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Human cytomegalovirus (HCMV) replicates in the nuclei of infected cells. Successful replication therefore
depends on particle movements between the cell cortex and nucleus during entry and egress. To visualize
HCMV particles in living cells, we have generated a recombinant HCMV expressing enhanced green fluores-
cent protein (EGFP) fused to the C terminus of the capsid-associated tegument protein pUL32 (pp150). The
resulting UL32-EGFP-HCMV was analyzed by immunofluorescence, electron microscopy, immunoblotting,
confocal microscopy, and time-lapse microscopy to evaluate the growth properties of this virus and the
dynamics of particle movements. UL32-EGFP-HCMV replicated similarly to wild-type virus in fibroblast
cultures. Green fluorescent virus particles were released from infected cells. The fluorescence stayed associated
with particles during viral entry, and fluorescent progeny particles appeared in the nucleus at 44 h after
infection. Surprisingly, strict colocalization of pUL32 and the major capsid protein pUL86 within nuclear
inclusions indicated that incorporation of pUL32 into nascent HCMV particles occurred simultaneously with
or immediately after assembly of the capsid. A slow transport of nuclear particles towards the nuclear margin
was demonstrated. Within the cytoplasm, most particles performed irregular short-distance movements, while
a smaller fraction of particles performed centripetal and centrifugal long-distance movements. Although
numerous particles accumulated in the cytoplasm, release of particles from infected cells was a rare event,
consistent with a release rate of about 1 infectious unit per h per cell in HCMV-infected fibroblasts as
calculated from single-step growth curves. UL32-EGFP-HCMV will be useful for further investigations into the
entry, maturation, and release of this virus.

Like all herpesviruses, human cytomegalovirus (HCMV)
replicates in the nucleus of the infected cell (18). This aspect of
the herpesviral replication strategy entails the requirement for
various particle movements during the replicative cycle, in
particular translocation of penetrated virus particles from the
cell cortex towards the nucleus, egress of newly synthesized
virus particles out of the nucleus, and translocation of tegu-
mented and enveloped virus progeny towards the periphery of
the cell in order to release infectious virus to surrounding cells
(5, 14, 17, 19, 28). For HCMV, the importance of intracellular
transport of virus particles was underscored by the finding that
cell tropism variants of HCMV are discriminated by the strain-
dependent efficiency of nuclear translocation (25). By nature,
translocation is a dynamic process, which can be analyzed only
insufficiently by biochemical analyses of lysates of infected cells
or by immunodetection of particles in fixed-cell preparations.
At least the dynamic aspects of interactions between virus
particles and target cells are best studied in live-imaging ap-
proaches that have been enabled by the development of green
fluorescent virus variants. Recombinant fluorescent viruses
have been reported for herpes simplex virus and pseudorabies
virus, the live imaging of which provided new insights into the
nature of particle movements within relevant target cells (4, 6,
12, 21, 22, 27). Green fluorescent cytomegalovirus has also
been reported (8, 10, 11, 16, 20, 23, 30); however, to date only
nonstructural proteins have been tagged, and therefore these

variants did not produce green fluorescent progeny virions.
Live images of interactions between HCMV particles and their
target cells are therefore not available to date. In order to
obtain fluorescence tags that stay associated with HCMV par-
ticles during various intracellular translocation steps, the fluo-
rescent protein has to be fused to viral capsid proteins or
capsid-associated tegument proteins. One tegument protein
known to be strongly associated with the capsid is the phos-
phoprotein pp150 (pUL32) (1, 2). Here we report the success-
ful generation of a recombinant HCMV variant with enhanced
green fluorescent protein (EGFP) fused to the C-terminal end
of pUL32, resulting in green fluorescent virus particles. Possi-
ble applications of this green fluorescent HCMV variant in-
clude analyses of viral entry, nuclear translocation, nuclear
egress after viral replication, dynamics of tegumentation, and
viral egress. Examples of such applications are given in this
study.

MATERIALS AND METHODS

Cells and viruses. All experiments were carried out with human foreskin
fibroblasts (HFF) isolated from foreskins of infants by trypsin treatment and
were used for experiments at passage 10 to 25. HFF were cultured in minimal
essential medium (MEM) (Gibco, Karlsruhe, Germany) containing 5% fetal calf
serum, 2.4 mmol of glutamine per liter, and 100 �g of gentamicin per ml
(MEM5).

HCMV strain TB40 (26) was used for the generation of recombinant UL32-
EGFP-HCMV. For the preparation of virus stocks, HFF were infected at a
multiplicity of infection (MOI) (infectious units per cell) of 0.1. Supernatants of
infected cultures were harvested at 6 days postinfection (p.i.) and stored at
�80°C after removal of cell debris by centrifugation for 10 min at 2,800 � g. The
infectious titer in HCMV preparations was determined by 50% tissue culture
infective dose (TCID50) assays (15) in HFF on 96-well plates. For supernatant-
mediated infection of cell cultures, the medium was replaced by infectious
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supernatant at the indicated MOI, incubated for 2 h at 37°C, and finally replaced
with fresh medium (MEM5).

For single-step and multistep growth curves, HFF seeded in six-well plates (5
� 105 cells per well) were infected with cell-free HCMV preparations at a virus
concentration of 2.5 � 105 TCID50s/ml (MOI � 1) or 2 � 104 TCID50s/ml (MOI
� 0.08), respectively. After 2 h of incubation, the cultures were washed six times
with medium to remove residual virus and were then cultured for 10 or 16 days,
respectively. Starting at day 1 p.i., supernatant was removed daily from infected
cultures and replaced by fresh medium; the supernatant samples were centri-
fuged at 2,800 � g for 10 min and stored at �80°C prior to determination of the
infectious titer by TCID50 assay.

For analysis of virus adsorption, cells were infected with virus preparations at
4°C for the indicated time intervals.

The EGFP-tagged recombinant HCMV described in this publication will be
available at the American Type Culture Collection as ATCC VR1578.

Construction of the recombination plasmid. Genomic DNA was prepared
from late-stage infected cells (4 days p.i.) by phenol-chloroform extraction. The
complete HCMV-UL32 open reading frame, excluding the stop codon, was
amplified by PCR with the oligonucleotides 5�-CGGATCCTCCGTGTTCTTAA
TCTTCTCGA and 3�-AAGCTAGCATGAGTTTGCAGTTTATCGGTC, which
were partial mismatch primers changing the last amino acid of pUL32 from Glu
(E) to Asp (D) and introducing one BamHI site and one NheI site at the ends
of the amplification product. The amplification product was cloned into the PCR
cloning vector pDrive (Qiagen, Hilden, Germany). The BamHI/NheI fragment
containing the UL32 open reading frame was excised by using the restriction sites
integrated into the primers (indicated by boldface) and was then cloned into the
BamHI/NheI site of the EGFP-N1 vector (BD Clontech, Heidelberg, Germany).
The resulting UL32-EGFP open reading frame contains five additional codons
between the last UL32 codon and the first EGFP codon. To obtain a recombi-
nation plasmid, a 1.6-kbp fragment containing part of the UL31 open reading
frame was amplified by PCR with the oligonucleotides 5�-AACTTAAGGAGG
GGAGACGAGGACGACAGG and 3�-GGTCTAGAAACACACACGCAGAC
GTACTTT, which were partial mismatch primers introducing one AflII site and
one XbaI site at the ends of the amplification product. The PCR products were
cloned into the PCR cloning vector pDrive (Qiagen). AflII/XbaI fragments
containing part of the UL31 sequence were excised by using the restriction sites
integrated into the primers (indicated by boldface), and the UL31 fragment was
cloned into the AflII/XbaI site of the UL32-EGFP construct. This resulted in a
recombination plasmid that was suitable for introduction of a pUL32-EGFP
fusion gene at the orthotopic site of the HCMV genome by homologous recom-
bination. This recombination plasmid was designated UL32-EGFP/UL31.

Generation and plaque purification of recombinant HCMV. The UL32-EGFP
recombination plasmid UL32-EGFP/UL31 was cleaved with NheI and AflII,
ethanol precipitated, and dissolved in H2O. The cleaved construct was microin-
jected into the nuclei of HCMV-TB40-infected HFF at 2 days p.i. by using a
micromanipulation system (InjectMan and Femtojet; Eppendorf, Hamburg,
Germany). At 4 days p.i. cells were cocultured with noninfected HFF at a ratio
of 1/2,000 in 96-well plates and screened subsequently for EGFP-expressing foci
of infected cells. Virus supernatant from wells containing green fluorescent foci
was plaque purified three times by limiting-dilution infections in 96-well plates
with centrifugal enhancement. To enrich for recombinant virus, wells that dis-
played single standing green fluorescent foci were preferred for the subsequent
step of purification. A virus preparation was considered pure when all foci
resulting from limiting-dilution infections with this preparation displayed EGFP
expression, indicating that no wild-type virus remained in the preparation. In
brief, this was tested by acetone fixation of the respective 96-well plate followed
by double immunofluorescence against pUL32 and EGFP. The viral tegument
protein pUL32 was detected by using monoclonal antibody (MAb) XP1 (Dade
Behring, Schwalbach, Germany) and Cy3-labeled goat anti-mouse immunoglob-
ulin (Ig) antibodies (Jackson ImmunoResearch, West Grove, Pa.), resulting in
red fluorescence. The EGFP fusion part of the pUL32-EGFP protein was de-
tected by using polyclonal antibody (PAb) ab290 (rabbit; Abcam, Cambridge,
United Kingdom) and Alexa Fluor488-labeled goat anti-rabbit Ig antibodies
(Molecular Probes, Eugene, Oreg.), resulting in green fluorescence. While stain-
ing of pUL32 detected all HCMV-infected foci, staining of EGFP documented
that the focus contained recombinant virus.

Gradient purification of HCMV virions. For gradient purification of HCMV
virions, infectious supernatants from infected HFF cultures with �100% late-
stage cytopathic effects were made cell free by centrifugation for 10 min at 2,800
� g. Supernatants were then ultracentrifuged for 70 min at 80,000 � g. Pellets
containing virions and other particles were resuspended in 1 ml of phosphate-
buffered saline (PBS) and transferred onto a preformed linear glycerol-tartrate
gradient (15 to 35% Na-tartrate and 30 to 0% glycerol in 0.04% Na-phosphate),

which was then ultracentrifuged for 45 min at 80,000 � g. The virion-containing
band was harvested with a syringe, and the virions were washed and pelleted by
an additional ultracentrifugation for 70 min at 80,000 � g. The pellet was
resuspended in MEM5 and stored at �80°C until used for infection experiments.

Immunoblotting. Virus particles were prepared from cell-free supernatants of
infected HFF cultures with �100% late-stage cytopathic effects by ultracentrif-
ugation at 80,000 � g for 70 min. Pellets were lysed in sample buffer containing
2% sodium dodecyl sulfate and 5% �-mercaptoethanol, and proteins were de-
natured at 95°C for 10 min, separated by sodium dodecyl sulfate-12% polyacryl-
amide gel electrophoresis, and blotted onto nitrocellulose. Detection was done
with anti-pUL32 MAb (XP1; Dade Behring), followed by incubation with per-
oxidase-conjugated polyclonal rabbit anti-mouse Ig sera (Dako, Hamburg, Ger-
many). Proteins were visualized with the Super Signal West Pico chemilumines-
cence substrate (Pierce, Rockford, Ill.), using a Fluor-S MAX Multiimager
(Bio-Rad, Munich, Germany).

Immunofluorescence. To analyze the kinetics of viral gene expression, MAbs
against viral proteins from different phases of the replicative cycle of HCMV
were used. In detail, MAbs were directed against the immediate-early (IE)
proteins IE72 and IE86 (pUL122/123, MAb E13; Biosoft, Paris, France), the
early protein p52 (pUL44, MAb BS510; Biotest, Dreieich, Germany), and the
late major capsid protein (pUL86, MAb 28–4; kindly provided by W. Britt,
Birmingham, Ala.). For colocalization studies, primary antibodies against the
late tegument protein pp150 (pUL32, MAb XP1; Dade Behring) and the EGFP
protein (PAb ab290 [Abcam] and PAb TP401 [Torrey Pines Biolabs, Houston,
Tex.]) were used.

For in situ detection of antigens in infected cells, indirect immunofluorescence
was done as follows. At various time points after infection, infected cells grown
on 96-well plates (�clear; Greiner, Frickenhausen, Germany) were fixed with
80% acetone for 5 min at room temperature. The fixed cells were reacted with
primary antibodies for 60 min at 37°C, followed by incubation with fluorescent
secondary antibodies for 60 min at 37°C. To obtain red fluorescent signals,
Cy3-conjugated goat anti-mouse IgG F(ab�)2 or Cy3-conjugated goat anti-rabbit
IgG F(ab�)2 fragments (Jackson ImmunoResearch) were used as secondary
antibodies. To obtain green fluorescent signals, Alexa Fluor488-conjugated goat
anti-mouse IgG F(ab�)2 or Alexa Fluor488-conjugated goat anti-rabbit IgG
F(ab�)2 fragments (Molecular Probes) were used as a secondary antibodies.

For simultaneous detection of pUL32-EGFP and the nuclear membranes of
infected cells, indirect-immunofluorescence stainings were analyzed in a confocal
laser scanning microscope (TCS SP2; Leica Mikrosysteme, Bensheim, Ger-
many). A cell suspension containing infected fibroblasts at 3 days p.i. in MEM5
was dropped on coverslips and allowed to adhere for 1 h at 37°C. The adherent
cells were fixed with 100% acetone for 5 min at room temperature. The fixed
cells were reacted with a mixture of MAb AB-1 against lamin B (Calbiochem,
Cambridge, Mass.) and PAb ab290 against EGFP (Abcam) for 60 min at 37°C,
followed by incubation for 60 min at 37°C with a mixture of Cy3-conjugated goat
anti-mouse IgG F(ab�)2 fragments (Jackson ImmunoResearch) and Alexa Flu-
or488-conjugated goat anti-rabbit IgG F(ab�)2 fragments (Molecular Probes).

For simultaneous detection of pUL32-EGFP and the HCMV major capsid
protein pUL86, confocal laser scanning microscopy was performed as follows. A
cell suspension containing infected fibroblasts at 4 days p.i. in MEM5 was
dropped on coverslips and allowed to adhere for 1 h at 37°C. The adherent cells
were fixed with 1% paraformaldehyde for 10 min at room temperature and
permeabilized with 0.5% Igepal, 10% sucrose, and 1% fetal calf serum for 5 min
at room temperature. The fixed cells were reacted with MAb 28–4 against
HCMV pUL86 (kindly provided by W. Britt) for 60 min at 37°C, followed by
incubation for 60 min at 37°C with Cy3-conjugated goat anti-mouse IgG F(ab�)2

fragments (Jackson ImmunoResearch). Finally, cell nuclei were stained with
DAPI (4�,6�-diamidino-2-phenylindole). The red fluorescence signal of the cap-
sid protein pUL86, the native green fluorescence of pUL32-EGFP, and the blue
fluorescence of DAPI were then detected separately and merged by using Leica
confocal software.

Transmission electron microscopy. Fibroblast monolayer cells were fixed with
4% formaldehyde in PBS (pH 7.2) for 30 min on ice, followed by treatment with
8% formaldehyde in PBS for another 120 min on ice. Fixed cells in the culture
flask were scraped off, infiltrated with 2.1 M sucrose in PBS, and frozen in liquid
nitrogen, and then 100-nm-diameter cryosections were obtained with a Leica
Ultracut UCT/EM FCS cryo-ultramicrotome at �100°C. Thawed cryosections
were blocked with 1% milk powder–0.5% bovine serum albumin in PBS and
incubated with rabbit anti-GFP (1:200; Torrey Pines Biolabs) or mouse mono-
clonal anti-HCMV pUL32 antibodies (1:5; Dade Behring) in blocking buffer for
60 min. After washing with blocking buffer, bound antibodies were detected with
goat anti-rabbit or goat anti-mouse IgG coupled to Nanogold (Nanoprobes) or
ultrasmall gold (Aurion). Silver enhancement was performed as described by
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Danscher (3) and by Stierhof et al. (29). Final embedding was done in 2% methyl
cellulose containing 0.3% uranyl acetate. Ultrathin sections were viewed in a
LEO 906 transmission electron microscope.

PCR assay. DNA was prepared by phenol-chloroform extraction from
HCMV-infected HFF with �100% cytopathic effect. The probe was diluted to a
total DNA concentration of 0.6 �g/ml. Viral nucleic acids within these probes
were amplified by PCR with primers P1, located within UL32 (5�-TGT GGC
CTC CCC CTC CAT CCT GAA A-3�), and P2, located within UL31 (5�-ACC
GGT GTT TCT TGG TGG CCA ACT T-3�). Primers were designed to amplify
a 634-bp fragment within the wild-type HCMV genome and a 1,378-bp fragment
within the genome of the recombinant HCMV strain UL32-EGFP-HCMV-TB40
due to the insertion of the EGFP open reading frame. The reactions were done
in a total volume of 50 �l consisting of 1.5 mmol of MgCl2, 0.25 mmol of each
deoxynucleoside triphosphate, 10 pmol of each primer, 1� PCR buffer, and 1 U
of Taq polymerase (Roche Diagnostics GmbH, Mannheim, Germany). Thermal
cycling was performed as follows with 35 cycles of 94°C for 1 min, 57°C for 1 min,
and 72°C for 1 min. Amplification products were visualized by electrophoresis in
agarose gels, ethidium bromide staining, and UV light exposure.

Live imaging. Cells for live analysis were cultured on 35-mm-diameter glass-
bottom dishes (MatTek, Ashland, Mass.) or on 96-well plates (�clear; Greiner).
For analysis of virus entry, infectious supernatant containing green fluorescent
virus was prepared freshly from late-stage infected cells at 5 days p.i. Alterna-
tively, gradient-purified virion particles were used for infections. In order to
reduce the fluorescence background, medium without phenol red was used. In
order to minimize the presence of biologically inactive virions, the medium was
refreshed 24 h prior to harvest of supernatant. Cells were incubated with undi-
luted supernatant for 1 h at 37°C and subsequently washed six times to remove
nonadherent virus particles. In these experiments, the cell culture medium was
supplemented with 1 mmol of ascorbic acid per liter, 40 U of glucose oxidase per
ml, and 800 U of catalase per ml to reduce the cytotoxic effects of free radicals
in solution during imaging. When desired, nuclei of living cells were stained by
addition of DAPI to the culture medium. To study the kinetics of the appearance
of UL32-EGFP-HCMV particles, cells were infected with fresh virus supernatant
at a low dose (MOI � 0.05), resulting in �3 input virus particles/cell. Infected
cultures were subsequently monitored for the appearance of green fluorescent
cells. When punctate fluorescence signals started to increase, individual cells
were chosen for serial photodocumentation over a period of several hours. To
study particle movements during the productive phase of viral replication, cells
were infected at an infection efficiency of 10% and analyzed at 4 days p.i. over
time periods of 300 s. For a descriptive statistical analysis of particle movements,
each 50 events of centripetal and centrifugal movements were evaluated in
regard to the velocity and distance of the movement. A movement event was
defined as an uninterrupted translocation of 	2 �m in length.

Prior to analysis, dishes were placed in a humidified chamber supplied with 5%
CO2 (M200 incubator controlled by a CTI-Controller 3700 and a Tempcontrol
37–2; Carl Zeiss, Göttingen, Germany) that was mounted on an Axiovert 200
inverted fluorescence microscope (Carl Zeiss) and was heated to 37°C. Images at
individual time points were taken at an excitation wavelength of 450 to 490 nm
with an Axiocam MRm digital camera (Carl Zeiss) controlled by Axiovision 3.1
software. Punctate signals of higher fluorescence intensity on the background of
a homogeneous moderate fluorescence pattern represented viral particles.

RESULTS

Growth of recombinant UL32-EGFP-HCMV in human fore-
skin fibroblasts. Generation of EGFP-labeled HCMV was
done by homologous recombination in order to cause minimal
alteration of the genomic content at the recombination site
(Fig. 1A), thus avoiding impairment of viral growth by effects
other than the EGFP labeling of pUL32 itself. For homologous
recombination, a plasmid was constructed that fused the com-
plete EGFP open reading frame to the C terminus of the UL32
open reading frame of HCMV strain TB40, from which only
the last codon was removed. Due to the cloning strategy, one
amino acid exchange (K1054H) appeared at the C terminus of
the UL32 open reading frame, and six amino acids, encoded by
the multiple cloning site of the EGFP cloning vector, were
inserted between the C terminus of UL32 and the N terminus
of EGFP. The C terminus of the EGFP open reading frame

was then flanked by 1,622 nucleotides of the adjacent UL31
open reading frame in order to allow for homologous recom-
bination at the orthotopic site of the HCMV genome. Micro-
injection of the recombination plasmid UL32-EGFP/UL31
into HCMV-TB40-infected fibroblasts 2 days after infection
resulted in growth of recombinant UL32-EGFP-HCMV-TB40,
which was enriched by three subsequent plaque purifications.
The purity of the resulting virus preparation was confirmed by
limiting-dilution infections of fibroblast cultures and subse-
quent simultaneous immunofluorescence staining for HCMV-
pUL32 and EGFP. All infected cells expressed pUL32 and
EGFP in perfect colocalization (Fig. 1B). No cell that ex-
pressed pUL32 without expressing EGFP was detected, thus
indicating that plaque-purified preparations of UL32-EGFP-
HCMV-TB40 were free of any contaminating wild-type virus.
The sequence of the EGFP-flanking regions in the purified
recombinant virus strain UL32-EGFP-HCMV-TB40 was de-
termined (Fig. 1A), and this proved that the recombination
had occurred at the correct site.

The growth properties of UL32-EGFP-HCMV-TB40 were
tested by immunofluorescence analyses of viral antigen expres-
sion and by quantitative detection of virus progeny released
from infected fibroblast cultures. Viral IE, early, and late an-
tigens became detectable at 2, 24, and 48 h p.i., respectively
(Fig. 2A), thus closely resembling the antigen expression ki-
netics of wild-type HCMV. In single-step and multistep growth
curves, UL32-EGFP-HCMV-TB40 behaved identically to
wild-type HCMV with regard to the kinetics and maximum
titers of progeny virus (Fig. 2B and C). Furthermore, the lo-
calization of pUL32-EGFP in cells infected by UL32-EGFP-
HCMV-TB40 was identical to the localization of pUL32 in
cells infected by wild-type HCMV-TB40, thus ruling out the
possibility that green fluorescent signals observed during live
analyses could originate from EGFP polypeptides that might
have been cleaved from the pUL32-EGFP protein (Fig. 2D).

Although we cannot exclude slight differences in the level of
UL32 expression between wild-type virus and the recombinant
virus, there were at least no obvious differences in the pUL32
immunofluorescence patterns with regard to localization and
signal strength.

In conclusion, a recombinant UL32-EGFP-HCMV-TB40
was generated, which expressed green fluorescent pp150 from
the UL32 gene located in the orthotopic position. This recom-
binant virus did not differ from wild-type HCMV-TB40 with
regard to protein expression and viral growth.

Release of green fluorescent virus particles by UL32-EGFP-
HCMV-infected cells. In order to test whether the green fluo-
rescent pUL32 was actually incorporated in progeny virus par-
ticles of UL32-EGFP-HCMV-TB40, we further analyzed the
supernatants of infected-cell cultures. Cell-free preparations
harvested from infected fibroblasts at 7 days p.i. were incu-
bated with freshly seeded fibroblasts for 2 h at 4°C, a condition
that is known to allow for virus adsorption only. A concentra-
tion-dependent punctate cell surface pattern of green fluores-
cence was detected, resembling the pattern described previ-
ously after pUL32 immunostaining of fixed cells infected under
the same conditions (Fig. 3A) (25). Identical patterns of green
punctate fluorescence were obtained when adsorption experi-
ments were repeated with highly concentrated purified UL32-
EGFP-HCMV-TB40 virion particles harvested from glycerol-
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FIG. 1. (A) Flow chart of the generation of recombinant UL32-EGFP-HCMV-TB40. The boldface letter in the sequence indicates the amino
acid exchange (K1054H) at the C terminus of the UL32 open reading frame. (B) Colocalization of pUL32 (red) and EGFP (green) detected by
indirect-immunofluorescence assays in viral plaques after infection of fibroblasts with plaque-purified UL32-EGFP-HCMV-TB40.
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FIG. 2. Growth of recombinant UL32-EGFP-HCMV-TB40 in human foreskin fibroblasts. (A) Kinetics of viral antigen expression. Viral
immediate-early antigen (pUL122/123), early antigen (pUL44), and late antigen (pUL86) were detected in infected fibroblasts by indirect
immunofluorescence. The first time point of appearance is indicated. (B) Single-step growth curves of wild-type HCMV strain TB40 and the
recombinant HCMV strain UL32-EGFP-HCMV-TB40. Fibroblast cultures were infected at an MOI of 1, and infectious virus progeny in the
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tartrate gradients (MOI � 500), thus indicating that green
fluorescent pUL32 is incorporated in infectious virions (Fig.
3B). After infection with green fluorescent UL32-EGFP-
HCMV-TB40 particles, viral IE antigens were expressed as
indicated by indirect immunofluorescence of fixed cells (results
were identical to those in Fig. 2A), thus proving the infectivi-
ties of the respective virion preparations. On a single-particle
level, pUL32 signals and GFP signals were almost perfectly
colocalized in cells infected by UL32-EGFP-HCMV-TB40,
whereas cells infected by wild-type HCMV-TB40 showed only
pUL32 signals (Fig. 3C). In coinfection experiments, the two
strains could thus be discriminated (Fig. 3C).

The question of whether EGFP signals actually represent
virion particles was addressed by immunogold labeling of
EGFP and subsequent electron microscopy. Fibroblasts were
infected with highly concentrated gradient-purified UL32-
EGFP-HCMV-TB40 virion particles for 30 min. Ultrathin
cryosections were labeled with anti-GFP antibodies and silver-
enhanced ultrasmall gold and were analyzed by electron mi-
croscopy. This ultrastructural analysis demonstrated that
pUL32-EGFP is a component of virions and that single virion
particles but not aggregates of virions were attached to cells
(Fig. 3D). Additional proof of incorporation of pUL32-EGFP
into virus particles was obtained by comparative Western blot
analyses of cell-free virus particles from UL32-EGFP-HCMV-
TB40 and wild-type HCMV-TB40. When immunoblotting was
performed with monoclonal antibodies directed against
pUL32, a single band was detected with both virus prepara-
tions (Fig. 3E). Compared to wild-type virus, the pUL32 signal
of UL32-EGFP-HCMV-TB40 was shifted to a higher apparent
molecular weight, concordant with the assumption of fusion of
EGFP to pUL32. No wild-type pUL32 signal was detected in
UL32-EGFP-HCMV-TB40 preparations, further emphasizing
the purity of the recombinant virus. The final proof of the
purity of plaque-purified UL32-GFP-HCMV-TB40 was given
by PCR assays with a primer set that allowed for amplification
of a fragment reaching from the C terminus of UL32 to the C
terminus of UL31. In wild-type virus the length of the resulting
amplification product is 634 bp, whereas in the recombinant
virus the amplification product was calculated to be 1,378 bp in
length due to insertion of the complete EGFP open reading
frame. PCR assays of DNA preparations from wild-type virus
and recombinant virus displayed the expected shift in the frag-
ment length and demonstrated that no wild-type amplification
products could be generated from DNA preparations of
plaque-purified UL32-EGFP-HCMV-TB40 (Fig. 3F).

Kinetics of appearance and intracellular localization of
UL32-EGFP-HCMV particles during the replication cycle.
When UL32-EGFP-HCMV-TB40 was found to produce infec-
tious green fluorescent virions with growth properties identical
to those of wild-type virus, the next step was to analyze at what
time and at what localization green fluorescent HCMV parti-
cles can be detected during the replicative cycle. Live-imaging

analyses were done by sequential photography of infected fi-
broblast cultures in a fluorescence microscope. Cells were in-
fected at an MOI of 0.05 to ensure that they were infected by
a low number of input virus particles. As expected, after ad-
sorption and penetration, one to three virus particles were
detected per cell. At 40 h after infection, infected cells dis-
played a homogenous cytoplasmic green fluorescence signal
and a somewhat less intense nuclear green fluorescence signal.
On the background of these diffuse cytoplasmic and nuclear
fluorescence patterns, the more intense punctate signals of
virus particles could be discriminated, but these cells still did
not contain more than three punctate fluorescence signals,
which might have originated from input virus. At 44 h p.i. the
number of punctate signals per cell began to increase, indicat-
ing de novo generation of green fluorescent virus progeny. At
that time point the punctate signals were located predomi-
nantly at the nucleus (Fig. 4A). Subsequently, the numbers of
green fluorescent particles within the nucleus and cytoplasm
continuously increased, and the pattern changed to a predom-
inance of cytoplasmic accumulation of particles within several
hours (Fig. 4B to D).

Although it could not be determined from fluorescence im-
ages whether “nuclear” particles were located inside the nu-
cleus or at the nuclear membrane, the association of “nuclear”
particles with nuclear inclusions at later time points suggested
that at least part of these particles were located inside the
nucleus. Not only were punctate fluorescence signals colocal-
ized with nuclear inclusions as detected by phase-contrast mi-
croscopy, but nuclear inclusions also were always highlighted
by a homogeneous fluorescence signal. A homogeneous distri-
bution of the pUL32-EGFP protein in viral replication com-
partments combined with the appearance of green fluorescent
particles at these sites suggested that nascent viral particles
acquired the tegument protein pUL32 already in the nucleus
(Fig. 4E). This was an unexpected finding, and therefore this
aspect was further analyzed. For a more precise determination
of the localization of particles, confocal laser scanning micros-
copy of pUL32-EGFP immunofluorescence signals versus
lamin B immunofluorescence signals was performed. Numer-
ous punctate pUL32 immunofluorescence signals were found
within the nucleus (Fig. 4F), thus confirming the intranuclear
localization of particles as already suggested by live analyses of
green fluorescent particles. Intranuclear fluorescence signals of
pUL32-EGFP were almost perfectly colocalized with immuno-
fluorescence signals of the major capsid protein pUL86 (Fig.
4G), supporting the assumption that punctate fluorescence
patterns did not reflect accumulations of the isolated pUL32-
EGFP protein but actually represented tegumented virus par-
ticles. The ultrastructural localization of immunogold-labeled
pUL32-EGFP in nuclear replication compartments (Fig. 4H)
confirmed the immunofluorescence data by proving the asso-
ciation of pUL32-EGFP with nascent progeny virus capsids in
the nucleus. When immunogold analyses were done with an-

supernatants of infected cultures was determined daily by limiting-dilution analyses. (C) Multistep growth curves of wild-type HCMV strain TB40
and the recombinant HCMV strain UL32-EGFP-HCMV-TB40. Fibroblast cultures were infected at an MOI of 0.08, and infectious virus progeny
in the supernatants of infected cultures was determined daily by limiting-dilution analyses. (D) Subcellular colocalization of pUL32 (red) and
EGFP (green) detected by indirect-immunofluorescence assays in infected fibroblasts 4 days after infection with UL32-EGFP-HCMV-TB40. For
comparison, the inset displays subcellular localization of pUL32 (red) in infected fibroblasts 4 days after infection with wild-type (wt) HCMV-TB40.
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tibodies against pUL32 instead of anti-GFP antibodies, the
results were identical (data not shown). The colocalization of
pUL32-EGFP with capsids in nuclear replication compart-
ments further indicated that incorporation of pUL32 into nas-
cent HCMV particles occurred simultaneously with or imme-
diately after assembly of the capsid.

Live imaging of particle movements in infected fibroblasts
during the viral replication cycle. The dynamics of HCMV
particle movements in infected HFF were then analyzed by
sequential fluorescence microscopic photography. To docu-
ment the movements of single particles, time frames of 1, 2, or
4 s were chosen.

In general, almost all intracellular virus particles were in
motion, irrespective of whether penetrated input virus or newly
synthesized progeny virus was analyzed. The majority of mov-
ing particles performed small irregular movements in place,
whereas only a small fraction performed saltatory movements
of about 2 to 16 �m in length. Saltatory movements occurred
in both centripetal and centrifugal directions at speeds of 0.79
(range, 0.24 to 1.82) and 0.76 (0.27 to 1.98) �m/s, respectively.
The distance of single movement events was 6.96 (2.14 to
15.40) and 6.13 (2.75 to 16.30) �m, respectively (Fig. 5C). If
particles performed multiple saltations in the same direction,
long-distance translocations could result. If a certain particle
performed saltations of alternating direction, this resulted in
back-and-forth movements. As an exception, certain sites
within the nuclear inclusion seemed to contain accumulations
of stationary particles. The movement pattern within an in-
fected cell seemed to be rather chaotic, and a predominating
process could not be identified during any phase of viral rep-
lication.

In particular, we have investigated cells at 1 h p.i., at a stage

FIG. 3. Microscopic and biochemical analysis of green fluorescent
virus UL32-EGFP-HCMV particles. (A) Detection of green fluores-
cent UL32-EGFP-HCMV-TB40 particles in cultured fibroblasts by
merge of fluorescence and phase-contrast micrographs under condi-
tions of viral adsorption. (B) Detection of gradient-purified UL32-
EGFP-HCMV-TB40 virions in cultured fibroblasts by merge of fluo-
rescence micrograph and DAPI stain under conditions of viral
adsorption. (C) Detection of GFP and pUL32 in infected fibroblasts at
1 h after infection with UL32-GFP-HCMV-TB40 or HCMV-TB40 or
a mixture of both virus strains. Almost all UL32-GFP-HCMV-TB40
particles are detected by the GFP antibody. In contrast, no wild-type
particles are detected by the GFP antibody, proving the specificity of
the staining. In coinfections, the different strains can by discriminated.
(D) Ultrastructural localization of the pUL32-EGFP fusion protein
after adsorption of gradient-purified UL32-EGFP-HCMV-TB40 viri-
ons or wild-type virions to cultured fibroblasts. EGFP was detected by
immunogold labeling on ultrathin cryosections. (E) Immunoblotting of
protein lysates of UL32-EGFP-HCMV-TB40-particles versus wild-
type HCMV-TB40 particles, using a primary antibody against pUL32.
(F) Detection of PCR amplification products specific for wild-type
virus (634 bp) and recombinant virus (1,378 bp) in DNA preparations
from wild-type HCMV-TB40 and recombinant UL32-EGFP-HCMV,
using a primer pair spanning the UL31-UL32 transition region.
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FIG. 4. Kinetics of appearance and intracellular localization of UL32-EGFP-HCMV-TB40 particles during the replication cycle. (A to D)
Appearance of green fluorescent particles in a living infected fibroblast at 44 h (A), 48 h (B), 50 h (C), and 51 h (D) after infection at an MOI
of 0.05. (E) Subcellular localization of green fluorescent particles displayed by an overlay of fluorescence microscopy and phase-contrast
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microscopy of a living infected cell at 65 h p.i. (F) Subcellular localization of green fluorescent particles as detected by confocal laser scanning
microscopy of an acetone-fixed infected cell at 72 h p.i. Indirect immunofluorescence of lamin B (Cy3, red) and EGFP (Alexa 488, green) versus
DNA staining (DAPI, blue) is shown. (G) Intranuclear colocalization of the tegument protein pUL32 and the major capsid protein pUL86 by
confocal laser scanning microscopy of a paraformaldehyde-fixed infected cell at 72 h p.i. The native fluorescence of pUL32-EGFP is displayed
versus indirect immunofluorescence of pUL86 (Cy3, red) and DNA staining (DAPI, blue). (H) Ultrastructural localization of the pUL32-EGFP
fusion protein. Fibroblast cultures at 4 days after infection with UL32-EGFP-HCMV-TB40 or with wild-type virus were fixed and cryosectioned.
EGFP was detected by immunogold labeling on ultrathin cryosections. Examples of viral capsids with associated pUL32-EGFP are indicated by
arrowheads.
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FIG. 5. Live imaging of particle movements in fibroblasts infected by UL32-EGFP-HCMV-TB40 as documented by time-lapse fluorescence
microscopy. (A) Centripetal and centrifugal movements in fibroblasts 1 h after infection at an MOI of 10. White arrows, actual position of the
particle; gray arrows, starting point of the particle. Selected frames from videos are shown. (B) Particle movements in an infected cell at 4 days
after infection at an MOI of 0.1. The light gray arrow points to a particle moving parallel to the cell margin. The black arrow points to the
perinuclear aggregation site. The dark gray arrow indicates the starting point of a particle appearing to be leaving the nucleus. The paired white
arrows indicate routes of saltatory movements. (C) Statistical analysis of particle movements in fibroblasts 3 days after infection with UL32-
EGFP-HCMV-TB40. (D) Time-lapse series suggestive of release of a particle at the cell periphery of a fibroblast at 4 days after infection at an
MOI of 0.1. Selected frames from a video are shown.
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after about 2 days of infection, when progeny virus appeared,
and at a late stage of infection when numerous progeny virus
particles were present. During the initial phase of high-dose
infections (MOI � 10), both centripetal and centrifugal salta-
tory movements could be observed with a subset of input
particles, whereas most input particles performed irregular
movements at their position (Fig. 5A and data not shown).
Although no predominance of centripetal movements was
found in fibroblasts during observation periods of about 500 s,
an overall aggregation of particles at perinuclear sites occurred
after several hours. At about 2 days after low-dose infection,
the number of particles within infected cells increased, reflect-
ing the generation of progeny virus. Emerging virus particles
were first located in the inclusions of the nucleus but were soon
also detectable within the cytoplasm (Fig. 4), where they ag-
gregated at perinuclear sites during late stages of infection.

During the late stage of infection, all kinds of movement as
characterized for the initial phase of infection were also
present (Fig. 5B and data not shown). In particular, particles
seemed not to be destined for efficient egress from the cell. A
subset of particles reached the periphery of the cell by irregular
movements rather than by directed long-distance movements.
Some of these particles performed back-and-forth movements
parallel to the cell margins. However, during a 300-s observa-
tion sequence with a time frame of 2 s, events suggestive of
particle release were a rare singular finding (Fig. 5D and data
not shown). Moreover, when late-stage infected cells were
cocultured with an excess of uninfected cells, cell-to-cell trans-
mission also could not be demonstrated unequivocally within
sequences of 300 s at a time frame of 2 s although numerous
particles were produced by these late-stage infected cells (data
not shown). Together these findings strongly indicated that
release of virions from late-stage infected cells is not a directed
efficient process that would apply for the majority of cytoplas-
mic particles. In summary, various kinds of short-distance or
long-distance movements with different directions occurred
simultaneously throughout the viral life cycle without a clear
predominance of a certain pattern at any time point.

DISCUSSION

Proper translocations within infected cells are critical events
at various points during the replication cycle of viruses. In
particular this applies to herpesviruses, which are known to
replicate their DNA and assemble their 100-nm large capsids
in the nuclei of infected cells. Thus, successful herpesviral
replication depends on penetration into the cell across the
actin cortex, centripetal transport towards the nucleus, egress
of viral progeny capsids from the nucleus, centrifugal transport
towards the cell periphery, and egress through the cell cortex.
At present, most of these events are poorly understood. Al-
though general shifts in the number and location of virus par-
ticles can be documented by the staining of fixed infected-cell
cultures at different time points after infection, there are lim-
itations of such an approach that will prevent more detailed
insights. In particular, analyses of fixed cell cultures do not
allow for (i) sequential analyses of a single cell, (ii) tracking of
individual virus particles, and (iii) documentation of narrow
time frames. Such information can best be achieved by live
analysis of cells infected by fluorescence-tagged virus. Here we

report the generation of green fluorescent human cytomega-
lovirus particles expressing the tegument protein pp150
(UL32) as an EGFP fusion protein.

As a target for EGFP fusion, we chose the viral tegument
protein pp150 (UL32) for several reasons. We had successfully
stained virus particles during viral entry and nuclear transport
by indirect immunostaining of pUL32 (25). Evidence from
biochemical binding studies indicated that pUL32 binds di-
rectly and strongly to capsids (1, 2). Steric constraints caused
by an EGFP tag were expected to be better tolerated when
EGFP was fused to a capsid-associated tegument protein
rather than to a capsid protein itself. As pUL32 binds to the
capsid through its amino one-third (1), the carboxy terminus
was expected to be free and appeared to be an ideal target for
EGFP fusion. In order to cause as little alteration of the viral
genome as possible, the EGFP gene was fused to the UL32
gene directly before the last codon at the autologous position
without introducing any further selection marker. Microinjec-
tion of a purified recombination fragment (consisting of the
UL32 open reading frame truncated by one codon, the coding
sequence of EGFP, and 1,622 bp of the UL31 open reading
frame) into infected fibroblasts during the early phase of rep-
lication resulted in the appearance of green fluorescent foci of
infected cells, from which recombinant UL32-EGFP-HCMV-
TB40 could be enriched by three sequential plaque purifica-
tions. Limiting-dilution infections with plaque-purified virus
preparations and subsequent simultaneous immunofluores-
cence of pUL32 and EGFP revealed that all infectious units
within the preparation expressed EGFP. Immunoblotting of
virion proteins of UL32-EGFP-HCMV-TB40 with a pUL32-
specific antibody demonstrated the lack of wild-type pUL32
and the expected shift of the fusion protein towards a higher
apparent molecular weight. Enzymatic DNA amplification
with wild-type-specific sequences further confirmed that
plaque-purified preparations of UL32-EGFP-HCMV-TB40
were free of contaminating infectious wild-type virus.

The recombinant UL32-EGFP-HCMV-TB40 appears to ex-
press viral proteins and produce progeny virus with kinetics
and titers similar to those of wild-type HCMV TB40. In par-
ticular, pUL32-EGFP is expressed with the same kinetics and
with the same subcellular localization as wild-type pUL32, and
all EGFP signals are colocalized with pUL32 signals. Infec-
tious progeny virions released from infected cells displayed
green fluorescence when analyzed as free extracellular parti-
cles and during adsorption and entry in fibroblast cultures.
Ultrastructural immunogold analyses demonstrated the incor-
poration of pUL32-EGFP into progeny virion particles. In
conclusion, fusion of EGFP to the carboxy terminus of
HCMV-pUL32 was successful and resulted in green fluores-
cent HCMV with growth properties that were indistinguish-
able from those of wild-type virus. When applied in live-imag-
ing approaches, this virus will enable live analyses of various
kinds of translocations of viral particles during the replicative
cycle.

As a first application of UL32-EGFP-HCMV-TB40, we have
analyzed the kinetics and localization of acquisition of pUL32
by newly synthesized HCMV particles during the late phase of
infection. Surprisingly, the first pUL32-containing particles ap-
peared within the nucleus, indicating that binding of pUL32 to
the capsid is an early step of the tegumentation, which occurs
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before particles reach the nuclear membrane or lamina. The
lack of nuclear pUL32 signals in an earlier study (24) might be
due to limited sensitivity of the staining technique or to the
usage of antibodies that might miss the nuclear form of pUL32.
Consistent with our results, the nuclear localization of pUL32
has been demonstrated by Hensel et al. (9). In principle,
pUL32 might thus be important for any of the subsequent
steps, including transportation towards the nuclear lamina,
egress from the nucleus, and regulation of the following tegu-
mentation events within the cytoplasm. Targeted introduction
of mutations into the pUL32 part of the UL32-EGFP fusion
gene will now allow for a detailed analysis of pUL32 functions
in the context of viral morphogenesis and egress.

In addition, we have analyzed the intracellular movements
of green fluorescent particles during the late phase of infec-
tion, when morphogenesis and egress from the infected cell
take place. Again the results were surprising, as time-lapse
series of micrographs indicated a variety of different particle
movements with an almost chaotic appearance rather than the
predominance of any directed translocation pattern. In partic-
ular, most particles within the cytoplasm performed short-
distance back-and-forth or irregular movements, while a
smaller fraction of particles performed centripetal and centrif-
ugal long-distance movements or moved along the margins of
the infected cell. Only very few events suggestive of particle
release at the cell borders have been documented. Taken to-
gether, the particle movements observed in productively in-
fected cells do not support the assumption of an effective
egress of progeny virus during the late stage of infection.
Rather, release of virus by infected cells seems to be a rare
event. It is noteworthy, however, that this is in concordance
with the quantitative aspects of HCMV production by infect-
ed-cell cultures. A culture of 4 � 106 late-stage infected fibro-
blasts produces about 108 infectious units per day, which cor-
responds to about 1 infectious unit per cell per h. On the basis
of this calculation it is not surprising that release of green
fluorescent particles from infected cells was a rare event in our
analysis.

Regarding the nature of the movements that were observed,
the short-distance movements performed by the majority of
particles could reflect active transportation of particles by the
cellular transport machinery, movements of cellular vesicles
associated with virus capsids during the process of tegumenta-
tion and envelopment, or passive Brownian dynamics along
with the surrounding cytoplasm. The long-distance movements
cannot be explained by passive movements together with the
surrounding cytoplasm but are reminiscent of active transpor-
tation along microtubular structures with regard to their mean
apparent velocity of about 0.7 to 0.8 �m/s and peak velocities
of 2 �m/s. In nerve axons, higher mean velocities of about 2
�m/s have been reported for pseudorabies virus (27). In the
cytoplasm of epithelial cells, however, adenoviruses moved at a
velocity of about 0.5 �m/s, with peak velocities of about 2 �m/s
in both directions (31). Likewise, vaccinia viruses were re-
ported to move in epithelial cells at velocities of about 0.5 �m/s
(7). In an in vitro system the velocities of microtubule-based
dynein-mediated and kinesin-mediated transport were 0.7 and
1.0 �m/s, respectively (13). The movements described here for
EGFP-tagged HCMV particles are therefore consistent with
the assumption of microtubule-based motility. Although it is

unclear whether naked capsids or enveloped particles are
transported, this indicates that the virus might use the cellular
transportation machinery in order to reach the periphery of the
cell. Whereas a number of particles actually are translocated
towards the cell periphery and particle movements along the
cell margins were frequently detected, egress from the cell
seems to be inefficient. It will now be interesting to study
whether egress from the cytoplasm is hampered by the physical
barrier formed by actin cortex or by difficulties performing the
energy-consuming fusion of membranes.

In summary, a green fluorescent HCMV variant is now avail-
able, enabling live analyses of viral particle translocations dur-
ing various steps of the viral replication cycle. From such de-
scriptive studies novel aspects of HCMV entry and
morphogenesis will arise and can be subjected to detailed cell-
biological or biochemical analyses in the future.
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