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Envelopment of a herpesvirus particle is a complex process of which much is still to be learned. We
previously identified the glycoprotein gpUL132 of human cytomegalovirus (HCMYV) as an envelope component
of the virion. In its carboxy-terminal portion, gpUL132 contains at least four motifs for sorting of transmem-
brane proteins to endosomes; among them are one dileucine-based signal and three tyrosine-based signals of
the YXX@ and NPXY (where X stands for any amino acid, and @ stands for any bulky hydrophobic amino acid)
types. To investigate the role of each of these trafficking signals in intracellular localization and viral
replication, we constructed a panel of expression plasmids and recombinant viruses in which the signals were
rendered nonfunctional by mutagenesis. In transfected cells wild-type gpUL132 was mainly associated with the
trans-Golgi network. Consecutive mutation of the trafficking signals resulted in increasing fractions of the
protein localized at the cell surface, with gpUL132 mutated in all four trafficking motifs predominantly
associated with the plasma membrane. Concomitant with increased surface expression, endocytosis of mutant
gpUL132 was reduced, with a gpUL132 expressing all four motifs in mutated form being almost completely
impaired in endocytosis. The replication of recombinant viruses harboring mutations in single trafficking
motifs was comparable to replication of wild-type virus. In contrast, viruses containing mutations in three or
four of the trafficking signals showed pronounced deficits in replication with a reduction of approximately
100-fold. Moreover, recombinant viruses expressing gpUL132 with three or four trafficking motifs mutated
failed to incorporate the mutant protein into the virus particle. These results demonstrate a role of endocytosis

of an HCMYV envelope glycoprotein for incorporation into the virion and optimal virus replication.

Morphogenesis of herpesviruses is a complex multistep pro-
cess which requires the assembly of an infectious viral particle
containing >70 proteins. The proteins are organized into
distinct regions in the particle, including the capsid contain-
ing viral DNA, the tegument, and the envelope of the virion,
suggesting an ordered addition of viral proteins during as-
sembly.

Most data in the literature favor a model in which the final
virion is assembled by multiple budding and fusion events of
the nascent particle. According to this model, genome-contain-
ing capsids acquire a first envelope by budding at the inner
nuclear membrane in a step termed primary envelopment (34).
By fusion of the primary envelope with the outer nuclear mem-
brane, capsids are stripped from their envelope and translo-
cated into the cytoplasm, where they accumulate tegument
proteins through a poorly understood pathway (33). The final
envelopment takes place when tegumented capsids bud into
cytoplasmic membranes derived from compartments of the
secretory pathway, including possibly the frans-Golgi network
(TGN) and/or endosomal recycling compartment. Although
incompletely defined, the corresponding cellular compartment
in which envelopment takes place has been operationally de-
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fined as the assembly compartment (AC), and the process has
been termed secondary envelopment (46).

For this process to yield infectious virions, all components of
the mature viral envelope need to be present in the AC. Her-
pesviruses in general contain a complex envelope; in the case
of human cytomegalovirus (HCMV) this includes at least 20
different proteins (58). It can be assumed that a high degree of
spatial and temporal organization is required to localize all of
these proteins to the correct compartment for incorporation
into virions. An important question in the context of secondary
envelopment is the intracellular transport pathway of mem-
brane-associated glycoproteins that localize these viral pro-
teins to the AC.

Herpesviral envelope glycoproteins can be transported to
the plasma membrane of infected cells by a default pathway,
and some of these proteins appear to exhibit functional activ-
ities once localized to the plasma membrane, such as comple-
ment binding or IgG Fc binding (18, 27, 51, 52). For a large
number of envelope glycoproteins, however, it has been shown
that they follow an internalization pathway after having
reached the plasma membrane and accumulate in interior
compartments of the cell, such as the TGN or vesicles derived
from this cellular structure (1, 8, 9, 9, 17, 30, 42, 43). A well-
studied member of this group of proteins is glycoprotein B
(gB), which has been shown for a number of herpesviruses to
be internalized from the plasma membrane and incorporated
into the virion (4, 14, 21, 45, 57). However, the functional
relevance of endocytosis for viral replication and/or pathogen-
esis is less clear. Endocytosis of herpesvirus glycoproteins has
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been implicated, for example, in cell-cell spread and evasion
from the humoral immune response (16, 44).

Endocytosis of membrane proteins involves the interaction
of the cytoplasmic tails of the respective proteins with intra-
cellular adaptor proteins that mediate recruitment of the pro-
teins to clathrin-coated pits for internalization (6). Two types
of motifs have been shown to be of predominant importance:
tyrosine-based YXX@-type motifs (where Y stands for ty-
rosine, X stands for any amino acid, and @ stands for any bulky
hydrophobic amino acid) and LL (dileucine) motifs (6). The
individual motifs are recognized with characteristic fine spec-
ificity by the adaptor protein (AP) complexes (AP-1, AP-2,
AP-3, and AP-4) and by another family of adaptors designated
GGAs (for Golgi-localized, gamma-ear containing, ARF bind-
ing) (48).

It is unknown whether all herpesviral envelope proteins con-
taining potential motifs for retrieval from the plasma mem-
brane will traffic through this pathway. In addition, whether
internalization of glycoproteins affects the production of infec-
tious viral particles is also largely unknown. For herpesviral
glycoproteins that have been studied in detail, the results differ
significantly between individual herpesviruses and specific viral
glycoproteins. For example, endocytosis of gE of varicella-
zoster virus (VZV) has been shown to be essential for viral
replication, whereas it is irrelevant for replication of pseudor-
abies virus (PRV) (37, 55). For gB of several herpesviruses,
endocytosis seems to be dispensable for virion formation since
its inhibition has little effect on replication kinetics (3, 40). In
the case of HCMV little information is available on endocyto-
sis of envelope glycoproteins. Radsak and colleagues were the
first to show that gB is retrieved from the infected cell surface
prior to incorporation into the virion (45). These findings were
confirmed by others (56). However, subsequent studies sug-
gested that inhibition of endocytosis did not affect the produc-
tion of infectious virus, indicating that endocytosis of gB is not
required for production of infectious HCMV. Jarvis et al. re-
ported that the expression of a dominant negative dynamin I
protein that blocks clathrin-dependent endocytosis had no in-
fluence on total yield of HCMV during productive infection
(23). Similarly, we have recently shown that endocytosis of gM,
another HCMV envelope glycoprotein that contains an YXX@
motif in its carboxy-terminal domain, is not affected by dele-
tion of the motif (25). Thus, available evidence suggests that
endocytosis of envelope glycoproteins from the plasma mem-
brane likely has a minor, if any, role in replication of HCMV
in permissive cells in culture.

We have previously identified gpUL132, an envelope glyco-
protein of HCMV which has no homologous counterparts in
other herpesviruses and which contains multiple YXX@ and
LL motifs for endocytosis in its cytoplasmic protein domain. In
transfected cells the protein is exclusively localized within the
TGN, and in infected cells it colocalizes with the AC (50). In
this report we demonstrate that consecutive mutation of the
endocytosis-associated motifs resulted in a corresponding in-
crease in gpUL132 on the surface of transfected cells and
nearly complete abrogation of endocytosis when all potential
motifs were mutated. Recombinant viruses that expressed en-
docytosis-negative forms of gpUL132 showed similar replica-
tion deficits as a UL132 viral deletion mutant. In addition,
forms of gpUL132 which failed to undergo endocytosis were
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not incorporated into virions. Our results indicated that for
HCMV, endocytosis of gpUL132 represented an important
pathway for incorporation of this envelope glycoprotein in
virion assembly and virus replication.

MATERIALS AND METHODS

Cells and viruses. Virus strains were propagated in primary human foreskin
fibroblasts (HFF) grown in minimal essential medium supplemented with 5%
fetal calf serum (FCS), glutamine (100 mg/liter), and gentamicin (350 mg/liter).
Virions were isolated by glycerol-tartrate gradient centrifugation as described
previously (53). HeLa cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) (Invitrogen) supplemented with 10% FCS, glutamine, and gen-
tamicin. For immunofluorescence analysis, HeLa cells were grown in 24-well
plates on 13-mm glass coverslips.

Preparation of eukaryotic expression constructs. The construction of plasmid
pcUL132 has been described before (50). To introduce single or multiple mu-
tations within pcUL132, we used a combined chain reaction (CCR) which utilizes
DNA amplification via PCR and ligation in a single reaction (5). A list of primers
is provided in Table S1 in the supplemental material. Amplimers were inserted
into pcDNA3.1 vector (Invitrogen) via BamHI and HindIII. To construct ex-
pression plasmids for UL132 containing a hemagglutinin ([HA] UL132HA)
epitope, we first generated a plasmid containing the coding sequence of the
UL132 authentic signal sequence (amino acids [aa] 1 to 27 of gpUL132). To this
end, the signal sequence was first inserted into pcDNA3.1 via restriction sites
HindIIT and BamHI using the primers ul132-5-hind and ul132-sig-bam, giving
rise to the plasmid pcUL132sig. The coding sequence for the HA epitope YPY
DVPDYA was then inserted as a double-stranded oligonucleotide having
BamHI and EcoRI single-stranded 5’ overhanging sequences into the BamHI
and EcoRI sites of pcUL132sig, resulting in plasmid pcUL132sigHA. Finally, the
coding sequence for gpUL132 and the mutant proteins was PCR amplified from
the already existing pcUL132 wild-type (wt) and mutant plasmids and inserted
into the EcoRI and NotlI sites of pcUL132sigHA. The integrity of all constructed
plasmids was confirmed by nucleotide sequencing. The GGA-1-GFP (where
GFP is green fluorescent protein) plasmid was a kind gift of J. Bonifacino, NIH.

BAC mutagenesis and reconstitution of recombinant viruses. Recombinant
viruses on the genetic background of strain AD169 were constructed using
bacterial artificial chromosome (BAC) HBS5 (7). The recombinant viruses were
generated by site-directed mutagenesis using a PCR-generated fragment elec-
troporated into Escherichia coli strain DH10B harboring the HB5 BAC and
expressing bacteriophage N\ functions redafy from plasmid pBADaBy (38).
First, using conventional cloning procedures, the plasmid pcpoUL132HA was
constructed. It contained the open reading frames (ORFs) UL131/Kan/
UL132HA/IRL14 in the vector backbone of pcpolS5-Link2 (11). A second
pcpol5-based plasmid was also constructed containing the reading frames
UL131/Kan/UL132m1-3HA/IRL14 (designated pcpoUL132m1-3HA). From
these plasmids DNA fragments used for recombination were generated by PCR
using the primers UL132M2-5 and UL132RV (where RV indicates recombinant
virus). Following homologous recombination in E. coli, colonies carrying kana-
mycin and chloramphenicol resistance were selected. The resulting BACs were
designated BAC-UL132HA and BAC-UL132m1-3HA, respectively. To con-
struct BAC-UL132m3HA a recombination fragment was generated using prim-
ers UL132M2-5 and RV132mut3solo from template pcpoUL132HA; for BAC-
UL132m4HA primers UL132M2-5 and RV132ml-4 and the template
pcpUL132HA were used. The recombination fragment for BAC-UL132m1-4
was constructed from template pcpoUL132m1-3HA wusing the primers
UL132M2-5 and RV132m1-4. For all BACs the correct insertion of the recom-
bination cassette into the HCMV genome was verified by restriction enzyme
digest and nucleotide sequencing of the flanking regions, including UL131 and
IRL14. The BACs were used for transfection of fibroblasts and reconstitution of
the respective infectious virus as described previously (50).

For replication analysis, HFF plated in six-well dishes were infected at a
multiplicity of infection (MOI) of approximately 0.01. After adsorption of virus
(4 h), the inoculum was removed and replaced by fresh medium. Supernatants
were harvested at the time points indicated in the figures and stored at room
temperature until use. Virus titers were determined by an indirect immunoflu-
orescence assay using a monoclonal antibody (MAb) against the immediate-early
protein IE1 of HCMV as described previously (2).

Construction and expression of chimeric TrkB/gpUL132 proteins. A plasmid
encoding the full-length rat TrkB sequence including a myc tag in the amino
terminus was kindly provided by David Kaplan (Hospital for Sick Children,
Toronto, Canada) and was used as the template for construction of the chimeric
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protein (31). Primers were designed to amplify codons 1 to 152 of TrkB and
codons 107 to 270 of either wild-type UL132 or the mutant UL132m1-4, in which
four predicted trafficking motifs were mutated. Compatible restriction sites were
engineered into each product to permit ligation and construction of the fusion
product of the two gene segments. The fusion genes were cloned into pcDNA4
(Invitrogen) and, after nucleotide sequencing to confirm the predicted sequence,
were transiently expressed in 293 HEK cells to document expression of the
expected protein. Expression in virus-infected HFF was carried out by a trans-
fection/infection protocol previously described (26). Briefly, HFF were electro-
porated with the respective plasmid using Amaxa nucleofection (Lonza, Walk-
ersville, MD) and subsequently infected with HCMYV strain AD169 at an MOI of
about 0.5. Virus-infected cells were subjected to antibody internalization assays
as described below, and images were collected using an Olympus confocal mi-
croscope. In some cases larger numbers of cells were used to generate extracel-
lular virus and virus-infected cells for analysis by immunoblotting. Extracellular
virus was prepared by initially preclearing cell-free supernatant from transfected/
infected cells, followed by pelleting the extracellular particles by high-speed
centrifugation at 18,000 rpm for 70 min at 8°C.

Transient protein expression and image analysis. HeLa cells grown on glass
coverslips in 24-well plates were transfected with 0.8 pg of plasmid DNA using
Lipofectamine (Invitrogen). Fibroblasts, also grown on glass coverslips in 24-well
plates, were infected with the respective viruses at an MOI of 0.01. At the time
points indicated in the figures. The coverslips were washed and fixed in 3%
paraformaldehyde in phosphate-buffered saline (PBS). The fixed cells were per-
meabilized with Triton X-100 containing buffer and then blocked with PBS-1%
bovine serum albumin (BSA). Primary antibodies, including a HA-specific MAb
(Sigma-Aldrich) and sheep anti-TGN46 (Serotec), were then added. After sam-
ples were washed, antibody binding was detected with the appropriate secondary
antibody conjugated with either fluorescein isothiocyanate (FITC) or tetram-
ethyl rhodamine isothiocyanate (TRITC) (Dianova). Images were collected us-
ing a Zeiss Axioplan 2 fluorescence microscope fitted with a Visitron Systems
charge-coupled device (CCD) camera (Puchheim, Germany) and processed us-
ing MetaView software and Adobe Photoshop.

Antibody internalization. For antibody internalization, cells were washed for 5
min in PBS at room temperature, followed by an additional washing step with
PBS at 4°C for 5 min. Then the cells were incubated with the first antibody for
60 min at 4°C in DMEM-2% fetal calf serum. For internalization, cells were first
washed three times with ice-cold PBS-0.2% BSA and immediately fixed with 3%
paraformaldehyde (0-min time point). To allow antibody internalization, cells
were washed with DMEM-10% FCS at 37°C, followed by incubation at 37°C for
the time intervals specified in the figures. Cells were then washed three times
with PBS and fixed with 3% paraformaldehyde. To permeabilize cells, they were
incubated for 4 min with PBS containing 0.1% Triton X-100. Cells were washed
two times with PBS and incubated for 15 min in PBS containing 1% BSA,
followed by the second antibody for 30 min.

Flow cytometry. Single-cell suspensions were prepared from transfected or
infected cells at the indicated time points and washed twice with PBS. The cell
pellet was resuspended in 200 pl of buffer (5% FCS and 0.02% NaNj in PBS) at
4°C and incubated for 10 min. To stain surface-exposed gpUL132, cells were
incubated with an R-phycoerythrin (PE)-conjugated anti-HA antibody (Miltenyi
Biotec) for 30 min at 4°C. Then the cells were fixed using Fix reagent (Invitrogen)
and analyzed by flow cytometry using a FACSCalibur (Becton Dickinson). To
stain for total gpUL132 protein, cells were treated with Fix and Perm reagent
(Invitrogen) before the addition of the anti-HA antibody.

SDS-PAGE and immunoblotting. Proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% polyacrylamide
gels under standard conditions. Proteins were transferred to nitrocellulose mem-
branes, and membranes were blocked with PBS containing 0.1% Tween 20 and
5% powdered milk. Antibodies and sera were diluted in PBS containing 0.1%
Tween 20 and 0.1% Tween 20-5% powdered milk, respectively. For detection of
primary antibody binding, horseradish peroxidase-conjugated anti-rabbit or anti-
mouse IgG antibody and an enhanced chemiluminescence detection system
(Pharmacia Biotech) were used according to the manufacturer’s instructions.
Blots were stripped according to the manufacturer’s protocol and reprobed with
a monoclonal antibody specific for the major capsid protein of HCMV.

RESULTS

Mutation of sorting motifs in gpUL132 results in altered
intracellular distribution. Within the carboxy-terminal domain
of gpUL132, there are a number of amino acid motifs pre-
dicted to serve as signals for the intracellular sorting of trans-
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membrane proteins (Fig. 1B). These signals include a
dileucine-based signal (LL,,,) and several tyrosine-based sort-
ing signals (YQRL,4,, FVNPNY,(s, YVSV,;,, and YDEL,;;).
All of these signals are potentially involved in retrograde trans-
port of transmembrane proteins from the plasma membrane to
the endosomal-lysosomal system (reviewed in reference 6).
The redundancy of the sorting signals within the cytoplasmic
tail of gpUL132 indicates that if all of these signals were func-
tional, the intracellular traffic of gpUL132 would be tightly
regulated.

In order to analyze the contribution of the individual sorting
signals to the intracellular distribution of gpUL132, we con-
structed a panel of expression plasmids that would give rise to
proteins with mutations within the tyrosine-based sorting sig-
nals as well as the dileucine-based signal (Fig. 1C). The respec-
tive DNA fragments were inserted into the expression vector
pcDNA3.1-myc/his allowing for the synthesis of recombinant
gpUL132 proteins containing a myc epitope at the carboxyl
terminus. The addition of the epitope tag did not influence the
intracellular distribution of wt gpUL132 (data not shown). The
plasmids were tested for gpUL132 expression and intracellular
localization of the protein in transient expression assays using
HeLa cells and indirect immunofluorescence for protein de-
tection. As noted before, when expressed in the absence of
other viral functions, wt gpUL132 colocalized almost exclu-
sively with markers for the TGN (Fig. 2A) (50). Mutation of
the sorting motifs resulted in a gradual increase of the signal
from gpUL132 that was initially almost completely colocalized
with the TGN to areas outside the TGN (Fig. 2). The effect was
subtle when the sorting motifs were mutated individually, i.e.,
mutations of the LL,;,, (UL132m1) motif or the YORL,,,
(UL132m2) motif had little impact on the intracellular distri-
bution of gpUL132. Only a slightly more diffuse signal com-
pared to that of the wt protein was noted in the majority of the
gpUL132-expressing cells (Fig. 2B and data not shown). In
contrast, the combined deletion of the YVSV,;; and YDEL, ;5
(UL132m3) motifs resulted in a profound alteration in the
intracellular distribution of gpUL132 (Fig. 2C). A more diffuse
distribution of the UL132m3 mutant was noted, which was
suggestive of surface expression. When the tyrosine-based mo-
tifs and the dileucine motif were mutated in combination
(UL132m1-3) the boundary of the gpULI132-expressing cells
became clearly visible, indicating extensive surface expression
of the protein (Fig. 2D). In addition, little colocalization with
the TGN was evident. When all four sorting signals were mu-
tated (UL132m1-4), colocalization of gpUL132 with the TGN
was completely abolished (Fig. 2E). Similar data were obtained
following transfection of the plasmids into human fibroblasts,
indicating that the observed effect was not cell type specific
(data not shown).

Flow cytometry was used to obtain more quantitative data of
cell surface expression of gpULI132. To enable cell surface
detection of the protein, a series of plasmids was constructed
which allowed expression of a gpUL132 protein containing a
hemagglutinin (HA) epitope tag at the amino terminus
(gpUL132HA) (Fig. 1). Addition of the HA tag did not alter
the intracellular distribution of the gpUL132 protein, as judged
by indirect immunofluorescence analysis (data not shown).
HeLa cells were transfected with the respective expression
plasmids and stained with anti-HA antibody for gpUL132 ex-
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FIG. 1. Hydrophilicity profile, primary amino acid sequence, and summary of gpUL132 mutants that were used in this study. (A) Computer
prediction of the hydrophilicity (HPhilic) of the gpUL132 polypeptide. The potential signal and membrane anchor sequences are indicated by
boxes. HPhobic, hydrophobicity. (B) Primary amino acid sequence of gpUL132. The sorting signals which are relevant for this work are underlined
and printed in bold. The potential signal and membrane anchor sequences are indicated by a shaded background. An arrow indicates the insertion
site for the HA tag. (C) Cartoon of plasmids and recombinant viruses used in this study. The complete UL132 ORF is represented as an open bar.
The individual sorting motifs and the respective mutant motifs are indicated and numbered from 1 to 4. The amino acid sequence YVSYDEL,
which theoretically harbors the two sorting motifs YVSV,3;, and YDEL,;5, was treated as a single motif (motif 3). The positions of the
amino-terminal HA tag and the carboxy-terminal myc tag (gray box) are indicated.

posed on the cells’ surfaces and for total gpUL132 separately.
In gpUL132-expressing cells, approximately 20% of the total
gpUL132 protein was detected on the cell surface (Fig. 3). This
percentage increased to 40% and 66% in cells expressing
gpUL132m1-3HA and gpUL132m1-4HA, respectively. Thus,
flow cytometry verified our previous results and further dem-
onstrated intracellular relocalization of gpUL132 following de-
letion of the sorting motifs in the cytoplasmic tail.

gpUL132 undergoes endocytosis. The possibility that
gpUL132 is transported to the TGN by retrograde transport
from the cell surface was analyzed next using an antibody-
feeding protocol. HeLa cells were transfected with the re-
spective plasmids, incubated 48 h after transfection with
an anti-HA antibody at 4°C for 60 min, and then shifted to
37°C to allow internalization of the gpUL132-antibody com-
plexes from the plasma membrane. In cells that were not
shifted to 37°C, gpUL132HA and the mutant proteins were de-
tected exclusively at the surfaces of cells (Fig. 4). Ten minutes
after the shift to 37°C, wt gpUL132HA protein started to accu-
mulate in numerous intracellular vesicles dispersed throughout

the cell (Fig. 4A). Some of the vesicles accumulated in a perinu-
clear compartment. Surface localization was still detectable. At 20
min after the shift to 37°C most of the protein was no longer
detectable at the surfaces of cells (Fig. 4A). In contrast to
wt gpULI32HA, mutant proteins gpUL132m1-3HA and
gpUL132m1-4HA remained at the cell surface during the 20-min
observation period (Fig. 4B and C). The intracellular compart-
ment to which gpUL132 was retrieved was analyzed by cotrans-
fection of a plasmid expressing GGA-1-GFP, a cellular protein
associated with the TGN (20). At 20 min after induction of en-
docytosis, gpUL132 showed considerable overlap with the
GGA-1 signal, indicating that most of the protein underwent
retrograde transport to the TGN (Fig. 4D). In contrast, mutant
proteins gpUL132m1-3HA and gpUL132m1-4HA showed no co-
localization with GGA-1 (Fig. 4E and data not shown). Overall,
these data indicated that wt gpUL132 can reach the TGN via
endocytosis from the plasma membrane and suggested that the
trafficking motifs present within the carboxy-terminal part of the
protein were responsible for the intracellular trafficking itinerary
of gpUL132.
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pcUL132m1-4

FIG. 2. Intracellular localization of wt gpUL132 and gpUL132 mutant proteins. HeLa cells were transfected with the indicated plasmids, and
protein localization was assayed 48 h later by indirect immunofluorescence in permeabilized cells. gpUL132 was detected using as primary antibody
an anti-myc antibody, and the TGN was detected by a polyclonal sheep serum against TGN46. Appropriate secondary antibodies were used to
visualize binding of the primary antibody. The appearance of yellow in the merged pictures indicates colocalization of signals.

Replication of recombinant viruses expressing gpUL132
mutant proteins. Since the combined mutation of the traffick-
ing signals in gpUL132 resulted in a protein which was ineffi-
ciently retrieved from the cell surface, we could directly deter-
mine if endocytosis of gpUL132 was important for virus
replication.

To test this possibility, a number of recombinant viruses in
the genetic background of HCMYV strain AD169 were con-
structed (7). In RV-UL132HA the ORF UL132 was replaced
by the ORF UL132HA from the plasmid UL132HA, giving
rise to a gpUL132 protein containing an HA epitope at the
amino terminus and a myc epitope at the carboxyl terminus.
This virus replicated with similar efficiency in human fibro-
blasts as the parent virus RV-HBS5 originally described by
Borst et al. (7), indicating that addition of the HA tag to
gpUL132 had no influence on the replicative capacity of

the virus (data not shown). RV-UL132m3HA and RV-
UL132m4HA carried mutations in the YVSVYDEL,;5 and
the FVNPNY,,s motifs, respectively. RV-UL132m1-3HA and
RV-UL132m1-4HA contained the UL132 reading frames from
plasmids UL132m1-3HA and UL132m1-4HA harboring mu-
tations in three and four trafficking signals, respectively (Fig.
1C). Recombinant viruses containing mutations in a single
trafficking signal replicated with an efficiency similar to that of
wt virus (Fig. 5). In contrast, production of infectious virus
from cells infected with RV-UL132m1-3HA and RV-
UL132m1-4HA was reduced by approximately 2 logs at day 11
postinfection (Fig. 5B) and was maintained at later time points
(data not shown). The replication deficit was similar to that
observed in RV-delUL132/AD, a UL132 deletion virus that
has previously been shown to be impaired in replication (50).
A revertant virus (RV-UL132m1-4rev), constructed from the
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FIG. 3. Flow cytometry of wt gpUL132 and gpUL132 mutant protein after transient expression. HeLa cells were transfected with the indicated
plasmids and subjected to flow cytometry analysis 48 h later. (A) Intact HeLa cells were stained with PE-conjugated anti-HA antibody and analyzed
for cell surface expression of gpUL132 protein (top). Cells were analyzed in samples that were permeabilized before the addition of the anti-HA
antibody (bottom). The percentage of cells staining for gpUL132 is indicated in the upper-right quadrant of each graph. SSC, side scatter.
(B) Percentage of total gpUL132 detected on the surface of transfected cells. Values are the mean and range of three independent experiments.

RV-UL132m1-4HA BAC, replicated with an efficiency similar
to that of the wt virus, indicating that the replication deficit was
not the result of a second site mutation in RV-UL132m1-3HA
or RV-UL132m1-4HA. From these findings, we concluded
that the capacity of gpUL132 to be retrieved from the cell
surface of virus-infected cells appeared to be required for the
efficient assembly of infectious virus.

Endocytosis of gpUL132 mutant proteins in infected cells.
The replication characteristics of the recombinant viruses ex-
pressing mutant gpUL132 proteins indicated that a deficit in
intracellular trafficking of gpUL132 results in reduced virus
production. Whether in fact a defect in endocytosis was the
underlying mechanism remained to be shown since results that
were obtained using isolated expression of gpUL132 in trans-
fected cells did not necessarily indicate that similar phenomena
occur in HCMV-infected cells. In infected cells a plethora of
virally encoded proteins or cellular proteins with virus-modi-
fied function and levels of expression could affect transport of
gpUL132 and potentially override the effect that was observed
in transfected HeLa cells. To analyze the intracellular distri-
bution of the respective gpUL132 proteins, HFF were infected

for 6 days with RV-UL132HA, RV-UL132m1-3HA, and RV-
UL132m1-4HA, respectively, and the proteins were detected
using an anti-HA antibody.

Using flow cytometry, we determined the ratio of total
gpUL132 protein to surface-exposed protein in five indepen-
dent experiments. In cells infected with RV-UL132HA approx-
imately 11% of total gpUL132 was detectable at the cell sur-
face (Fig. 6). In contrast, in cells infected with the mutant
viruses RV-UL132m1-3HA and RV-UL132m1-4HA, an aver-
age of 65% and 82% of total gpUL132 was detected at the cell
surface, respectively.

Next, we analyzed the intracellular distribution of
gpUL132 by indirect immunofluorescence. When cells were
fixed and permeabilized before the addition of antibody, wt
gpUL132HA was detected in a fine-grained signal that was
concentrated in an area also stained by an anti-TGN46 anti-
body (Fig. 7). However, the signals from both proteins were
not completely overlapping. No surface staining was evident.
In contrast, cells expressing the mutant gpUL132 proteins
showed cell surface staining. In addition, the intracellular lo-
calization and appearance of the signals differed from those of
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FIG. 4. Endocytosis of wt gpUL132 and gpUL132 mutant proteins in transfected cells. (A to C) HeLa cells were transfected with the indicated
plasmids and 48 h later incubated with anti-HA antibody at 4°C. To allow internalization of the gpUL132-IgG complex, cells were shifted to 37°C
for the indicated times. Cells were fixed with paraformaldehyde, permeabilized, and incubated with FITC-conjugated anti-mouse antibody. (D and
E) HeLa cells were cotransfected with gpUL132- and GGA-1-GFP-expressing plasmids as indicated. gpUL132 was labeled at the cell surface at
4°C with an anti-HA antibody and allowed to internalize for 20 min at 37°C. Following fixation and permeabilization of the cells, gpUL132 was
detected using a Cy3-conjugated anti-HA antibody and GGA-1 by GFP fluorescence.

wt gpUL132HA-expressing cells. The punctate signals were
more widely distributed throughout the cytoplasm of the cell
but still in an area close to the nucleus. Also, the signals were
larger and had a doughnut shape, with larger vesicles in cells
expressing gpUL132m1-4HA. Together with the change in in-
tracellular gpUL132 distribution, the signal from the TGN was
also altered, and in some of the cells that were infected with
the gpUL132 mutant viruses, the TGN was hardly detectable,
a phenomenon that is generally associated with HCMV infec-
tion in fibroblasts (22, 29).

Next, we visualized gpUL132 at the cell surface and after
endocytosis (Fig. 7). Cells were cooled to 4°C, an anti-HA
antibody was added to the culture medium for 60 min, and the

cells were either immediately fixed or incubated at 37°C for 20
min to allow internalization of the anti-HA antibody-gpUL132
complexes from the plasma membrane. In wt gpUL132HA-
expressing cells, we observed fine-grained signals at the surface
which, similar to a string of pearls, were evident along the
boundaries of the cells. In contrast, an exaggerated signal on
the surface was observed in cells expressing gpUL132m1-3HA
or gpUL132m1-4HA (Fig. 7). Twenty min after induction of
endocytosis, gpUL132HA was still found at the surface in a
fraction of cells, but in the majority of cells it accumulated in
the cytoplasm in an area that was stained by the TGN46 anti-
body. The compartment where the protein accumulated was
reminiscent of the staining found in permeabilized cells and
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FIG. 5. Replication of UL132 mutant recombinant viruses. Fibro-
blasts were seeded in six-well dishes and infected with the indicated
recombinant viruses. At the indicated days postinfection, supernatants
from the infected cultures were harvested, and infectious virus was
titrated using indirect immunofluorescence with an antibody directed
against IE1. IU, infectious units. The experiment was repeated three
times, and a representative result is shown.

likely represented the AC (Fig. 7). In cells infected with
gpUL132m1-3HA or gpUL132m1-4HA, part of the protein
was found to concentrate in structures similar to permeabilized
cells. However, cell surface localization was also prominent.
An isotype-matched control antibody did not stain the infected
cells, indicating that the observed signals were independent of
the viral or cellular expression of immunoglobulin Fc receptors
(data not shown).

Incorporation of mutant gpUL132 protein in virus particles.
Finally, we analyzed the incorporation of the gpUL132 and
mutant proteins into virus particles. Extracellular particles
were purified 6 days after infection, and lysates were subjected
to Western blotting using either an anti-HA antibody or a
polyclonal anti-gpUL132 rabbit serum (Fig. 8). In viral parti-
cles purified from RV-UL132HA-infected cells the monoclo-
nal anti-HA antibody stained two diffusely migrating proteins
of estimated molecular masses of 22 to 28 kDa and 45 to 60
kDa, the mass of forms of gpUL132 previously documented in
extracellular virus (Fig. 8A) (50). As expected, the sample from
the UL132 deletion mutant virus (RV-delUL132/AD) did not
show a specific reaction with the anti-HA antibody. Impor-
tantly, particles from both RV-UL132m1-3HA and RV-
UL132m1-4HA did not contain detectable amounts of UL132-
specific protein. A similar result was obtained using the
polyclonal anti-UL132 rabbit serum (Fig. 8B). Since compara-
ble amounts of particles were present in this analysis, as de-
termined by reprobing the membranes with an antibody
against the HCMV major capsid protein, this result indicated
that gpUL132 mutant proteins which are defective in endocy-
tosis were not incorporated into the virion.

A chimeric protein expressing the cytoplasmic tail of
gpUL132 is rapidly endocytosed and incorporated into extra-
cellular virions in virus-infected cells. To eliminate the possi-
bility of interactions between the extracellular and transmem-
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FIG. 6. Flow cytometry of gpUL132 mutant proteins in infected
cells. Fibroblasts were infected with the indicated recombinant viruses
and subjected to flow cytometry 92 h later. Cells were analyzed for
surface-exposed and total gpUL132, and the fraction of surface-ex-
posed gpUL132 is shown. Data are the mean and range of five inde-
pendent experiments.

brane domains of gpUL132 with other viral proteins leading to
endocytosis and virion incorporation, we constructed a chi-
meric protein in which the extracellular and transmembrane
domains of the receptor tyrosine kinase, TrkB, were fused to
the cytoplasmic tail of wild-type gpUL132 or mutant
gpUL132m1-4. TrkB is a type I glycoprotein that is the high-
affinity receptor for brain-derived neurotrophic factor (BDNF)
and undergoes tyrosine phosphorylation upon ligand binding
(35, 49). We generated a chimeric protein from a TrkB con-
struct encoding a myc tag in the amino terminus of TrkB,
resulting in fusion between TrkB and the tails of gpUL132 and
gpUL132m1-4 (Fig. 9A). Transient expression of plasmids en-
coding these constructs under the control of the HCMV IE1
promoter resulted in expression of the expected 100-kDa fu-
sion protein detected by immunoblotting using anti-myc anti-
bodies (data not shown). These plasmids were then transfected
into HF cells using Amaxa nucleofection, and the transfected
cells were infected 24 h later with HCMV. In some experi-
ments, transfected cells/infected cells were grown on coverslips
and processed in an antibody uptake/endocytosis assay. We
noted expression of both the TrkB/gpUL132 wt and TrkB/
gpUL132m1-4 chimeric proteins on the surfaces of transfected/
infected cells at the initial time point, whereas at 20, 40, and 80
min the chimeric protein expressing the cytoplasmic tail of
wild-type gpUL132 was quickly removed from the cell surface
and accumulated in some cells in a perinuclear compartment
(Fig. 9B). In contrast, the TrkB/gpUL132m1-4 construct re-
mained easily detectable on the cell surface throughout the
duration of the experiment (Fig. 9B). This result suggested that
the phenotypes of gpUL132 and gpUL132m1-4 could be trans-
ferred to an unrelated protein by grafting of only the cytoplas-
mic tails of gpUL132 and of gpUL132m1-4 to the ectodomain
of an unrelated protein.

To determine if the virion incorporation phenotype previ-
ously associated with the cytoplasmic tail of gpUL132 was also
transferred to the chimeric protein, we concentrated the ex-
tracellular virions from the supernatant of transfected/infected
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FIG. 7. Endocytosis of wt gpUL132 and gpUL132 mutant proteins
in infected cells. Fibroblasts were infected with the indicated recom-
binant viruses for 120 h. Cells were fixed with paraformaldehyde and
permeabilized before addition of the antibodies (perm). The intracel-
lular localization of gpUL132 was detected with an anti-HA antibody.
The TGN was stained using a polyclonal anti-TGN46 sheep serum. To
analyze surface expression of gpUL132, cells were incubated with an
anti-HA antibody at 4°C for 60 min, fixed with paraformaldehyde, and
permeabilized (0 min). Following incubation with a sheep polyclonal
anti-TGN46 polyclonal antibody, binding of the first antibodies was
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cell cultures and compared the amount of the chimeric TrkB/
gpUL132 proteins in extracellular virions and within the trans-
fected/infected cells. We noted that TrkB/gpUL132 was effi-
ciently incorporated into extracellular virions, whereas TrkB/
gpUL132m1-4 could not be detected in extracellular virions
(Fig. 9C). To ensure that similar levels of virions were analyzed
in each virion preparation, we stripped the original membrane
and reprobed with antibodies reactive with pp65 (UL83). Al-
though we detected pp65 in both virion preparations as a single
band, as has been previously published, there was considerably
more protein in the virion preparation from cells that were
transfected with the gpUL132m1-4 construct and infected with
HCMYV, indicating that the lack of the virion incorporation
seen in these transfected/infected cells was not secondary to
the analysis of limited amounts of extracellular virus (Fig. 9C).
Several forms of pp65 were noted in the cells from both trans-
fected/infected preparations, again consistent with the known
degradation products of pp65 in virus-infected cells (Fig. 9C)
(10). Together, these results clearly demonstrated that the
cytoplasmic tail of gpULI132 contains trafficking signals that
efficiently direct gpUL132 (or a chimeric protein) into the
endocytic pathways, resulting in incorporation into progeny
virions.

DISCUSSION

In a previous study gpUL132 was identified as a structural
glycoprotein of HCMV. Deletion of the reading frame from
laboratory-adapted strains or low-passage clinical isolates re-
sulted in a replication deficit of the respective recombinant
viruses (50). The function of gpUL132 is currently unknown.
gpUL132 contains in its carboxy-terminal domain a number of
different sequence motifs that are relevant for the intracellular
transport of proteins. We have analyzed the function of the
motifs that are potentially involved in endocytosis. To this end
we have expressed mutant gpUL132 proteins either alone in
transient transfections or in the context of a viral infection. The
key role in the intracellular trafficking played by the signals in
the carboxy-terminal domain of gpUL132 was further demon-
strated by the results of the analysis of the intracellular traf-
ficking exhibited by the chimeric protein consisting of the
ectodomain of the receptor tyrosine kinase, TrkB, fused to the
cytoplasmic tail of either the wild-type gpUL132 or the cyto-
plasmic tail of a mutant gpUL132 in which all predicted traf-
ficking motifs were mutated (gpUL132m1-4). Utilizing these
chimeric proteins, we demonstrated that mutation of the car-
boxy-terminal trafficking motifs leads to loss of endocytosis and
incorporation into progeny virions compared to the chimeric
TrkB protein expressing the wild-type gpUL132 tail. These
data argued that the interactions between the cytoplasmic
and/or transmembrane domain of gpUL132 with other viral
proteins was unnecessary for endocytosis and localization to
sites of virion assembly in the infected cell. At this time we

developed using appropriate secondary antibodies. Following incuba-
tion of cells at 4°C for 60 min with anti-HA antibody, gpUL132-
antibody complexes were allowed to internalize for 20 min at 37°C (20
min). Thereafter, gpUL132 and TGN were stained as above.
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FIG. 8. Immunoblot analysis of recombinant viruses. Lysates of
gradient-purified extracellular virus particles from the indicated re-
combinant virus strains were used for immunoblot analysis using either
an anti-HA-specific antibody (A) or an anti-UL132 rabbit serum
(B) for detection of gpUL132. The two viral forms of gpUL132 (50)
are indicated by arrows. Following detection of gpUL132, the blots
were stripped and developed with an antibody specific for the major
capsid protein of HCMV (anti-MCP).

cannot definitively rule out that in addition to trafficking sig-
nals, the carboxy-terminal tail of gpUL132 also expresses se-
quences that direct incorporation of this protein into the virion
particle through interactions with other virion proteins; how-
ever, it is also clear that in the absence of the trafficking motifs
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expressed in the carboxy terminus of the tail of gpUL132, this
protein cannot localize to sites of virus assembly. Finally, since
we carried out our experiments in the presence of virus infec-
tion, we can also argue that if viral protein interactions critical
for virion incorporation require the carboxy-terminal tail of
gpUL132, then these interactions must take place at sites of
virion assembly and not in proximity to the plasma membrane.
Thus, our data demonstrated that the trafficking motifs in the
tail of gpUL132 are important for endocytosis, intracellular
localization of the protein, the kinetics of its intracellular trans-
port, and, finally, the incorporation of gpUL132 into virions.
Among the trafficking signals that are found in gpUL132 are
the more commonly used YXX@ and LL motifs. These motifs
interact with the w subunits of AP complexes which are medi-
ators of clathrin-dependent endocytosis as well as intracellular
sorting processes (6). In addition, gpUL132 harbors an FX
NPXY (FVNPNY,,s) motif. FXNPXY signals have been
shown to mediate rapid internalization of only a subset of type
I membrane proteins and not other intracellular sorting events.
The FXNPXY motif is likely not directly recognized by AP-2
but rather by proteins containing a domain known as PTB
(phosphotyrosine-interacting domain) such as Dab2 (dis-
abled-2) or the low-density lipoprotein receptor (LDLR) adap-
tor protein (32, 36). The FXNPXY signal in gpUL132 is
unique among herpesvirus glycoproteins (M. Mach, unpub-
lished observations). Interestingly, mutation of this unique mo-
tif in UL132 resulted in altered intracellular localization of
gpUL132 but did not appreciably reduce virus yield, suggesting

anti-myc

anti-pp65 (UL83)

FIG. 9. Trafficking and virion incorporation of a TrkB/gpUL132 chimeric protein. (A) Cartoon illustrating the domains of the chimeric
proteins. (B) Antibody internalization endocytosis assay of chimeric forms of TrkB molecules. HF cells, grown on 13-mm coverslips, were
electroporated with the respective chimeric proteins as described in the text and infected with HCMV. On day 5 postinfection, cells were cooled
to 4°C and incubated with an anti-myc MADb for 2 h. The cell cultures were then washed several times with warm medium, and individual coverslips
were harvested at the indicated time points. After fixation in paraformaldehyde, the coverslips were reacted with an anti-IE1 MADb to identify
infected cells and then developed with FITC-conjugated anti-mouse IgG1 (green) to detect internalized anti-myc antibodies and with TRITC-
conjugated anti-mouse IgG2b (red) to detect anti-IE1 antibodies. (C) Virion incorporation of the TrkB/gpUL132 chimeric proteins. HF cells were
electroporated with expression plasmids encoding the respective chimeric protein and then infected with HCMV 24 h later. Cells were harvested,
and supernatant virus was collected by centrifugation. Viral proteins were solubilized and analyzed by immunoblotting using an anti-myc MADb to

detect the chimeric protein and an anti-pp65 MADb to detect viral pp65.
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that its role in the trafficking of gpUL132 may be related to
increasing the efficiency of endocytosis of this molecule, a
function whose phenotype may not be appreciably altered in
standard antibody internalization assays or virus yield assays.

Our findings in transient transfection assays indicated that
the individual sorting signals have a differential influence on
the intracellular distribution of gpUL132. Following isolated
transient expression and analysis by indirect immunofluores-
cence, the wt gpUL132 protein was found to colocalize pre-
dominantly with markers from the TGN, indicating that it
expresses all the necessary signals to be transported into this
cellular compartment. Flow cytometry revealed a somewhat
more complex picture and indicated that approximately 20%
of the total wt gpUL132 protein in steady state was localized at
the cell surface. The apparently discrepant distribution of
gpUL132 on the surfaces of cells determined by indirect im-
munofluorescence or flow cytometry is explained by the large
surface area of the transfected HeLa cells. In indirect immu-
nofluorescence the fraction of gpUL132 that is associated with
the cell surface was most probably not detected because the
protein was distributed over the large surface area of an entire
cell. Mutation of the LL,,, (gpUL132m1) motif as well as the
YQRL,¢, (gpUL132m2) motif had a rather subtle impact on
intracellular distribution of the mutant protein, as determined
by immunofluorescence. The respective mutant proteins con-
tinued to colocalize mainly with the TGN. In contrast, muta-
tion of the YVSVYDEL,,5 (gpUL132m3) motif gave rise to a
significantly different protein distribution, with drastically in-
creased concentration of protein on the cell surface rather than
in the TGN, indicating that this signal is more relevant in the
intracellular sorting of gpUL132. Finally, combined muta-
tion of LL, YXX@, and FXNPXY (gpUL132ml1-3 and
gpUL132m1-4) motifs had the most striking effect, resulting in
protein localization that was almost exclusively associated with
the plasma membrane; TGN-colocalizing protein was no
longer detectable. Again, flow cytometry provided a more
quantitative estimate of the cell surface expression of these
gpUL132 mutants and suggested that approximately 66% of
the total gpUL132m1-4 protein was expressed on the cell sur-
face. The differential usage of the various sorting signals is in
accordance with results showing that recognition of the adap-
tor complexes is influenced by the nature of the X and @
residues within the YXX@ sequence as well as by the context
or spatial separation from the membrane (41). Differential
effects of the individual motifs on protein trafficking have also
been seen in other herpesvirus glycoproteins containing mul-
tiple YXX@ sorting motifs (14, 16, 55).

Mutation of trafficking signals not only resulted in different
overall intracellular distribution of gpUL132 but also had an
impact on retrieval kinetics from the plasma membrane. While
transiently expressed gpUL132 wt protein was retrieved in
large part from the TGN within 20 min, the gpUL132m1-3 and
gpUL132m1-4 proteins remained at the cell surface during this
time period. This result indicated that the mutations that were
introduced in the gpUL132 protein likely affected the most
relevant signals for retrograde transport. Thus, the depen-
dence of gpUL132 on defined sorting motifs for intracellular
transport resembled those described for other herpesvirus gly-
coproteins.

Interestingly, in infected cells we found a different distribu-
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tion of gpUL132 mutant proteins compared to transiently ex-
pressed protein and also differences in the retrograde trans-
port, emphasizing the importance of analyzing protein
transport and localization in the context of the infected cell. In
steady-state immunofluorescence in permeabilized cells,
gpUL132 was found in the AC, as noted earlier, and in colo-
calization with markers from the TGN (50). No protein was
detected at the cell surface. This finding was similar to that in
transfected cells. Following infection the mutant proteins
gpUL132m1-3 and gpUL132m1-4 also showed increased cell
surface localization, but, in contrast to transiently expressed
protein, a fraction of the protein was found within large intra-
cellular vesicles which only partially overlapped with signals
from the TGN marker protein TGN46. In addition, the AC
was significantly more dispersed in cells infected with the RV-
UL132m1-3 or RV-UL132m1-4 viruses than in wt-infected
cells. There are at least two possible explanations for this
finding. (i) The mutant gpULI132 protein is not efficiently
transported to the cell surface in infected cells, and parts of the
protein are retained in an aberrant intracellular compartment.
(ii) The mutant protein is endocytosed from the plasma mem-
brane but traffic to and incorporation into membranous struc-
tures in the AC are impaired secondary to mutations in these
intracellular trafficking motifs. This would require that the
infected cell provide a function for retrograde transport that is
not available in transfected cells. Likely mechanisms could
include complex formation of gpUL132 with additional
HCMV-specific glycoproteins which undergo endocytosis.
Linkage of different herpesvirus envelope glycoproteins in the
plasma membrane, association with lipid rafts, and subsequent
internalization have been demonstrated (15). Also, internal-
ization of gl of PRV has been shown to be dependent on gE,
a protein that is endocytosed by its own signal while gl is
incapable of endocytosis due to the lack of the appropriate
internalization signals (54). The fact that we observed endocy-
tosis of mutant gpUL132 in infected cells and transport of the
protein to structures that closely resemble those found in the
steady-state analysis argues in favor of the latter possibility. In
fact, we have preliminary evidence that the intracellular distri-
bution of gB is altered in infected fibroblasts expressing
gpUL132m1-4 protein (Mach, unpublished). Alternatively, it is
possible that protein components of the plasma membrane of
infected cells turn over more rapidly because of increased
requirements for lipids during intracellular membrane forma-
tion required for assembly of virions.

Importantly, the gpUL132 mutant protein is transported to
a compartment (cellular structure) which is not accessible for
the developing virion during the late stages of virion morpho-
genesis. This is indicated by the fact that the mutant gpUL132
proteins are not incorporated into virions, coincident with a
reduced replication capacity of the gpUL132 mutant viruses.
The replication of RV-UL132m1-4HA was found to be equally
impaired as that of a UL132 deletion virus. This effect could be
a direct result of the lack of gpUL132 for virion morphogen-
esis. Alternatively and/or additionally, the aberrant retrograde
transport of gpUL132 mutant proteins could include addi-
tional virus-encoded glycoproteins via complex formation and
thus lead to a replication deficit. Although unlikely, it is the-
oretically possible that the loss of sites of interaction between
the gpUL132 mutant protein and tegument proteins that are
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necessary for efficient secondary envelopment was the expla-
nation for the defect in virus replication in this mutant virus
(19, 24). The finding that the triple or quadruple gpUL132
mutant proteins are not incorporated into the virus particle is
in contrast to findings with regard to other herpesvirus glyco-
proteins such as gE and Us9 of PRV or gB of HSV-1, for which
endocytosis is not a prerequisite for incorporation into the
virion (3, 9, 55).

Regardless of the underlying mechanism, our data show, to
our knowledge for the first time, that endocytosis of an HCMV
glycoprotein is important for optimal virus replication. In other
herpesviruses, inhibition of endocytosis of glycoproteins has
been reported to have different effects on replication of the
specific members of this family of viruses. For example, com-
plete inhibition of VZV replication has been observed for a
virus encoding gE that cannot undergo endocytosis (37). Mod-
erate reduction in virus replication for gB of HSV-1 and de-
velopment of a small-plaque phenotype in cultured cells for gE
of PRV have been associated with the respective envelope
proteins with defects in endocytosis (3). Finally, it has been
postulated that endocytosis of gB of PRV and HCMYV is irrel-
evant for virus replication (23, 40). Thus, our results that dem-
onstrate the importance of endocytosis of gpUL132 for opti-
mal replication of HCMV are somewhat at odds with the
previous findings on endocytosis of HCMV glycoproteins and
replication efficiency. Early reports by Radsak showed that gB
is incorporated into the virion following retrieval of the protein
from the plasma membrane (45). These findings have been
confirmed by others (56). Subsequent analyses, however, came
to the conclusion that endocytosis of gB is irrelevant for virion
formation and replication. Jarvis et al. analyzed virus replica-
tion in the presence of a dominant negative dynamin I protein
and found no influence on viral replication (23). Dynamin I
participates in clathrin-dependent endocytosis. There are,
however, a number of clathrin-independent endocytosis mech-
anisms, and there is a growing body of evidence that the dif-
ferent endocytosis pathways are redundant and can compen-
sate each other (13, 39, 47). On the other hand, the acidic
cluster motif in the carboxy-terminal part of gB, which is an
interactor sequence for PACS-1 (phosphofurin acidic cluster
sorting protein 1), influencing the endosome to TGN trans-
port, has been shown to be important for optimal viral repli-
cation, indicating that retrograde transport of gB may be im-
portant for optimal replication (12).

¢B contains in its carboxy-terminal part a number of differ-
ent motifs which could affect endocytosis (e.g., the predicted
tyrosine-based motifs YOMLg,s and YRHLg,,). A systematic
analysis of the importance of these motifs for endocytosis,
incorporation into virions, and replication is lacking, and thus
it is difficult at the moment to assess the role of endocytosis of
gB for HCMV replication. Our data on gpUL132 as well as
results on other herpesvirus glycoproteins indicate that muta-
tion of single motifs potentially has little effect on intracellular
transport of the protein and viral replication (55). The impor-
tance of PACS-1 binding sequences has also been seen in a
recent study of HCMV gM. A viral mutant carrying a deletion
in the acidic cluster motif which is present in the cytoplasmic
tail of the protein exhibited a replication-impaired phenotype
although this phenotype could not be described as robust (25,
28). Interestingly, an additional mutant having a mutation
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within an adjacent YXX@ sorting motif of gM also showed
reduced replication capacity. However, mutation of the YXX@
motif did not result in increased cell surface expression of gM
and had no significant impact on retrieval of the protein from
the plasma membrane (25). Thus, for gM, the data suggested
that the YXX@ motif within the carboxy-terminal tail may be
of greater importance for intracellular trafficking of the protein
to the AC than for surface expression and endocytosis. Alter-
natively, for the more abundant proteins like gB and gM,
endocytosis might not be as critical as for gpUL132 since even
when retrograde transport is impaired, sufficient amounts of
protein for optimal replication still localize to the AC, either
through residual endocytosis or via transport mechanisms not
involving endocytosis. Another layer of complexity with respect
to intracellular transport is the nature of the trafficking motif
that is analyzed. It was reported, for example, that for gB of
herpes simplex virus type 1 (HSV-1), mutation of the LL motif
induces formation of giant syncytia, whereas mutation of a
YXX@ motif reduced cell-cell fusion (3).

There is a possibility that endocytosis of gpUL132 is depen-
dent on an antibody-dependent mechanism. For some herpes-
virus glycoproteins, both antibody-dependent and -indepen-
dent endocytosis has been described, and it was postulated that
endocytosis of viral glycoproteins represents a mechanism to
thwart efficient antibody-mediated lysis of infected cells (17,
57). Demonstration of antibody-independent endocytosis is
normally performed by surface labeling of plasma membrane-
associated proteins and detection of the labeled protein within
intracellular sites after endocytosis has been allowed to pro-
ceed. We have used this approach to analyze antibody-inde-
pendent endocytosis of gpUL132. However, while we could
confirm endocytosis of gB, we were unable to sufficiently label
gpUL132 on the surface of infected or transfected cells due to
the short extracellular part of this glycoprotein and the low
abundance in infected cells and virions (data not shown).

Based on its widespread occurrence, endocytosis of viral
envelope glycoproteins, driven by a variety of different inter-
nalization signals, must have some functional relevance during
the herpesvirus replication cycle, and the findings that the
majority of herpesviral glycoproteins which undergo endocyto-
sis are incorporated into the virion envelope support this hy-
pothesis. However, thus far no unifying concept about the role
of endocytosis for viral replication has emerged, and it will
probably be difficult to develop, given the complexity of the
various proteins and virus systems in question. For gpUL132 of
HCMYV, we can conclude that endocytosis of the protein is
necessary for incorporation into the virion and optimal virus
replication in fibroblasts.
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