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Morphogenesis of human cytomegalovirus (HCMYV) is still only partially understood. We have characterized
the role of HCMYV tegument protein pUL71 in viral replication and morphogenesis. By using a rabbit antibody
raised against the C terminus of pUL71, we could detect the protein in infected cells, as well as in virions
showing a molecular mass of approximately 48 kDa. The expression of pUL71, detected as early as 48 h
postinfection, was not blocked by the antiviral drug foscarnet, indicating an early expression. The role of
pUL71 during virus replication was investigated by construction and analysis of a UL71 stop mutant
(TBstop71). The mutant could be reconstituted on noncomplementing cells proving that pUL71 is nonessential for
virus replication in human fibroblasts. However, the inhibition of pUL71 expression resulted in a severe growth
defect, as reflected by an up to 16-fold reduced extracellular virus yield after a high-multiplicity infection and
a small-plaque phenotype. Ultrastructural analysis of cells infected with TBstop71 virus revealed an increased
number of nonenveloped nucleocapsids in the cytoplasm, many of them at different stages of envelopment,
indicating that final envelopment of nucleocapsids in the cytoplasm was affected. In addition, enlarged
multivesicular bodies (MVBs) were found in close proximity to the viral assembly compartment, suggesting
that pUL71 affects MVBs during virus infection. The observation of numerous TBstop71 virus particles
attached to MVB membranes and budding processes into MVBs indicated that these membranes can be used

for final envelopment of HCMV.

Human cytomegalovirus (HCMV) is an important opportu-
nistic pathogen (16). HCMYV infection causes considerable
morbidity and mortality in individuals with an immature or
compromised immune system, such as transplant recipients,
cancer patients, AIDS patients, children in utero, and prema-
turely born infants.

HCMYV is a member of the Betaherpesvirinae subfamily. Ma-
ture HCMYV virions are comprised of four distinct structures
identifiable in all herpesviruses: core, capsid, tegument, and
envelope. The icosahedral capsid contains the core, which con-
sists of the ~240-kb linear double-stranded DNA genome. The
envelope enclosing the entire virus particle is a lipid membrane
derived from the host cell with incorporated virally encoded
glycoproteins (33). The connection between the viral capsid
and the envelope is mediated by the tegument. The tegument
of HCMV is formed mostly by viral proteins but has been
shown to also contain cellular proteins (46). From the 59 viral
proteins which have been found in the tegument, only 39 pro-
teins seem to be incorporated at significant levels into virus
particles (1, 46). Tegument proteins have been described to
possess specific functions, such as activation and regulation of
viral gene expression, immune evasion, release of viral DNA
into the nucleus, and regulation of cellular processes (reviewed
in reference 21). Apart from their involvement in viral entry
processes and aiding the establishment of infection, tegument
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proteins play important roles in viral morphogenesis, particu-
larly as structural components and in envelopmental processes
that result in infectious particles. The data mainly from alpha-
herpesviruses suggest that an intricate network of protein-
protein interactions leads to the formation of the tegument
and is equally important for secondary envelopment. In this
context, many tegument proteins or functions seem to be con-
served among herpesviruses (reviewed in reference 31). How-
ever, only few tegument proteins of HCMYV have been studied
in more detail, whereas the functions of the majority of tegu-
ment proteins remain largely unknown.

From sequence analysis it has been suggested that HCMV
protein UL71 is one of the conserved herpesviral proteins (31).
Homologous proteins can be found within all herpesvirus sub-
families. For example, the homolog of pUL71 in Epstein-Barr
virus is BSRF1 (20) and in alphaherpesviruses UL51 (2, 26).
Although there is not much known about the function of
HCMYV pUL71, it has been shown that ULS51 in pseudorabies
virus (PRV) and herpes simplex virus 1 (HSV-1) are not es-
sential for virus replication. However, a UL51-null mutant of
HSV-1 exhibited a growth defect reflected by reduced plaque
sizes and a nearly 100-fold reduction in virus yield compared to
wild-type virus (36). A similar growth defect has been reported
for a ULS51-deficient mutant in PRV (23). Large numbers of
intracytoplasmic capsids lacking the envelope or at various
stages of envelopment were found, suggesting that envelop-
mental processes were affected in the absence of PrV ULS51
(23). Both PrV UL51 and HSV-1 ULS51 are localized at the
Golgi membranes in transfected cells (35). In infected cells,
HSV-1 ULS51 was found within cytoplasmic vesicles or in the
viral envelope (35). From all of these studies, it has been
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suggested that ULS51 may be important for the trafficking of
Golgi-associated particles and/or for the targeting of capsids to
their final envelopment site.

In both HSV-1 and PRV, UL51 has been identified as a viral
protein incorporated into virus particles (10, 23). HCMV
pULT71 has also been characterized as part of the tegument of
virus particles (46). However, the specific function of pUL71 in
the replication cycle of HCMV has not been investigated yet,
and the published data about its requirement for viral replica-
tion in fibroblasts is contradictory. By deleting entire genes in
a global HCMV genome mutagenesis approach, pUL71 was
characterized to be essential for virus replication (13), while in
another study using transposon mutagenesis, pUL71 was non-
essential, but its inactivation resulted in a severe growth defect
(48).

To clarify the role of pUL71 during HCMYV replication, we
constructed a mutant virus in which expression of pUL71 was
abrogated by introduction of a stop codon 33 bp downstream
from the UL71 start codon. In order to analyze the expression
of pUL71 during infection, an antibody was produced in rab-
bits. Growth characteristics of the UL71 stop mutant, as well as
of a corresponding revertant virus, were investigated. Finally,
the function of pUL71 in virus morphogenesis was further
characterized by electron microscopy and electron tomography
of infected cells after high-pressure freezing and freeze substi-
tution.

MATERIALS AND METHODS

Cells and viruses. Human foreskin fibroblasts (HFFs) were used before pas-
sage 23 and maintained in minimal essential medium (Gibco-BRL) supple-
mented with 10% fetal calf serum (Gibco-BRL) and 1X nonessential amino
acids (Biochrom AG). Permanent African green monkey kidney cells (Cos7)
were maintained in minimal essential medium supplemented with 5% fetal calf
serum. Human embryonic lung fibroblasts (MRC-5; European Collection of Cell
Cultures) were maintained in Dulbecco modified Eagle medium (Gibco-BRL)
supplemented with 5% fetal calf serum and used between passages 21 to 30. All
media were supplemented with 2 mM L-glutamine (Biochrom AG), 100 U of
penicillin, and 100 g of streptomycin (both Gibco-BRL).

The parental virus, termed the wild-type virus, of all mutant viruses used in the
present study was reconstituted from the HCMYV bacterial artificial chromosome
(BAC) clone TB40-BAC4 (41). Virus particles were purified from supernatants
of infected cells by using a glycerol tartrate gradient as previously described (8).

Expression plasmids and transfection. The open reading frame (ORF) of
full-length UL71 was amplified with primers ex_71_for (TACGGGATCCATG
CAGCTGGCCCAGCGC) and ex_71_rev (TACGGAATTCTTTTCCAAAAC
GTGCCAGGCTGT) and cloned into the eukaryotic expression vector pEF1/
Myc-His C (Invitrogen) by using BamHI and EcoRI restriction sites, resulting in
expression plasmid pEF-UL71. The primers ex_71_12-361_for (TACGGGATC
CATGTGCCGTCGCAAAGCCG) and ex_71_rev were used for the generation
of PCR product UL71aal12-361. The PCR product UL71aa-19-361 was amplified
with the primers ex-seq_71_for (TACGGGATCCATGAGCAGAATCATACT
CTGTTGCG) and ex_71_rev. These products were cloned similarly to plasmid
pEF-UL71 resulting in plasmid pEF-UL71aa-19-361 containing a potential start
codon located 57 nucleotides upstream of the annotated UL71 start codon
(pUL71aa-19-361) and plasmid pEF-UL71aal2-361 harboring the UL71 se-
quence starting from the second ATG codon 34 nucleotides downstream of the
predicted UL71 start codon (pUL71aal2-361).

For transfection, Cos-7 cells (3.3 X 10*) were seeded into each well of a
24-well plate. The next day, the cells were transfected with 500 ng of the gener-
ated expression plasmids by using Lipofectamine LTX (Invitrogen) according to
the manufacturer’s protocol. After incubation for 6 h, the liposome-DNA mix-
ture was removed, and cells were incubated with complete medium for 24 h.

Engineering BAC mutants. Recombinant BAC clones were generated by using
a markerless two-step RED-GAM recombination protocol (44), which was
slightly modified for efficient mutagenesis of parental BAC TB40-BAC4 (acces-
sion no. EF999921.1 [41]) as described previously (8).
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To generate the BAC for the UL71 stop mutant, TBstop71-BAC, a stop codon
with a subsequent frameshift was introduced 33 bp downstream of the UL71 start
codon as annotated in TB40-BAC4. The primers used for this mutagenesis
were ep_71stop_for (GCACGATGCAGCTGGCCCAGCGCCTGTGCGAG
CTGCTGTAGCCGTCGCAAAGCCGCGCCTGAGGATGACGACGATA
AGTAGGG) and ep_71stop_rev (AGCAGCACGTAATCGGCCACAGGCG
CGGCTTTGCGACGGCTACAGCAGCTCGCACAGGCGCCAACCAATTA
ACCAATTCTGATTAG). To generate the revertant BAC, termed TBrev71-
BAC, RED-GAM mutagenesis was performed using the recombinant TBstop71-
BAC. A silent mutation was introduced into TBrev71-BAC in order to enable
discrimination of wild-type and revertant BAC. The primers used for the gen-
eration of TBrev71-BAC were ep_71stop_resc_for (GCACGATGCAGCTGGC
CCAGCGCCTGTGCGAGCTGCTGATGTGTCGTCGCAAAGCCGCGCCT
GAGGATGACGACGATAAGTAGGG) and ep_71stop_resc_rev (AGCAGC
ACGTAATCGGCCACAGGCGCGGCTTTGCGACGACACATCAGCAGCT
CGCACAGGCGCCAACCAATTAACCAATTCTGATTAG). The primers used
for the mutagenesis contain homology to the UL71 gene, both upstream and
downstream of the sequence to be mutated, and homology to the pEPkan-S
template plasmid (underlined) (44). Proper introduction of the point mutations
in TBstop71-BAC and TBrev71-BAC were confirmed by sequencing. All BAC
DNAs were further checked by restriction fragment length polymorphism.

Virus reconstitution. For virus reconstitution, HCMV BAC DNA was isolated
from Escherichia coli by using a Nucleobond AX Midi Kit (Macherey-Nagel).
Recombinant viruses were reconstituted in MRC-5 cells by electroporation as
described previously (8). HFFs were used for further virus propagation and
generation of virus stocks. The recombinant viruses recovered from TB40-BAC4,
TBstop71-BAC, and TBrev71-BAC were named wild type, TBstop71, and
TBrev71, respectively.

Generation of a polyclonal antibody directed against pUL71. The sequence of
pUL71 was subjected to an in silico antibody epitope prediction analysis using
free software Antigenicity Plot (http://www.bioinformatics.org/JaMBW/3/1/7/)
which predicted high antigenicity for the C terminus of pUL71 encompassing
amino acids 162 to 361. Therefore, the C-terminal region of pUL71 was fused
N-terminally to the maltose-binding protein (MBP) and C-terminally to the
His-Tag and was expressed using prokaryotic expression vector pTST101 (kindly
provided by Guenther Muth, Tuebingen, Germany) in Escherichia coli strain
BL21 (Novagen). The MBP-pUL71 fusion protein was purified from crude E.
coli lysates by affinity chromatography against the MBP. Enzymatic digestion
with factor Xa released the pUL71 fragment (15 kDa) from MBP (42 kDa),
which was then separated from MBP by SDS-PAGE. After Coomassie blue
staining the band corresponding to pUL71 was excised, resolved in phosphate-
buffered saline (PBS), and confirmed by Western blotting with an antibody
directed against the His-Tag (Penta-His antibody; Qiagen). The purified pUL71
fragment was used for the immunization of rabbits by standard protocols. The
rabbits received two booster immunizations at intervals of 2 weeks. After a total
of 8 weeks polyclonal sera were collected and used for the detection of pUL71.

Antibodies. HCMV encoded and cellular proteins were detected with mono-
clonal antibodies (MADbs) in plaque assay, Western blot analysis or immunoflu-
orescence experiments. The MAbs used in the present study included those
directed against MCP (UL86, MAb 28-4), pp28 (UL99, MAb 41-28), pp65
(UL83, MADb 65-33), gB (ULS5, MAD 27-287) (all kindly provided by W. Britt,
University of Alabama, Birmingham), pp150 (UL32, XP-1) (19), IE1/2 +
ULA44 (clones CCH2 + DDGY; Dako), actin (Sigma), pp28 (clone 5C3; Santa
Cruz), and human CD63 (clone H5C6; BD Pharmingen). Goat anti-mouse
and goat anti-rabbit antibodies conjugated to Alexa Fluor 488 and 555,
isotype-specific antibodies goat anti-mouse IgG2a conjugated to Alexa Fluor
488 and goat anti-mouse IgG1 conjugated to Alexa Fluor 555 (Invitrogen),
Cy3 (Immunoresearch), or horseradish peroxidase (HRP; Millipore), and an
HRP-conjugated rabbit anti-mouse antibody (Dako) were used.

Growth analysis and virus titration. HFFs were infected with wild-type,
TBstop71, and TBrev71 viruses at a multiplicity of infection (MOI) of 3 for single
step growth kinetics or at an MOI of 0.01 for multistep growth kinetics. For
high-MOI infections, cells were centrifuged at 1,900 rpm for 30 min and then
incubated for 2 h at 37°C after inoculation. After incubation, the inoculum was
removed, and cells were washed three times with PBS to remove remaining virus
before adding cell-specific medium. Virus titers of the inocula used were con-
trolled by titration on HFFs to verify the MOI. For low-MOI infections, HFFs
were infected with the various viruses for 24 h at 37°C. Virus was removed by
three washes with PBS before fresh medium was added. The medium was
changed every 3 days. Equal infection was controlled by staining for immediate-
early antigen of identically infected cells 48 h postinfection.

Virus-infected cells and supernatants were collected separately every 24 h for
7 days postinfection for high-MOI infections and every 3 days for 18 days for
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low-MOI infections. Supernatants were cleared of cells and cell debris by cen-
trifugation at 4,000 rpm for 10 min before determination of virus yields on HFFs.
Virus-infected cells were collected in fresh medium and stored at —80°C. Cell-
associated infectious virus was released by mechanical lysis of cells (multiple
uptake through a 1-mm syringe) and cell debris removed by low-speed centrif-
ugation (4,000 rpm, 10 min).

Virus yields were determined on HFFs by titration of virus suspensions. HFFs
infected with the different virus dilutions were fixed and permeabilized with
ice-cold methanol at 2 days postinfection. Infected cells were stained with an
antibody against HCMV proteins IE1/2 and UL44 and visualized by using an
HRP-conjugated rabbit anti-mouse antibody (Dako) and a peroxidase assay.

Plaque assay. Plaque assays were performed by infection of HFFs with the
respective viruses, followed by incubation of the cells for 9 days at 37°C under a
0.6 to 0.7% methylcellulose overlay. The overlay was renewed once at day 5
postinfection. On day 9 postinfection, cells were washed two times with PBS to
remove the methylcellulose and fixed with methanol prior staining for HCMV
proteins IE1/2 and UL44 and visualization by using secondary goat anti-mouse
antibody conjugated with Cy3 (Immunoresearch). Images of plaques of wild-
type, TBstop71, and TBrev71 virus-infected cells were taken by using the Axio-
Observer.Z1 fluorescence microscope (Zeiss) with the X10 objective and Axio-
vision software (Zeiss). For each virus, plaque areas of at least 50 plaques were
determined by using the software ImageJ (http://rsbweb.nih.gov/ij/index.html).

Electron microscopy. For electron microscopy, HFF cells were grown on
carbon-coated sapphire discs (3 mm in diameter; Engineering Office M. Wohl-
wend GmbH, Switzerland) and infected at an MOI of 0.5. At 5 days postinfec-
tion, the cells were frozen from the living state by high-pressure freezing with an
HPF 01 apparatus (Engineering Office M. Wohlwend GmbH) and freeze sub-
stituted in acetone containing 0.1% (wt/vol) uranyl acetate, 0.2% (wt/vol) of
osmium tetroxide, and 5% (vol/vol) of water, as described previously (4, 5). After
being embedded in Epon, ultrathin sections were prepared on copper grids for
transmission electron microscopy (TEM). Samples were imaged with the Zeiss
EMI10 transmission electron microscope at an acceleration voltage of 80 kV.

For the quantification of the various virus morphogenesis stages, fully envel-
oped and budding virus particles, respectively, were counted in at least 25 images
from at least three independent experiments for each virus. All micrographs used
in this analysis were taken at a primary magnification of 10.000 in randomly
selected regions of the viral assembly compartment. Statistical analysis was per-
formed by using two-tailed Mann-Whitney-U test.

For electron tomography, 500-nm-thick sections were imaged in a Titan (FEI,
Eindhoven) 300-kV field emission transmission electron microscope in scanning
transmission mode using a high-angle annular dark field (HAADF) detector
(Fischione Instruments, Horley, United Kingdom). A total of 71 images were
recorded at tilt angles from —70° to +70°. The volume was reconstructed by
weighted back projection using the IMOD software (24), with the help of 15-nm
colloidal gold as fiducial markers for alignment.

Western blot and immunofluorescence microscopy. Western blot analysis was
performed exactly as described previously (8). For immunofluorescence micros-
copy, HFFs were seeded in p-Slide eight-well plates (Ibidi, Martinsried, Ger-
many) and infected with wild-type, TBstop71, and TBrev71 viruses at an MOI of
0.1 or 0.5. At 7 days postinfection, the cells were washed twice with PBS and fixed
with 4% paraformaldehyde (PFA) in PBS for 10 min at 4°C. Cells were perme-
abilized with 0.1% Triton X-100 for 5 min, and nonspecific binding sites were
blocked by incubation in blocking buffer (PBS supplemented with 1% bovine
serum albumin [BSA] and 6% human serum) for at least 30 min. Primary
antibodies were diluted in blocking buffer, followed by incubation for at least 45
min. The cells were then washed three times with washing solution (1% BSA and
0.1% Triton in PBS) and incubated for at least 45 min with the secondary
antibodies conjugated with Alexa Fluor 488 or Alexa Fluor 555 (Invitrogen). The
nuclei were stained with DAPI (4',6'-diamidino-2-phenylindole; Roche). Con-
focal images were taken by using an Axio-Observer.Z1 fluorescence microscope
equipped with the Apotome (Zeiss), Axiovision software, and a X63 objective
lens.

RESULTS

Identification and expression kinetics of the HCMYV protein
UL71. In order to investigate the expression profile of the
HCMV protein UL71, a polyclonal antibody was raised in
rabbits. The animals were immunized three times with a puri-
fied polypeptide encompassing the C-terminal amino acids 162
to 361 of pUL71. In Western blot analyses, the antibody spe-
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cifically detected a protein of ~48 kDa in lysates of HCMV-
infected human fibroblasts and in lysates of Cos7 cells tran-
siently transfected with the pUL71 expression plasmid pEF-
UL71, confirming the specificity of our antibody (Fig. 1A).
pULT71 has been previously identified as a protein of low abun-
dance in virus particles by a two stage mass spectrometry ap-
proach (46). We therefore examined whether pUL71 could
also be detected in gradient-purified virions. Again, a specific
signal for pUL71 corresponding to the size of the pUL71 in
lysates of virus-infected HFFs was detected in gradient-puri-
fied HCMYV virions (Fig. 1B). These findings confirmed that
pUL71 is a component of virus particles.

DNA sequence analysis of the UL71 region in the used
HCMV strain TB40-BAC4, revealed two more possible start
codons for the translation of pUL71: one upstream (resulting
in a larger protein UL71aal9-361) and one downstream (re-
sulting in a shorter protein UL71aal2-361) of the annotated
start codon (resulting in protein UL71aal-361). The promoter
prediction software (Neural Network Promoter Prediction
[http:www.fruitly.org/seq_tools]) predicted two promoters in
the UL71 promoter region of TB40-BAC4 (Fig. 2A). To clarify
which of the start codons is in fact used, expression plasmids
were constructed containing UL71 sequences from all three
start codons, respectively. Lysates of Cos7 cells transfected
with these plasmids were analyzed by Western blotting and
compared to lysates of HCMV-infected cells. As shown in Fig.
2B, expression of UL71aal-361 resulted in a protein of similar
size to that found in virus-infected cells. These data show that
the already annotated start codon in the TB40-BAC4 sequence
is used for the translation of UL71.

In order to investigate the expression kinetics of pUL71, we
performed Western blot analysis of lysates of wild-type virus-
infected HFFs harvested at several time points postinfection
and compared the expression of pUL71 to that of other
HCMV proteins (Fig. 1C). The pUL71-specific band was first
detected at 48 h postinfection. Starting from 72 h postinfection,
increasing levels of pUL71 were detected, similar to early-late
tegument protein pp65. However, pUL71 did not reach the
high levels of the early-late tegument protein pp65 (Fig. 1C).
This result suggested an early or early-late expression kinetics
for pUL71. To verify this observation, viral DNA replication
was blocked by treatment of infected cells with the antiviral
drug foscarnet. As shown in Fig. 1D, pUL71 was detected in
unchanged amounts in cell lysates of infected cells treated with
foscarnet while the expression of the true-late major capsid
protein (MCP) and of the early-late protein pp65 was clearly
inhibited. These results show that expression of pUL71 is not
dependent on viral DNA replication and that pUL71 is thus
sharing expression characteristics of early proteins.

Construction and propagation of a UL71 stop mutant.
There have been contradictory reports showing that the prod-
uct of the UL71 OREF is either essential for (13) or nonessen-
tial but very important for viral growth in fibroblast (48). To
further elucidate this point, we sought to generate a UL71-
deficient recombinant virus. Our analysis of the genomic re-
gion in which the UL71 OREF is located revealed that the
promoter of the UL70 OREF lies within UL71. Therefore, it was
not possible to delete the entire UL71 sequence without the
risk of affecting the expression of ORF UL70. To minimize the
risk of affecting expression of ORF UL70, a UL71 stop mutant
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FIG. 1. Characterization of HCMV pUL71 by Western blot analysis in infected and transfected cells, as well as in purified virus particles.
(A) The presence of pUL71 was assayed by using a polyclonal pUL71 antibody directed against the C terminus of pUL71 in lysates of HFFs
infected with HCMV wild-type virus at 5 days postinfection (wild type), mock-infected HFFs (HFF), and Cos7 cells transiently transfected with
pEF-UL71 24 h posttransfection (UL71aal-361) and control cells (Cos7). Values for the prestained molecular weight marker, Precision Plus
(Bio-Rad), are displayed to the right. (B) Western blot analysis of lysates of gradient purified wild-type virus (virions), HFFs infected with wild-type
virus 5 days postinfection (wild type), and mock-infected cells (HFF). Viral proteins pUL71, MCP, pp65, and cellular actin were detected with
respective antibodies. (C) Expression kinetics of viral proteins in HFFs infected with wild-type virus. Viral proteins pUL71, MCP, and pp65 were
detected at the indicated times postinfection. Detection of cellular actin was used to ensure comparable loading. (D) Expression of viral proteins
pUL71, MCP, and pp65 in absence or presence of foscarnet (FOS, 400 wmol) in HFFs infected with wild-type virus at 72 and 96 h postinfection.
Actin was used as loading control. Note that in the presence of foscarnet, the expression of MCP and pp65, but not of pUL71, is impaired.

(TBstop71-BAC) was generated based on BAC TB40-BACH4, frameshift mutation using RED-mediated recombination. As a
which is the infectious clone of the highly endotheliotropic control, a revertant BAC mutant (TBrev71-BAC) was gener-
HCMV strain TB40E (41). As depicted in Fig. 3A, the codon ated based on TBstop71-BAC, in which the mutation was re-
for methionine (M12) 33 bp downstream from the start codon stored to the wild-type sequence. In order to be able to distin-
was mutated to a stop codon, followed by the introduction of a guish between TBrev71-BAC and wild-type BAC TB40-BAC4,
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FIG. 2. Characterization of the start codon of UL71. (A) Sequence of the promoter region of UL71 from nucleotides 136991 to 137186 of the
TB40-BAC4 sequence (40). Predicted promoters within this sequence are underlined and putative transcriptional start is indicated by a dot.
Possible start codons of pUL71 are boxed, and numbers above correspond to the amino acids relative to the annotated start codon indicated by
the number 1. The arrow indicates the start and direction of pUL71 translation as annotated (accession number EF999921.1). (B) Western blot
analysis of HFFs infected with HCMYV wild-type virus at 5 days postinfection (wild type), mock-infected HFFs (HFF), Cos7 cells (Cos7), and Cos7
cells transiently transfected with the pUL71 expression plasmids in panel A as indicated.
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FIG. 3. Generation of UL71 stop mutant TBstop71. (A) Position of the introduced stop codon and the frameshift mutation at the 5’ prime of
ULT71. In TBrev71-BAC, the stop and frameshift mutation was restored to the original UL71 sequence with a silent mutation (indicated by the gray
box). (B) Restriction fragment length polymorphism analysis of BAC-DNAs of TB40-BAC4 (wild type), TBstop71-BAC, and TBrev71-BAC with
restriction enzymes EcoRI and HindIII The three BAC-DNAs were used to reconstitute the respective viruses. Lanes M, molecular marker (1-kb

DNA ladder; Invitrogen).

a silent mutation was introduced in TBrev71-BAC (Fig. 3A).
The successful introduction of the stop codon mutation in
TBstop71-BAC, as well as its restoration in TBrev71-BAC was
confirmed by sequence analysis of the mutated regions. Fur-
thermore, restriction fragment length polymorphism analysis
revealed identical restriction patterns for all three BACs, con-
firming that no spurious recombination of the DNA sequences
had occurred (Fig. 3B).

Wild-type virus, mutant virus TBstop71, and the revertant
virus TBrev71 were reconstituted from the respective BAC-
DNAs in MRC-5 cells for further analysis. TBstop71 was rep-
lication competent in MRC-5 cells, proving that pUL71 is not
essential for virus replication.

Protein expression of TBstop71. We next verified that the
introduction of the stop codon in UL71 indeed prevents its
expression. Lysates of HFFs infected with wild-type, TBstop71,
and TBrev71 viruses were subjected to Western blot analysis
using our polyclonal antiserum against pUL71 (Fig. 4). pUL71
was not detected in lysates of TBstop71 virus-infected cells but
was clearly present in lysates of wild-type and TBrev71 virus-
infected cells. This confirmed that expression of pUL71 in the
TBstop71 virus mutant was abrogated by the introduction of
the stop codon and further ensured the specificity of our an-
tiserum against pUL71. The lysates were additionally probed
for a number of other HCMYV proteins, such as MCP, pp150,
pp65, and glycoprotein B (gB). Expression levels of these viral
proteins were unaltered in lysates of TBstop71 virus-infected
cells compared to lysates of wild-type and revertant virus (Fig.

4). These data suggested that the expression of these other
viral proteins was not affected by the lack of pUL71 in cells
infected with the TBstop71 virus.

Virus growth is impaired in the absence of pUL71. As noted
earlier, propagation of the TBstop71 virus was possible in
noncomplementing cells, which showed that pUL71 is not es-
sential for virus replication. To investigate the growth proper-
ties of TBstop71 virus in more detail, we analyzed the ability of
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FIG. 4. Western blot analysis of HFFs infected with wild-type,
TBstop71, and TBrev71 viruses at 5 days postinfection and mock-infected
control cells. Cell lysates were separated on a 10% sodium dodecyl
sulfate-polyacrylamide gel and analyzed by Western blot analysis.
Actin and viral proteins were detected with the respective antibodies.
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FIG. 5. Growth characterization of TBstop71 virus. (A and B) Growth kinetics of wild-type ([J), TBstop71 (A), and TBrev71 (@) viruses. HFFs
were infected with an MOI of 3. Culture supernatants (A) and cell-associated virus particles (B) were sampled at the indicated times postinfection,
and virus yields were determined by titration on HFFs. Day 0 values represent the inocula. Each data point and error bar represents the mean *
the standard error of at least three independent experiments. (C and D) Multistep growth kinetic of wild-type ([J), TBstop71 (A), and TBrev71
(®) viruses. HFFs were infected with an MOI of 0.01. Culture supernatants (C) and cell-associated virus particles (D) were sampled at the
indicated times postinfection, and virus yields were determined by titration on HFFs. Day 0 values represent the inocula. Each data point and error
bar represents the mean * the standard error of at least three independent experiments. (E) Plaque assay of wild-type, TBstop71, and TBrev71
virus-infected HFFs. Cells were infected with 100 PFU. After 24 h, the cells were overlaid with methylcellulose and fixed with methanol at 9 days
postinfection. Infected cells were detected by an anti-IE1/2 and UL44 monoclonal antibody. The proteins were visualized by a Cy3-conjugated
secondary goat anti-mouse antibody. Nuclei were marked with DAPI. The plaque areas of wild-type, TBstop71, and TBrev71-virus infected cells
were analyzed with the Axio-Observer.Z1 fluorescence microscope using a X 10 objective lens. For the statistical analysis, the relative plaque areas
of wild-type, TBstop71, and TBrev71 virus-infected cells were measured by the program ImageJ. The mean percentage of the areas and standard
error were determined by counting at least 50 plaques in each experiment. (The experiments were repeated at least two times; s, P < 0.0001.)

wild-type, TBstop71, and TBrev71 viruses to spread from cell
to cell in HFFs by measuring plaque sizes at 9 days postinfec-

Next, we compared the replication kinetics of wild-type,
TBstop71, and TBrev71 viruses in HFFs using an MOI of 3.

tion. While plaques formed by TBrev71 virus were comparable
in size and morphology to those formed by wild-type virus,
infection with TBstop71 virus produced only small plaques
with plaque areas ca. 20% the size of those formed by wild-type
and revertant viruses (Fig. 5).

The amount of cell-associated infectious particles, as well as
virus yield, in the supernatants was determined at different
times postinfection. Virus yield in the supernatant of TBstop71
virus-infected cells on day 7 postinfection was ~16-fold re-
duced compared to that of wild-type or revertant virus (Fig.
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FIG. 6. Ultrastructural analysis of wild-type (A, C, and E) and TBstop71 (B, D, and F) virus-infected MRC-5 cells at 5 days postinfection. (A) A
typical assembly compartment of an HCMV wild-type infected cell in close proximity to the nucleus (N). MVBs (arrowheads) with diameters of
not more than 1 wm can be observed in the cytoplasm (C). (B) In a TBstop71 virus-infected cell, many enlarged MVBs (arrowhead) with diameters
of several pm can be seen located around the assembly compartment. (C) No virus particles are attached at the MVB membrane, although in some
cases viral particles or dense bodies were found inside of MVBs. (D) Many viral particles are attached to MVB membranes. Some of them are
in a budding process into or are already inside the lumen of the MVB. (E) Few viral particles in a budding process into small crescent-shaped
vesicles (arrow). Note that the majority of virus particles are fully enveloped within small vesicles. (F) Larger vesicles (arrow) are used as multiple

budding sites by TBstop71 virus particles.

5A). Yields of cell-associated virus of TBstop71 determined
from cell lysates were only slightly reduced compared to those
of wild-type and TBrev71 viruses (Fig. 5B). However, a pro-
nounced growth defect of TBstop71 was observed in multistep
replication kinetics using an MOI of 0.01. Both cell-associ-
ated virus yields and virus accumulation in the supernatant
were delayed and severely impaired compared to wild-type
and TBrev71 viruses (Fig. 5C and D).

In summary, similar properties of wild-type and TBrev71
viruses with respect to replication kinetics or plaque formation
indicated that the mutation in TBstop71 was successfully re-
paired and that the observed growth defects of TBstop71 virus
were caused by the absence of pULT71.

Absence of pUL71 affects the morphology of multivesicular
bodies. By electron microscopy we investigated whether the
observed growth defect of TBstop71 virus is based on a defect
in virus morphogenesis. Fibroblasts were grown on sapphire
disks, infected with wild-type or TBstop71 viruses using an
MOI of 0.5, fixed by high-pressure freezing on day 5 postin-
fection, and further processed for TEM.

In the cytoplasm of wild-type virus-infected cells we regu-
larly found small vesicles in close proximity to the assembly
compartment containing several intraluminal vesicles (Fig.
6A). According to the size of the intraluminal vesicles (~50 nm
in diameter), their ultrastructure, and their numbers inside of
the large vesicles, the latter were phenotypically classified as
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TABLE 1. Quantification of HCMV envelopment in the
cytoplasmic assembly compartment at 5 days postinfection

Mean % particles = SD*

Vi No. of cells
1rus analyzed Enveloped Budding Naked
particles particles particles
Wild type 27 86.64 +4.82 1295 = 14.68 0.41 = 1.66
TBstop71 26 26.90 £ 6.99 70.14 = 9.40 297 = 3.83

“ The percent values of enveloped virus particles, nonenveloped virus particles
attached to membranes (budding particles), and nonenveloped virus particles not
connected to membranes (naked particles) are given.

multivesicular bodies (MVBs) (22, 32). This is in accordance
with previous reports describing endosomes with characteris-
tics of MVBs in HCM V-infected cells (15). In wild-type virus-
infected cells, MVBs exhibited diameters of usually consider-
ably less than 1 pm and only rarely contained virions or dense
bodies (Fig. 6C). In contrast to that, considerably enlarged
MVBs with diameters of up to several pm in close proximity to
the viral assembly compartment were found in cells infected with
TBstop71 virus (Fig. 6B). Interestingly, numerous TBstop71
virus particles were attached to membranes of these enlarged
MVBs, and many of these MVBs contained virions (Fig. 6D).
The accumulation of viral particles at the MVB membranes,
as observed in TBstop71 virus-infected cells, was not found in
wild-type virus-infected cells. These findings indicated that
pUL71 influences the morphology of MVBs during HCMV
infection.

pUL71 is important for efficient secondary envelopment of
HCMYV. We further concentrated our electron microscopic in-
vestigations on the viral morphogenesis at 5 days postinfection.
Although nuclear stages of virus morphogenesis were indistin-
guishable between the TBstop71 and wild-type viruses (data
not shown), we found differences regarding the secondary en-
velopment of these viruses in the cytoplasm. Final envelop-
ment occurs in a virally induced compartment in the perinu-
clear region, termed assembly compartment. Whereas most of
the particles found in the assembly compartment of wild-type
virus-infected cells were fully enveloped (Fig. 6E), a large
number of nucleocapsids in the process of secondary envelop-
ment were observed in cells infected with TBstop71 virus (Fig.
6F). To allow a quantitative comparison, enveloped, budding,
and naked cytoplasmic nucleocapsids in the assembly compart-
ment were counted using TEM images of TBstop71 and wild-
type virus-infected cells (Table 1). The quantification con-
firmed our first observation that, in contrast to wild-type virus,
the majority of TBstop71 nucleocapsids is not yet fully envel-
oped, indicating that pUL71 is important for an efficient sec-
ondary envelopment of HCMV particles.

In addition to the already described morphological differ-
ences in TBstop71 virus-infected cells, it is noteworthy that in
an increased number of cells the viral assembly compartment
was composed of enlarged vesicles or vesicles of a more tubu-
lar shape into which budding of virus particles took place (Fig.
6D and F). These alterations could only rarely be seen in
wild-type virus-infected cells in which budding of nucleocap-
sids occurred mainly into small vesicles (Fig. 6E). In addition,
these enlarged vesicles or tubules (Fig. 6F), as well as mem-
branes of vesicles ultrastructurally defined as MVBs (Fig. 6D),
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were used as budding sites by numerous nucleocapsids at the
same time in TBstop71 virus-infected cells.

Electron tomography of TBstop71 virus-infected cells. To
obtain a better view of the envelopmental defect of TBstop71
virus, electron tomography was performed on 500-nm thin
sections of virus-infected cells at 5 days postinfection. As also
shown in Fig. 7, the majority of the cytoplasmic nucleocapsids
of TBstop71 virus are in the process of secondary envelop-
ment at membranes of large vesicles or vesicles morphologi-
cally defined as MVBs (see movie S1 [http://www.uniklinik-ulm
.de/struktur/institute/virologie/home/forschung/publikationen
/suppl.html]). As observed in ultrathin sections, numerous
budding events into these vesicles were observed in cells
infected with TBstop71 virus. Together with the results of the
growth kinetics, these data indicated that in the absence of
pUL71 secondary envelopment is less efficient or proceeds
slower than in wild-type virus-infected cells.

pp150, pp28, and gB are also localized to the enlarged ves-
icles in TBstop71 virus-infected HFFs. Based on our observa-
tion of the association and budding processes of numerous
virus particles at membranes of large MVBs in TBstop71 virus-
infected cells, we hypothesized that other viral proteins impor-
tant for viral budding must be also localized to these mem-
branes. We therefore investigated the intracellular localization
of pp150, pp28, and gB at 7 days postinfection (Fig. 8). In
wild-type or TBrev71 virus-infected cells, we found an accu-
mulation of pp150, pp28, and gB at the viral assembly com-
partment. In TBstop71 virus-infected cells, pp150 and pp28, as
well as gB, additionally accumulated at large intracellular ves-
icles in close proximity to the assembly compartment. These
large vesicles could very well correspond to the enlarged
MVBs observed in ultrastructural analysis.

To further demonstrate that these large vesicles are indeed
MVBs, we used cellular CD63 as a marker protein. CD63 is a
tetraspanin abundantly present in late endosomes and lyso-
somes and is enriched on intraluminal vesicles (reviewed in
reference 37). In TBstop71 virus-infected cells, CD63 signals
accumulated in the lumens of large vesicles which were also
stained positive for pp28, indicating that these enlarged struc-
tures are MVBs (Fig. 9).

DISCUSSION

The function of many HCMYV proteins during viral morpho-
genesis is still unknown, but it is assumed that tegument pro-
teins form a structured network by protein-protein interactions
that is important for the production of infectious viral progeny.
We performed the present study to characterize the tegument
protein pUL71 and to gain information on its role during
HCMYV infection. From previous HCMV genome analyses the
kinetics of pUL71 expression were not clear (7). Our data show
that pUL71 has to be classified as a viral protein expressed with
an early kinetic, since pUL71 expression was not inhibited
by the antiviral drug foscarnet, whereas expression of the
early-late protein pp65 or true-late protein MCP was clearly
blocked. By using an antiserum produced against a bacterially
expressed C-terminal pUL71 polypeptide, we show that pUL71
is expressed as a protein of ~48 kDa in infected cells and is
also detectable as a component of purified virions. The latter
finding supports previous data from a mass spectrometry-based
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FIG. 7. Three-dimensional reconstruction of membranes and viral capsids from tomography of TBstop71 virus-infected HFFs at 5 days
postinfection. (A) Single slice from the three-dimensional tomogram with a large vesicle in which multiple budding processes of TBstop71 virus
particles are observed. (B) Membranes used as budding sites as well as viral capsids were reconstructed and superimposed on the original
micrograph. Membranes are depicted in light blue; viral capsids are indicated in dark blue. (C) Reconstruction of the budding processes only. Bars,
200 nm. Note that areas with high mass density, such as membranes, occur bright in the dark-field STEM tomograms. See Movie S1 at
http://www.uniklinik-ulm.de/struther/institute/virologie/home/forschung/publikationen/suppl.html.

study (46) indicating that pUL71 is incorporated into HCMV
particles during infection.

Naturally, many components of the complex herpesvirus
particles are important for viral morphogenesis, but genome-
wide mutagenesis studies were not able to clarify the specific
function and contribution of pUL71 to HCMYV replication (13,
48). By generation of the UL71 stop mutant virus, TBstop71,
which does not express pUL71, we were able to show that—
although not essential for viral replication in fibroblasts—the
absence of pUL71 in the TBstop71 virus resulted in a severe
growth defect compared to wild-type and revertant viruses.
This defect is reflected by a dramatically impaired cell-to-cell
spread and viral growth in both low- and high-MOI infec-
tions with TBstop71 virus. Similar to our result is the phe-
notype of a mutant based on HCMV strain AD169 carrying
a transposon insertion in UL71 which is characterized by a
small-plaque phenotype and impaired viral growth (48). A
small-plaque phenotype and an impaired virus release has
also been described for deletion mutants of the pUL71
homolog UL51 in the alphaherpesviruses HSV-1 (36) and
PRV (23).

Interestingly, in low-MOI infections, cell-associated virus
yields of TBstop71 virus were severely reduced, whereas cell-
associated virus yields in high-MOI infections revealed only a
slight reduction compared to wild-type and revertant viruses.

This was unexpected in light of the pronounced envelopment
defect and the strong reduction of virus yields in the superna-
tant of TBstop71 virus-infected cells. The reason for this is not
entirely clear. One explanation might be that the transport of
virus containing vesicles is impaired when pUL71 is not ex-
pressed. Another explanation could be that infectious virus
particles get trapped in large vesicles in the cytoplasm of in-
fected cells. There is ultrastructural evidence for the latter
showing virus particles within MVBs and (in some cases) an
accumulation of virions in large vesicles in cells infected with
TBstop71 virus.

The quantitative electron microscopy results from ultrathin
sections and the use of electron tomography clearly revealed a
defect in secondary envelopment in the absence of pUL7I1.
Wild-type virus particles appeared significantly more often at a
fully enveloped state compared to the TBstop71 virus. Most of
the TBstop71 particles were observed at various stages of en-
velopment, while envelopment processes could less frequently
be seen in wild-type virus-infected cells. Obviously, virion for-
mation is impaired or delayed in TBstop71 virus-infected cells,
which in turn may be the underlying cause for the impaired
virus yields of TBstop71 virus. Klupp et al. reported similar
findings for a ULS1 deletion mutant of PrV, indicating that
ULS51 is involved in virion morphogenesis (23). In the case of
ULS51 of HSV-1, an involvement at an early step of viral mor-
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FIG. 8. Subcellular localization of gB, pp28, and pp150 in wild-type and TBstop71 virus-infected HFFs (MOI = 0.1 to 0.5). Cells were fixed
with 4% PFA in PBS at 7 days postinfection. Proteins were detected by the respective primary antibodies visualized by goat anti-mouse antibodies

conjugated to Alexa Fluor 555. Nuclei were marked with DAPI.

phogenesis downstream of the primary envelopment has been
reported (36). Altogether, an association with envelopmental
processes seems to be common for all pUL71 homologs inves-
tigated thus far, although the underlying molecular mecha-
nisms remain to be elucidated.

HCMV morphogenesis is completed in a virally induced
compartment often termed as “assembly compartment” or “as-
sembly complex” (18, 38). The assembly compartment repre-
sents a complex juxtanuclear structure where many virally en-
coded tegument, envelope, and nonstructural proteins have
been found to accumulate during infection (11, 17, 18, 25, 27,
38, 39, 43). In agreement with the function as the site of final
envelopment, the assembly compartment has been reported to
contain many vesicles derived from the frans-Golgi network,
secretory, and endosomal pathways (9, 12, 15, 38, 45). It has
been reported that HCMV infection induces significant
changes in the cellular membrane system such as a reorienta-
tion of components of the endosomal pathway that leads to the
formation of the assembly compartment (12). This reorienta-
tion also includes other cellular proteins such as the endoplas-
mic reticulum chaperone BiP for which a contribution to the
formation, integrity, and function of the assembly compart-
ment has been proposed (3). Although the exact origin of the
membranes used by HCMYV for its final envelopment is still

under debate, recent data support the hypothesis that the virus
may induce a novel membrane compartment containing both
TGN and endosomes (6). Ultrastructural analysis of HCMV-
infected cells revealed that most of the viral particles acquire
their final envelope by wrapping into small vesicles that turn
into crescent-shaped cisternae as the budding process proceeds
(40; the present study). This eventually results in small vesicles
containing a single enveloped virus particle (15; the present
study). In contrast to this, we noticed an unusual enlargement
of tubular vesicles within the viral assembly compartment when
pULT71 is not present and multiple budding events into those
tubules. These data suggest that in the absence of pUL71 the
formation of tubules and/or vesicles used for viral budding may
also be affected.

The most striking morphological abnormality in cells in-
fected with TBstop71 was the appearance of enlarged vesicles
containing multiple intraluminal vesicles in close proximity to
the viral assembly compartment (Fig. 6B). Such an appearance
is well described in the relevant literature and strongly suggests
that these are late endosomes also termed as MVBs (22, 32).
Our observation that numerous virus particles were found (i)
in close association with membranes of large MVBs, (ii) in
envelopmental processes into MVBs, or (iii) to be enveloped
within MVBs underlines previous data that membranes of
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FIG. 9. Subcellular localization of MVB marker CD63 and viral pp28 in wild-type and TBstop71 virus-infected HFFs (MOI = 0.1 to 0.5). Cells
were fixed with 4% PFA in PBS at 7 days postinfection. CD63 and pp28 were detected by the respective MADbs and visualized by isotype-specific
secondary antibodies conjugated to Alexa Fluor 488 (for pp28) and 555 (for CD63). Cell nuclei were visualized by using DAPIL.

MVBs or endosomal membranes can be used as a final bud-
ding site (12, 14). The cellular processes of membrane budding
that are normally part of endosome sorting and MVB forma-
tion are controlled by the cellular endosomal sorting complex
required for transport (ESCRT). Recent data showed that the
ESCRT ATPase Vps4 is recruited to the HCMV assembly
compartment, thereby suggesting that ESCRT machinery is
involved in final maturation steps (42). In the light of our
TBstop71 phenotype and the importance of the ESCRT ma-
chinery for MVB formation, it is reasonable to speculate that
pULT71 has the ability to interfere with MVBs or to manipulate
ESCRT functions, thus causing abnormal MVBs. Alterna-
tively, it is conceivable that the delayed envelopment of
TBstop71 resulting in the accumulation of virus particles in the
AC may cause the development of enlarged vesicles as a down-
stream effect of the envelopment defect. Further investigations
are needed to clarify this.

It is assumed that final envelopment requires the presence of
all necessary viral and cellular proteins (reviewed in references
28, 29, 30, and 31). This at least seems to be the case for the
HCMYV tegument proteins pp28 and pp150, as well as for gB,
which were accumulated at large vesicular structures in close
proximity to the assembly compartment in cells infected with
TBstop71 virus. These structures are positive for CD63, an

MVB marker protein (37), verifying together with the ultra-
structural analysis that these vesicular structures are late en-
dosomes of the MVB type. However, the role of MVBs for
HCMYV maturation or egress is still unclear. There are at least
two possible fates of virus particles inside MVBs: (i) degrada-
tion by fusion of the MVBs with the lysosome or (ii) transport
within MVBs to the cell membrane along the exosomal path-
way and egress from the cell by fusion of the MVB membrane
with the plasma membrane. Evidence for both possibilities has
been published. A slightly increased virus production can be
observed upon treatment of HCMV-infected cells with pro-
tease inhibitors to inhibit endolysosomal proteolysis, suggest-
ing that lysosomal degradation of at least a small portion of
virus particles takes place during infection (14). It has recently
been described that mature virions of the betaherpesvirus hu-
man herpesvirus 6 can be found in MVBs and are released
from the cell by fusion of the MVB membrane with the plasma
membrane, demonstrating that MVBs are used as exit route by
betaherpesviruses (34). However, during our intensive ultra-
structural investigations, no evidence of MVBs fusing with the
plasma membrane could be found in HCMV-infected cells.
Thus, we hypothesize that MVBs are not hijacked by HCMV
to support viral egress from fibroblasts. It is conceivable that
the importance of MVBs for viral morphogenesis or egress can
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be different in the various cell types that are productively
infected by HCMV.

In conclusion, our results indicate an important role of
pUL71 for virus spread and release and in particular in envel-
opmental processes that lead to the formation of infectious
particles. The absence of pUL71 results in a delayed comple-
tion of the envelopment process that goes along with enlarged
vesicles within the viral assembly compartment. During the
revision process of the present study, the phenotype of our
pUL71stop mutant was confirmed by another group using a
different HCMYV strain (47). Furthermore, our data show that
MVB membranes can be used as viral budding site during
HCMYV infection. In addition, we could show that the absence
of the viral protein UL71 leads to an enlargement of MVBs,
indicating for an interaction of HCMV with the cellular ma-
chinery responsible for MVB formation.
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