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We have recently introduced a novel procedure for the construction of herpesvirus mutants that is based on
the cloning and mutagenesis of herpesvirus genomes as infectious bacterial artificial chromosomes (BACs) in
Escherichia coli (M. Messerle, I. Crnković, W. Hammerschmidt, H. Ziegler, and U. H. Koszinowski, Proc. Natl.
Acad. Sci. USA 94:14759–14763, 1997). Here we describe the application of this technique to the human cyto-
megalovirus (HCMV) strain AD169. Since it was not clear whether the terminal and internal repeat sequences
of the HCMV genome would give rise to recombination, the stability of the cloned HCMV genome was examined
during propagation in E. coli, during mutagenesis, and after transfection in permissive fibroblasts. Interest-
ingly, the HCMV BACs were frozen in defined conformations in E. coli. The transfection of the HCMV BACs
into human fibroblasts resulted in the reconstitution of infectious virus and isomerization of the reconstituted
genomes. The power of the BAC mutagenesis procedure was exemplarily demonstrated by the disruption of the
gpUL37 open reading frame. The transfection of the mutated BAC led to plaque formation, indicating that the
gpUL37 gene product is dispensable for growth of HCMV in fibroblasts. The new procedure will considerably
speed up the construction of HCMV mutants and facilitate genetic analysis of HCMV functions.

Human cytomegalovirus (HCMV), a member of the beta-
herpesvirus group, is a pathogen of worldwide importance that
can cause severe disease in newborns and immunocompro-
mised individuals (5). The linear, double-stranded DNA ge-
nome of HCMV (230 kb) is the largest among mammalian
DNA viruses and has the potential to encode more than 200
different proteins (7, 8). Our understanding of the genetic
program of HCMV is rather incomplete, owing to the difficul-
ties in constructing HCMV mutants. Disruption of herpesvirus
genes is conventionally achieved by the integration of a marker
gene into the viral genome through homologous recombina-
tion in permissive cells (18, 35, 43, 48). This procedure is
especially cumbersome with HCMV, since the slow replication
kinetics and cell association of HCMV impede the isolation of
viral mutants. The reconstitution of replication-competent ge-
nomes from overlapping fragments cloned as cosmids repre-
sents a recently achieved improvement (25, 33). This proce-
dure leads to the reconstitution only of mutant virus and
circumvents the tedious selection procedure against the paren-
tal virus. However, it still relies on several recombination
events in eukaryotic cells that cannot be controlled.

We have recently developed a completely new approach
for the construction of herpesvirus mutants that is based on
cloning and mutagenesis of herpesvirus genomes as bacterial
artificial chromosomes (BACs) in Escherichia coli (32). This
approach has clear advantages. The powerful methods of bac-
terial genetics allow the introduction of any kind of mutation

(deletion, insertion, or point mutation) into the cloned viral
genome. Manipulated genomes can be characterized prior to
the reconstitution of virus. The transfection of the mutated
genomes into permissive cells results in the reconstitution only
of viral mutants that are free of contamination with parental
virus.

Since its original description for mutagenesis of mouse cy-
tomegalovirus (MCMV) the BAC technique has been adopted
for other herpesviruses (14, 46, 49). The application of the
technique to the mutagenesis of HCMV was highly desirable.
There are, however, differences in genome arrangement be-
tween MCMV and HCMV. The MCMV genome is repre-
sented by one unique sequence with only a few small direct
and indirect repeats, whereas the HCMV genome has a type
E sequence arrangement (45). That is, two unique segments,
the unique long (UL) and the unique short (US) components,
are flanked by large inverted repeat regions. The unique se-
quences can invert relatively to each other, yielding four
isomeric forms of the HCMV genome. It was unclear whether
the inverted repeats would have an effect upon the cloning
and propagation of the HCMV genome as a BAC plasmid in
E. coli.

Here we describe the cloning of the HCMV AD169 strain
genome as infectious BAC plasmids in E. coli. The HCMV
BACs could be stably maintained in bacteria. After transfec-
tion of the HCMV BACs into human fibroblasts, infectious
virus progeny was recovered. To assess the feasibility of mu-
tagenesis of the cloned HCMV genome, a viral gene (gpUL37)
was disrupted. The transfection of mutated BAC DNA into
permissive cells led to plaque formation, indicating that
gpUL37 is nonessential for viral growth in fibroblasts. Thus, we
have successfully introduced the BAC mutagenesis technique
for the construction of HCMV mutants.
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MATERIALS AND METHODS

Virus and cells. The HCMV strain used was ATCC AD169 (kindly provided
by E. S. Mocarski, Stanford University, Stanford, Calif.). The genome of this
strain contains the 11.3-kbp HindIII M fragment (13, 36). Human foreskin
fibroblasts (HFF) and MRC-5 cells (human embryonic lung fibroblasts; ATCC
CCL-171) were cultured in Dulbecco’s modified Eagle medium (GIBCO-BRL)
supplemented with 5% fetal calf serum (GIBCO-BRL), 2 mM glutamine, 100 U
of penicillin per ml, and 100 mg of streptomycin sulfate per ml. For the prepa-
ration of virus stocks, HFF were infected with 0.01 PFU/cell and cultured until
a marked cytopathic effect was seen. Virus stocks were prepared from sonicated
cells and sedimented virions (in a Sorvall model SLA-1500 rotor for 2 h at 11,000
rpm and 4°C) and stored at 270°C in a 1:1 mixture of medium and autoclaved
9% nonfat milk. Virus titers were determined by standard plaque assay on HFF
cultured in a medium containing human gamma globulin (200 mg/ml). For
growth curves, HFF cells plated in six-well dishes were infected at a multiplicity
of infection (MOI) of 0.1. After adsorption for 1 h, the inoculum was replaced
with fresh culture medium. Supernatants of three independent samples were
harvested at each time point and stored at 270°C. Infectious virus was quanti-
tated by plaque assays on HFF cells.

Generation of the HCMV recombinant. Recombinant HCMV was generated
by homologous recombination in HFF cells according to published protocols
(18). Briefly, 30 mg of the recombination plasmid pEB1097 was linearized by
XcmI digestion and electroporated into 1.5 3 107 HFF cells at 960 mF and 220
V with a Gene Pulser unit (Bio-Rad). One day posttransfection cells were
infected with AD169 at an MOI of 3. At 100% cytopathic effect (CPE) super-
natant was transferred to a new flask of HFF cells and selection was applied (100
mM mycophenolic acid and 25 mM xanthine). Three rounds of selection were
performed for the amplification of recombinant viruses before circular virus
DNA was prepared from infected cells. Circular virus DNA was isolated by the
method of Hirt (20, 32) and electroporated into E. coli DH10B as described
previously (47).

Plasmids. Plasmid pON2244 (19, 31) contains US1-US2 and US6-US7 se-
quences from HCMV AD169 (nucleotides [nt] 192648 to 193360 and 195705 to
197398 of the published HCMV sequence [8]), a tk-gpt-simian virus 40 poly(A)
cassette (18) and a luciferase reporter gene. A 3.44-kbp BglII/PshAI fragment
comprising the luciferase gene was excised from plasmid pON2244 and replaced
by a 23-bp oligonucleotide linker containing a PacI restriction site (59-gat cgc agc
ctt aat taa cgt gg-39). The BAC vector pKSO (32), a derivative of pBAC108L
(47), was linearized with PacI and cloned into the PacI site of modified
pON2244, resulting in recombination plasmid pEB1097 (Fig. 1).

To construct the mutagenesis plasmid pSH37b the polylinker of pBluescript II
KS (Stratagene) was removed by KpnI/SacI digestion and replaced with a 24-bp
BglII adapter (59-ggc gcc tag atc tcg gtc aga gct-39). A 9.7-kbp BglII fragment
comprising the UL37 gene (nt 47366 to 57120 of ATCC AD169 [13, 36]) was
excised from cosmid pCM1017 (15) and cloned into the BglII site of the modified

pBluescript II KS. A 382-bp fragment of the gpUL37 open reading frame (ORF)
(nt 50395 to 50777 [8]) was deleted by SnaBI digestion and replaced by a 2.6-kbp
tetracycline resistance gene from pCP16 (9). An 8.9-kbp BglII/DraI fragment
comprising the tetracycline cassette and flanking viral sequences (nt 47366 to
50395 and 50777 to 54041 [8]) was excised from the resulting plasmid (see Fig.
5) and cloned into the shuttle plasmid pST76K_SacB. pST76K_SacB is a deriv-
ative of the shuttle plasmid pST76K (42) that contains the Bacillus amylolique-
faciens sacB gene (16). The sacB gene was utilized to select for clones that have
resolved the cointegrates and lost the shuttle plasmid by streaking the E. coli
bacteria on agar plates containing 5% sucrose (4) (see below).

BAC mutagenesis. Mutagenesis of the HCMV BAC plasmid was performed by
a two-step replacement procedure as described previously (2, 32, 38). Briefly,
shuttle plasmid pSH37b was electroporated into E. coli CBTS bacteria (26) that
already contained the HCMV BAC plasmid. The E. coli CBTS strain is recA
positive at 30°C and recA negative at temperatures higher than 37°C (the strain
was constructed by Michael O’Connor, University of California, Irvine). Trans-
formants were selected at 30°C on Luria-Bertani (LB) agar plates containing
chloramphenicol (12.5 mg/ml) and tetracycline (10 mg/ml). Clones containing
cointegrates were identified by streaking the bacteria onto new LB plates with
chloramphenicol and tetracycline and incubating them at 43°C. To allow reso-
lution of the cointegrates clones were streaked onto LB plates containing chlor-
amphenicol and incubated at 30°C. To select for clones that had resolved the
cointegrate and that contained the mutant BAC plasmid, bacteria were re-
streaked onto LB plates containing chloramphenicol, tetracycline, and 5% su-
crose. Resolution of the cointegrate was confirmed by testing for the loss of the
kanamycin marker encoded by the shuttle plasmid. BAC plasmid DNA was
isolated from 10-ml overnight cultures by the alkaline lysis procedure (30) and
characterized by restriction enzyme analysis. Large preparations of HCMV BAC
plasmids were obtained from 100-ml E. coli cultures by using Nucleobond PC 100
columns (Macherey-Nagel, Düren, Germany) according to the instructions of the
manufacturer.

Reconstitution of HCMV BAC virus. MRC-5 cells (4 3 105 cells/well) were
seeded into six-well dishes 1 day before transfection. About 0.5 to 1 mg of HCMV
BAC plasmid DNA and 1 mg of plasmid pcDNApp71tag encoding the HCMV
tegument protein pp71 were cotransfected by using the Superfect transfection
reagent (Qiagen, Hilden, Germany) according to the instructions of the manu-
facturer. The pp71 expression plasmid pcDNApp71tag was constructed and
kindly provided by B. Plachter, University of Mainz, Mainz, Germany. After
transfection cells were propagated in a normal culture medium for 7 days. The
cells were then split (1:3) and cultivated until plaques appeared. The supernatant
of these cultures was used to infect new cells for the preparation of virus stocks.

Viral nucleic acid isolation and analysis. Infected cells were harvested when
cultures reached 100% CPE and collected by centrifugation. Cells were lysed in
a solution containing 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, and 0.5%
sodium dodecyl sulfate (SDS), and proteinase K digestion (500 mg/ml) was

FIG. 1. Strategy for generation of the HCMV BAC plasmid. (A) The structure of the HCMV AD169 genome with the UL and US components is shown at the top.
The terminal and internal repeat sequences are indicated as open boxes. (B) The BAC vector and the selection marker gpt were integrated between the US1 and US7
genes in the US region of the viral genome by homologous recombination in fibroblasts with the recombination plasmid pEB1097. (C) Genomic structure of the resulting
reconstituted virus RVHB5 and the corresponding BAC plasmid pHB5. The sizes of expected HindIII (H) and EcoRI fragments (E) in the parental virus genome and
in the RVHB5 genome and BAC plasmid pHB5 are indicated. b9, a9, and c9 mark components of the internal repeat sequences. The illustration is not drawn to scale.
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performed overnight at 56°C. Total DNA was extracted with phenol-chloroform
and precipitated with isopropanol. After restriction enzyme digestion, DNA
fragments were separated by electrophoresis on 0.5% agarose gels in 13 Tris-
borate-EDTA buffer for 14 to 18 h at 2.5 V/cm. DNA fragments were visualized
by ethidium bromide staining, denatured, and transferred to nylon membranes.
DNA probes were radiolabeled with [a-32P]dCTP (Amersham) by using a ran-
dom prime labeling kit (Pharmacia). Prehybridization was performed at 65°C for
1 h with 0.5% blocking reagent (Boehringer Mannheim) in 53 SSC (13 SSC is
0.15 M NaCl plus 0.015 M sodium citrate)–0.1% N-lauroylsarcosine–0.02% SDS.
Filters were hybridized with radiolabeled probes in the same solution at 65°C for
about 12 h. Washing of the filters was done twice for 10 min each in 33
SSC–0.1% SDS, twice in 13 SSC–0.1% SDS, and twice in 0.33 SSC–0.1% SDS
at 65°C. Results of the Southern blot experiments were obtained by autoradiog-
raphy on Kodak BIOMAX MR films. DNA fragments for Southern hybridiza-
tion were excised from plasmids by using appropriate restriction enzymes and
purified from agarose gels: the US1-specific probe was isolated as a 750-bp
SalI-NotI fragment (nt 192648 to 193360 of AD169 [8]) from pON2244, and a
1.4-kbp EcoRI-XbaI fragment from pKSO (32) was used as a BAC-specific
probe. An 870-bp PvuI-EcoRI fragment (nt 53147 to 54014 of AD169 [8]) from
shuttle plasmid pSH37b was used to characterize the structure of the mutant
BAC plasmid.

Total RNA was purified from infected cells by using the RNeasy-Kit (Qiagen)
and following the instructions of the manufacturer. When used, cycloheximide
(Sigma; 50 mg/ml) was added to the culture medium commencing 1 h prior to
infection. For Northern blot analysis, 3-mg RNA samples were separated by
electrophoresis on denaturing formaldehyde–0.9% agarose gels, transferred to
nylon membranes, and UV cross-linked. A 1.17-kbp BamHI fragment (nt 51463
to 52631 of AD169 [8]) was excised from plasmid pSH37b and labeled with the
North2South biotin random prime labeling kit (Pierce, Rockford, Ill.). Hybrid-
ization of the filters to the probes was performed by using the North2South
chemiluminescent nucleic acid hybridization and detection kit (Pierce) according
to the manufacturer’s instructions. Filters were washed three times for 20 min at
55°C in 23 SSC–0.1% SDS. Results were visualized by chemiluminescence on
Kodak BIOMAX MR films.

RESULTS

Strategy for cloning the HCMV genome as a BAC plasmid.
To clone the HCMV genome as a BAC in E. coli, we chose the
same approach that we recently used for the successful cloning
of the MCMV genome (32). This approach requires as a first
step the insertion of the BAC vector sequences into the
HCMV genome. BAC vector integration is achieved by homol-
ogous recombination between a recombination plasmid and
the viral genome in human fibroblasts. After the generation
and amplification of the recombinant virus, circular virus DNA
is isolated from infected cells and electroporated into E. coli.
Once the HCMV genome is cloned as a BAC plasmid in E.
coli, it can be manipulated by the powerful methods of bacte-
rial genetics. The transfection of mutated BAC plasmids into
permissive cells leads to the reconstitution of viral mutants.

Generation of the HCMV BAC genome. We decided to in-
sert the BAC vector sequences between the US1 and US7
genes of the US component of the HCMV genome (Fig. 1),
since ORFs IRS1 to US11 are nonessential for the replication
of HCMV in cell culture (23, 24, 27). To this end, we con-
structed the recombination plasmid pEB1097 (Fig. 1B) that
contained the BAC vector sequences and the selection marker
guanine phosphoribosyl transferase (gpt) (18) flanked by viral
sequences comprising the US1 and US7 genes. The flanking
viral sequences provided the substrate for homologous recom-
bination between the recombination plasmid and the HCMV
genome. The BAC vector sequences comprise a chloramphen-
icol resistance gene and elements from the E. coli F factor that
are required for the stable maintenance and partition of large
plasmids in E. coli (47). The linearized recombination plasmid
pEB1097 was electroporated into human fibroblasts, followed
by infection with HCMV strain AD169. The correct insertion
of the BAC vector should result in the formation of a recom-
binant HCMV BAC genome (Fig. 1C). Recombinant viruses
were amplified by selection with xanthine and mycophenolic
acid by utilizing the selection marker gpt (18). Finally, circular
intermediates of the recombinant viral genome were isolated

from infected cells by following the Hirt extraction procedure
(20) and electroporated into E. coli DH10B (47).

Characterization of the HCMV BAC plasmids. BAC plas-
mids were isolated from chloramphenicol-resistant bacterial
clones and characterized by HindIII digestion. Figure 2 shows
the HindIII pattern of the BAC plasmids of six representative
clones. Two different HindIII patterns were observed. The
sizes of the HindIII fragments and the expected alterations
resulting from the insertion of the BAC vector (Fig. 1C) were
predicted from the sequence of the HCMV AD169 genome
(8). The BAC plasmids in clones 1, 3, and 4 contained a unique
fragment of 30.3 kbp (Fig. 2A, lanes 1, 3, and 4), whereas
unique fragments of 35 and 17.6 kbp were observed in clones
2, 5, and 6 (Fig. 2A, lanes 2, 5, and 6). In virions the linear
HCMV genome is found in four different isomeric forms (34).
Therefore, we supposed that the different HindIII patterns of
the BAC plasmids reflect different isomers of the HCMV ge-
nome. After circulation of the HCMV genome only two iso-
forms are possible (Fig. 2B). Since there are no terminal frag-
ments in a circular molecule, it is impossible to decide whether
the US and UL region are inverted relative to each other. For
conformation I, represented by BAC plasmid pHB5, two
unique HindIII fragments of 35.0 and 17.6 kbp were predicted.
For conformation II, represented by BAC plasmid pHB8,
unique HindIII fragments of 30.3 and 22.8 kbp were expected
(Fig. 2B).

Size variation between some clones was observed for the

FIG. 2. Characterization of HCMV BAC plasmids. (A) BAC plasmids were
isolated from six independent E. coli clones, digested with HindIII, and separated
by agarose gel electrophoresis. The sizes of some DNA fragments and positions
of DNA size markers are indicated. (B) Predicted structures of the two different
conformations of the HCMV BAC plasmid. The positions of some HindIII sites
(H) and the sizes of the unique HindIII fragments are shown.
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fragment with a predicted size of 17.6 kbp (data not shown).
This fragment contains the a sequence which is known to occur
in variable copy numbers within the terminal and internal
repeats (34). The size variation of the fragment can be ex-
plained by different copy numbers of the a sequence in in-
dividual HCMV BAC plasmids. A new 22.8-kbp fragment
predicted for conformation II (Fig. 2B) comigrates with the
22.8-kbp HindIII D fragment and therefore results in a double
band in lanes 1, 3, and 4 of Fig. 2A. Altogether, the expected
HindIII patterns were confirmed by the observed patterns of
the BAC plasmids. Thus, we obtained clones with the two
circular isomeric forms of the HCMV genome as BAC plas-
mids.

Additional characterization of the HCMV BAC plasmids
was performed by EcoRI digestion. Digestion with EcoRI does
not permit the discrimination between different isomeric
forms. Therefore, only the data for the BAC plasmid pHB5 are
shown. The EcoRI pattern of BAC plasmid pHB5 is almost
identical to the pattern of HCMV AD169 DNA which was
isolated from infected cells (Fig. 3A; compare lanes 1 and 2).
One additional EcoRI fragment of 2.0 kbp was seen in the
BAC plasmid pHB5. This new fragment resulted from the
correct insertion of the BAC vector sequences in the HCMV
genome (Fig. 1C). On another gel the EcoRI-digested DNAs
were separated for a longer time, and Southern blot analysis
was performed to visualize the additional two EcoRI bands
(5.9 and 8.8 kbp) that were expected after the correct integra-
tion of the BAC vector (Fig. 1C). A US1-specific probe de-
tected the 11.9-kbp EcoRI H fragment and fragments of 8.0
and 7.4 kbp in AD169 DNA (Fig. 3B, lane 4). The latter two
bands represent expected terminal fragments of the linear
AD169 genome with and without an a sequence, respectively
(8, 15). An 8.8-kbp band was detected only in the BAC plasmid
pHB5 as expected (Fig. 3B, lane 5; compare Fig. 1C). Hybrid-

ization with a BAC vector-specific probe showed a distinct
signal at 5.9 kbp only with DNA of BAC plasmid pHB5 but not
with the parental HCMV DNA (Fig. 3C, lanes 7 and 8). Char-
acterization with US2- and US7-specific probes provided fur-
ther evidence that the BAC vector was integrated at the ex-
pected site of the viral genome (data not shown). These results

FIG. 3. Structural analysis of the HCMV BAC plasmid pHB5 and of the genome of reconstituted virus RVHB5. (A) DNA of HCMV AD169 (lane 1), BAC plasmid
pHB5 (lane 2), and reconstituted virus RVHB5 (lane 3) was digested with EcoRI and separated on a 0.8% agarose gel. Note that the 2.0-kbp fragment resulting from
the integration of the BAC vector is present only in the BAC plasmid pHB5 and in the RVHB5 genome (compare to Fig. 1). (B and C) Southern blot analysis was
performed with a US1 probe (lanes 4, 5, and 6) and a BAC-specific probe (lanes 7, 8 and 9). The sizes of relevant EcoRI fragments are indicated.

FIG. 4. Multiple-step growth curve analysis of the reconstituted virus
RVHB5 and of the parental HCMV strain AD169. HFF cells seeded in six-well
dishes (5 3 105 cells/well) were infected with an MOI of 0.1. At the indicated
time points (days postinfection) supernatants from the infected cultures were
harvested, and total PFU of infectious virus in the culture supernatants were
determined by plaque assay on HFF cells. Each data point represents the average
of three independent wells. Day 0 titers represent input inocula.
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demonstrate the successful cloning of the HCMV genome as a
BAC plasmid in E. coli.

Reconstitution of infectious virus from the HCMV BAC
plasmids. To reconstitute infectious virus the BAC plasmid
pHB5 was transfected into MRC-5 cells. Viral plaques typically
appeared 7 to 10 days after transfection. Cotransfection of a
pp71 expression plasmid led to a 30-fold enhancement in
plaque formation as described previously (3). Supernatants
from the transfected cultures were used to infect monolayers of
HFF cells, and total DNA was isolated from infected cells

when 100% CPE was observed. The isolated DNA was di-
gested with EcoRI, and the restriction enzyme pattern (Fig. 3,
lane 3) was compared to the EcoRI pattern of HCMV AD169
DNA (Fig. 3, lane 1) and that of the BAC plasmid pHB5 (Fig.
3, lane 2). The EcoRI restriction patterns of the genomes of
reconstituted virus RVHB5 and of BAC plasmid pHB5 showed
no difference (Fig. 3, compare lanes 2 and 3). The 2.0-kbp band
characteristic of the BAC plasmid pHB5 and the RVHB5 virus
genome was clearly present, and the existence of the 8.8- and
5.9-kbp fragments that resulted from integration of the BAC

FIG. 5. Construction scheme of the gpUL37 mutant (A) and structural analysis of the mutated BAC plasmid and mutant genome (B). (A) The top line depicts the
genomic structure of the HCMV BAC plasmid pHB5, with the region encoding the gpUL37 RNA expanded below. Following recombination in E. coli between BAC
plasmid pHB5 and recombination plasmid pSH37b, a 382-bp SnaBI fragment in exon 3 of the gpUL37 gene was replaced by a tetracycline resistance marker. The
insertion disrupts the gpUL37 ORF after 199 codons and creates a new stop codon after an additional four codons. The sizes of the EcoRI fragments in the parental
BAC plasmid pHB5 and mutant BAC plasmid pHBUL37 are indicated. The probe used for Southern blot analysis is depicted as a black bar. (B) DNA of BAC plasmids
pHB5 (lane 1) and pHBUL37 (lane 2) and of the reconstituted viruses RVHB5 and RVUL37 (lanes 5 and 6) was digested with EcoRI and separated on a 0.5% agarose
gel. Bands were visualized with ethidium bromide, transferred to nylon filters, and hybridized to the radiolabeled probe (lanes 3, 4, 7, and 8). The sizes of the EcoRI
Q fragment (6.4 kbp) in the parental genome and of the new EcoRI fragments (3.7 and 4.9 kbp) in the mutant genome are indicated at the left margin.
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vector was confirmed by Southern blot analysis (Fig. 3, lanes 5
and 6 and lanes 8 and 9, respectively). Additional bands of 4.8,
5.4, and 5.9 kbp were detected in the EcoRI-digested DNA of
RVHB5 (Fig. 3, lane 6). These bands represent expected ter-
minal fragments (containing zero, one, and two copies of the a
sequence, respectively) of the linear DNA of RVHB5 that
arise after inversion of the US component of the genome.
These data demonstrate that the viral genomes were reconsti-
tuted from the BAC plasmid pHB5. Reconstitution was highly
reproducible. Ten independent transfections were performed,
and each transfection led to plaque formation. The EcoRI
patterns of the reconstituted viral genomes were identical and
indistinguishable from the EcoRI pattern of the BAC plasmid
pHB5 (data not shown). The reconstituted virus RVHB5 was
passaged six times on human fibroblasts to test the stability of
the virus genome. After each round of infection DNA was
prepared from infected cells and analyzed by EcoRI digestion.
We did not observe any alterations of the DNA restriction
patterns (data not shown). Thus, the genome of the recombi-
nant virus RVHB5 is stable in cell culture, and the BAC vector
sequence remains integrated in the virus genome. Comparable
results were obtained after the transfection of the BAC plas-
mid pHB8 (data not shown).

By microscopical inspection the recombinant virus RVHB5
and the parental virus strain AD169 showed the same plaque
morphology. To characterize the growth properties of RVHB5,
multiple-step growth curve analysis of the RVHB5 and AD169
viruses was performed (Fig. 4). After infection of fibroblasts at
an MOI of 0.1, RVHB5 exhibited the same growth kinetics as
the AD169 virus, and comparable titers of infectious virus were
obtained in the supernatants of both the RVHB5- and AD169-
infected cultures. These data confirm that the US2 to US6
genes are nonessential and that insertion of the BAC vector
sequence does not exert a deleterious effect on the growth of
HCMV in fibroblasts.

Isomerization of the genome conformations in cells. In cell
cultures the HCMV genome occurs in four isomeric forms.
Even after plaque purification, separation of the different iso-

forms was not possible (34). In E. coli, however, the confor-
mation of the HCMV genome was fixed in the BAC plasmids
because the inversion of the unique genome components does
not occur in recombination-deficient E. coli DH10B. The
transfection of both BAC plasmids pHB5 and pHB8 led to
plaque formation, confirming that both genome conformations
give rise to infectious virus. To analyze whether an isomeriza-
tion of the genome conformations takes place in fibroblasts,
circular viral DNA was prepared from cells infected with the
progeny of either pHB5- or pHB8-transfected cells and elec-
troporated into E. coli. BAC plasmids were isolated from in-
dividual bacterial clones and analyzed by HindIII digestion. Of
39 BAC plasmids obtained from the progeny of pHB5-trans-
fected cells, 20 had conformation I and 19 had conformation
II. Both isomeric forms were also found in clones obtained
from the progeny of pHB8-transfected cells (25 BAC plasmids
with conformation I and 8 BAC plasmids with conformation
II). Thus, the isomerization of the different conformations
occurs rapidly in infected cells.

Mutagenesis of the HCMV BAC plasmid. In order to prove
that the BAC-cloned HCMV genome can be manipulated by
mutagenesis in E. coli, we decided to disrupt an ORF within
the HCMV genome. Only a few gene loci are transcribed
during the immediate-early (IE) phase of infection: UL36-38,
UL122-123, UL115-119, TRS1/IRS1, and US3 (10). It is as-
sumed that IE genes play important roles in the initiation of
the HCMV infection. However, some of these genes (US3 and
IRS1) have been shown to be nonessential for replication in
cell cultures (23, 27), and the ie1 gene (UL123) is required only
under certain conditions of infection (17, 33). Essential func-
tions of the UL36-38, UL122, and UL115-119 genes have not
been tested so far. Transients transfection studies have shown
that gene products of the UL36-38 locus are required for
oriLyt-dependent DNA replication (21, 39, 40). These results
have not been confirmed with HCMV mutants, and it is not
known which one of the UL36-38 gene products is essential for
DNA replication. The UL36-38 transcription unit gives rise to
several overlapping transcripts, some of them being multiply

FIG. 6. Transcript analysis of the RVUL37 mutant. (A) Genomic structure of the RVHB5 and RVUL37 viruses in the UL37 region. Exons are depicted in gray.
In the genome of RVUL37 exon 3 of the UL37 gene is disrupted by the insertion of the tetracycline resistance gene (Tet). The probe used (black bar) is specific for
the 1.9-kb UL37 exon 1 transcript and the 3.4-kb gpUL37 transcript (28, 50). (B) Northern blot of whole cell RNA isolated from mock infected HFF cells (lane 1) and
from cells 8 h after infection with 3 PFU/cell of the parental virus RVHB5 (lane 2) or the mutant virus RVUL37 (lane 3) in the presence of cycloheximide. Molecular
sizes (in kilobases) of the detected transcripts are shown at the right margin. The blot was rehybridized with a probe specific for b-actin as an internal RNA control.
The actin band detectable in all lanes is shown on the bottom panel.
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spliced. At least three transcripts are expressed at IE times of
infection, a 1.8-, a 1.9-, and a 3.4-kb transcript (28, 50, 51). The
3.4-kb transcript encodes a type I transmembrane glycopro-
tein, gpUL37, consisting of 487 amino acids (aa). Since
gpUL37 traffics to the endoplasmic reticulum and the Golgi
apparatus (1), we speculated that this protein may not be
essential for the initiation of viral transcription. Exon 1 of the
gpUL37 ORF is shared with the UL3731 ORF, whereas exons
2 and 3 are not part of the other transcripts encoded within the
UL36-38 transcription unit (28, 50). For the selective and ex-
clusive disruption of the gpUL37 ORF we decided to delete a
382-bp SnaBI fragment in the third exon of the UL37 gene and
to replace it with a 2.6-kbp tetracycline resistance marker gene
(Fig. 5A). Insertion of the tetracycline marker interrupts the
gpUL37 ORF after codon 199 and creates a new stop codon
after four additional codons. The truncated ORF can encode
only a product of 199 aa that shares the amino-terminal 162 aa
with the product of the 1.9-kb transcript. The expression of the
C-terminal part of gpUL37 comprising the glycosylation, trans-
membrane and cytosolic domains should be abrogated.

The mutation was introduced into a 6.7-kbp BglII-DraI frag-
ment (nt 47366 to 54041 of AD169 [8]) and subsequently
transferred to the BAC plasmid pHB5 by homologous recom-
bination in E. coli CBTS as described in Materials and Meth-
ods. The structure of the mutant BAC plasmid pHBUL37 was
characterized by EcoRI digestion and compared to the paren-
tal BAC plasmid pHB5. The 6.4-kbp EcoRI Q fragment in
BAC plasmid pHB5 (Fig. 5B, lane 1) was not present in the
mutant BAC plasmid. Instead, two new bands of 4.9 and 3.7
kbp were observed (Fig. 5B, lane 2). These new bands result
from an additional EcoRI site in the tetracycline resistance
gene (Fig. 5A). Southern blot analysis was performed with a
PvuI-EcoRI fragment specific for the right part of the EcoRI Q
fragment in order to confirm successful mutagenesis. As ex-
pected, this probe recognized the 6.4-kbp fragment in the pa-
rental BAC plasmid pHB5 (Fig. 5B, lanes 1 and 3), whereas in
the mutated BAC plasmid pHBUL37 a signal was detected at
4.9 kbp (Fig. 5B, lanes 2 and 4). The correct insertion of the
mutation was also tested by sequencing relevant parts of the
mutated BAC plasmid. The data confirmed that the intended
alteration was introduced into the HCMV BAC plasmid.

The gpUL37 gene is nonessential for replication of HCMV
in fibroblasts. To examine whether the gpUL37 gene is essen-
tial for replication of HCMV the mutant BAC plasmid pH-
BUL37 was transfected into MRC-5 cells. Plaques appeared 7
to 10 days posttransfection. The supernatant of the transfected
cells was used to infect new fibroblasts, and total cell DNA was
isolated from infected cells. EcoRI digestion of the viral DNA
showed that the mutation was maintained in the genome of the
reconstituted virus mutant RVUL37 (Fig. 5B, lane 6). The
6.4-kbp EcoRI Q fragment in the RVHB5 genome was re-
placed by two fragments of 4.9 and 3.7 kbp in the RVUL37
genome (Fig. 5B, compare lanes 5 and 6). In order to provide
evidence that the RVUL37 mutant was reconstituted from the
BAC plasmid pHBUL37, Southern blot analysis of the virus
genomes was performed as described for the BAC plasmids.
Hybridization signals were observed at 6.4 and 4.9 kbp for
RVHB5 and RVUL37 as expected (Fig. 5B, lanes 7 and 8).
Thus, the gpUL37 ORF was disrupted by the tetracycline re-
sistance gene.

Northern blot analysis was performed in order to analyze the
effect of the gene disruption on transcription of the UL37
gene. A probe was used that detects the 1.9-kb UL37 exon 1
transcript and the 3.4-kb gpUL37 transcript (Fig. 6A). In ac-
cordance with previous results (28, 50), the 3.4 kb gpUL37
transcript could be detected only in RNA from RVHB5-in-

fected cells that were treated with cycloheximide for 8 h (Fig.
6B, lane 2). The 1.9-kb UL37 exon 1 transcript was detected in
RNA from cells that were infected with the parental virus
RVHB5 or with the mutant virus RVUL37, irrespective of
whether the cells were treated with cycloheximide (Fig. 6B,
lanes 2 and 3) or not (data not shown). The abundance of the
1.9-kb transcript was higher in RVUL37-infected cells than in
RVHB5-infected cells. In addition, a novel transcript with a
size of about 3 kb was found in RNA from cells infected with
the mutant virus RVUL37 after treatment with cycloheximide
for 8 h (Fig. 6B, lane 3). This transcript was not seen when the
RVUL37-infected cells remained untreated (data not shown).
The abundance of this transcript is lower than that of the 3.4-
kb transcript in RVHB5-infected cells. Thus, the UL37 gene
disruption results in altered transcription of the UL37 gene.

To test the consequences of the gpUL37 gene disruption on
the growth properties of the UL37 mutant, a multiple-step
growth curve analysis was performed. HFF cells were infected
at an MOI of 0.1 with either the parental virus RVHB5 or the
mutant virus RVUL37, and the virus titers in the extracellular
fluid of infected cultures were determined. No significant dif-
ference was found between the growth kinetics of the two
viruses (Fig. 7). We conclude from these data that the gpUL37
gene product is nonessential for the replication of HCMV in
human fibroblasts.

DISCUSSION

In this study we describe the cloning and mutagenesis of the
HCMV genome as an infectious BAC in E. coli. For genera-
tion of the HCMV BAC plasmid the BAC vector sequence was
integrated into the HCMV genome by homologous recombi-
nation in HFF cells. Circular intermediates of the recombinant
viral genome were isolated from infected cells and transformed
into E. coli DH10B. The HCMV BAC plasmids could be stably
maintained in E. coli and gave rise to infectious virus follow-
ing transfection into human fibroblasts. A selected viral gene
(gpUL37) was disrupted through homologous recombination
in E. coli to demonstrate that the HCMV BAC genome can be
easily and rapidly mutated in bacteria.

Following the transformation of the circular HCMV BAC

FIG. 7. Multiple-step growth curves of the mutant virus RVUL37 and of the
parental virus RVHB5. HFF cells (5 3 105) were infected at an MOI of 0.1.
Virus titers in the supernatants of infected cells were determined as described in
the legend for Fig. 4.
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genomes into E. coli we obtained BAC plasmids that contained
the HCMV genome frozen in the different isomeric states.
Inversion of the HCMV genome components does not occur in
recombination-deficient E. coli DH10B. In eukaryotic cells fix-
ation of the HSV and HCMV genomes in a defined confor-
mation could be achieved only after the deletion of the internal
repeat sequences (22, 34, 41). These virus genomes, which
were locked in one of the four possible conformations, have
been shown to be infectious. Our data confirm these previous
observations by demonstrating that both isomeric forms of the
HCMV BAC are infectious. When circular DNA of a virus
population, which was reconstituted from a plasmid with a
given conformation, was transformed back into E. coli, BAC
plasmids representing the different isomeric forms were ob-
tained. Thus, isomerization of the conformations seems to be a
frequent event in human fibroblasts, and the kinetics of the
isomerization process can now be analyzed in detail.

The transfection of HCMV BAC plasmids into human fi-
broblasts reproducibly led to a reconstitution of the desired
virus genomes and recombinant viruses. The cotransfection of
a pp71 expression plasmid enhanced the infectiousness of the
HCMV BAC plasmids as described previously for HCMV
DNA (3). This effect is probably mediated by the transactivat-
ing properties of pp71 on the major IE promoter and other
viral promoters (3, 29). We never observed any rearrange-
ments or deletions in the reconstituted viral genomes. Thus, we
conclude that the integrity of the HCMV BAC is unaffected by
the transfection procedure. After the reconstitution of virus
from the BAC plasmids the vector sequences remain stable in
the virus genome. The presence of the vector sequences will
not interfere with most analyses. For MCMV, we have devised
a strategy that allows the excision of the vector sequences
during reconstitution of the virus genome (52). Flanking of the
BAC vector sequences in the HCMV BAC plasmids with tar-
get sites for excision is under construction.

The transient expression of recombinogenic activities is re-
quired for targeted mutagenesis of the HCMV BAC plasmid.
Mutagenesis was performed in E. coli CBTS, which is recA
positive at 30°C and virtually recA negative at temperatures
higher than 37°C. recA was expressed only as long as required.
The recombinogenic activity in E. coli CBTS is low even at
30°C since large regions of homology (2 to 3 kbp) are required
to achieve homologous recombination in this strain. The low-
level recombinogenic activity guarantees, however, a high-level
stability of the BAC plasmids. We never observed adventitious
deletions or rearrangements in the HCMV BAC plasmids dur-
ing propagation in E. coli CBTS or DH10B.

In principle, the large inverted repeats of the HCMV ge-
nome should provide optimal substrates for recombination.
Homologous recombination would result in the inversion of
the unique segments located between the repeats. Inversion of
the UL and US segments of the HCMV BAC plasmid does
indeed occur in recombination-proficient E. coli CBTS. How-
ever, such events seem to occur only very rarely since they
could be detected only by Southern blot analysis (data not
shown). The large distance between the inverted repeats and
the low-level recombinogenic activity in this E. coli strain prob-
ably reduce the chance for recombination.

Recombination between direct repeats leads to the deletion
of intervening sequences and to a reduction in the copy num-
ber of repeated sequences. The HCMV genome contains a
number of short direct repeats, e.g., the a sequence (34). There
is a natural variation in the copy number of the a sequence
(34), suggesting that herpesviruses cannot keep the number of
repeated sequences constant. The HCMV BAC plasmid pHB5
probably contains just one a sequence within the terminal and

internal repeat sequences. One copy of the a sequence is suf-
ficient for cleavage and packaging of the viral genome (34).

The probability for recA-mediated recombination is depen-
dent on the length of the homologous sequences and on the
presence of Chi sites (59-GCTGGTGG-39) within these se-
quences (37). The directly repeated sequences in the HCMV
genome are generally short and do not contain Chi sites.
Therefore, the risk of acquiring undesired deletions in the
BAC plasmid by propagation in E. coli strains with low-level
recombinogenic activity is considered to be low. Nevertheless,
new phenotypes resulting from mutagenesis of the viral ge-
nome will require construction of revertant viruses in order to
unequivocally attribute the phenotypes to the specifically in-
troduced mutations. This requirement is independent of the
mutagenesis procedure, i.e., whether the mutant viruses are
generated by conventional recombination techniques in eu-
karyotic cells or by the BAC technique in E. coli.

Gene products encoded by ORFs UL36-38 are required for
the initiation of viral DNA replication (39, 40). It is assumed
that the UL36-38 proteins mediate this effect by their ability to
transactivate HCMV early genes that encode members of the
replication machinery (21). So far it has not been dissected
which of the proteins encoded by the UL36-38 transcription
unit is essential for viral replication. After the transfection of
the mutant UL37 BAC plasmid, plaque formation was ob-
served. Analysis of viral DNA confirmed that the gpUL37 gene
was disrupted by the tetracycline resistance gene in the genome
of the viral mutant. The UL37 mutant expresses an altered
UL37 transcript with a size of about 3.0 kb. We assume that
this transcript encodes a truncated gpUL37 protein. Further
experiments are required to characterize this protein.

The UL37 mutant showed a pattern of growth kinetics which
was comparable to that of the parental virus. We conclude
from these data that gpUL37 is nonessential for the replication
of HCMV in vitro. Our results are in agreement with a recent
study which reported that the UL3731 protein is much more
effective than gpUL37 in the transactivation of HCMV early
promoters and that the unique carboxy-terminal domain of
gpUL37 downstream of aa 199 can be deleted without abro-
gating transactivation (11). The function of gpUL37 remains
elusive. In fibroblasts the gpUL37 transcript is seen only under
special infection conditions. Perhaps the gpUL37 gene func-
tion is apparent in cells other than fibroblasts. Further studies
with the UL37 mutant in various cell types may help to eluci-
date the function of gpUL37.

Since its original description for MCMV (32) the method of
cloning viral genomes as infectious BAC plasmids has been
applied to several other herpesvirus genomes (14, 46, 49). This
technique has major advantages over conventional recom-
bination techniques performed with permissive eukaryotic
cells. Site-directed and random mutagenesis (6) can be rapidly
performed with the cloned herpesvirus genomes. Even the
introduction of point mutations is feasible (32). Multiple alter-
ations can be introduced into the cloned genome by successive
rounds of mutagenesis without the need to reconstitute viral
intermediates. The modified virus genome can be character-
ized prior to the reconstitution of virus progeny. In contrast,
conventional recombination techniques allow the characteriza-
tion of the mutant genome only at the very end of the mu-
tagenesis procedure after several rounds of selection and
plaque purification.

Although the BAC technique allows the construction of viral
genomes with mutations in essential genes (6), complementing
cell lines are still required for the reconstitution and propaga-
tion of viral mutants. The general feasibility of constructing
complementing cell lines for CMV mutants has recently been
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demonstrated (12, 17, 33, 44), but the generation of such CMV
mutants has not been achieved yet. The BAC technique will
also be advantageous for this purpose, because it circumvents
selection against the parental virus. Until now, the generation
of viruses mutated in essential genes was dependent on the
quality of the complementing cell line, which was difficult to
determine. Since the construction of mutant genomes by the
BAC technique in E. coli is independent of the phenotype of
the viral mutant, BAC constructs mutated in essential genes
may also serve as useful tools for evaluating the functionality
and efficacy of complementing cell lines.

In summary, we have successfully extended the BAC clon-
ing and mutagenesis technique to HCMV. The procedure will
considerably speed up the construction of HCMV mutants. In
addition, the generation of defined CMV vaccine strains now
becomes feasible. In principle, the cloning and analysis of any
CMV strain will be possible by the described technique. We
expect that the new approach will facilitate genetic analysis of
CMV functions and studies on CMV pathogenesis.
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