) and an additional nonkinase function (respon-
sible for the additional 1-log reduction of �UL97 compared to
the level for T2819) in the late phase of virus replication.

Distinct involvement of kinase-mediated and nonkinase
functions of UL97 in cytoplasmic tegumentation and release.
A detailed comparison of nuclear and cytoplasmic assembly
intermediates in T2819, �UL97, and AD169, as well as NGIC-
I-treated wild-type-infected cells, by transmission EM revealed
no differences in nuclear encapsidation and no differences in
nucleocytoplasmic egress between the deletion and the cata-
lytically inactive virus. The nuclear accumulation of capsids,
with an increased proportion of empty capsids, was noted in
T2819-infected cells (Fig. 5A, image a, and Table 1). Similar
results were obtained from cells infected with �UL97 (Table 1)
(82). These findings, together with the paucity of DNA-con-
taining C capsids in the cytoplasm of both T2819- and �UL97-
infected cells, as well as in NGIC-I-treated AD169-infected
cells, reflect the fact that the functions of UL97 in nuclear
encapsidation and egress are kinase dependent. These results
are in accordance with recent studies showing that lamin phos-
phorylation by UL97 mediates the dissolution of the nuclear
lamina to promote nuclear egress (27, 49). Additionally, both
T2819-infected cells and NGIC-I-treated AD169-infected cells
demonstrated the formation of �UL97-like nuclear and cyto-
plasmic tegument aggregates and cytoplasmic membrane
stacks (Fig. 5A, image b, and B, images a and b), indicating the
specific relation of these features to the abrogation of UL97
kinase activity. Importantly, consistent differences in the pro-
portions of strictly cytoplasmic assembly intermediates were
found between T2819- and �UL97-infected cells based on the
analysis of multiple representative fields from different sec-
tions. These included the increased proportion of DBs and
tegumented capsids in T2819-infected cells and in NGIC-I-
treated AD169-infected cells compared to the level for
�UL97-infected cells (Fig. 5A, image c, and B, image a) (Table
1) and the presence of clusters of viral particles (Fig. 5A, image
d, and Table 1), with the release of viral particles at the cell
surface (not shown), which is completely absent from �UL97-
infected cells (Fig. 1a and c and Table 1). Taken together,
these results support the UL97 kinase-mediated roles in nu-
clear egress and cytoplasmic secondary envelopment and fur-
ther reveal the additional contribution of a nonkinase function
of UL97 to the formation, clustering, and release of tegu-
mented viral forms.

FIG. 4. Viral growth and DNA accumulation curves for �UL97,
T2819, and AD169. HFF were infected at an MOI of 0.1 PFU/cell, and
titers of the cell-associated virus in infected cells (a), the resulting progeny
virus in the supernatant (b and e), or the accumulation of viral DNA in
cell lysates (c and d) were determined at the indicated times. As indicated
in panel b, growth curves also were obtained during treatment with
NGIC-1 (broken lines). Panels d and e show the viral DNA accumulation
(d) and growth curves (e) during BDCRB block release.
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DISCUSSION

HCMV maturation and assembly follows a complex two-
stage envelopment-and-egress process, which starts by en-
capsidation and primary envelopment in the nucleus and
proceeds in the cytoplasm, where viral particles acquire
their final tegument and envelope layers (secondary envel-
opment) at the cytoplasmic AC by budding through rear-
ranged layers of cytoplasmic organelles. Mature virions and
DBs are transported for release at the cell surface (22, 51,

56, 57). Our current understanding of the mechanisms driv-
ing the formation of the AC is limited, yet recent studies
have started to uncover critical viral and cellular mediators
of viral cytoplasmic assembly (1, 15, 31, 32, 42, 43, 47, 57, 72,
74, 75). The better interpretation of the role of specific
alpha- and betaherpesvirus proteins in cytoplasmic assembly
steps has been achieved by the use of deletion mutants,
demonstrating the accumulation of aberrant cytoplasmic
maturational intermediates and/or the absence of the pre-

FIG. 5. Transmission electron microscopy of UL97 kinase-abrogated HCMV-infected HFF at 96 hpi. (A) T2819-infected HFF showing
nucleus (a) and cytoplasm (b and d). Arrows in panel c point to dense bodies. (B) AD169-infected cells treated with NGIC-I. Arrows in panel
a point to dense bodies. E, electron-dense structures. M, ovoid membrane stacks. Cells in the presented micrographs were fixed by standard
fixation.
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dicted cytoplasmic maturational forms (1, 5, 11, 12, 14, 15,
31, 32, 33, 38, 39, 42, 43, 47, 57, 70, 72, 74, 75).

To date, the HCMV UL97 has been implicated primarily in
nuclear maturation events (27, 40, 49, 55, 62, 63, 82). Here, we
have conducted a comprehensive ultrastructural study of viral
morphogenesis and thereby gained insight into a novel role of
UL97 in cytoplasmic secondary envelopment. The involvement
of UL97 in cytoplasmic assembly and tegumentation steps is
suggested by a unique combination of ultrastructural features
formed exclusively in cells infected with �UL97 or following
the abrogation of UL97 kinase activity (by kinase-null K355M
mutation or pharmacological inhibition): (i) aberrant cytoplas-
mic tegument aggregates, heavily stained for the major tegu-
ment proteins pp65 and pp28; (ii) distorted intracytoplasmic
ovoid membrane structures, with abundant staining for the
membrane-associated tegument protein pp28 (Fig. 1, 2, and 5);
and (iii) a paucity of the expected cytoplasmic maturational
forms, including tegumented capsids, dense bodies, and viral
particle clusters. The formation of pp65-rich tegument aggre-
gates extends our previous confocal microscopic analysis (2)
and recent reports that demonstrated that the UL97 kinase
impacts the cellular distribution of viral structural proteins and
further identified a direct interaction between UL97 and pp65
(34, 63). While the abnormal aggregation of pp65 in the ab-
sence of UL97 kinase activity could result from the missing
direct interaction between these two proteins, it is important to
note that similar large intracytoplasmic aggregations of elec-
tron-dense tegument proteins also have been reported for cells
infected by pseudorabies virus (PrV) gE, gI, and gM or UL11
mutants, in which secondary envelopment was almost com-
pletely blocked (11, 12, 38, 39). By analogy, this common fea-
ture could indicate a more general block in secondary enve-
lopment in the absence of UL97. Moreover, the striking
accumulation of aberrant membranes in the absence of UL97
kinase activity replaced the expected compartmentalized re-
gion of virus particles budding into orderly cytoplasmic mem-
branes, which is observed in wild-type virus-infected cells. This
altered morphology of pp28-bearing membranes is consistent
with the modified distribution of pp28 and WGA ligands, as
shown by our immunofluorescence studies (2), and could rep-
resent aborted cytoplasmic assembly complexes. To the best of
our knowledge, this unique feature has not been described for
any other HCMV maturation mutant so far. However, similar
tightly connected, distorted membranes have been reported to
form in the absence of the PrV membrane-associated UL11
protein (38, 39), the homolog of the HCMV pp28, which is
known to mediate cytoplasmic assembly (57, 72). Interestingly,
comparable morphological changes of cytoplasmic vesicles also
were reported following the depletion of cellular proteins in-
volved in lipid transport (44, 61). These peculiar similarities,
reflecting altered biophysical properties and apposition be-
tween cytoplasmic membranes, could point to a role for UL97
in mediating efficient virus-induced vesicle trafficking or lipid
transport via phosphorylation events.

Importantly, in cells infected with �UL97, very few virus
particles accumulated in the cytoplasm, with a paucity of both
tegumented nucleocapsids and clustered DBs. Whereas the
absence of cytoplasmic nucleocapsids could result from the
block in their nucleocytoplasmic translocation upon UL97 de-
pletion, the reduced numbers of DBs could not be attributed to

the missing nuclear functions of UL97; DBs are formed exclu-
sively in the cytoplasm and presumably derive their envelope at
the AC along with mature virions (57). The combined mor-
phogenetic findings, i.e., the presence of aberrant tegument
and cytoplasmic membrane aggregates, along with the im-
paired formation of maturational progeny, argue for the in-
volvement of UL97 in common pathways of cytoplasmic as-
sembly mediating the genesis of both tegumented capsids
and DBs.

To further distinguish the cytoplasmic impact from the well-
established role of UL97 in nuclear capsid maturation and
egress, we examined the morphology of infected cells following
the induction of an artificial block of encapsidation and nucleo-
cytoplasmic egress by BDCRB treatment. Clearly, under these
restrictions, none of the �UL97-like cytoplasmic characteris-
tics could be noted, and DB formation and release appeared
unimpaired or even excessive (Fig. 3). Moreover, cytoplasmic
tegument aggregates and modified membrane structures were
reinduced only upon a combined block with BDCRB and
UL97 kinase inhibitor, specifically linking the cytoplasmic fea-
tures to abrogated UL97 kinase activity and proving it unlikely
that the cytoplasmic effects of UL97 deletion are due solely to
impaired capsid maturation and nuclear egress. This finding
could explain the synergistic antiviral activity reported for the
combination of BDCRB with UL97 inhibitor (24) and further
reinforce with precision that UL97 plays an additional role in
downstream cytoplasmic maturation events.

To date, several HCMV tegument and envelope proteins,
including pp150, pp28, gO, and gM/gN, have been shown to
mediate viral cytoplasmic assembly and secondary envelop-
ment (1, 5, 14, 32, 33, 42, 47, 57, 70, 72, 75). Maturation block
mutants of these proteins demonstrated the impaired accumu-
lation of capsids in the cytoplasm or the cytoplasmic accumu-
lation of nonenveloped particles with reduced release of infec-
tious progeny (32, 42, 47, 57, 72, 75). The diverging phenotypes
of these mutants and the unique maturation block induced by
UL97 abrogation highlight the complexity and the multicom-
ponent nature of cytoplasmic secondary envelopment. Intrigu-
ingly, the absence of UL97 kinase activity is known to result in
failure to remodel the nuclear lamina and rearrange the nu-
cleus during infection (2, 27, 49, 54, 55). It is conceivable that
the improper rearrangement of the nuclear lamins in the ab-
sence of UL97 affects the structure of adjacent AC compo-
nents. Indeed, the presence of an integrated nucleocytoplasmic
functional assembly and egress continuum recently has been
suggested by the findings that the depletion of BiP and loss of
AC integrity result in the loss of virus-induced nuclear lamina
rearrangement, and that dynein is involved in both AC forma-
tion and the remodeling of the nuclear morphology in infected
cells (15, 31). Hence, UL97, acting together with cell cycle
kinases (28), may be a player in the coordinated signals inter-
linking nuclear remodeling and AC function integrity.

Thus far, the complex roles of UL97 in viral replication have
been entirely attributed to its kinase activity, and multiple
cellular and viral targets of UL97 have been identified (3, 4, 27,
30, 34, 36, 41, 48, 49, 65, 76). Accordingly, the deletion of UL97
and the specific abrogation of its kinase activity resulted in
similar growth phenotypes under high-MOI conditions (2, 26,
30, 62). Surprisingly, however, we have found that under low-
MOI conditions, viral yield inhibition by �UL97 was consis-
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tently more extensive (by one order of magnitude) than that
observed following the specific abrogation of UL97 kinase
activity by either kinase-null point mutation or pharmacologi-
cal inhibition. Further concurrent studies of viral growth and
DNA accumulation during block and release with BDCRB
confirmed the additional contribution of a nonkinase function
of UL97 and confined it to late steps of virus maturation and
release (Fig. 4). Interestingly, the only ultrastructural correlate
and the likely basis for the difference in growth efficacy was a
higher number of cytoplasmic DBs, tegumented capsids, and
clustered viral particles observed upon the specific abrogation
of the kinase activity compared to that of infection by �UL97
(Fig. 5 and Table 1). These findings identify a distinct nonki-
nase function of UL97, which under low-MOI conditions pro-
motes the efficient assembly, clustering, and release of tegu-
mented viral particles, possibly via protein-protein interactions
that drive the intricate network of tegument incorporation.
This function might be compensated for by viral or cellular
factors present at higher MOIs. Such potential protein-protein
interactions may involve pp65 and pUL69, recently shown to
form a complex with UL97 (6, 34, 76), with the former further
shown to affect the incorporation of both UL97 and pUL69
into virus particles (18).

Taken together, our findings reveal a novel role for UL97 in
HCMV cytoplasmic secondary envelopment steps, with the
further distinction of kinase-mediated function in the forma-
tion of the virus-induced AC, and a nonkinase function en-
hancing the efficacy of viral tegumentation and release. Fur-
ther studies of UL97 interaction partners and phosphorylation
targets, as well as the characterization of the nature and mech-
anism of the aggregated membranes, will provide insight into
modes by which HCMV regulates nuclear and cytoplasmic
assembly and egress steps.
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