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Many steps in the replication cycle of cytomegalovirus (CMV), like cell entry, capsid assembly, and egress
of newly synthesized virions, have not been completely analyzed yet. In order to facilitate these studies, we
decided to construct a recombinant CMV that incorporates the green fluorescent protein (GFP) into the
nucleocapsid. A comparable herpes simplex virus type 1 (HSV-1) mutant has recently been generated by fusion
of the GFP open reading frame (ORF) with the HSV-1 ORF encoding small capsid protein (SCP) VP26 (P.
Desai and S. Person, J. Virol. 72:7563–7568, 1998). Recombinant CMV genomes expressing a fusion protein
consisting of GFP and the SCP were constructed by the recently established bacterial artificial chromosome
mutagenesis procedure. In transfected cells, the SCP-GFP fusion protein localized to distinct foci in the
nucleus that may represent sites for capsid assembly (assemblons). However, no viable progeny was reconsti-
tuted from these mutant CMV genomes. CMV genomes with deletion of the SCP ORF also did not give rise to
infectious virus. Rescue of the mutation by insertion of the SCP gene at an ectopic position in an SCP knockout
genome indicates that, in contrast to the HSV-1 SCP, the CMV SCP is essential for viral growth. Expression
of the SCP-GFP fusion protein together with the authentic SCP blocked the CMV infection cycle, suggesting
that the SCP-GFP fusion protein exerts a dominant-negative effect on the assembly of new virions. The results
of this study are discussed with regard to recently published data about the structure of the CMV virion and
its differences from the HSV-1 virion.

Human cytomegalovirus (HCMV) is a pathogen of world-
wide importance that is the leading infectious cause of birth
abnormalities and a major risk factor for immunocompromised
patients, e.g., transplant patients (6). Although the DNA se-
quence of the HCMV genome was determined more than 10
years ago (10) and many of the structural proteins have been
identified and characterized in the meantime (for reviews, see
references 17, 21, and 28), many questions remain about the
replication cycle of HCMV in tissue culture and all the more in
vivo. In particular, the early events of the replication cycle, like
binding of the virion to the not yet identified receptor, uptake
into the cell, uncoating, transport of the capsid to the nuclear
pores, and release of the viral genome into the nucleus, have
been only poorly examined. Similarly, egress of nucleocapsids
from the nucleus and especially the site of envelopment of the
tegumented nucleocapsids have been matters for debate al-
though there is growing evidence that the HCMV nucleocap-
sids acquire their final envelope in a cytoplasmic compartment
that may be connected to the trans-Golgi network (26, 27). We
reasoned that a fluorescence-labeled HCMV virion will greatly
facilitate studies on the viral infection cycle in living cells. Such
a tool can also help in the re-evaluation of the tropism of CMV
for various cell types.

The HCMV virion has a complex architecture that is com-
mon to all herpesviruses (25). The large, double-stranded
DNA genome (230 kbp) is packed within the capsid, which has

icosahedral symmetry. The nucleocapsid is enclosed by a pro-
teinaceous layer, which is referred to as the tegument, sur-
rounded by a lipid-rich envelope containing various viral gly-
coproteins. Since the envelope is lost upon entry into the cell
and the tegument proteins may be rapidly distributed in the
cytoplasm, it was desirable to label the capsid, although there
might be structural constraints concerning the possibility of
modifying capsid proteins. The HCMV capsid is made up of at
least four proteins (17): the major capsid protein (UL86, 154
kDa), the minor capsid protein (UL85, 35 kDa), the minor
capsid protein-binding protein (UL46, 33 kDa), and the small
capsid protein (SCP, UL48/49), which is only about 8.5 kDa in
size (2, 18). The HCMV SCP is the homologue of the herpes
simplex virus type 1 (HSV-1) VP26 protein (18). As with
HSV-1 and other human herpesviruses (HHVs), like HHV-6
and HHV-7, the open reading frame (ORF) encoding the SCP
(UL48/49) is located directly adjacent but in complementary
orientation to the largest ORF of the viral genome (UL48) and
gives rise to a small protein with a basic pI value (18). Ultra-
structural analyses of CMV capsids (8) and virions (11, 29)
showed that the HCMV SCP is located at the tips of the
hexameric capsomers, like its counterpart VP26 on the HSV-1
capsid (3, 34). VP26 is nonessential for growth of HSV-1 in cell
culture (14), and the ORF for the green fluorescent protein
(GFP) was successfully fused in frame to the HSV-1 ORF
encoding VP26 (UL35), resulting in a recombinant HSV-1 that
expresses a VP26-GFP fusion protein (15). This fusion protein
was incorporated into the HSV-1 capsid and into infectious
virions. Using the recently established bacterial artificial chro-
mosome (BAC) mutagenesis technique (1, 4, 7, 19, 30), we
constructed HCMV and mouse CMV (MCMV) genomes that
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encode a fusion protein consisting of SCP and GFP. Surpris-
ingly, these CMV genomes did not give rise to infectious virus
upon transfection into permissive cells. A more thorough ge-
netic analysis indicated that, in contrast to VP26 of HSV-1, the
CMV SCP is essential for viral growth.

MATERIALS AND METHODS

Virus and cells. The HCMV and MCMV strains used in this study were
BAC-derived recombinant viruses RV-HB5 (4) and MW97.01 (30), respectively.
Human foreskin fibroblasts (HFF) were prepared from surgical material and
cultured as previously described (4). The telomerase-immortalized human retina
pigment epithelial (RPE) cell line (Clontech, Palo Alto, Calif.) was cultured in
Dulbecco’s modified Eagle medium/Nut-Mix F12 with 15 mM HEPES (GIBCO-
BRL) supplemented with 5% fetal calf serum (GIBCO-BRL), 2 mM glutamine,
0.348% sodium bicarbonate, 100 U of penicillin per ml, and 100 mg of strepto-
mycin sulfate per ml. Mouse NIH 3T3 cells (ATCC CRL1658) were grown in
Dulbecco’s modified Eagle medium supplemented with 10% newborn calf serum
(GIBCO-BRL), 2 mM glutamine, 100 U of penicillin per ml, and 100 mg of
streptomycin sulfate per ml.

Plasmids. For construction of plasmid pUC-CKgfp, a 1,688-bp KpnI fragment
(nucleotides [nt] 69635 to 71323 of the published HCMV sequence [10]) was
excised from cosmid pCM1049 (16) and cloned into the KpnI site of pUC19,
resulting in plasmid pUC1049. The kanamycin resistance marker from plasmid
pCP15 (12) was then inserted into a StyI site (equivalent to nt position 70170 of
the HCMV genome [10]) of pUC1049, yielding plasmid pUC-CK. The GFP
ORF without the ATG start codon was amplified from plasmid pEGFP-C1
(Clontech) using primers capsidgfp.for (59-CCG TGG GTC CCC CGG ACT
TGT ACA GCT CGT CCA T-39) and capsidgfp.rev (59-CGC CGG GAC CCG
TGA GCA AGG GCG AGG AGC TGT T-39), which contain PpuMI restriction
enzyme sites (underlined). The PCR fragment was cloned into the PpuMI re-
striction site of pUC-CK (equivalent to HCMV nt position 70385 [10]), resulting
in pUC-CKgfp.

In order to insert the gene for SCP at an ectopic position in the HCMV
genome, plasmid pCapek was constructed. An 8.7-kbp HindIII fragment (nt
17243 to 25921 of the HCMV genome [10]) containing UL13 was isolated from
cosmid pCM1050 (16) and cloned into the HindIII restriction site of pUC19,
yielding pUC1050. A PCR fragment containing the gene for SCP and the kana-
mycin resistance marker was amplified from pUC-CK using primers capek.for
(59-GGG CTC GAG TTA CAA AAC AAC GTA TCA CTT TCA CGG TGA-
39) and capek.rev (59-GCG CTC GAG CAA AAC TTT CCG CTC AAC TCG
ATG TTC TA-39), which provide XhoI restriction enzyme sites (underlined), and
cloned into the XhoI site (equivalent to nt position 20705 of the HCMV genome
[10]) of pUC1050.

Plasmid pCapgfpek was constructed for ectopic expression of the SCP-GFP
ORF. Primers capek.for and capek.rev (see above) were used to amplify a DNA
fragment that contains the GFP-SCP ORF and the kanamycin resistance marker
from pUC-CKgfp. The resulting PCR product was cloned in the XhoI restriction
site of pUC1050.

For construction of an MCMV genome encoding an SCP-GFP fusion protein,
two PCR fragments (nt 73051 to 73560 and nt 73561 to 74530 of the MCMV
genome [23]) were amplified from MCMV BAC plasmid pSM3fr (30) using
primer pairs 73051.for-73560.rev (59-CCG GAA TTC ACG ATG CGG ATG
ATC CCC CAC-39 and 59-GCG GGA TCC GAT ATC GAC ACA CAT ACA
GAA AAA TAA AAC-39) and 73561.for-74530.rev (59-CGC GGA TCC TTA
TTG TAT GAC GGT GGC TTT TTT AG-39 and 59-GGG AAG CTT GTG
CTC GAG GCC ATC CTC TGT GAC-39) and cloned between the EcoRI and
HindIII sites of pUC19. The GFP ORF without the start codon was amplified by
PCR from pEGFP-C1 (Clontech) using primers EGFPSalI.for (59-ACG CGT
CGA CCA ACG TGA GCA AGG GCG AGG AGC TG-39) and EGFPSalI.rev
(59-GCG TGT CGA CTT GTA CAG CTC GTC CAT GCC GAG-39), both of
which contain SalI sites (underlined), and cloned into the SalI site at the begin-
ning of ORF m48.2 (nt position 73860 of the MCMV genome [23]). The kana-
mycin resistance marker from plasmid pCP15 was inserted into an EcoRV site a
few nucleotides downstream of the stop codon of the SCP-GFP ORF, resulting
in plasmid pSCP-GFP-Kan.

Mutagenesis. CMV BAC plasmids were mutated by homologous recombina-
tion in Escherichia coli using a recently described mutagenesis procedure (1, 22,
32). Briefly, linear recombination fragments were isolated from plasmids pUC-
CKgfp, pCapek, and pCapgfpek after digestion with KpnI and PshAI, respec-
tively, and electroporated into E. coli JC8679 that contained the parental HCMV
BAC plasmid. E. coli clones were selected on agar plates containing chloram-

phenicol (20 mg/ml) and kanamycin (25 mg/ml). Mutated CMV BAC plasmids
were analyzed by digestion with at least two different restriction enzymes, fol-
lowed by separation of the DNA fragments on a 0.7% agarose gel and staining
with ethidium bromide. Successfully mutated BAC plasmids were transformed
into recA-negative E. coli strain DH10B for stable maintenance. For deletion of
the UL48/49 ORF from HCMV BAC plasmids pHB5 (4) and pHB5-GFP (5), a
PCR fragment with a kanamycin resistance marker from pACYC177 (9) was
amplified using primers capko.for (59-CAA AAC AAC GTA TCA CTT TCA
CGG TGA TTT ATT CTT GCT ATT CCT TTT CCC CTT GGG CTG CCA
CGT CGT GGA ATG CCT TCG AAT T-39) and capko.rev (59-GCA GCG
GCT TCC TCT TCG TCC TCC CCC CAC GGC CTG CCC CAT GTC TAA
CAC CGC GCC GGG A CT ACA AGG ACG ACG ACG ACA AGT AA-39).
The primers provided 60 nt of viral sequences at their 59 ends that were required
for homologous recombination between the PCR fragment and the HCMV BAC
plasmid. Mutagenesis of MCMV BAC plasmid pSM3fr (30) was performed in an
analogous way using an EcoRI/XhoI fragment from plasmid pSCP-GFP-Kan that
contained the SCP-GFP ORF and the kanamycin resistance marker flanked by
viral sequences required for recombination. The Flp recognition target site
(FRT)-flanked kanamycin resistance marker was excised from the CMV BAC
plasmids by site-specific recombination in E. coli DH10B using Flp recombinase
essentially as previously described (1, 12).

Viral nucleic acid isolation and cell transfection. Large quantities of BAC
plasmid DNA were obtained from 500-ml E. coli overnight cultures using
Nucleobond PC 500 columns (Macherey-Nagel, Düren, Germany) and following
the manufacturer’s instructions. Viral DNA was isolated from HCMV virions as
follows. The supernatant of infected HFF cells was harvested when the cultures
reached a 90% cytopathic effect (CPE), and cellular debris was separated by
centrifugation in a Heraeus centrifuge (10 min, 2,000 rpm). The supernatant was
filtered through 0.45-mm-pore-size filters, and virions were pelleted by centrifu-
gation for 2 h at 25,000 rpm in an SW28 rotor. The pellet was resuspended in 50
mM Tris-HCl (pH 8.0)–1 mM MgCl2–100 mg of bovine serum albumin per ml,
and 100 U of Benzonase (Merck, Darmstadt, Germany) per ml was added. After
1 h of incubation at room temperature, EDTA was added to a final concentration
of 20 mM and virions were disrupted by addition of sodium dodecyl sulfate (final
concentration, 0.5%), followed by proteinase K digestion (500 mg/ml) for 3 h at
56°C. DNA was extracted with phenol-chloroform and precipitated with isopro-
panol.

Two micrograms of HCMV BAC plasmid DNA was transfected into RPE cells
that had been seeded into six-well dishes 1 day before transfection (105 cells per
well) using the Superfect transfection reagent (Qiagen, Hilden, Germany) in
accordance with the instructions of the manufacturer. At 7 days after transfec-
tion, the RPE cells were split into 10-cm-diameter dishes and cultured until the
cells became confluent. The supernatant of the transfected cells was then trans-
ferred to HFF cells, and the cells were cultivated until a complete CPE was
observed in the samples that received supernatant from the control transfections.
MCMV BAC plasmids were transfected into NIH 3T3 fibroblasts using the
Superfect transfection reagent. All transfection experiments were done in trip-
licate.

RESULTS

Construction of an HCMV genome encoding an SCP-GFP
fusion protein. For HSV-1, it has been shown that the GFP
ORF can be fused in frame with the HSV-1 UL35 ORF (15).
The resulting fusion of GFP and the smallest capsid protein
(VP26) of HSV-1 was incorporated into the HSV-1 capsid and
into infectious virions. We wanted to generate a similar
HCMV mutant because a GFP-labeled CMV capsid would
greatly facilitate the monitoring of various steps in the repli-
cation cycle of HCMV in living cells.

Assuming that the SCP of HCMV has a structure similar to
that of the HSV-1 VP26 protein, we decided to insert the GFP
at the amino terminus of the HCMV SCP (Fig. 1) because
GFP was successfully inserted at this position of HSV-1 VP26
(15). Construction of an HCMV genome that encodes an SCP-
GFP fusion protein was performed in E. coli using the BAC
mutagenesis procedure (4, 19) with the recently described
modifications (1, 22, 32). To this end, we constructed plasmid
pUC-CKgfp, which contains the HCMV UL48/49 ORF and
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flanking homologies required for recombination into the
HCMV genome. The GFP ORF without the ATG start codon
was inserted in frame at a PpuMI restriction enzyme site after
codon 8 of the UL48/49 ORF (Fig. 1). Thus, the encoded
SCP-GFP fusion protein contains 8 amino acids (aa) of the
SCP at the N terminus, followed by 240 aa of GFP and 69 aa
of the SCP (Fig. 1). A kanamycin resistance marker flanked by
FRT sites was inserted a few nucleotides downstream of the
stop codon of the ORF in order to provide a selection principle
for integration of the SCP-GFP ORF into the cloned HCMV
genome. The SCP-GFP-kanamycin resistance fragment was
transferred to BAC plasmid pHB5 (Fig. 2A, line 1) (4) by
homologous recombination in E. coli as described in Materials
and Methods, resulting in plasmid pHB5::SCP-GFP-Kan (Fig.
2A, line 2). The mutant HCMV BAC plasmid was analyzed by
restriction enzyme digestion with EcoRV (Fig. 2B). After in-

sertion of the SCP-GFP ORF and the kanamycin resistance
cassette, two EcoRV fragments of 4.2 and 9.4 kbp of parental
BAC plasmid pHB5 were replaced with 5.5- and 10.2-kbp
fragments (Fig. 2B, compare lanes 1 and 2). The new 10.2-kbp
fragment migrates together with another EcoRV fragment of
10.1 kbp, leading to a double band in Fig. 2B, lane 2. Since
insertion of the kanamycin resistance marker may result in
destabilization of viral transcripts or interfere with correct ter-
mination, we wanted to keep the modification of the mutant
HCMV genome as small as possible. Therefore, the kanamycin
resistance marker was excised by site-specific recombination
using Flp recombinase (1, 12). Flp recombinase-mediated ex-
cision in E. coli utilizing the FRT sites that flank the kanamycin
resistance marker (12) led to BAC plasmid pHB5::SCP-GFP
(Fig. 2A, line 3). Accordingly, the 5.5-kbp EcoRV fragment of
BAC plasmid pHB5::SCP-GFP-Kan was replaced with a 4.1-
kbp fragment in BAC plasmid pHB5::SCP-GFP (Fig. 2B, com-
pare lanes 2 and 3). Sequencing of pHB5::SCP-GFP verified
that no additional mutations had occurred in the SCP ORF
and the flanking regions provided for homologous recombina-
tion during the cloning-and-mutagenesis procedure. Taken to-
gether, these data confirm the successful generation of an
HCMV BAC plasmid encoding an SCP-GFP fusion protein.

The HCMV BAC plasmid expressing an SCP-GFP fusion
protein is not infectious. For reconstitution of mutant HCMV,
recombinant BAC plasmid pHB5::SCP-GFP encoding the
SCP-GFP fusion protein was transfected into an RPE cell line.
We used RPE cells because we found that they can be trans-
fected much more efficiently with HCMV BAC plasmids than
can the primary cells, like HFF, that are commonly used for
propagation of HCMV. In addition, we observed that RPE
cells can be productively infected with HCMV and that infec-
tious virus is released into the supernatant (data not shown).
Since plaque formation is sometimes difficult to discover on
RPE cells, we usually transfer the supernatant of the trans-
fected RPE cells to HFF cells in order to detect any infectious
virus and to grow the virus reconstituted from the BAC plas-
mids to high titers.

Two days after transfection, RPE cells that took up the BAC
plasmid displayed a punctate green fluorescence that was lo-
cated exclusively in the nucleus (Fig. 3). The fluorescence was
stable for up to 2 weeks but neither changed to form a homo-
geneous pattern throughout the cells nor spread to adjacent
cells. When plasmid pUC-CKgfp containing the gene for the
SCP-GFP fusion protein was transfected, a faint green fluo-
rescence, distributed throughout the cell, was seen (data not
shown). We concluded from this observation that in the ab-
sence of other viral proteins, the SCP-GFP fusion protein is
not retained in the nucleus. The punctate green fluorescence
seen after transfection of BAC plasmid pHB5-SCP-GFP sug-
gested that the SCP-GFP fusion protein is still able to interact
with other viral proteins. The labeled structures may represent
sites where proteins involved in capsid assembly aggregate and
assemble to form new viral capsids (assemblons [31]). How-
ever, assembly or egress of nucleocapsids may be blocked since
no fluorescence was observed in the cytoplasm of transfected
cells.

In order to examine if infectious virus was released from the
transfected cells, the supernatant of the RPE cells was trans-
ferred to HFF. By microscopical inspection, we could not de-

FIG. 1. Alignment of the amino acid sequences of the HCMV
(upper line) and MCMV (lower line) SCPs. Identical (vertical lines)
and conserved (colons) residues and the sites of GFP insertion into the
SCPs are indicated. Amino acid positions are on the right. Dots indi-
cate gaps that were introduced into the MCMV SCP sequences to
achieve optimal alignment.

FIG. 2. Construction of HCMV BAC plasmids encoding an SCP-
GFP fusion protein (A) and structural analysis of the mutated BAC
plasmids (B). (A) Structure of the genomic region of the HCMV BAC
plasmids containing the SCP ORF (diagram 1) or the SCP-GFP ORF
(diagrams 2 and 3). The arrow indicates the orientation of the SCP
ORF. The kanamycin resistance marker (Kan) was excised from
BAC plasmid pHB5::SCP-GFP-Kan (diagram 2) by Flp recombinase-
mediated site-specific recombination, resulting in BAC plasmid
pHB5::SCP-GFP (diagram 3). Fragment sizes are indicated in kilobase
pairs below each diagram. (B) DNA of the HCMV BAC plasmids was
digested with EcoRV, separated on a 0.7% agarose gel, and stained
with ethidium bromide. The sizes of the EcoRV fragments character-
istic of parental BAC plasmid pHB5 (lane 1) and mutant BAC plas-
mids pHB5::SCP-GFP-Kan (lane 2) and pHB5::SCP-GFP (lane 3) are
indicated.
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tect any green fluorescence in HFF cells and plaque formation
was not observed on the fibroblasts. In contrast, when the
supernatant of control transfections with parental BAC plas-
mid pHB5 was transferred to HFF cells, viral plaques appeared
and the infection readily spread throughout the cultures. These
findings suggested that BAC plasmid pHB5::SCP-GFP does
not give rise to a viable HCMV mutant.

An MCMV genome expressing an SCP-GFP fusion protein
is not infectious. The MCMV SCP and the HCMV SCP show
amino acid homology, especially at their carboxy termini (Fig.
1). The amino terminus of the MCMV SCP is less well con-
served and contains a cluster of glycine and serine residues
predicting some flexibility in this part of the protein. We rea-
soned, therefore, that there might be a better chance for in-
corporation of an SCP-GFP fusion protein into the MCMV
capsid if the GFP were inserted in front of this putative flexible
region of the SCP. For this purpose, a plasmid was constructed
containing the MCMV SCP gene (ORF m48.2 [23]) flanked by
homologous MCMV DNA sequences necessary for recombi-
nation into the MCMV genome. The GFP ORF was inserted
in frame into a SalI restriction site at the beginning of the SCP
ORF, resulting in expression of a fusion protein containing
four N-terminal amino acids of the SCP followed by the GFP
and ending with the C terminus of the SCP (Fig. 1). The
mutation was introduced into MCMV BAC genome pSM3fr
(30) as described in Materials and Methods, resulting in
MCMV BAC plasmid pSM3fr::SCP-GFP (Table 1). Correct

mutagenesis of the BAC plasmid was verified by restriction
enzyme digestion (data not shown). NIH 3T3 fibroblasts were
transfected with mutant MCMV BAC plasmid pSM3fr:SCP-
GFP in order to reconstitute the mutant virus. However, no
fluorescent plaques indicative of a recombinant virus could be
detected at any time and only a punctate green fluorescence
located in the nucleus was seen in single cells. In conclusion,
we showed that recombinant MCMV and HCMV expressing
the GFP fused to the amino terminus of the SCP are not
viable.

The SCP is essential for infectivity of HCMV DNA. Our data
are in contrast to results obtained with HSV-1, where expres-
sion of a VP26-GFP fusion protein did not interfere with viral
growth (15). One could think of several reasons why an SCP-
GFP CMV mutant exhibits a growth defect. (i) The SCP may
be essential for CMV. If this were true, the SCP might be
difficult to manipulate because small modifications could al-
ready abrogate its function. (ii) Insertion of the GFP, which is
relatively large (27 kDa) compared with the SCP (8.5 kDa) (2,
18), may change the structure of the SCP in such a way that
interaction with other capsid and tegument proteins is hin-
dered, thereby blocking the assembly of viral particles. (iii) The
defect may not be due to alteration of the SCP itself, but
neighboring genes could be affected. Since many of the CMV
ORFs are in close proximity to each other or even overlap (10,
23), one must consider the possibility that manipulation of one
viral gene can also influence the expression of adjacent ORFs.

FIG. 3. Subnuclear localization of the SCP-GFP fusion protein. HCMV BAC plasmid pHB5::SCP-GFP was transfected into RPE cells, and
expression of the SCP-GFP protein was analyzed 2 days later by confocal laser scanning microscopy.
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Analysis of the DNA sequence suggests that UL48/49 probably
shares its polyadenylation signal with UL49 (10, 18). Thus,
insertion of the GFP ORF into UL48/49 could possibly alter
the expression of UL49 ORF. In order to differentiate between
these possibilities, we constructed and tested several additional
mutant HCMV BAC plasmids (Table 1).

First, we examined whether the SCP is essential for HCMV.
To this end, the UL48/49 ORF was deleted from the HCMV
BAC plasmid and replaced with a kanamycin resistance
marker (Fig. 4A). Except for the first seven codons, the com-
plete ORF encoding the SCP (UL48/49) was deleted in the
resulting mutant HCMV BAC plasmid, pHB5-DSCP-Kan.
Since the 59 end of the UL48/49 ORF overlaps the 39 end of

the UL49 ORF (10, 18), these codons were not deleted in
order to preserve the integrity of the UL49 ORF. The mutant
BAC plasmids were again characterized by EcoRV digestion.
Two EcoRV bands of 4.2 and 9.4 kbp characteristic of parental
BAC plasmid pHB5 (Fig. 4A, line 1, and B, lane 1) were
replaced with a 14.3-kbp fragment in the BAC plasmid with
UL48/49 deleted (Fig. 4A, line 2, and data not shown). The
kanamycin resistance marker was then excised from the mu-
tant BAC plasmid with Flp recombinase in order to minimize
any potential impact on the neighboring ORFs. The resulting
BAC plasmid, pHB5-DSCP, contains a 13.3-kbp EcoRV frag-
ment instead of the 4.2- and 9.4-kbp fragments in the parental
BAC plasmid (Fig. 4B, compare lanes 1 and 3). Only one FRT
site remained in the 13.3-kbp fragment next to the deletion of
the UL48/49 ORF (Fig. 4A, line 3). The DNA profile obtained
indicated that the intended deletion was introduced into BAC
plasmid pHB5-DSCP.

Mutant BAC plasmid pHB5-DSCP was then transfected into
permissive RPE cells. After transfer of the supernatant to HFF
cells, plaque formation was not observed on the fibroblasts.
When parental BAC plasmid pHB5 was transfected as a pos-
itive control, infectious virus could be recovered. This result
suggested that an HCMV genome with a deletion of the ORF
encoding the SCP is unable to generate infectious viral prog-
eny. Still, we had to demonstrate that the failure to generate
infectious virus was due to the deletion of the SCP ORF and
did not result from poor transfection efficiency. To this end,
the UL48/49 ORF was deleted in an HCMV BAC plasmid that
contains the GFP gene under the control of the major imme-
diate-early promoter inserted in the unique short (US) region
of the viral genome (5). Deletion of the SCP ORF in this
HCMV GFP BAC plasmid was performed as described for
BAC plasmid pHB5 and was confirmed by restriction enzyme
digestion (data not shown). Successful transfection of the pa-
rental HCMV GFP BAC plasmid into either RPE or human
fibroblast cells resulted in a homogeneous bright green fluo-
rescence easily detected by fluorescence microscopy. Transfer
of the supernatant of transfected RPE cells led to green

FIG. 4. Deletion of the ORF encoding the SCP. (A) Structures of
the HCMV BAC plasmids with the EcoRV fragments containing the
SCP ORF (diagram 1), after replacement of the SCP ORF with a
kanamycin resistance marker (Kan) (diagram 2), and after excision of
the kanamycin resistance marker (diagram 3). Fragment sizes in kilo-
base pairs are shown below the diagrams. (B) Structural analysis of
HCMV BAC plasmids pHB5 and pHB5-DSCP. DNA of the BAC
plasmids was subjected to EcoRV digestion, followed by gel electro-
phoresis. Relevant DNA bands are indicated.

TABLE 1. CMV BAC plasmids used in this study

BAC plasmid Genetic modification Reference Virus production upon transfection
into permissive cells

HCMV
pHB5 Parental BAC-cloned HCMV AD169 genome 4 Yes
pHB5::SCP-GFP GFP ORF fused to UL48/49 This study No
pHB5-DSCP Deletion of UL48/49 This study No
pHB5::GFP AD169 BAC plasmid with insertion of GFP

gene in US region
5 Yes

pHB5::GFP-DSCP BAC plasmid pHB5::GFP with deletion of
UL48/49

This study No

pHB5::UL13-SCP Disruption of UL13 ORF by insertion of SCP
gene; authentic UL48/49 not modified

This study Yes

pHB5-DSCP::UL13-SCP Deletion of UL48/49; SCP gene inserted
within UL13 ORF

This study No

pHB5::UL13-SCP-GFP Gene encoding SCP-GFP fusion protein
inserted within UL13; UL48/49 not
modified

This study No

MCMV
pSM3fr Parental BAC-cloned MCMV genome 30 Yes
pSM3fr::SCP-GFP GFP ORF fused to m48.2 (23) This study No
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plaques on HFF cells and to a complete CPE in about 1 week.
Following transfection of the UL48/49 knockout BAC plasmid
into RPE cells, expression of the GFP marker could be ob-
served in single cells only. However, in contrast to the results
obtained with the parental HCMV GFP BAC plasmid, the
fluorescence did not spread to neighboring cells and did not
result in green plaques. When the supernatant of the trans-
fected cells was transferred to HFF, neither green cells nor
viral plaques were generated on the HFF (data not shown).
The result of this experiment indicated that the BAC plasmid
with UL48/49 deleted was taken up by the cells, resulting in
GFP expression, and that the block in the replication cycle
occurs at a later stage.

As a second control, we tested whether we can rescue the
SCP knockout mutation in BAC plasmid pHB5-DSCP by co-
transfection with plasmid pUC1049, which contains an insert
which spans the deletion, thus allowing reinsertion of the
UL48/49 ORF into the HCMV genome at its original location
by homologous recombination in permissive eukaryotic cells.
When the supernatant of RPE cells cotransfected with pHB5-
DSCP and pUC1049 was transferred to HFF, viral plaques
appeared on the HFF, resulting in a complete CPE after about
1 week. The overlapping fragment was probably reinserted into
the SCP knockout genome, thereby restoring the SCP ORF
and the replication competence of the resulting genome. Al-
together, the results of these experiments showed that the
failure to reconstitute infectious virus from BAC plasmid
pHB5-DSCP is a consequence of deletion of the UL48/49 ORF
and is not due to technical failure of the transfection proce-
dure.

Rescue of the SCP knockout by ectopic insertion of the SCP
ORF. Although the results obtained so far suggested that the
SCP is essential for HCMV, we could not formally exclude the
possibility that deletion of UL48/49 influenced the expression
of the neighboring ORFs in a way that is incompatible with
generation of infectious virus. To demonstrate that the ORF
encoding the SCP is essential, we decided to reinsert the SCP
gene at an ectopic position in the HCMV genome. A series of
ORFs located at the termini of the unique long and unique
short regions have been shown to be nonessential for HCMV
growth in cell culture (reviewed in reference 20). We chose the
UL13 ORF for ectopic insertion of the SCP gene. Since the
function of the UL13 gene product has not been elucidated, we
first tested whether the UL13 ORF can be disrupted without
interfering with the viability of the virus. To this end, the gene
for SCP was inserted into the UL13 ORF on the backbone of
HCMV BAC plasmid pHB5 (data not shown). Following
transfection into permissive cells, BAC plasmid
pHB5::UL13-SCP gave rise to infectious virus, indicating that
the UL13 ORF is not essential for replication of HCMV in cell
culture and that foreign sequences can be inserted at this locus.

Next, we examined whether expression of the SCP ORF
from an ectopic position in the genome will rescue the growth
phenotype of the SCP knockout mutant. To this end, the SCP
ORF plus 533 bp of upstream sequences containing the puta-
tive promoter of the gene for SCP were inserted into the UL13
gene of SCP knockout BAC plasmid pHB5-DSCP (Fig. 5A).
Mutant BAC plasmid pHB5-DSCP::UL13-SCP was character-
ized by digestion with restriction enzyme EcoRV (Fig. 5B).
The site containing the deletion of the authentic SCP ORF is

characterized by a 13.3-kbp fragment (Fig. 5A, line 2, and B,
lane 2), as described above for SCP knockout genome pHB5-
DSCP (Fig. 4A, line 3) instead of the two fragments of 4.2 and
9.4 kbp in parental BAC plasmid pHB5 (Fig. 5A, line 1, and B,
lane 1). Insertion of the gene for SCP and the kanamycin
resistance marker into UL13 generated three new fragments of
0.1, 3.1, and 6.5 kbp instead of the 7.5-kbp fragment present in
the parental BAC plasmid (Fig. 5A, lines 1 and 2, and B, lanes
1 and 2). In this mutant BAC plasmid, it was not possible to
excise the kanamycin resistance marker because expression of
Flp recombinase led to recombination among all three FRT
sites (Fig. 5A, line 2) in the BAC plasmid and resulted in loss
of the kanamycin resistance gene, as well as the UL14 to UL48
ORFs (data not shown). Therefore, mutant BAC plasmid

FIG. 5. Rescue of the SCP knockout mutation by ectopic insertion
of the gene for SCP. (A) Structures of the genomic regions containing
the UL13 and UL48/49 ORFs of BAC plasmid pHB5 (diagram 1) and
of BAC plasmid pHB5-DSCP::UL13-SCP after deletion of the
UL48/49 ORF and ectopic insertion of the gene for SCP (diagram 2).
The black arrows indicate the orientation of the SCP ORF at its
original (diagram 1) and ectopic (diagram 2) positions, and the thin
arrows display the orientation of the FRT sites. Fragment sizes are
indicated below the diagrams in kilobase pairs. (B) DNA of HCMV
BAC plasmids pHB5 (lane 1) and pHB5-DSCP::UL13-SCP (lane 2)
and of the corresponding virus reconstituted from BAC plasmid
pHB5-DSCP::UL13-SCP (lane 3) was digested with EcoRV and ana-
lyzed by gel electrophoresis. The sizes of the DNA bands characteristic
of pHB5 (lane 1), pHB5-DSCP::UL13-SCP (lane 2), and the viral
DNA (lane 3) are indicated.
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pHB5-DSCP::UL13-SCP still harboring the kanamycin resis-
tance marker was used for further experiments.

BAC plasmid pHB5-DSCP::UL13-SCP was tested for the
potential to give rise to infectious virus after transfection into
permissive cells. Indeed, viral plaques were generated on HFF
cells, finally resulting in a complete CPE. Viral DNA was
isolated from purified virions and analyzed by EcoRV diges-
tion (Fig. 5B, lane 3) to test whether the virus obtained had the
expected genome structure. Except for an 8.0-kbp fragment, all
of the bands that were seen in the DNA pattern of BAC
plasmid pHB5-DSCP::UL13-SCP were also present in the
DNA of the mutant virus (Fig. 5B, compare lanes 2 and 3). The
8.0-kbp fragment of BAC plasmid pHB5-DSCP::UL13-SCP
spans the termini of the HCMV genome and indicates the
circular nature of the BAC plasmid. The abundance of this
band is diminished in the viral DNA due to generation of the
different isomeric forms of the HCMV genome (4) and be-
cause the viral DNA in the virions is present in a linear form.
The DNA profile of the mutant virus confirmed that the gene
for SCP was inserted within the UL13 ORF and that the SCP
ORF at the original position was deleted. Rescue of the SCP
knockout mutation by ectopic insertion and expression of the
SCP ORF clearly demonstrates that the failure of BAC plas-
mid pHB5-DSCP to generate infectious progeny is due to de-
letion of the ORF encoding the SCP and not to any potential
impact of the deletion on the expression of adjacent ORFs.
Thus, the SCP ORF is essential for HCMV growth.

The SCP-GFP fusion protein exerts a dominant-negative
effect on the formation of infectious virus. Since the SCP is
required for the life cycle of HCMV, it is probably quite dif-
ficult to modify the protein without affecting its essential func-

tion. Our failure to generate a mutant expressing an SCP-GFP
fusion protein suggested that integration of the GFP changes
the structure of the SCP in a way that sterically hinders the
interaction of the SCP with either other viral capsid proteins or
tegument proteins. The formation of assembly sites that are
labeled by the SCP-GFP fusion protein (Fig. 3) and the ab-
sence of any spread of the fluorescence to the cytoplasm point
to the possibility that assembly and egress of infectious viral
particles are inhibited. In order to test the hypothesis that the
SCP-GFP fusion protein interferes with capsid assembly, we
finally generated an HCMV genome that encodes the SCP-
GFP fusion protein in addition to the authentic SCP.

A DNA fragment comprising the SCP-GFP ORF plus the
upstream regulatory sequences of the gene for SCP was in-
serted into the UL13 ORF of HCMV BAC plasmid pHB5
(Fig. 6A, lines 2 and 3). New EcoRV fragments of 0.1, 3.8, and
6.5 kbp and 0.1, 3.8, and 5.0 kbp arose in mutant BAC plasmids
pHB5::UL13-SCP-GFP-Kan and pHB5::UL13-SCP-GFP, re-
spectively (Fig. 6A, lines 2 and 3, and B, lane 3). Mutant BAC
plasmid pHB5::UL13-SCP-GFP was then analyzed for the
ability to generate infectious virus after transfection into per-
missive cells. The typical green fluorescent dots were observed
in the nuclei of transfected RPE cells. However, as was found
before for the other mutant BAC plasmids showing this fluo-
rescence pattern, the fluorescence did not spread to the cyto-
plasm or to neighboring cells. Also, after transfer of the su-
pernatant to HFF cells, no green fluorescence was detectable
and no plaques appeared on these cells. These data suggest
that the SCP-GFP fusion protein is expressed and traffics to
the site of capsid maturation but then provokes a stop in virus
assembly. Although the authentic SCP is also expressed by this

FIG. 6. Insertion of the SCP-GFP gene within the UL13 ORF. (A) Structures of the region of the HCMV BAC plasmids containing the UL13
ORF prior to (diagram 1) and after (diagram 2) insertion of the SCP-GFP gene. The kanamycin resistance marker was excised by Flp recombinase,
resulting in BAC plasmid pHB5::UL13-SCP-GFP (diagram 3). The arrows indicate the orientation of the ectopic SCP-GFP gene. Fragment sizes
in kilobase pairs are indicated below the diagrams. (B) Ethidium bromide-stained agarose gel showing the EcoRV-digested DNA of BAC plasmids
pHB5 (lane 1) and pHB5::UL13-SCP-GFP (lane 3). Relevant DNA fragments are marked. Note that the 7.5-kb band of pHB5 and the 5.0-kb band
of pHB5::UL13-SCP-GFP are double bands.
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mutant BAC plasmid, it obviously could not overcome the
effects caused by the SCP-GFP fusion protein. Hence, expres-
sion of the SCP-GFP fusion protein exerts a dominant-nega-
tive effect on the formation of infectious HCMV particles.

DISCUSSION

In this communication, we report on our attempts to gener-
ate CMV mutants that express an SCP-GFP fusion protein.
Infectious virus could not be reconstituted from CMV BAC
plasmids encoding the fusion protein upon transfection into
permissive cells. Deletion of the SCP ORF from the HCMV
BAC plasmid revealed that the SCP is essential for HCMV
growth. The growth defect of the SCP knockout mutant could
be rescued by ectopic expression of the SCP ORF, resulting in
production of infectious virus. Interestingly, expression of the
SCP-GFP ORF in addition to the authentic SCP blocked the
generation of a viable HCMV mutant, implying a dominant-
negative effect of the SCP-GFP fusion protein on the forma-
tion of infectious particles.

The mutant CMV genomes were constructed by the BAC
mutagenesis procedure that we have recently established for
the MCMV and HCMV genomes (4, 7, 19, 30). This technique
allows us to insert, in a first step, any kind of mutation into the
cloned CMV genomes by homologous recombination in E. coli
and to examine, in a separate second step, the phenotypic
consequences of the mutation after transfection of the mutated
CMV genomes into permissive cells. Thus, construction of the
mutant genome is completely independent of the viability or
growth properties of the corresponding mutant virus. In addi-
tion, we showed that consecutive rounds of mutagenesis can be
performed on the cloned HCMV genome without the need to
reconstitute viral intermediates. Intermediate steps can be
used to construct growth-deficient genomes, as demonstrated
for the HCMV BAC plasmids with deletion of the SCP ORF.
In a second mutagenesis step, the gene for SCP was reinserted
at an ectopic position, leading to rescue of the growth defect of
the SCP knockout mutant. This experiment showed unequiv-
ocally that the inability of the SCP knockout genome to gen-
erate infectious virus was due to deletion of the UL48/49 ORF
and not to any influence of the deletion on the expression of
neighboring genes or to any adventitious mutation that might
have been introduced accidentally during mutagenesis of the
cloned CMV genome. The result of this experiment clearly
indicates that the SCP gene of CMV is essential for viral
growth.

The data obtained with our mutant CMV genomes suggest
differences in the architecture of the CMV virion in compari-
son to the HSV-1 virion. The smallest capsid protein of HSV-1,
VP26, turned out to be nonessential for viral replication in cell
culture, and an HSV-1 mutant with a null mutation of the
UL35 ORF showed a twofold decrease in virus yields from
infected cells only (14). It has also been possible to generate an
HSV-1 mutant expressing a VP26-GFP fusion protein that
grows almost as well as the wild-type virus in cell culture and
that incorporates the fusion protein into nucleocapsids and
infectious virions (15). Electron cryomicroscopy and computer
reconstruction of HSV-1 wild-type capsids and capsids which
lack VP26 demonstrated that VP26 molecules form a hexam-
eric ring structure which is attached to all of the hexons on the

HSV-1 wild-type capsid (3, 34). Although the ring structure is
probably disrupted after insertion of GFP at the amino termi-
nus of VP26, the fusion protein can probably still interact
through one of its two domains with an epitope on the hexon
(15, 34). The subcellular localization of the CMV SCP-GFP
fusion proteins may give some hints to why the formation of
infectious CMV particles containing the SCP-GFP fusion pro-
tein is not possible. After transfection of the HCMV and
MCMV BAC plasmids into permissive cells, a protein was
expressed that displayed green fluorescence and localized to
distinct foci in the cell nucleus. When the fusion protein was
expressed from a plasmid in the absence of other viral proteins,
a faint green fluorescence was observed in the cytoplasm and
nuclei of transfected cells. We conclude from these observa-
tions that the SCP-GFP fusion protein expressed from the
CMV BAC plasmids is still able to interact with other viral
proteins. This interaction is responsible for transport of the
protein into the nucleus and/or its retention in this discrete
nuclear compartment. Comparable interactions between the
HSV-1 VP26 or the VP26-GFP fusion protein and other
HSV-1 capsid proteins have been described (13, 15, 24). The
structures labeled by the CMV SCP-GFP fusion proteins may
represent sites for assembly of new capsids. For HSV-1, these
structures have been named assemblons (31), and localization
of HSV-1 VP26 to such structures has recently been demon-
strated (13). In order to learn at which step the formation of
infectious CMV particles is blocked by the SCP-GFP fusion
protein or by the absence of the SCP, we have to generate
complementing cell systems that provide these proteins in
trans.

The absence of any spread of the green fluorescence to the
cytoplasm let us speculate that the block in formation of in-
fectious particles may be in a step past the assembly of capsids,
namely, during attachment of the tegument. Recent ultrastruc-
tural analyses using electron cryomicroscopy of HCMV and
simian CMV virions (11, 29) suggest that attachment of the
tegument to the capsid differs fundamentally between HSV-1
and CMV. In HSV-1, attachment of filamentous tegument
structures seems to be exclusively localized to the region
around the pentons (11, 33). In HCMV and simian CMV, an
icosahedrally ordered tegument layer was identified that inter-
acts not only with pentons but also with hexons and triplexes
(11, 29). Since the HSV-1 VP26 protein is located exclusively
on the tips of the hexons and there seems to be no ordered
interaction of HSV-1 tegument proteins with the hexons, this
might explain why in HSV-1 the probably rather bulky VP26-
GFP protein can be incorporated into the HSV-1 virion. In the
HCMV particle, there is probably much less space for incor-
poration of an SCP-GFP protein because tegument proteins
bind to every capsomer. The triplex-binding tegument proteins
probably also contact the tips of the hexons (11), where the
SCP has been located (8, 11, 29). Likewise, the capsomer-
capping tegument protein that has been identified for the sim-
ian CMV (29) binds to the top of all of the capsomers. The
failure to generate infectious virus from the SCP knockout
genomes can thus be easily explained if there is a requirement
for interaction of these tegument proteins with the SCP. The
results obtained with the HCMV BAC plasmid that expresses
both the SCP-GFP fusion protein and the authentic SCP sug-
gest that the assembly of infectious CMV particles is efficiently
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blocked by incorporation of the SCP-GFP fusion protein, per-
haps by disrupting the interaction between capsid and tegu-
ment proteins. Thus, this step of the virion assembly process
may represent a target for antiviral drugs.

In summary, we provide genetic evidence that the SCP of
HCMV is essential for viral growth. Further studies are re-
quired to understand the interaction of CMV capsid and teg-
ument proteins at the molecular level and to learn at which
step the assembly process is blocked in the absence of the SCP
or by expression of the SCP-GFP fusion protein. Our data
indicate that there are differences between the assembly pro-
cesses of HCMV and HSV virions.
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