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Abteilung Virologie, Universitätsklinikum Ulm,1 and Zentrale Einrichtung Elektronenmikroskopie,2 Ulm, Germany

Received 23 July 2004/Accepted 12 November 2004

The tegument proteins ppUL35 and ppUL82 (pp71) of human cytomegalovirus (HCMV) physically interact
and cooperatively activate the major immediate-early transcription. While an HCMV mutant lacking UL82
displayed a multiplicity of infection (MOI)-dependent growth, the biological significance of ppUL35 has not
been addressed so far. We generated a mutant virus with a deletion of the UL35 gene. Using an MOI of 0.1,
the progeny virus yield of this mutant was reduced by a factor of 1,000; however, when infected at a low MOI
(0.01), the gene was essential. Characterization of the replication cycle showed that the mutant virus had two
defects: when virus inoculum was standardized by the amount of viral DNA, a reduced immediate-early gene
expression was observed, leading to a strongly delayed expression of lytic genes. A second defect was apparent
in the virus assembly, as fewer enveloped particles and no dense bodies were present in cells infected with the
mutant virus. However, the particles produced by wild-type and mutant viruses did not show significant
ultrastructural differences. These results suggest an important role for ppUL35 in immediate-early gene
expression and virus assembly.

Human cytomegalovirus (HCMV) is an exclusively human
pathogen causing considerable morbidity and mortality in in-
dividuals with immature or compromised immune systems
(34). HCMV is classified as a herpesvirus belonging to the
Betaherpesvirinae subfamily. The genome of HCMV, compris-
ing 235 kbp, is one of the largest genomes of animal viruses,
encoding 165 to 190 genes, depending on the method of pre-
diction (12, 30). A substantial part of the coding potential is
devoted to virion proteins.

The virion of HCMV is composed of at least 40 proteins and
has a tripartite structure, consisting of an envelope, a tegu-
ment, and a capsid (16, 43). The tegument is a proteinaceous
structure, interspersed between the envelope and the capsid,
and is characteristic of herpesviruses. Whereas the envelope
and capsid are relatively well defined, characterization of the
tegument has lagged behind. Long regarded as an unstructured
repository for proteins, the tegument is now thought to have an
ordered architecture and multiple functions (27).

At present, about 20 proteins have been localized to the
tegument of HCMV, and they have been implicated in virion
formation (3, 28), virus transport (41), immunomodulation (8,
10, 17) and transactivation. The first tegument protein which
was shown to be involved in the activation of the major imme-
diate-early enhancer-promoter (MIEP) of HCMV was
ppUL82 (pp71) (23). Later, another regulatory protein,
pUL69, was found in the tegument and was shown to transac-
tivate the MIEP cooperatively with ppUL82 (47, 48). These
observations were reproduced and extended, with the HCMV
TRS1/IRS1 and UL35 genes added to the list (24, 36). Re-
cently, we were able to show a physical interaction between two
of these cooperatively trans-activating proteins, ppUL82 and

ppUL35 (38). The UL35 gene encodes two proteins, of which
the shorter form, ppUL35A, corresponds to the C-terminal
part of full-length ppUL35 (24). Both forms can physically
interact with ppUL82, but only full-length ppUL35 cooperates
with ppUL82 (24, 38).

The biological significance of several genes encoding tegu-
ment proteins has been explored using antisense strategies or
virus mutants. These studies showed that two abundant tegu-
ment proteins, ppUL32 and ppUL99, are essential for virus
growth in cell culture (28, 40). Whereas ppUL32 appeared to play
a role in the cytoplasmic accumulation of virions, there was an
accumulation of tegumented capsids in the cytoplasm of cells
infected with mutant viruses lacking ppUL99. Surprisingly, an-
other abundant protein, ppUL83 (pp65), is not essential for
growth in cell culture (39). However, since ppUL83 has immu-
nomodulatory functions (8, 17), it likely plays an important role
for the infected organism. The deletion of the gene encoding
tegument protein pUL47 led to a 100-fold reduction in viral titers,
irrespective of whether infection was done at high (�1) or low
(�0.01) multiplicities of infection (MOIs) (4).

In contrast, deletions of the two regulatory tegument pro-
teins ppUL82 and ppUL69 led to an MOI-dependent growth
defect (19). This means that mutant virus can grow to some
extent when infections are performed at high MOIs, but the
genes appear to be essential after infection at low MOIs. A
common denominator of several of these tegument proteins is
that they are implicated in regulatory processes during the
immediate-early (IE) phase. A direct effect on IE gene expres-
sion has been demonstrated for ppUL82 (6). An MOI-depen-
dent growth phenotype was also observed for mutants of
ppUL123 (IE1) (14) and those with mutations in the enhancer
region (15) and is therefore consistent with a model in which
the level of IE gene expression determines the outcome of
infection. A role for virion-associated factors is supported by
the observation that growth of HCMV lacking the distal part of
the enhancer can be augmented by UV-inactivated HCMV
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versitätsklinikum Ulm, Albert Einstein Allee 11, D-89081 Ulm, Ger-
many. Phone: 49 731 5002 3336. Fax: 49 731 5002 3337. E-mail:
michael.winkler@medizin.uni-ulm.de

3084



virions (25). Analysis of MCMV with deletion of the enhancer
demonstrated that the MOI-dependent growth phenotype is
also reflected in a drastically reduced virulence in vivo (15).

Here, we characterized a mutant virus lacking the UL35
gene region. We showed that the deletion of the UL35 gene
affects IE gene expression. In addition, we observed an im-
paired maturation of virus particles leading to reduced num-
bers of enveloped particles and a lack of dense bodies.

MATERIALS AND METHODS

Oligonucleotides. The following oligonucleotides were obtained from MWG
(Ebersberg, Germany), Sigma/ARK (Darmstadt, Germany), or Biomers (Ulm,
Germany): CMV-IE-Plus, CGTCCTTGACACGATGGAGTC; CMV-IE-Mi-
nus, TCGGGGTTCTCGTTGCAATCC; Aktin4, AGCCATGTACGTAGCCA
TCCAGGCT; Aktin5, GGATGTCAACGTCACACTTCATGATGG; ETH257,
TGAACCTCGAGTCTGTCATCACGGTACACAGA; ETH258, GAAGCTTG
GCGGCCGCCAACGGGGTTATGGGGGACGTG; ETH417, TGAACGTCG
ACGACGACCTACGGGACACGCTGATG; ETH418, GAAGCTTGGCGGC
CGCCGAACAGACGGTGCCCATCTTG; UL35-ko3, CGACGTCTCATCTT
GAGACAGACACGTAGAAAAAGAGGAAAAACCGCTTACAAGGACGA
CGACGACAAGTAA; UL35-ko5, TTCTCAAGTTCCGCTCTGGTTTTGGT
TTCGTTTTCAAAGGGAGCCCCATCCGTCGTGGAATGCCTTCGAA
TTC; UL35-kon5, CTGGAGAACAATAAAGCG; UL35-kon3, CTGTGTACT
TCGCTAGTC; rv35-5, TTCTCAAGTTCCGCTCTGGTTTTGGTTTCGTTTT
CAAAGGGAGCCCCATCATGGCCCAAGGATCGCGAGC; rv35-3, CGAC
GTCTCATCTTGAGACAGACACGTAGAAAAAGAGGAAAAACCGCTTC
GTCGTGGAATGCCTTCGAATTC; UL35kon3, CTGTGTACTTCGCTAGTC;
UL35kon5, CTGGAGAACAATAAAGCG.

Plasmid constructions. Plasmid pKD46 contains the phage � recombination
genes Red��� under the control of the arabinose-inducible ParaB promoter (11).
This plasmid also contains the temperature-sensitive origin oriR101 and grows
well at 30°C but not at 37°C. Plasmid pCP20 encodes the FLP recombinase and
allows growth at 30°C but not at 43°C due to a pSC101-based temperature-
sensitive origin (9). Plasmid pSL-FRT contains the kanamycin resistance gene
flanked by FRT sites in vector pSL301 (Amersham Biosciences, Freiburg, Ger-
many) (2). Plasmid pBRep-Cre harbors the Cre recombinase expression cassette
from plasmid pMC-Cre and the bovine papillomavirus replication origin (18, 21).
Plasmid pSL-FRT-UL35 was constructed by excising the UL35 open reading
frame as an Asp718I/XhoI fragment from pcDNA3-UL35 (38) followed by
insertion into the Asp718I/SalI sites of pSL-FRT.

Fragments corresponding to the sequences adjacent to UL35 were cloned into
vector pBlueKan (38), a modified version of pBluescript KS II, where the am-
picillin resistance cassette has been replaced by a kanamycin resistance cassette.
Plasmid pBlueKan-UL34 was constructed by PCR amplification using primers
ETH257 and ETH258 and subsequent cloning via XhoI/NotI. Similarly, UL36
exon 1 was amplified using primers ETH417 and ETH418 and cloned into
pBlueKan via SalI and NotI sites.

Engineering BAC mutants. Recombinant bacterial artificial chromosome
(BAC) clones were generated by RecET-based recombination using the RecET
homologues of phage �, Red��� (44). For deletion of the UL35 open reading
frame, we used HCMV AD169-BAC(pHB15), containing the complete AD169
genome (21), and plasmid pKD46 (11) in Escherichia coli strain DH10B. First,
the kanamycin gene, flanked by FRT sites, was amplified by PCR with oligonu-
cleotides containing 50 nucleotides of sequence homologous to the region 5� and
3� of the UL35 gene (UL35-63/UL35-ko5). The PCR product was then trans-
formed into an E. coli strain containing the HCMV AD169-BAC, where the
RecET recombination system catalyzed the exchange of the UL35 open reading
frame with the resistance marker. Subsequently, we deleted the kanamycin re-
sistance cassette by FLP-mediated recombination between the two FRT sites
flanking the resistance marker. By use of this procedure, the UL35 open reading
frame was deleted, thus generating delUL35-BAC. A single FRT site and an
additional EcoRI restriction marker remained as marks of the recombination
procedure.

In order to generate a revertant virus, we used plasmid pSL-FRT-UL35. A
PCR product containing both UL35 and the FRT-flanked kanamycin marker was
generated using oligonucleotides containing sequences homologous to the region
5� and 3� of the UL35 gene (rv35-3/rv35-5). This PCR product was recombined
into the UL35 region of the delUL35-BAC via RecET recombination. Finally,
the kanamycin resistance cassette was again deleted by FLP-mediated recombi-
nation. Hereby, a revertant BAC, revUL35-BAC, which differs from the wild-type

AD169-BAC by a single FRT site and an EcoRI restriction site remaining at the
3� end of the UL35 open reading frame was generated.

Electrocompetent E. coli DH10B (containing the respective BAC and pKD46)
for transformation of the PCR products was prepared as described previously
(44). PCR fragments for mutagenesis were prepared using primer pair UL35-
ko3/UL35-ko5 and template pSL-FRT for generation of the UL35 deletion virus
or primer pair rv35-3–rv35-5 and template pSL-FRT-UL35 for the generation of
the revertant BAC. Amplification was done using a touchdown protocol, and
PCR products were processed as described previously (44). Briefly, PCR prod-
ucts were purified using a PCR purification kit (QIAGEN, Hilden, Germany),
digested with DpnI to inactivate template DNA, and ethanol precipitated. Elec-
trocompetent bacteria were transformed with the processed PCR product, plated
onto Luria-Bertani (LB) agar plates containing 25 �g of chloramphenicol/ml and
30 �g of kanamycin/ml, and grown overnight at 37°C. Single colonies were
analyzed by colony PCR using primers UL35kon3 and UL35kon5, which bound
outside the region involved in the recombination. Colonies containing a correct
insertion of the PCR cassette were transformed with plasmid pCP20 to remove
the kanamycin resistance marker and grown overnight at 30°C in LB liquid
medium containing 25 �g of chloramphenicol/ml and 50 �g of ampicillin/ml. A
small aliquot of this culture was then plated on LB agar plates containing 25 �g
of chloramphenicol/ml and grown overnight at 43°C to select against plasmid
pCP20. Single colonies were analyzed for removal of the kanamycin resistance
marker by colony PCR using primers UL35kon3 and UL35kon5.

Southern blotting. Digested BAC DNA was separated on 0.6% agarose gels
and transferred to Biodyne B nylon membranes (Pall, Dreieich, Germany).
Double-stranded DNA probes were radioactively labeled using the Ready-
To-Go kit (Amersham Biosciences) and [�-32P]dCTP. Radioactive hybridiza-
tions were performed with a hybridization incubator (Robbins Scientific, Sunny-
vale, Calif.) essentially as described previously (46). Briefly, filters were
prehybridized for at least 4 h at 42°C in a prehybridization solution containing
50% formamide, 5� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate),
50 mM sodium phosphate (pH 6.5), 5� Denhardt’s solution, and 1 mg of yeast
RNA (Fluka, Taufkirchen, Germany)/ml. Hybridizations were performed for at
least 24 h in a hybridization solution containing 50% formamide, 5� SSC, 20 mM
sodium phosphate (pH 6.5), 5� Denhardt’s solution, and 500 �g of yeast RNA/
ml. Thereafter, filters were washed several times with buffer containing 20 mM
sodium phosphate–0.1% sodium dodecyl sulfate (SDS) and decreasing concen-
trations of SSC. For reprobing of the filters, the radioactive probe was removed
by two incubations in 0.1% SDS at 95°C for 30 min.

To analyze viral replication, human fibroblasts were seeded in six-well plates at
2.5 � 105 cells/well. One day later, the cells were infected for 4 h with mutant
virus (RVdelUL35) at an MOI of 0.1 or with wild-type virus (RVwtAD169) at an
MOI of 0.1 or 1. For harvesting, cells were trypsinized and pelleted, and the cell
pellet was resuspended in 100 �l of phosphate-buffered saline (PBS). To digest
proteins, 3 �l of proteinase K (10 mg/ml) was added, and the samples were
incubated for 1 h at 56°C. After inactivation at 95°C (10 min), probes were
denatured by the addition of 40 �l of 2 N NaOH and transferred to a nylon
membrane by use of a slot blot chamber (Schleicher & Schuell, Keene, N.H.).
Viral DNA was detected by hybridization with a radioactively labeled probe for
UL36 as described above. For phosphorimager quantitation of the signals, the
FLA3000 scanner (Fuji, Tokyo, Japan) and AIDA 2D quantification software
(Raytest, Straubenhardt, Germany) were used.

Cell lines and culture. Human foreskin fibroblasts (HFF) were maintained in
minimal essential medium (Gibco/BRL, Eggenstein, Germany) supplemented
with 10% fetal calf serum, 2 mM L-glutamine (Biochrom AG, Berlin, Germany),
100 U of penicillin and 100 �g of streptomycin (Gibco/BRL), each per ml, and
1� nonessential amino acids (Biochrom AG, Berlin, Germany).

Antibodies. Monoclonal antibodies directed against ppUL69 (69-66), ppUL82
(CMV355), ppUL83 (28–77), gpUL55 (gB) (27–287), and ppUL99 (41-18) have
been described previously (7, 33, 45). Monoclonal antibodies E13 (35), CCH2,
and Ab-1 directed against HCMV IE proteins, pUL44, and cellular vimentin,
respectively, were purchased from Argene (Varilhes, France), DAKO (Ham-
burg, Germany), and Oncogene Research Products (Boston, Mass.). Rabbit
antiserum directed against pUL35 was kindly provided by B. Biegalke (24).

Virus reconstitution, titration, and growth curves. For virus reconstitution,
HCMV-BAC DNA was isolated from E. coli by using a Nucleobond AX kit
(Macherey & Nagel, Düren, Germany). For electroporation of HCMV AD169-
BAC DNA, HFF were trypsinized, washed two times with medium, and resus-
pended at a density of 107/ml. The transfection mixture, consisting of about 5 �g
of BAC DNA, 5 �g of pCMV71 (23), and 0.5 �g of pBRep-Cre (21), was mixed
with 400 �l of cell suspension. Electroporation was performed with an Easyject
Optima electroporation device (Peqlab, Erlangen, Germany) at 280 V and 1,500
�F. Cells were immediately mixed with fresh medium and transferred to 75-cm2
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flasks. After overnight incubation, the cells were washed and supplemented with
fresh medium. When most cells showed a cytopathic effect, they were trypsinized,
mixed with about 2 � 107 HFF, and seeded in 175-cm2 flasks. Virus supernatant
was harvested when a confluent cytopathic effect was apparent. Viral particles
were pelleted by ultracentrifugation in a Beckman (Munich, Germany) SW28
rotor at 22,000 rpm for 1 h at 4°C. Pellets were resuspended in a 1:1 mixture of
medium–0.2 M sucrose phosphate, and aliquots were stored at 	80°C (22). The
recombinant viruses (RV) recovered from AD169-BAC, delUL35-BAC, and
revUL35-BAC were named RVwtAD169, RVdelUL35, and RVrevAD169, re-
spectively.

For quantitation of DNA in viral particles, a total of 105 PFU was pelleted in
an Eppendorf tube by centrifugation at 23,000 � g at 4°C for 2 h. The pellet was
resuspended in 50 �l of H2O and 50 �l of lysis buffer B (60 mM Tris-HCl [pH
8.3], 100 mM KCl, 5 mM MgCl2, 0.2 mg of gelatin, 0.9% Tween 20). Proteins

were degraded by the addition of 3 �l of proteinase K (10 mg/ml) and incubation
at 56°C for 1 h. After inactivation of proteinase K at 95°C for 10 min, insoluble
material was pelleted by centrifugation (5 min at 16,000 � g), and the superna-
tant was used for the determination of the amount of DNA.

Entry of viral DNA into cells. HFF were seeded into six-well plates at a density
of 2.5 � 105 cells per well. The next day, the cells were infected at an MOI of 0.1
PFU/cell. At 6 h postinfection (hpi), the cells were trypsinized and transferred to
an Eppendorf tube. DNA was isolated essentially as described previously (42),
with some modifications. The cell pellet was resuspended in 250 �l of buffer C1
(40 mM Tris-HCl, 20 mM MgCl2, 1.28 M sucrose, 4% Triton X-100) and
incubated on ice for 10 min to permeabilize the cells but to leave the nuclei
intact. The nuclei were collected by centrifugation at 1,300 � g and 4°C for 15
min, and the pellet was resuspended in 50 �l of buffer C2 (10 mM Tris-HCl [pH
7.5], 2 mM MgCl2, 10% sucrose). After the addition of 50 �l of 2� nuclease

FIG. 1. Construction of the delUL35-BAC. (A) Schematic representation of the UL35 gene region in the genomes of HCMV AD169-BAC,
delUL35-BAC (mutant), and revUL35-BAC (revertant) and intermediate constructs containing the kanamycin resistance cassette (subKan-BAC
and subUL35-Kan-BAC). Open reading frames are depicted as boxes with the respective names of the genes. Cross-hatched boxes indicate the
positions of the FRT sites. EcoRI restriction sites and sizes of the resulting DNA fragments are indicated. (B) Restriction analysis of the BAC
genomes shown in panel A. BAC DNA was digested with EcoRI and separated by agarose gel electrophoresis. Changes in the sizes of restriction
fragments are indicated by arrows (left panel). Results of Southern blot analysis of this gel are shown in the middle and right panels. DNA
fragments were transferred to nitrocellulose membranes and analyzed with 32P-labeled probes recognizing UL34, UL35, and UL36. DNA size
markers are shown on the right.
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buffer {40 mM PIPES [piperazine-N,N�-bis(2-ethanesulfonic acid)] [pH 7.0], 7%
sucrose, 20 mM NaCl, 2 mM CaCl2, 10 mM �-mercaptoethanol, 0.2 mM PMSF
[phenylmethylsulfonyl fluoride]}, the samples were incubated for 30 min at 37°C.
After the addition of 6 �l of 0.2 M EDTA and 400 �l of digestion buffer (10 mM
Tris-HCl [pH 8.0], 100 mM NaCl, 25 mM EDTA, 0.5% SDS, 0.1 mg of protein-
ase K/ml), the samples were incubated overnight at 50°C. After phenol-chloro-
form extraction and ethanol precipitation, the DNA pellet was dissolved in 100
�l of H2O. For quantitation, 10-fold dilutions were prepared and used for PCR
amplification with primer pair CMV-IE-Plus–CMV-IE-Minus or Aktin4-Aktin5.

Immunoblotting. Cell extracts were separated on 10 or 12% polyacrylamide gels
and blotted onto polyvinylidene difluoride membranes (Bio-Rad, Munich, Ger-
many) by semidry electrophoresis using the Transblot SD apparatus (Bio-Rad). To
avoid nonspecific antibody binding, filters were blocked for 1 h in 3% skim milk
powder–PBS. For detection of specific proteins, filters were incubated with primary
antibody at room temperature for 1 h. Rabbit antiserum (anti-UL35) was diluted
1:5,000 in PBS–0.1% Tween 20 containing 1% skim milk powder, whereas hybrid-
oma supernatants (69-66 and 41-18) were used undiluted. After the filters were
washed three times for 10 min in PBS–0.1% Tween 20 containing 1% skim milk
powder, they were incubated for 1 h with horseradish peroxidase-conjugated sec-
ondary anti-mouse or anti-rabbit antibodies (DAKO) diluted 1:5,000 in PBS–0.1%
Tween 20 containing 1% skim milk powder. Finally, the filters were washed two
times for 10 min in PBS–0.1% Tween 20 containing 1% skim milk powder and for
10 min in PBS–0.1% Tween 20. Bound antibodies were detected using the ECL
Western blotting detection reagents (Amersham Biosciences) according to the in-
structions of the manufacturer.

Immunofluorescence. For indirect immunofluorescence analysis, HFF were
seeded onto glass coverslips in 24-well plates at 4 � 104 cells per well the day
before infection. Cells were infected at an MOI of 0.2. For fixation, the cells were
washed three times with PBS, incubated in 4% paraformaldehyde for 10 min, and
washed four times with PBS. To permeabilize the cells, the coverslips were
treated with PBS–0.2% Triton X-100 for 2 min and finally rinsed in PBS. To
block nonspecific binding, the coverslips were first incubated in 10% normal
horse serum for 20 min at 37°C. Subsequently, murine monoclonal antibodies
directed against ppUL69 (antibody 69-66), ppUL82 (pp71) (antibody CMV355),
ppUL83 (pp65) (antibody 28–77), ppUL99 (pp28) (antibody 41-18), or gpUL55
(gB) (antibody 27–287) were added as undiluted cell culture supernatants and
incubated at 4°C for 2 h. After being washed three times for 5 min with PBS, the
coverslips were incubated at 4°C for 2 h with anti-mouse goat serum labeled with
fluorescein isothiocyanate as a secondary antibody (DAKO), which was used at
a 1:50 dilution. In some experiments, cell nuclei were stained with DAPI (4�,6�-
diamidino-2-phenylindole; 1 �g/ml). After two final washing steps in PBS, the
coverslips were mounted on slides with Vectashield H-1000 (Vector, Burlin-
game, Calif.). Images were taken on an Axioscop 2 (Zeiss, Jena, Germany)
fluorescence microscope.

Electron microscopy. For electron microscopy, cells were fixed with 2.5%
glutaraldehyde and 1% sucrose in 0.1 M cacodylate buffer at pH 7.4. After
postfixation in 2% osmium tetroxide, they were block stained in 2% uranyl
acetate, dehydrated in a graded propanol series, and embedded in Epon (Fluka).
Sections were cut parallel to the substrate to a thickness of 60 nm and contrast
stained with uranyl acetate and lead citrate. Images were taken with a model 400
transmission electron microscope (Philips, Eindhoven, Netherlands) at an accel-
eration voltage of 80 kV.

RESULTS

Generation of a deletion mutant of UL35. To address the in
vivo role of UL35, we first deleted the UL35 open reading
frame in the viral genome, by using the HCMV AD169 ge-
nome as a BAC in E. coli (Fig. 1A). This deletion was achieved
by RecET-based marker transfer in which we first exchanged
the UL35 open reading frame with a kanamycin resistance
gene. In a second step, the kanamycin gene was deleted by
FLP-mediated recombination of two FRT sites flanking the
resistance marker. The UL35 open reading frame was effec-
tively removed from its start codon to its stop codon, thus
deleting the coding sequences for both UL35 isoforms (24).
The resulting BAC was named delUL35-BAC. Sequencing
showed that an insertion of 80 bp remained as a mark from the
recombination procedure. This insertion contained a single

FRT site (34 bp) flanked by the two primer binding sites (each
23 bp) that were used for amplification of the kanamycin re-
sistance cassette. An additional EcoRI restriction site was part
of one primer binding site. In a similar way, a revertant virus
was generated by reinserting the UL35 gene along with the
kanamycin resistance marker into delUL35-BAC. Finally, the
kanamycin gene was again removed by FLP-mediated recom-
bination. This step resulted in a revertant BAC (revUL35-
BAC) with a single FRT site and an EcoRI restriction site
remaining at the 3� end of the UL35 open reading frame. The
genomic organization and purity of all BACs were confirmed
by PCR (data not shown), EcoRI restriction digestion, and
Southern blot analysis, probing for UL35 and regions upstream
and downstream of the deletion (Fig. 1B).

Thereafter, the wild-type AD169-BAC, delUL35-BAC, and
revertant revUL35-BAC were electroporated into HFF to recover
the recombinant viruses RVwtAD169, RVdelUL35, and
RVrevUL35, respectively. All viruses grew without the use of
complementing cells, indicating that the UL35 gene is not an
essential gene. However, recovery of RVdelUL35 took about 3
weeks longer than did the wild-type or revertant virus, indicating
a growth defect. Using lysates from infected cells in immunoblot-
ting experiments, we could confirm that RVdelUL35 did not show
expression of both UL35 isoforms, ppUL35 and ppUL35A,
whereas both proteins could be clearly detected in cells infected
with wild-type (RVwtAD169) or revertant (RVrevUL35) viruses
(Fig. 2). In contrast, the expression of two structural proteins,
ppUL69 and ppUL99, did not show any significant difference in
cells infected with the mutant virus RVdelUL35.

As mentioned above, we had noticed a delay in virus repli-
cation after reconstitution of the RVdelUL35. In order to
investigate this delay in more detail, we compared the growth
kinetics of all viruses at different MOIs. At an MOI of 0.1

FIG. 2. Analysis of protein expression of cells infected with recombi-
nant viruses. HFF were infected with RVwtAD169, RVdelUL35, or
RVrevUL35 (MOI, 0.1) and harvested at 96 hpi. Protein extracts were
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene difluoride membrane for immunoblot
analysis. UL35 gene products were detected by an anti-UL35 rabbit an-
tiserum. The two protein isoforms ppUL35 and ppUL35A are indicated by
arrows. After being stripped, the same blot was incubated with monoclo-
nal antibodies directed against pUL69 or ppUL99 as controls.
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PFU/cell, RVdelUL35 replicated to titers more that 1,000-fold
lower than those of the wild-type or revertant viruses (Fig. 3A).
Wild-type and mutant viruses showed similar kinetics and
reached a plateau in replication at about 7 days postinfection
(dpi). However, at an MOI of 0.01 PFU/cell, the growth defect
of the mutant virus RVdelUL35 was much more apparent, as
we did not observe a considerable production of infectious
virus (Fig. 3B). Since several mutants of HCMV that show
MOI-dependent growth have been described, we also com-
pared the yields of wild-type and RVdelUL35 viruses at 10 dpi
after infection with different MOIs. Wild-type HCMV
(RVwtAD169) showed a gradual rise in viral yield when a
higher MOI was used (Fig. 3C). For the mutant RVdelUL35,
a comparable rise could only be seen at the higher MOIs of 0.1
and 1, but there was a drastic drop when an MOI of 0.01 was
used. Interestingly, the mutant virus did not reach yields equiv-
alent to those of the wild-type virus, even when infections were

performed with an MOI of 1 PFU/cell. Thus, the mutant virus
shows an MOI-dependent growth.

Uptake of viral DNA is unaffected in RVdelUL35. Since a
role for pUL35 in the activation of IE gene expression has
been described previously (24, 38), we wanted to investigate
the effect of the deletion of UL35 on the IE phase. For this, we
first analyzed whether the uptake of regulatory virion proteins
was comparable between wild-type and mutant viruses. HFF
were infected with the wild-type and the UL35 deletion virus at
the same MOI and analyzed for localization of the tegument
proteins ppUL82 and ppUL69 at 4 hpi by immunofluores-
cence. As shown in Fig. 4A, both viruses showed similar up-
takes of the tegument proteins ppUL82 and pUL69, indicating
a normal entry of viral particles into cells.

Next, we investigated the uptake at the DNA level. For this,
we first characterized the relative amount of viral DNA per
PFU by serial dilutions of the inoculum followed by a PCR

FIG. 3. Growth kinetics of recombinant viruses. (A) HFF were infected with RVwtAD169, RVdelUL35, or RVrevUL35 at an MOI of 0.1. Cell
culture supernatants were harvested at the indicated times after infection, and infectious virus was quantified by a plaque assay on HFF. The titer
of the inoculum was determined in parallel (inoc.). (B) HFF were infected with RVwtAD169 or RVdelUL35 at an MOI of 0.01. Virus yield was
quantified as described for panel A. (C) HFF were infected in parallel with RVwtAD169 and RVdelUL35 at MOIs of 0.01, 0.1, and 1. Cell culture
supernatants were harvested at 10 dpi, and infectious virus was quantified by a plaque assay on HFF. Error bars indicate standard deviations.
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specific for IE genes. For virus preparations that had been
normalized for equal infectivities, we consistently observed
approximately 10-fold more viral DNA per PFU for the mu-
tant virus (Fig. 4B, upper panel). We then infected HFF with
an MOI of 0.1 PFU/cell for both wild-type and mutant viruses.
At 6 hpi, cells were harvested and the amounts of viral and
cellular DNA were determined by PCR titration (Fig. 4B,
lower panels). Consistent with the inoculum results, approxi-
mately 10-fold more viral DNA was recovered from cells in-
fected with mutant virus. In contrast, similar levels were de-
tected for the cellular actin gene that was used as a control.
Therefore, we conclude that uptake of virus particles was not
affected by deletion of UL35, but the viral DNA amount of
RVdelUL35 was about 10-fold higher than that of the wild-
type virus when cells were infected at the same MOI.

Effect of UL35 deletion on IE gene expression. So far, all
experiments were performed using MOIs as determined by
a plaque assay. Plaques were counted after infected cells
were stained for IE proteins. Thus, an effect of ppUL35 on
the initiation of IE gene expression would be obscured by
this outcome-based method of inoculum standardization.
Our finding that the mutant virus inoculum contained a
much larger amount of viral DNA per PFU than did the wild
type (Fig. 4B, upper panel) supported the idea that more
infectious particles of the mutant virus were needed to start
a productive infection. Therefore, to investigate an effect on
the IE phase, we decided to standardize the inoculum by
determination of the amount of viral DNA in order have a
physical measure of infectious particles. We used PCR ti-
tration to standardize the inoculum to similar amounts of

FIG. 4. Uptake of virus into cells. (A) Virus uptake into target cells was analyzed at the protein level by immunofluorescence. HFF were
infected with RVwtAD169 or RVdelUL35 at an MOI of 0.1. At 4 hpi, cells were stained with monoclonal antibodies recognizing tegument protein
ppUL82 or pUL69. (B) Virus uptake was analyzed at the DNA level. Viral DNA present in the inoculum of infection was determined after DNA
isolation and PCR titration in a 10-fold dilution series (upper panel). HFF were infected with RVwtAD169 or RVdelUL35 at an MOI of 0.1. Cells
were harvested at 6 hpi, and DNA was isolated from the nuclei of infected cells. The DNAs were titrated in a 10-fold dilution series and subjected
to PCR to detect viral (HCMV IE region) or cellular (actin) DNA (lower panels).
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DNA for both wild-type and mutant viruses (Fig. 5A, 6A,
and 7A).

First, we compared the growth levels of wild-type and mu-
tant viruses that had been standardized for equal DNA con-
tents. As can be seen in Fig. 5B, this standardization led to a
more drastic difference in virus yields, with only little mutant
virus being produced even 10 dpi. When we analyzed viral gene
expression, we observed a significant reduction of IE gene
expression in cells that were infected with the mutant virus
(Fig. 6B). In cells infected with wild-type virus, a strong ex-
pression of IE proteins was visible at 24 hpi, while for the
mutant virus at the same time only faint bands could be de-
tected. In addition, expression of early and late proteins was
hardly detectable. As a result, accumulation of viral DNA was
also decreased (Fig. 7B and C, lanes 1 to 8). Therefore, we
conclude that deletion of UL35 affects IE gene expression.

Effects of deletion of UL35 on virus assembly. For the in-
vestigation of a potential defect during the late phase, we used
infection at the same MOI. Under these conditions, there
should be no differences in IE gene expression and subsequent
expression of other viral genes. To investigate whether this is
the case, we characterized viral gene expression after infection
of HFF with wild-type and mutant viruses at an MOI of 0.1
PFU/cell. At the indicated time points, cell extracts were pre-
pared and used for immunoblotting to detect viral proteins
representative for IE (IE1 and IE2), early (pUL44), and late
(ppUL99) phases. As shown in Fig. 6C, both viruses showed
similar expression kinetics for all viral proteins.

In addition, we addressed the influence of the deletion of
UL35 on the genome replication kinetics of wild-type and
mutant viruses. HFF were infected at an MOI of 0.1 and
harvested at the indicated time intervals, and viral DNA accu-
mulation was determined by Southern blot analysis. As shown

in Fig. 7B and C (lanes 5 to 12), the DNA accumulations of
both viruses (RVwtAD169 and RVdelUL35) showed similar
kinetics. Thus, the strongly reduced virus yield of RVdelUL35
compared to that of the wild type after infection at equal MOIs
is very likely not due to differences in viral DNA accumulation.

This result raised the possibility that the reduced accumula-
tion of infectious virus in the supernatant of cells infected with
mutant virus might result from impaired virus assembly. There-
fore, we studied the ultrastructural aspects of particle matura-
tion by the use of HFF infected with wild-type (Fig. 8A) or
mutant (Fig. 8B) viruses at an MOI of 1. Infection was stopped
at 72 hpi, and cells were prepared for electron microscopy.
Analysis of the nuclei of infected cells showed that all three
types of capsids, A (empty), B (with scaffold), or C (mature,
DNA containing), were present. The quantitation of capsids
from at least five sections gave similar proportions of all three
capsid types in both wild-type and mutant infected cells. A
clear difference was the electron-dense accumulations in the
nuclei of RVdelUL35-infected cells (Fig. 8C), which appeared
to be free of capsids apart from some capsids at their bound-
aries. Another striking difference was observed after analysis of
cytoplasmic sections. In cells infected with mutant virus, almost
no dense bodies were found (Fig. 8B). Nevertheless, enveloped
particles were present both in cells infected with wild-type or
mutant virus. Cross sections of enveloped particles revealed no
differences (Fig. 8D and E). When enveloped and nonenvel-
oped particles were counted, the number of enveloped parti-
cles appeared to be reduced about 10-fold in cells infected with
mutant virus.

As the formation of virions and dense bodies in the cytoplasm
requires a correct localization of tegument and envelope proteins
(20, 28, 37), we studied the localization of ppUL83 (pp65),
ppUL82 (pp71), ppUL99 (pp28), and gpUL55 (gB) by immuno-

FIG. 5. Growth kinetics of recombinant viruses after standardization for genome equivalents. HFF were infected with wild-type (RVwtAD169) or
mutant (RVdelUL35) virus. (A) Inoculum of RVdelUL35 was standardized on the basis of genome equivalents to an MOI of 0.1 of wild-type virus. Viral
DNA was isolated from standardized inoculum, titrated in a 10-fold dilution series, and subjected to PCR to detect viral (HCMV IE region) DNA.
(B) Cell culture supernatants were harvested at the indicated times after infection, and infectious virus was quantified by a plaque assay of HFF.
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fluorescence analysis after infection at the same MOIs. No dif-
ference was observed when ppUL99 (pp28) and gpUL55 (gB)
were analyzed, as both proteins accumulated at a cytoplasmic
location close to the trans-Golgi network (Fig. 9, panels 2e to 2h
and 3e to 3h). Staining of ppUL82 and ppUL83 revealed a nu-
clear localization of both proteins in cells infected with wild-type
or mutant virus (Fig. 9, panels 1a to 1d). In cells infected with
wild-type virus, however, both proteins translocated to the cyto-
plasm during the later stages of infection (Fig. 9, panels 2a, 2c, 3a,
and 3c). In contrast, in cells infected with mutant virus
RVdelUL35, both proteins remained in the nucleus up to 120 hpi

(Fig. 9, panels 2b, 2d, 3b, and 3d), the latest time point analyzed.
This finding in conjunction with the observed decrease of envel-
oped particles in cells infected with the mutant virus suggests that
late events during assembly are impaired in the mutant virus, thus
leading to a reduced release of infectious particles.

DISCUSSION

The MIEP is a central control unit that processes cellular
and viral signals to make a decision between latent or lytic
infection of HCMV (26, 31, 32). Among the viral signals, the

FIG. 6. Analysis of antigen expression in infected HFF. (A and B) HFF were infected with RVwtAD169 and RVdelUL35 standardized for the
same number of genome equivalents. (A) Standardization was controlled by PCR. Inoculum of RVwtAD169 was used at an MOI of 0.1. The
inoculum of RVdelUL35 was diluted to the same number of genome equivalents as that of RVwtAD169. Viral DNA was isolated from
standardized inoculum, diluted in a 10-fold dilution series, and subjected to PCR to detect viral (HCMV IE region) DNA. (B) Cell lysates from
HFF infected with standardized inoculum of RVwtAD169 or RVdelUL35 were prepared at the indicated time points and separated by SDS-PAGE.
Representative HCMV IE (IE1 and IE2), early (pUL44), and late (ppUL99) proteins were detected with monoclonal antibodies E13, CCH2, and
41-18, respectively. The cellular protein vimentin was stained with monoclonal antibody Ab-1 as a loading control. (C) HFF were infected with
RVwtAD169 or RVdelUL35 at an MOI of 0.1. Cells lysates were prepared at the indicated time points and separated by SDS-PAGE. The same
antibodies as those described for panel B were used for detection.
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tegument proteins ppUL82 and ppUL35 have been shown to
interact physically and to transactivate the MIEP alone and co-
operatively (24, 38). We wanted to analyze the biological role of
UL35 proteins by generating a virus mutant with deletion of the
UL35 gene. One-step growth curves showed that virus production
was decreased 1,000-fold when cells were infected with the mu-
tant virus at an MOI of 0.1. This defect could be reversed when
the UL35 gene was reinserted. This observation makes the dele-
tion of UL35 the sole reason for the growth defect.

Our observation of reduced virus production by the UL35
deletion virus is supported by a recent large-scale analysis in
which a similar deletion of UL35 was generated (13). In addi-

tion, our deletion of UL35 in the genetic background of a
clinical isolate showed a comparably reduced virus yield (M.
Winkler and K. Schierling, unpublished data). However, in a
second large-scale analysis, UL35 was classified as nonessen-
tial, with yields reduced less than 10-fold (49). This discrepancy
is likely explained by the different targeting strategies, since in
the second approach a transposon insertion into the amino-
terminal region was created. Since the UL35 gene encodes two
coterminal protein species (24), the transposon insertion tar-
geted only the full-length ppUL35, leaving the short-form
ppUL35A intact. Therefore, either ppUL35A was able to com-
pensate for ppUL35 or the essential part resides in the C

FIG. 7. DNA accumulation in infected cells. (A) PCR titration of the inoculum used for infection of HFF. An inoculum of RVdelUL35 or
RVwtAD169 was used for infection of HFF at an MOI of 0.1. In addition, an inoculum of RVwtAD169 was standardized to RVdelUL35 (MOI,
0.1) for equal amounts of viral DNA (DNA stand.). Viral DNA was isolated from inocula of all three samples, diluted in a 10-fold dilution series,
and subjected to PCR to detect viral (HCMV IE region) DNA. (B) HFF were infected with the inoculum characterized for panel A. Equal amounts
of cells were harvested at the indicated time points and used for DNA isolation. Isolated DNAs were slot blotted onto a nitrocellulose membrane
and hybridized with a radioactively labeled probe directed against UL36. (C) Radioactivity bound to the filter shown in panel B was quantified by
phosphorimager analysis.
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FIG. 8. Ultrastructural analysis of virus maturation. HFF cells were infected with RVwtAD169 or RVdelUL35 at an MOI of 1. Cells were fixed
at 72 hpi and processed for electron microscopy. Overview images of cells infected with RVwtAD169 (A) or RVdelUL35 (B) were taken at �8,000
magnification. (C) Detail of nuclear electron-dense structures in cells infected with the mutant at �20,000 magnification. (D and E) Representative
images of virions of RVwtAD169 and RVdelUL35, respectively, taken at �80,000 magnification.
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FIG. 9. Immunofluorescence analysis of virus maturation. HFF were infected with RVwtAD169 or RVdelUL35 at an MOI of 0.2. Cells were
fixed at indicated time points (24, 72, and 120 hpi) and stained with monoclonal antibodies directed against ppUL82 (CMV355), ppUL83 (28–77),
ppUL99 (41-18), and gpUL55 (27–287), as indicated at the top. Goat anti-mouse secondary antibody labeled with fluorescein isothiocyanate was
used for detection. The nuclei were stained with DAPI. See the text for details.
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termini of the UL35 proteins. The latter possibility is sup-
ported by the observation that the addition of a hemagglutinin
tag at the end of the UL35 gene in the context of the viral
genome leads to a reduction in viral yield similar to that re-
sulting from the deletion of UL35 (Schierling and Winkler,
unpublished data).

It was reported previously that ppUL35 has a role in the
transactivation of the MIEP and efficient initiation of IE phase
(24, 38). The MOI dependence of the RVdelUL35 virus yield
is compatible with this view, since mutations in other genes
implicated in IE regulation and gene expression, such as the
ppUL82, ppUL69, ppUL123 (IE1) genes, and enhancer dele-
tions showed similar behaviors (6, 15, 19, 25, 29). In addition,
when infection was done at an MOI determined by plaque
titration with an anti-IE antibody, we observed that the DNA
amount in that inoculum of the RVdelUL35 mutant was 10-
fold higher than that in the wild-type virus. As the particles
appeared to be normal when analyzed by electron microscopy,
this observation would mean that a 10-fold-higher number of
particles of the mutant virus was required to reach the same
infectivity as that of the wild-type virus. Thus, the lack of
ppUL35 would be compensated by a higher amount of input
viral DNA, by higher levels of other tegument proteins, or by
a combination of both. When we standardized our inoculum to
equal amounts of input DNA, we observed a delayed IE gene
expression and consequently a strongly reduced expression of
early and late proteins. This resulted in a significant reduction
of viral DNA accumulation and a strongly reduced virus yield.
In agreement with an effect on IE gene expression, an MOI-
dependent virus yield was observed, rendering UL35 an essen-
tial gene when cells were infected at the low MOI of 0.01.

Defects in IE gene expression can be compensated by a high
input of viral particles, which has been observed previously in
conjunction with an HCMV mutant carrying a deletion in the
distal enhancer (25). A possible explanation for the decreased
IE gene expression with the mutant RVdelUL35 could be that
no ppUL82 was packaged into viral particles, since during late
phase there was no translocation of ppUL82 towards the cy-
toplasm. Due to the low yields of the RVdelUL35 mutant, we
were not able to address this point experimentally. When we
analyzed the uptake of tegument proteins into cells infected
with wild-type or mutant virus, we observed similar numbers of
cells staining positive for ppUL82 or ppUL69. Therefore, the
defect in IE gene expression should be due mainly to a lack of
ppUL35 and a subsequent failure of sufficient cooperative ac-
tivation of the MIEP.

When infections were carried out using the same MOI for
both wild-type and mutant viruses, we observed no difference
in viral protein expression. Additionally, the accumulations of
viral DNA showed comparable levels and kinetics after infec-
tion with wild-type or mutant viruses. As ppUL35 apparently
had no influence on early or late gene expression or viral DNA
replication, we could use infections standardized to the same
MOI to investigate an effect of UL35 during the late phase.

Hereby, we observed an altered virus maturation in cells
infected with mutant virus. This alteration was most clearly
indicated by the absence of dense bodies. In addition, quanti-
tation of cytoplasmic virus particles showed 10-fold fewer ma-
ture enveloped particles when cells were infected with mutant
virus. The lack of dense bodies could be explained by the

retention of ppUL83 (pp65) in the nucleus, as a virus mutant
lacking the UL83 gene also failed to produce dense bodies
(39). It is believed that dense bodies accumulate during high-
titer passage of HCMV. Therefore, the mutant virus, which
produces much lower titers, should be less prone to accumu-
late dense bodies. However, our reconstituted wild-type virus
had the same passage history, and it was the mutant virus for
which the higher titers had to be employed for virus stock
production. In addition, immunofluorescence staining of cells
demonstrated that several viral proteins (ppUL99 and
gpUL55) showed normal accumulations and distributions in
the cytoplasm of infected cells. It is therefore likely that the
failure to produce dense bodies reflects a specific defect in the
envelopement of viral particles.

In the nucleus, large accumulations of electron-dense mate-
rial were observed. At present, the nature of these structures is
unclear. Electron density in the nucleus usually corresponds to
DNA, indicating that these structures could represent domains
of condensed viral genomes. As viral particles can be seen at
the margin of this material, a possible reason for this accumu-
lation could be a packaging defect. However, we observed
similar ratios of viral capsid types in the nuclei of cells infected
with wild-type and mutant viruses, making a packaging prob-
lem unlikely. Therefore, these structures require further inves-
tigation.

At present, it is unclear how ppUL35 could be responsible
for the translocation of ppUL82 and ppUL83 (pp65) from the
nucleus to the cytoplasm. A similar phenotype has been de-
scribed for a mutant of HCMV with a lack of TRS1 (5), and a
recently published analysis of this mutant argued that pTRS1
has a role in the encapsidation of viral DNA since the number
of C capsids was reduced (1). In our electron microscopic
analysis, we did not detect such a difference. In contrast, the
lack of dense bodies and the reduced amount of enveloped
particles argue for a role of ppUL35 in the cytoplasmic particle
assembly. As UL35 proteins interact with ppUL82 but not with
ppUL83 (38), their effect on tegument protein localization
might be independent of physical interaction. We therefore
favor the hypothesis that ppUL35 of ppUL35A might directly
or indirectly influence nucleocytoplasmic transport pathways,
either enhancing export of tegument proteins from the nucleus
or blocking import of tegument proteins into the nucleus dur-
ing the late phase.

In summary, we could show that ppUL35 plays an important
role in both IE gene expression and virus assembly. Further
studies will be required to elucidate the underlying mecha-
nisms and to address the question of whether the effects on IE
gene expression and virus maturation are direct or indirect.
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