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The US6 gene family, located within the unique short region (US) of the human cytomegalovirus (HCMV)
genome, contains six open reading frames (US6 through US11) which may encode glycoproteins, such as gcII
(D. Gretch, B. Kari, R. Gehrz, and M. Stinski, J. Virol. 62:1956-1962, 1988). By homologous recombination,
several different recombinant HCMV were created which contain a marker gene, 0-glucuronidase, inserted
within this gene family. It was demonstrated that ,-glucuronidase has utility as a marker gene for the
identification of recombinants in this herpesvirus system, without the occurrence of deletions in other regions
of the viral genome. DNA and RNA blot analyses attested to the fidelity of the recombination. Immunopre-
cipitation experiments using monospecific polyclonal antisera indicated that the US10 and/or USli gene
products were not expressed in the recombinants, as predicted. These results, along with single-cycle growth
analyses, indicated that the US10 and USll gene products are nonessential for virus replication and growth in
tissue culture. HCMV recombinants expressing ,-glucuronidase seemed to be genetically stable.

Human cytomegalovirus (HCMV) is an important oppor-
tunistic pathogen of immunocompromised adults and can
cause neurological abnormalities in some infants infected in
utero (1). The 230-kb genome of HMCV is similar in struc-
ture to that of herpes simplex virus (HSV), as reviewed by
Stinski (59). It has long and short unique regions, UL and
US, respectively, each bounded by inverted repetitions.
Sequencing of the entire HCMV genome was completed
recently by Barrell and coworkers (6). Their results indicate
that the cytomegalovirus genome contains more than 200
significant open reading frames. To date, relatively few of
these open reading frames have been studied as to the
function(s) of the protein which they may encode.

In the HSV system, the analysis of viral mutants has
proven to be invaluable in the study of the function of many
viral genes. These studies employed temperature-sensitive
mutants (9, 39, 45, 48, 62, 63), site-directed insertional
mutants by exploiting the selectable thymidine kinase (tk)
gene (31, 32, 40, 41), and mutants created by random
mutagenesis procedures utilizing mini-Mu phage and trans-
poson TnS (23, 61). More recently, the prokaryotic ,-galac-
tosidase gene has been used for site-directed insertion into
the HSV genome, allowing for the easy identification of viral
mutants as blue plaques after overlay with a chromogenic
substrate, 5-bromo-4-chloro-3-indolyl- -D-galactopyrano-
side (X-Gal) (11, 12, 29). In contrast to conditionally lethal
mutants in which mutations lie in essential genes, the other
methodologies offer the advantage that mutants in nonessen-
tial genes can be created and identified. These successful
strategies for the creation of HSV mutants have not been
employed to any great extent in the HCMV system. Proba-
bly because of the long replication cycle of this virus, there
have only been a few reports concerning the creation or
analysis of HCMV temperature-sensitive mutants (19, 42,
56, 65, 66). Because of the limited host range of HCMV in
tissue culture (human diploid fibroblasts), mutagenesis by
exploitation of a tk gene would be exceedingly difficult. To
date, only Spaete and Mocarski (55) have reported the
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successful site-directed insertion of a marker gene (P-galac-
tosidase) into the genome of cytomegalovirus, within one
copy of the repeats flanking UL. However, this virus con-
tained an unexpected deletion adjacent to the site of the
insertion. Reasons for the infrequent use of such an powerful
genetic approach to study gene function in HCMV may
include difficulties in the preparation or transfection of the
viral DNA and the genetic instability of 3-galactosidase
marker-expressing recombinants (55).
We report here the construction of P-glucuronidase mark-

er-expressing HCMV recombinants by site-directed inser-
tional mutagenesis and show that several members of the
US6 gene family are nonessential for growth in tissue
culture. The US6 gene family is located in the US and
comprises six open reading frames (US6 through US11)
which share limited amino acid homology (64) and may
encode glycoproteins, such as gcII (15, 16). Although it has
been shown to have wide application in plant and nematode
systems (21, 22), the use of ,B-glucuronidase as a marker gene
in mammalian systems has not been reported previously.
US11 and/or US10 have been replaced by the marker gene in
separate virus isolates without any other detected deletions
in the viral genome. Recombinant virus lacking either or
both of these genes were not impaired in their ability to
replicate in tissue culture compared with that of wild-type
virus.

MATERIALS AND METHODS

Cells and virus. Human foreskin fibroblast (HFF) cells
were isolated in this laboratory and used for fewer than 20
passages. They were grown in Dulbecco's modified Eagle
medium (Mediatech) containing 10% fetal calf serum
(GIBCO) and 25 mM HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid). Vero cells were grown in the
same media, but with 10% calf serum instead of fetal calf
serum. Human cytomegalovirus strain AD169 was obtained
from the American Type Culture Collection and propagated
according to standard protocols. For HCMV-infected HFF
cells, 5% calf serum (Hyclone)-5% fetal calf serum was used
in the media instead of 10% fetal calf serum. HSV type 1
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(HSV-1) strain Patton was obtained from R. Hyman (The
Pennsylvania State University College of Medicine, Her-
shey, Pa.).
DNA sequence. The HCMV US numerical base designa-

tion used throughout this manuscript is that which was
published previously (64).
Plasmid constructions. The HCMV strain AD169 genomic

HindlIl X and G DNA fragments were cloned into pAT153
yielding pHind-X and pHind-G, respectively (37). The
HCMV strain AD169 XbaI P DNA fragment was cloned
from virion DNA into the XbaI site of pACYC184 to yield
pXbal-P. pBam-U contains the HCMV BamHI U frag-
ment, subcloned from pHind-G, into the BamHI site of
pACYC184. pBgl-I and pBgl-M contain the HSV-1 strain
Patton genomic BglII I or M DNA fragments, respectively,
cloned into the BgIII site of pKC7 vector (24). pEco-N
contains the EcoRI N DNA fragment, from the sam-e strain
of HSV-1, cloned into pACYC184 (24). The protein A fusion
protein vector used (pT7protA) was constructed from
pRIT2T (Pharmacia) by B. Rasmussen (American Cyanamid
Co., Pearl River, N.Y.). In pT7protA, the protein A fusion
gene is under the control of bacteriophage T7 gene 10
promoter and termination signals (44). All plasmid DNA
manipulations were done according to standard protocols
(46). Plasmids for recombination into the HCMV or HSV-1
genome were constructed in a pT7-1 (U.S. Biochemical)
backbone. The starting plasmid was pBgluc which contains
the 1.9-kb prokaryotic ,-glucuronidase gene (Clontech, Palo
Alto, Calif.) inserted into the SmaI site within the pT7-1
polylinker. The order of the restriction sites within the
polylinker of pBgluc relative to the ,-glucuronidase gene is:
HindIlI, PstI, Sal, XbaI, BamHI, 5'-p-glucuronidase-3',
SstI, and EcoRI. To facilitate homologous recombination
into the viral genome, the appropriate viral sequences were
cloned 5' and 3' to the 3-glucuronidase gene in pBgluc. To
insert 3-glucuronidase in place of tk in the HSV-1 genome,
pBgdTK was constructed. Unlike the constructs for recom-
bination in the HCMV genome (below), the starting plasmid
was pBglucpolA, which is essentially the same as pBgluc,
except that it has a 0.8-kb fragment containing the simian
virus 40 t splice and polyadenylation signal at the 3' end of
the P-glucuronidase gene. Sequentially, pBgdTK contains
the 2.5-kb SalI-BgII fragment (from pBgl-I; contains the tk
promoter and 5' untranslated sequences [nearest to the BglII
site {40}] and 5' flanking sequences [to the Sall site at map
unit 0.33 {17}]), P-glucuronidase and polyadenylation signal,
and the 2.3-kb SstI-BamHI fragment (from pBgl-M, contain-
ing sequences encoding the C-terminal 228 amino acids of tk
and 3' flanking region [36, 40]). The endogenous HSV-1 tk
early promoter controls P-glucuronidase gene expression in
this construct. To insert P-glucuronidase in the HCMV
US10-US9 intergenic region, p2.7EBgpAUS10/9 was con-
structed (Fig. 1B). Sequentially, this plasmid contains the
1.3-kb ApaI-ApaI fragment (bases 14834 to 13527, containing
US11 and US10 sequences; from pHind-X), the 768-b SspI-
XmaIII (-713 to +55) 2.7E promoter fragment (from
pBam-U [14]), P-glucuronidase; the 180-b SmaI-HaeIII
HSV-1 tk polyadenylation signal fragment (36), and the
2.0-kb ApaI-BamHI fragment (bases 13527 to 11548, con-
taining US9 and US8 sequences; from pHind-X). In order to
replace HCMV US11, pBgdUS11 was constructed (Fig. 1C).
Sequentially, this plasmid contains the 1.8-kb PstI-XbaI
fragment (bases 16713 to 14897, containing US13, US12, and
US11 promoter sequences; from pXbal-P), P-glucuronidase,
and the 1.5-kb SalI-SstII fragment (bases 14677 to 13215,
containing C-terminal US11 sequences and US10 sequences;

from pHind-X). The endogenous US11 early promoter con-
trols P-glucuronidase gene expression in this construct. In
order to replace HCMV US10, pBgdUS10 was made (Fig.
1D). Sequentially, this plasmid contains the 1.2-kb HindIll-
XhoI fragment (bases 15362 to 14189, containing US11
coding sequences and US10 promoter sequences; from
pHind-X), P-glucuronidase, and the 1.8-kb Smal-EcoRI
fragment (bases 13782 to 11949, containing C-terminal US10
sequences, US9 sequences, and N-terminal US8 sequences;
from pHind-X). The endogenous, weak, US10 promoter
controls P-glucuronidase expression in this plasmid. To
replace HCMV US10 and US11 simultaneously, pBg-
dUS11/10 was constructed (Fig. 1E). This plasmid is similar
to pBgdUS10, except that it has the 1.8-kb PstI-XbaI frag-
ment (bases 16713 to 14897, containing US13, US12, and
US11 promoter sequences; from pXbal-P) inserted upstream
of P-glucuronidase, instead of the 1.2-kb HindIII-XhoI frag-
ment. A schematic of the relevant regions of the plasmids for
recombination into the HCMV genome are shown in Fig. 1.
p2.7EBgpAUS10/9 was used in the creation of RV134,
pBgdUS11 was used in the creation of RV699, pBgdUS10
was used in the creation of RV131, and pBgdUS11/10 was
used in the creation of RV67. Prior to transfection for
recombination into the viral genome, the plasmids were
linearized at a unique restriction site at one end of the viral
sequences flanking 3-glucuronidase.

Viral DNA. Infectious HCMV DNA was isolated from
partially purified nucleocapsids after sorbitol cushion den-
sity gradient centrifugation (57, 58). The nucleocapsids were
resuspended in 50 mM Tris (pH 7.5)-i mM MgCl2. The
nucleocapsid suspension was made 0.1 M Tris (pH 8.0)-0.1
M EDTA-0.1 M NaCl and lysed by the addition of Sarkosyl
to a final concentration of 0.5%. After digestion with 100 ,ug
of proteinase K per ml (3 h at 50°C), phenol-chloroform
extraction was done and the resulting nucleic acids were

precipitated with ethanol. The spooled DNA was dried
briefly and resuspended overnight in 1 x TE (10 mM Tris [pH
8.01-1 mM EDTA). Miniprep recombinant virus DNA (for
DNA blot analysis) was isolated from the cytoplasm of
infected cells. The procedure used was similar to that used
for the isolation of total cytoplasmic RNA (see below),
except that modified 2 x PK buffer was used (containing 1%
Sarkosyl instead of 2% sodium dodecyl sulfate [SDS]) and
there was a treatment with RNase A (25 p.g/ml at 37°C for 20
min) prior to the proteinase K treatment.

Transfection for recombinant HCMV. HFF cells were split
so that they were 70 to 80% confluent on the day of
transfection. The cells were trypsinized and suspended to
5.6 x 105 cells per ml in Dulbecco's modified Eagle medium-
10% fetal calf serum-25 mM HEPES. The DNA was trans-
fected by using a modified calcium phosphate coprecipita-
tion technique. Briefly, 1.5 ,ug of infectious HCMV DNA,
2.5 ,ug of linearized plasmid DNA, and 2 ,ug of sonicated
salmon sperm DNA were mixed in the calcium chloride
solution (300 ,ul containing 10 mM Tris [pH 7.0]-250 mM
calcium chloride) and chilled on ice. To initiate the copre-
cipitation, the DNA was removed from the ice and 300 ,ul of
2x HeBS (pH 6.95; at room temperature; lx HeBS is 19.2
mM HEPES, 137 mM NaCl, 5 mM KCI, 0.8 mM sodium
phosphate, 0.1% glucose) was added dropwise with gentle
mixing. As soon as the slightest precipitate was visible, the
precipitate was placed on ice (to prevent further precipitate
from forming). The precipitate was mixed with 3 x 106 cells
(in suspension) and placed in an 82-mm tissue culture plate.
After 6 h at 37°C, the medium was removed and the cells
were shocked with 20% dimethyl sulfoxide in lx HeBS for
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FIG. 1. Organization of recombinant virus genomes. (A) The first line depicts the location of the US6 family containing HindIll X DNA
fragment in the HCMV strain AD169 (wild-type) genome. The shaded boxes are the inverted repeats which bound the UL, and the clear boxes
are those which bound the US. Below is a schematic of the organization of the US6 family of genes and neighboring genes. The locations of
HindIll (H) and XhoI (X) restriction endonuclease sites and the size (in kilobases) of the fragments are given. Some of the major transcripts from
this region, which were mapped previously (25), are indicated, along with their kinetic class (E, early; L, late) and their size (in kilobases). The
direction of transcription is right to left. T, transcription initiation site; An, polyadenylation site. The location of probes used in Fig. 2 DNA blot
analyses is shown. (B) Genomic organization of RV134. This recombinant contains a 2.83-kb insertion of a P-glucuronidase (Bgluc) expression
cassette in the US10-US9 intergenic region as shown. No HCMV genome sequences were deleted by this insertion. The second line (in this
panel, as well as in panels C through E) shows the organization of the relevant region of the linearized plasmid constructed to make the
recombinant virus. The expected transcripts from this region are shown and their size given in kilobases. The black box is the 2.7E promoter
(pr); the tk polyadenylation signal adjacent to the P-glucuronidase gene (An) is also shown. (C) Genomic organization of RV699. The
j3-glucuronidase gene was inserted at the US11 transcription initiation site and replaces 220 b downstream from there, including the sequences
encoding the N-terminal 62 (of 215 total) amino acids of US11. This replacement results in a 1.68-kb increase in genome size. The region deleted
is shown by a shaded box just below the first line. The endogenous US11 promoter controls transcription of P-glucuronidase in this construct.
Clear boxes adjacent to P-glucuronidase (without notation) are the remaining portions of partially deleted open reading frames. For example, just
downstream of the ,-glucuronidase are the sequences encoding the C-terminal 153 amino acids of the US11 open reading frame. Both the 3.2-
and 0.9-kb transcripts utilize the endogenous polyadenylation site downstream of US10. (D) Genomic organization of RV131. The P-glu-
curonidase gene was inserted at the US10 transcription initiation site and replaces 407 b downstream from there, including the sequences
encoding the N-terminal 120 (of 185 total) amino acids of US11. The XhoI site located between US11 and US10 in the wild-type genome is lost
as result of the insertion. This replacement results in a 1.49-kb increase in genome size. The region deleted is shown by the shaded box. Only
the sequences encoding the C-terminal 65 amino acids remain (clear box adjacent to ,-glucuronidase). 13-Glucuronidase gene expression is
controlled by the endogenous US10 promoter. The 3.0- and 2.4-kb transcripts are 3' coterminal at the polyadenylation site downstream of US10.
(E) Genomic organization of RV67. The ,3-glucuronidase gene was inserted at the US11 transcription initiation site and replaces 1.12 kb
downstream from there, including all of the US11 coding region and all but the sequences encoding the C-terminal 65 amino acids of US10 (clear
box adjacent to ,-glucuronidase). The region deleted is shown by the shaded box. This replacement results in a 0.78-kb increase in genome size.
,B-Glucuronidase gene expression is controlled by the US11 promoter. Only a 2.3-kb transcript is predicted.
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2 min. The cells were washed twice with phosphate-buffered
saline, and growth medium was added. The media was

changed every 4 to 7 days. When cytopathic effect was

extensive (14 to 21 days posttransfection), virus was har-
vested. The resulting virus stock was serially diluted and
placed on HFF cells. After 10 to 12 days, the infected cells
were overlaid with 0.5% agarose in modified Eagle medium
(GIBCO) containing 100 ,ug of X-Glu (5-bromo-4-chloro-3-
indolyl-,3-D-glucuronide; Biosynth) per ml. Blue (recombi-
nant virus-containing) plaques were picked 3 h to several
days after adding the overlay (depending on the strength of
the promoter controlling ,B-glucuronidase expression). In
some cases, the original transfection plate was overlaid for
the first blue plaque identification. Recombinant viruses
were plaque purified four times (one round of plaque purifi-
cation after all plaques on a plate appeared blue).

Transfection for recombinant HSV. Essentially, the proce-

dure given above for HCMV was followed, except that
HSV-1 strain Patton DNA and Vero cells were used.
RNA extraction. Total cytoplasmic RNA was isolated by

the Nonidet P-40 lysis method as described previously (46).
HCMV kinetic class RNA was isolated after infection of
HFF cells at a multiplicity of infection of 5. Immediate-early
RNA was isolated at 8 h postinfection from cells in the
presence of either 25 F.M anisomycin or 100 ,ug of cyclohex-
imide per ml, as indicated, from 1 h before infection until
harvest. Early RNA was isolated from cells in the presence
of 100 ,ug of phosphonoformate per ml at 24 h postinfection.
Late RNA was isolated from cells at 72 h postinfection.
RNA blot analysis. Fifteen micrograms of total cytoplas-

mic RNA was electrophoresed through 1.2% formaldehyde
agarose gels according to standard protocol (46). The RNA
was blotted to Nytran (Scheicher and Schuell), UV cross-

linked, and prehybridized for 4 to 16 h in 50% formamide, 5 x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate),
5 x Denhardt, 50 mM sodium phosphate (pH 6.5), 1%
glycine, 100 ,ug of denatured sonicated salmon sperm DNA
per ml, and 0.1% SDS at 42°C. Using high-specific-activity
riboprobes (46), the blots were hybridized in 50% formam-
ide, Sx SSC, lx Denhardt, 20 mM sodium phosphate (pH
6.5), 1 mM EDTA, 100 ,ug of denatured sonicated salmon
sperm DNA per ml, 50 p.g of yeast tRNA per ml, and 0.1%
SDS for 18 h at 60°C. Riboprobe blots were washed twice in
2x SSC at room temperature for 5 min and then treated with
1 ,ug of RNase A per ml in 2x SSC for 15 min. This was

followed by three high-stringency washes in 0.05 x SSC-
0.1% SDS at 55°C for 20 min. The washed blots were

exposed to XAR5 film (Kodak) with Dupont Cronex inten-
sifying screens at -70°C.
DNA blot analysis. Viral DNA was electrophoresed

through 0.6% agarose gels. The DNA was blotted to Nytran,
UV cross-linked, and prehybridized as described above for
the RNA blots. By using DNA probes (made by using a

random priming kit [Bethesda Research Laboratories]), the
blots were hybridized at 42°C in the buffer given for the RNA
blot analysis, except that the buffer lacked the yeast tRNA.
The blots were washed twice in 2x SSC-0.1% SDS at room
temperature for 5 min. Three high-stringency washes were

done in O.lx SSC-0.1% SDS at 50°C for 20 min each. The
washed blots were exposed as described for the RNA blots.

Production of polyclonal antisera. US10 and USli genes
products were expressed as protein A fusion proteins in
Escherichia coli BL21 (44). The pT7protA fusion vector
(described above) contains the unaltered pRIT2T polylinker
3' of the protein A coding region. For the US10 or USli
fusions, bases 14119 to 13127 or bases 14834 to 14189,

respectively, were inserted in frame into the polylinker.
Accordingly, the US10 fusion contained all except the N-ter-
minal eight amino acids of the US10 open reading frame and
the US11 fusion contained all except the N-terminal 11
amino acids of the US11 open reading frame. The fusion
proteins were solubilized and purified from inclusion bodies
of bacteria induced with isopropyl-,3-D-thiogalactopyrano-
side (IPTG). New Zealand White rabbits were immunized at
6-week intervals with these fusion protein antigens by sub-
cutaneous injection using either Freund's complete adjuvant
(primary immunization) or Freund's incomplete adjuvant
(secondary immunizations). Serum was obtained after the
fifth boost.

Immunoprecipitation. Uninfected or infected-cell proteins
(8 to 12 h after infection at a multiplicity of 5) were
radiolabelled with methionine and cysteine as follows. Cells
were depleted of methionine and cysteine for 45 min prior to
labelling by incubation in serum-free DMEM lacking these
amino acids (Specialty Media, Lavalette, N.J.). Metabolic
radiolabelling of proteins was done by adding [35S]methion-
ine and cysteine (1,100 Ci/mmol; ExpreSS; New England
Nuclear) to a final concentration of 200 ,uCi/ml in the same
media, but containing dialyzed fetal calf serum (GIBCO) at a
final concentration of 1%. After labelling, cell lysates were
prepared by solubilization in triple-detergent lysis buffer
(46). The cleared lysates (supernatant after centrifugation for
5 min at 15,000 x g and 4°C) were retained for immunopre-
cipitation (46). Briefly, the radiolabelled extracts were pre-
cleared by using preimmune serum and killed Staphylococ-
cus aureus (Bethesda Research Laboratories). Proteins
binding to immune serum were pelleted by using protein A
sepharose (Pharmacia). The washed immunoprecipitates
were boiled in the presence of 2-mercaptoethanol and elec-
trophoresed in denaturing polyacrylamide gels. The gels
were fixed and soaked in salicylate fluor (46) prior to drying
and autoradiography.

Single-cycle growth analysis. Confluent monolayers of
HFF cells in 35-mm plates were infected at a multiplicity of
infection of 2 with either wild-type or recombinant HCMV.
After adsorption for 2 h at 37°C, the inoculum was removed
and fresh medium was added to each plate. The plates were
incubated at 37°C until the indicated day postinfection. The
plates were frozen at -70°C, thawed at 37°C, and infected
cells were scraped into the medium. The medium-infected-
cell suspension was sonicated for 1 min. Total infectious
virus was quantitated by plaque assay with a 0.5% agarose
overlay.

RESULTS

j-Glucuronidase is a useful marker gene for recombinant
herpesviruses. In order to study HCMV gene function by the
genetic approach of site-directed insertion and replacement
mutagenesis, a small marker gene, P-glucuronidase, was

investigated for its utility in herpesvirus systems. Two likely
reasons why P-glucuronidase has not been used as a marker
gene in animal virus systems are the successful usage of
P-galactosidase in many systems (including HSV) and the
thought that endogenous cellular 3-glucuronidase in mam-

malian cells would preclude the usefulness of this gene as a

marker (11, 12, 29, 38). To test whether P-glucuronidase
would serve as a suitable marker in a herpesvirus system,
recombination into the known nonessential HSV-1 tk gene
was performed (52). Following cotransfection of pBgdTK
and HSV-1 DNAs into Vero cells, 3-glucuronidase-express-
ing virus from seven blue plaques were purified and their
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FIG. 2. DNA blot analysis of recombinant HCMV DNA. Viral DNAs were digested with HindIll (lanes 1, 3, 5, 7, and 9) or HindIII-XhoI

(lanes 2, 4, 6, 8, and 10) and electrophoresed in a 0.6% agarose gel. After transfer to a nylon membrane, the DNAs were hybridized with either
an HCMV HindlIl X fragment-derived 2.95-kb XbaI-EcoRI (XE) probe (A) or a 0.6-kb ,-glucuronidase (Bgluc) gene probe (B). The location
of the XE probe is shown in Fig. 1A. The DNAs were from RV134 (lanes 1 and 2), RV699 (lanes 3 and 4), RV131 (lanes 5 and 6), wild-type
strain AD169 (lanes 7 and 8), and RV67 (lanes 9 and 10). Lanes M, radiolabelled K HindIII DNA markers whose size is given in kilobases to
the right of each panel. The location of the hybridizing DNA fragments from wild-type virus is indicated to the left of each panel by size (in
kilobases). All lanes were from the same gel, but different (optimal) autoradiogram exposures were used to make the figure.

DNAs were analyzed. Each was shown to contain the
expected insertion of the P-glucuronidase gene in place of tk
within the HSV-1 EcoRI N fragment (data not shown). This
was the only recombinant virus DNA fragment which dis-
played altered electrophoretic mobility compared with that
of wild-type virus (data not shown). These results substan-
tiated that ,-glucuronidase can be used as a marker gene for
the identification of recombinant virus in a herpesvirus
system.
The next step was to determine whether ,B-glucuronidase

could be used in a similar fashion with HCMV. HCMV is
permissive in very few cell types in tissue culture (including
HFF cells), and infection by this virus stimulates the expres-
sion of some cellular genes (4, 8, 20, 47, 58). We determined
that both uninfected and wild-type HCMV-infected HFF
cells expressed very little endogenous cellular 3-glucuroni-
dase, no more than uninfected Vero cells (data not shown)
which were used for the HSV-1 recombinants (above). Since
there have not been any published reports of nonessential
genes in the HCMV system, our strategy to test whether
,-glucuronidase could serve as a marker in this system was
to design a plasmid that would direct ,-glucuronidase recom-
bination into the US10-US9 intergenic region. We have
recently mapped transcripts expressed from the HCMV US6
gene family (25). Low-abundance read-through RNAs are
transcribed from an intergenic region between US10 and
US9. p2.7EBgpAUS10/9 was constructed such that when it
recombined into this region, the 3-glucuronidase gene would
be expressed under the control of another HCMV promoter,
2.7E (14), and that transcription would be terminated by the
HSV-1 tk polyadenylation signal engineered into this plas-
mid. By homologous recombination due to the HCMV
flanking sequences, this 3-glucuronidase expression cassette

should be inserted just downstream of the US10 polyadeny-
lation signal and about 275 b upstream of the US9 transcrip-
tion start sites. It was hoped that this insertion would not
interfere with expression directed by the US9 promoter.
After transfection of linearized p2.7EBgpAUS10/9 with
wild-type HCMV genomic DNA, the primary plaques were
harvested and replated on HFF cells for screening as de-
scribed in Materials and Methods. Blue plaques were ob-
tained at a frequency of about 5%.
By DNA blot analysis (Fig. 2), the fidelity of the insertion

was determined. The recombinant genome of RV134, a virus
purified from one of the blue plaques, had the ,-glucuroni-
dase expression cassette inserted at the predicted location
within the HindIII X fragment of the HCMV genome (Fig.
1B). As shown in Fig. 2A, the 2.95-kb XbaI-EcoRI fragment
probe (XE [Fig. 1A]) from HindIII X probe hybridized to the
5.02- and 7.85-kb Hindlll DNA fragments in wild-type and
RV134 DNA digests, respectively. The HCMV HindlIl X
DNA fragment increased in size by 2.83 kb because of the
insertion of the ,B-glucuronidase expression cassette (Fig.
1B). In HindIII-XhoI double digests, only the predicted
1.06-kb wild-type fragment showed altered mobility (to 3.9
kb) in RV134 (Fig. 2A). Only the 7.85-kb Hindlll and 3.9-kb
HindIII-XhoI DNA fragments from RV134, and not any
wild-type DNA fragments, hybridized with a P-glucuroni-
dase probe (Fig. 2B). Similar DNA blot hybridizations using
the HX and XP probes (Fig. 1A) established that the regions
surrounding the P-glucuronidase expression cassette inser-
tion (e.g., HindlIl Q and V fragments [Fig. 1A]) were not
altered in RV134 compared with wild-type virus (data not
shown). Also, using a total HCMV genomic DNA probe and
a probe from UL, no unexpected alterations of the RV134
genome were revealed (data not shown). The data indicated
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that the recombination of the P-glucuronidase expression
AT RV1,4 cassette into the RV134 genome had occurred correctly.

U IE E L IE E L RNA blots of kinetic class transcripts demonstrated that
the expected 2.2-kb ,B-glucuronidase message was present in
very abundant amounts at early and late times postinfection
in RV134-infected HFF cells (Fig. 3A), as would be pre-
dicted from transcripts under the control of the strong 2.7E
promoter (14, 35, 55). A 4.1-kb readthrough transcript was
also detected by using this ,-glucuronidase riboprobe (Fig.
3A). The ,B-glucuronidase riboprobe did not hybridize with
RNA from wild-type virus-infected cells. Except for a slight
reduction in the steady-state level of the 1.7-kb US9-US8

* * -1.5 transcript at early times postinfection, the insertion of the
,-glucuronidase expression cassette into the US10-US9 in-
tergenic region in RV134 did not have an effect on RNA

0.9 expression from the adjacent upstream or downstream tran-
scription units, either US11-US10 (1.5- and 0.9-kb RNAs
[Fig. 3B]) or US9-US8 (1.7-kb RNA [Fig. 3C]), respectively,
compared with that in the wild type. The cumulative results
from the DNA and RNA blot analyses suggested that inser-
tion of the ,-glucuronidase expression cassette does not

AB significantly alter expression from neighboring transcription
units and allows for predictable construction, as well as the

D identification, of HCMV recombinant mutants.
It was previously reported that the HSV-1 late glycopro-

RV134* U tein H promoter sequences are closely associated with theL L* U polyadenylation signal of the upstream tk gene (51). This late
promoter region is within the tk polyadenylation signal
fragment used to terminate transcription in the P-glucuroni-

28S- dase expression cassette used in the RV134 mutant of
* w -4.1 HCMV. This HSV-1 late promoter was also activated at late

(RT) times postinfection in RV134-infected HFFs, as evidenced
by the 2.1-kb late transcript which hybridized with the
US8-US9 prebe (Fig. 3C). The HSV-1 glycoprotein H pro-

* -2.1 moter was regulated as a true late promoter when incorpo-
18S- rated into the HCMV genome (of RV134) since the 2.1-kb

transcript was detected (by using a US9-US10 intergenic
region probe [Fig. 3D]) most abundantly only at late times
postinfection in the absence, but not in the presence, of
phosphonoformate, a viral DNA synthesis inhibitor. As
expected for a message under the control of a promoter
active both at early and late times postinfection, the 4.1-kb
,B-glucuronidase readthrough RNA was detected equally
under both conditions (Fig. 3D).

SA Replacement of US10 and USll open reading frames. As a

0.9-kb

1 .7-kb

USS I US9

Pv Ps S

1.5-kb

A B Xh Xb

HCMV pp AB
rlboprobes:
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FIG. 3. RNA blot analysis of RV134-infected cell RNAs. RNA
from uninfected HFF cells (lanes U), immediate-early times postin-
fection (lanes IE), early times postinfection (lanes E), or late times
postinfection (lanes L) were hybridized with the P-glucuronidase
(Bgluc) gene riboprobe (A), the US10 riboprobe AB (B), the
US8-US9 riboprobe PP (C), or the US9-US10 intergenic riboprobe
SA (D). Lane L* in panel D contains RNA from cells which were

infected and maintained in the presence of 100 ,ug of phosphonofor-
mate per ml until late times (72 h) postinfection. The cells were

infected with either wild-type (WT) HCMV strain AD169 or RV134

as indicated. The position of the 28S and 18S rRNAs are shown. The
sizes of hybridizing RNAs are given in kilobases. The 3-glucuroni-
dase gene-containing readthrough transcript (RT) is indicated. The
schematic is of the US8-US11 region from wild-type strain AD169 of
HCMV. The previously mapped wild-type transcripts containing
US10-US11 sequences are shown above the schematic. The position
of the ,B-glucuronidase gene expression cassette insertion is indi-
cated by #. The position of the HCMV gene-derived riboprobes are

indicated. Restriction endonuclease sites, some of which were used
for cloning the fragments for riboprobes, are: A, ApaI; B, BsmI; Ps,
PstI; Pv, PvuII; Xb, XbaI; and Xh, XhoI. The immediate-early
conditions used for the preparation of immediate-early RNA in
panels A and B were established by cycloheximide treatment
(described in Materials and Methods). The 2.2-kb 3-glucuronidase
message (from the strong 2.7E early promoter) detected in panel A
under the cycloheximide immediate-early conditions was not de-
tected when anisomycin treatment was used to establish immediate-
early conditions (data not shown). The immediate-early conditions
used for the preparation of immediate-early RNA in panel C were

established by anisomycin treatment.

28S-

18S-

28S-

18S-
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first step to examine the role played by the US10 and US11
gene products in the viral infectious cycle, plasmids which
would replace part of either gene by the P-glucuronidase
marker gene under the control of the endogenous US10 or
US11 promoters which were mapped previously (25) were
constructed. In pBgdUS11 and pBgdUS10, the P-glucuron-
idase gene was inserted at the transcription initiation site and
replaced the normal 5' untranslated sequences and se-
quences encoding the first (amino-terminal) 62 or 120 amino
acids of either the US11 or US10 open reading frames,
respectively (Fig. 1C and D). These plasmids were designed
such that only the open reading frame containing the,B-gluc-
uronidase insertion would be mutated and expression from
the adjacent open reading frames should not be altered.
Cotransfection of the plasmids with wild-type HCMV DNA
and then plaque purification of P-glucuronidase-expressing
virus yielded recombinant viruses RV699 and RV131 from
the transfections involving pBgdUS11 and pBgdUS10, re-
spectively. Therefore, in RV699, US11 gene expression
should have been abolished, and in RV131, US10 gene
expression should have been abolished. DNA blot analysis
of the viral DNAs demonstrated that the P-glucuronidase
gene was inserted in the predicted location within HindIlI X
region of the genome (Fig. 2). The 2.95-kb XbaI-EcoRI
fragment (XE [Fig. lA]) and P-glucuronidase probes both
hybridized to 6.7- and 6.5-kb HindIll DNA fragments in
digests of RV699 and RV131 DNAs, respectively. The
increase in size of the HindlIl X DNA fragment (5.02 kb in
wild-type virus) reflects the net increase in genome size (1.68
kb in RV699 and 1.49 kb in RV131) predicted by the insertion
(Fig. 1C and D). The correct location of the,3-glucuronidase
insertion within the HindIll X region was confirmed by
hybridization of these probes to HindIII-XhoI digests of the
viral DNA. The 2.95-kb XbaI-EcoRI (XE) fragment hybrid-
ized to 1.17-, 1.06-, and 2.78-kb fragments from wild-type
virus DNA (Fig. 2A). In RV699, only the 1.17-kb fragment
was altered and increased in size to 2.85 kb (and comigrated
with the 2.78-kb fragment in the gel used for this blot;
confirmed by SstI and HindIII-PstI digests [data not
shown]). In RV131, the ,-glucuronidase gene insertion re-
sulted in the loss of the XhoI restriction site that was at the
junction of the 1.17- and 1.06-kb fragments (Fig. 1A). The
resulting fragment was 3.73 kb; the 2.78-kb fragment re-
mained unaltered. Both the 2.85-kb fragment from RV699
and the 3.73-kb fragment from RV131 hybridized with the
2.95-kb XbaI-EcoRI fragment and ,3-glucuronidase gene
probes (Fig. 2A and B). In DNA blot experiments identical
to that described above for RV134, no other alterations of
the RV699 or RV131 genomes, compared with that of
wild-type virus, were detected (data not shown). This in-
cluded the regions neighboring the HindIII X fragment
(HindlIl Q and HindIlI V fragments).

Previous fine mapping of transcripts from the wild-type
virus (25) in conjunction with RNA blot analysis of kinetic
class RNAs confirmed the correct insertion of the 3-gluc-
uronidase gene within the US11 and US10 transcription units
in RV699 and RV131, respectively. Briefly, in wild-type
virus, a 1.5-kb early transcript initiates upstream of US11
and terminates at the polyadenylation site downstream of
US10. Also, a 0.9-kb early transcript initiates upstream of
US10 and is 3' coterminal with the 1.5-kb RNA (thus, the
US10 riboprobe hybridizes to both transcripts [Fig. 3B]).
Because of the ,B-glucuronidase gene insertion in RV699, the
1.5-kb US11-US10 transcript of wild type increased in size to
3.2 kb (Fig. 1C and 4D) and hybridized with the P-glucuron-
idase (Fig. 4A), US10 (Fig. 4B), and US11 (Fig. 4C) ribo-
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FIG. 4. RNA blot analysis of RV699-infected cell RNAs. RNA
from uninfected HFF cells (lanes U), immediate-early times postin-
fection (lanes IE), early times postinfection (lanes E), or late times
postinfection (lanes L) were hybridized with the P-glucuronidase
(Bgluc) gene riboprobe (A), the US10 riboprobe AB (B), or the US11
riboprobe XX (C). The immediate-early conditions used for the
preparation of immediate-early RNA in all panels were established
by anisomycin treatment. The position of the 28S and 18S rRNAs
are indicated. The sizes of hybridizing RNAs are given in kilobases.
The transcript originating from a cryptic promoter within the P-gluc-
uronidase gene is indicated with an asterisk (*). (D) Schematic of the
US8-US11 region from wild-type strain AD169 of HCMV. Restric-
tion endonuclease sites used for cloning the fragments for ribo-
probes are shown: A, ApaI; B, BsmI; Xb, XbaI; and Xh, XhoI. The
previously mapped wild-type transcripts containing US10-US11
sequences are shown above the schematic. The RNAs expected as
result of the recombination which yielded RV699 are shown below
the schematic. The shaded box indicates the position and extent of
the sequences which were deleted and replaced by the P-glucuron-
idase gene (not drawn to scale) in RV699-infected cell RNAs. The
position of the HCMV gene-derived riboprobes are indicated.

probes. The 0.9-kb US10 message was unaltered in RV699
and hybridized only with the US10 riboprobe (Fig. 4B).
Because of the 3-glucuronidase gene insertion in RV131,
both the 1.5-kb US11-US10 and 0.9-kb US10 RNAs in-
creased in size to 3.0 and 2.4 kb, respectively (Fig. 1D and
5D). Both of these transcripts hybridized with the P-gluc-
uronidase (Fig. SA) and US10 (Fig. SB) riboprobes, but only
the former hybridized with the US1l (Fig. SC) riboprobe.
The RNA blot analyses of Fig. 4 and 5 revealed additional

transcripts, most abundant in late RNAs, by using probes
which hybridized downstream of the ,-glucuronidase gene.
For example, the USli and US10 probes hybridized to a late
transcript from RV699 which migrated at about 2.4 kb (Fig.
4B and C). Also the US10 probe hybridized to two smaller
late RNAs (approximately 1.3 and 1.5 kb) in from RV131
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FIG. 5. RNA blot analysis of RV131-infected cell RNAs. RNA
from uninfected HFF cells (lanes U), immediate-early times postin-
fection (lanes IE), early times postinfection (lanes E), or late times
postinfection (lanes L) were hybridized with the P-glucuronidase
(Bgluc) gene riboprobe (A), the US10 riboprobe AB (B), or the US11
riboprobe XX (C). The immediate-early conditions used for the
preparation of immediate-early RNA in panels A and C were
established by cycloheximide treatment and in panel B by anisomy-
cin treatment. The position of the 28S and 18S rRNAs are indicated.
The sizes of hybridizing RNAs are given in kilobases. Those
transcripts originating from a cryptic promoter within the ,-gluc-
uronidase gene are indicated with an asterisk (*). (D) Schematic of
the US8-US11 region from wild-type strain AD169 of HCMV.
Restriction endonuclease sites used for cloning the fragments for
riboprobes are shown: A, ApaI; B, BsmI; Xb, XbaI; and Xh, XhoI.
The previously mapped wild-type transcripts containing US10-US11
sequences are shown above the schematic. The RNAs expected as
result of the recombination which yielded RV131 are shown below
the schematic. The shaded box indicates the position and extent of
the sequences which were deleted and replaced by the ,-glucuron-
idase gene (not drawn to scale) in RV131-infected cell RNAs. The
position of the HCMV gene-derived riboprobes are indicated. The
small amount ofRNA detected under immediate-early conditions in
panels A and C was due to leakage under the cycloheximide
conditions.

(Fig. 5B). Since these transcripts did not hybridize with a
US9 riboprobe (data not shown), we believe that they
terminated at the first polyadenylation signal encountered,
just downstream of US10. Therefore, in both cases, in the
absence of splicing, the 5' end of the transcripts would lie
within the 0-glucuronidase gene, about 1.1 to 0.9 kb down-
stream from its amino terminus. These RNAs were not
detected by the 1-glucuronidase probe, since it contains only
the 0.6 kb from the amino terminus of that gene. The data

35S Coomassie
FIG. 6. Total protein analysis of virus-infected cells. HFF cells

were uninfected (lanes U) or infected at a multiplicity of infection of
5 with wild-type strain AD169 (lanes WT), RV134, or RV699. From
68 to 72 h postinfection (or mock infection), proteins were metabol-
ically labeled with [35S]methionine and [35S]cysteine as described in
Materials and Methods. Equal volumes of the cell lysates were
electrophoresed in SDS-10% PAGE, and the proteins were stained
with Coomassie blue. The gel was exposed to X-ray film (A) and
photographed (B). The position of the 68-kDa 3-glucuronidase
(Bgluc) protein is indicated.

inferred that there is a cryptic promoter within the ,-gluc-
uronidase gene that is activated at late times postinfection by
HCMV.

Protein analysis of recombinant HCMV. Proteins synthe-
sized by RV134 were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) of total infected-cell lysates. A
68-kDa protein, which is the size of the P-glucuronidase
monomeric subunit (21), was easily detected in lysates of
cells infected with RV134 (Fig. 6). Corresponding to very
abundant amounts of ,-glucuronidase RNA in RV134-in-
fected cells (Fig. 3A), this protein was the most abundant
protein which was synthesized (Fig. 6A) or accumulated
(Fig. 6B) by late times postinfection. The 68-kDa protein was
not detected in uninfected-cell lysates or those from wild-
type virus-infected cells. This protein was abundant in
RV134-infected cells since in that virus 3-glucuronidase is
under the control of the strong 2.7E promoter (14, 35). The
2.7E promoter was previously utilized to drive 3-galactosi-
dase production in HCMV recombinant RC256 (55). ,3-Ga-
lactosidase protein accumulated to similar high levels in cells
infected by RC256. ,B-Glucuronidase accumulation was not
detected in RV699-infected cells (Fig. 6B). This was because
of the comparatively weak US11 promoter which controls
,3-glucuronidase expression in RV699 (25) (Fig. 1C) and
therefore the relatively low steady-state level of the 3.2-kb
,-glucuronidase-encoding RNA (Fig. 4A) compared with the
2.2-kb message in RV134-infected cells (Fig. 3A).

Immunoprecipitation analysis was used to determine
whether the genes disrupted by the insertions in RV131 and
RV699 were expressed (Fig. 7). US10 or US11 fusion
proteins were expressed in bacteria from the protein A
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FIG. 7. Immunoprecipitation of US10 and US11 proteins from
recombinant virus-infected cell lysates. HFF cells were uninfected
(U) or infected at a multiplicity of infection of 5 with wild-type strain
AD169 (WT), RV134, RV699, RV131, or RV67. From 8 to 12 h
postinfection (or mock infection), proteins were metabolically la-
beled with [35Slmethionine and [35S]cysteine as described in Mate-
rials and Methods. (A) Immunoprecipitation of cell lysates with
US11 immune antisera (lanes 2 to 8). Preimmune serum from the
same rabbit was used in lane 1. Lanes 1 and 2 and lanes 3 through 8
are from different SDS-10% PAGE gels. (B) Immunoprecipitation of
cell lysates with US10 immune antisera. An 15% SDS-PAGE gel
was used. The position of the Amersham '4C-protein molecular
weight markers are indicated to the left of each panel. The position
of the US11 or US10 immunoprecipitated proteins is also indicated.

fusion vector pT7protA (described in Materials and Meth-
ods). Monospecific polyclonal antisera were obtained from
rabbits after immunization with the fusion proteins. Immune
antisera from a rabbit receiving the US11 fusion protein
immunoprecipitated a 31-kDa protein from lysates of wild-
type HCMV-infected cells at early times postinfection (Fig.
7A, lanes 2 and 4). This protein was not precipitated with
preimmune sera (from the same animal) or from uninfected-
cell lysates (Fig. 7A, lanes 1 and 3, respectively). The
theoretical molecular mass of the unmodified US11 gene

product is 25.3 kDa (6). The 31-kDa protein recognized by
the US11 antisera is a glycosylated form of the US11 gene

product (26). As expected, the 31-kDa US11 gene product

was immunoprecipitated from lysates of RV134- and RV131-

infected cells and was absent from lysates of RV699-infected
cells (Fig. 7A) using that antisera. Although infected at the
same multiplicity, smaller quantities of US11 protein were

immunoprecipitated from lysates from RV131-infected cells

than from lysates of wild-type virus- or RV134-infected cells.

Although this may be due to slightly reduced levels of the

3.0-kb RNA which would encode the US11 gene product in
RV131 (Fig. SC) compared with the corresponding 1.5-kb
transcript in wild-type or RV134 (Fig. 3B), it may also be due
to reduced translatability of the chimeric transcript.

In similar experiments, an approximately 22-kDa protein
was specifically immunoprecipitated from lysates of wild-
type HCMV-infected cells at early times postinfection with
antisera from a rabbit receiving the US10 fusion protein (Fig.
7B). This corresponds closely to the theoretical molecular
mass (20.8 kDa) of the unmodified US10 gene product (6).
By using the US10 antisera, the 22-kDa protein was also
present in immunoprecipitates from RV134- and RV699-
infected cell lysates but was not immunoprecipitated from
RV131-infected cell lysates (Fig. 7B). This data confirmed
that the US10 or US11 proteins were not expressed from
RV131 and RV699, respectively. Parenthetically, we believe
that a smaller quantity of US10 protein was detected in the
immunoprecipitate from the RV699-infected cell lysate than
from the wild-type virus- or RV134-infected cell lysates
because of reduced efficiency of metabolic labelling in the
former. Another recombinant HCMV which contains an
identical ,B-glucuronidase gene insertion into the US11 open
reading frame (as RV699) synthesized an amount of US10
protein similar to that synthesized by wild-type HCMV at
early times postinfection (data not shown).

Kinetics of recombinant virus growth in tissue culture.
Insertions of the P-glucuronidase gene in RV131 and RV699
resulted in the replacement of a portion of US10 and US11,
respectively. However, the insertion in RV134 is not within
a significant open reading frame, but likely would interfere
with either 3.0- or 1.0-kb low-abundance late RNAs which
are transcribed from the opposite DNA strand as the US6
family genes within this region (data not shown). In order to
assess the effect of these insertions, single-cycle growth
analyses were performed in HFF cells (Fig. 8). The eclipse
period for each of the recombinant viruses was 2 to 3 days.
This, as well as the rate of infectious virus production by
each of the recombinants, was similar to that of wild-type
virus (Fig. 8). These results are in agreement with those
published previously for wild-type strains of HCMV (43, 53).
The data suggested that interruption of the transcription
units from the strand opposite to the US6 family (RV134), as
well as the lack of expression of the US10 or US11 proteins,
does not impair virus growth kinetics. In low-multiplicity
infections, the size and appearance of recombinant virus
plaques were similar to wild-type plaques (not shown).
US10 and USli genes can be replaced simultaneously. The

viral growth studies of RV131 and RV699 have suggested
that the lack of either US10 or US11 gene expression,
individually, does not result in a defect in the ability of these
viruses to grow in tissue culture. US10 and US11 genes are
adjacent to each other in HCMV US, both are expressed
most abundantly at early times postinfection (25) (Fig. 3B),
and they share limited homology at the amino acid level (64).
On the basis of the latter, it was implied that the protein
products of these genes may have a common function(s).
Therefore, HCMV may be able to tolerate loss of either one
of these genes, but not both. To address this question, RV67
in which a 1.11-kb region containing all of the US11 coding
region and most of the US10 coding region was replaced by
3-glucuronidase under the control of the US11 promoter was

constructed (Fig. 1E), resulting in a net increase in size of
the HindIII X fragment of 0.78 kb. DNA blot analysis,
similar to that described for the previous recombinant vi-
ruses, revealed that only the anticipated alteration in the
HCMV genome had occurred. The 2.95-kb XbaI-EcoRI
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FIG. 8. Single-cycle growth analysis of recombinant viruses.

(XE) fragment and ,-glucuronidase probes (Fig. 2A and
B, respectively) hybridized to 5.8-kb HindIII and 3.0-kb
HindIII-XhoI fragments. The latter represents the insertion
within the fused (since the XhoI site was part of the removed
sequences) wild-type 1.06-kb XhoI and 1.17-kb HindIll-
XhoI fragments (Fig. 1A and E). As before, no alterations
were detected in the neighboring HindIII Q or V regions or

in any other region of the RV67 genome (data not shown).
By RNA blot analysis, a 2.3-kb transcript, which hybridized
with either ,B-glucuronidase (Fig. 9A) or US10 (Fig. 9B)
riboprobes, but not to the US11 riboprobe (since these
sequences were completely deleted [blot not shown]), was

expressed from this region in RV67. A 4.1-kb readthrough
transcript was also detected. The low-abundance late tran-
scripts arising from a cryptic promoter within the ,-gluc-
uronidase gene detected in RV131-infected cell transcripts
were also detected in RV67-infected cell RNA with the US10
probe (Fig. 9B). As expected, neither the US10 nor the USli
protein was detected by immunoprecipitation (Fig. 7). Like
deletion of the USll or US10 genes individually, single-
cycle growth analysis did not reveal a defect in the ability of
RV67 to replicate in tissue culture compared with that of the
wild-type virus (Fig. 8).

DISCUSSION

In this article, the utility of the prokaryotic ,B-glucuroni-
dase marker gene to identify recombinant herpesviruses,
especially HCMV, has been demonstrated. This gene has
been used as a marker in plant and some lower eukaryotic
systems but has not reported to be useful in mammalian
systems previously (21, 22, 33). P-Galactosidase is com-

monly utilized as a marker gene for the identification ofHSV
recombinants and also in the one reported HCMV recombi-
nant. However, in the latter case, this HCMV recombinant

(RC256) contained a 5.5-kb deletion adjacent to the site of
,B-galactosidase insertion (55); one hypothesis that the au-

thors proposed was that the deletion occurred because of the
large size of the P-galactosidase insert coupled with the
DNA size packaging limits of the HCMV capsid. In this
regard, ,-glucuronidase may be advantageous to ,B-galactosi-
dase as a marker gene in the HCMV system because of its
relative small size (1.9 versus 3.1 kb). Like 3-galactosidase,
functional 3-glucuronidase is likely tetrameric, consisting of
identical monomeric 68-kDa subunits, and is very stable
(21). The types of chromogenic substrates (which yield
soluble, insoluble, or fluorescent products) which are avail-
able for ,B-galactosidase are also available for P-glucuroni-
dase. Another characteristic of the 3-galactosidase-express-
ing HCMV recombinant RC256 was that it was very
unstable, with 10% of plaques appearing white (55). We have
isolated and characterized recombinant HCMV which con-

tain and express the prokaryotic P-glucuronidase gene from
either of three locations within US. All of the ,3-glucuroni-
dase-expressing HCMV recombinants that have been iso-
lated and reported in this article seemed to be genetically
stable.

It was demonstrated that the US10 and US11 genes can be
disrupted, either individually (RV131 and RV699, respec-
tively) or simultaneously (RV67), resulting in loss of protein
expression from these open reading frames, without signifi-
cant impairment in the ability of these recombinant viruses
to replicate in a tissue culture system. These genes products
were not supplied in trans, as such, by the host cell. We
concluded that the protein products of the US10 and US11
genes are nonessential for HCMV replication and growth in
human fibroblasts. Data from several laboratories have
demonstrated that many HSV-1 genes, including 11 of 12

genes from the HSV US region, can be deleted without effect
on tissue culture growth of these HSV mutants (30-32, 41,
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FIG. 9. RNA blot analysis of RV67-infected cell I
from uninfected HFF cells (lanes U), immediate-early
fection (lanes IE), early times postinfection (lanes E),
postinfection (lanes L) were hybridized with the I3-g
gene riboprobe (A) or the US10 riboprobe AB (B). Th
early conditions used for the preparation of immediate-
both panels were established by anisomycin treatment.

of the 28S and 18S rRNAs are indicated. The size o

RNA is given in kilobases. The P-glucuronidase gei

readthrough transcript (RT) is indicated. Those transcr
ing from a cryptic promoter within the P-glucuronid
indicated with an asterisk (*). (C) Schematic of the US8
from wild-type strain AD169 of HCMV. Restriction c
sites used for cloning the fragments for riboprobes at
ApaI; B, BsmI; Xb, XbaI; and Xh, XhoI. The previo
wild-type transcripts containing US10-US11 sequenc

above the schematic. The message expected as result (
bination which yielded RV67 is shown below the scl
shaded box indicates the position and extent of the seqi

were deleted and replaced by the P-glucuronidase gen

to scale) in RV67-infected cell RNA. The position o

gene-derived riboprobes are indicated.

50, 61). More recently, Manning and Mocarski (I
that the murine cytomegalovirus ie2 gene produc

able for virus growth in NIH 3T3 cells. Also, r

HCMV US open reading frames are members o1
genes with limited amino acid homology (64).

conservation of function within the protein pr(
family, it may be possible to delete many fami]

without an apparent effect. Another alternative i

may be clusters of tissue culture dispensable genes in the
HCMV US just as in the HSV-1 US (32, 61). These possi-

E L bilities are being addressed currently.
Mainly on the basis of hydropathy analysis of proteins

deduced from DNA sequence data, it was proposed that the
US10 and US11 gene products are membrane glycoproteins

-4.1 (64). This hypothesis was supported by data which demon-
(RT) strated that a monoclonal antibody which reacts with HCMV

virion glycoprotein complex II (called gcII) also immunopre-
-2.3 cipitates US10 and US11 gene products synthesized in vitro

P4f -2. (15). Results from our experiments utilizing tunicamycin
suggested that the US11 gene product was glycosylated (26).
Through the use of viral recombinants in the HSV-1 system,

*1.5* it has been shown that several of the virion envelope
*1.3* glycoprotein genes are nonessential for virus growth in

tissue culture (18, 30-32, 49). These include gC, gE, gG, and
gI. Except for gC, these dispensable glycoproteins lie in the
US region of HSV-1, just as US10 and US11 map in the US
region of HCMV. The only essential gene within the HSV-1
US encodes the virion glycoprotein gD (29). To date, it
remains unclear as to what extent the products of the US10
and US11 genes are present in the HCMV-infected cell
membrane or the virion envelope (27).

Analysis of the P-glucuronidase gene-containing RNA
expression in theHCMV recombinants has revealed several
notable results. Transcripts which were expressed at late

-i1.s-k*) times postinfection often did not efficiently terminate at the
first encountered polyadenylation signal and can be called
readthrough RNAs. P-Glucuronidase gene expression in

(b RV134 is under the control of the 2.7E promoter, which is
very active at both early and late times postinfection (14, 35).
When early and late transcripts were compared, the amount
of the 4.1-kb readthrough transcript increased about three-

t 23-kda fold at late times (Fig. 3A). The readthrough of P-glucuron-
idase gene-containing RNAs observed in RV134 is not

RNAs. RNA simply explained by the heterologous HSV tk polyadenyla-
times postin- tion signal not being recognized as efficiently as a HCMV
or late times polyadenylation signal, since an increase of readthrough was

Ylucuronidase observed at late times in P-glucuronidase gene-containing
e immediate- RNAs which should terminate at the endogenous US10
early RNA in proximal polyadenylation signal from RV67 (Fig. 9A). This
The position increased propensity for readthrough RNAs at late times

of hybridizing postinfection was also observed for entirely endogenous
ne-containing HCMV US6 and US7 late messages (25).
ipts originat- Another observation is that the chimeric P-glucuronidasel-Us region gene-containing RNAs did not display the same kinetics as

endonuclease their wild-type counterparts. For example, steady-state cy-
re shown: A, toplasmic levels of the 3.2-kb message from RV699-infected
usly mapped cells (Fig. 4A), the 3.0-kb transcript from RV131-infected
es are shown cells (Fig. 5A), and the 2.3-kb RNA from RV67-infected cells
of the recom- (Fig. 9A) were only slightly, if at all, reduced at late times
hematic. The compared with early times postinfection. Like the 1.5-kb
uences which US11-US10 transcript from wild-type-infected cells, these
Le (not drawn chimeric messages were transcribed under the control of the
ifthe HCMV US11 promoter. In wild-type virus-infected cells, this 1.5-kb

message was greatly reduced at late times compared with
early times postinfection (25) (Fig. 3B). There are at least
two possibilities for this discrepancy. First, the presence of

34) reported ,-glucuronidase gene sequences on a transcript may stabi-
t is dispens- lize it so it has a longer cytoplasmic half-life than wild-type
nany of the RNAs. Second, negative intragenic (cis) transcriptional reg-
f families of ulatory sequences may be abrogated as result of the P-gluc-
If there is uronidase gene insertion into the transcription unit.

oducts of a A third observation is that the HSV-1 true late gH pro-
ly members moter is also regulated as a HCMV late promoter when it
is that there was incorporated into the genome of RV134 (Fig. 3D). This
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suggests that a similar mechanism(s) regulates late expres-

sion of these related viruses. For example, HCMV may

encode a HSV-1 ICP27-like protein, which is essential for
the expression of, at least, some HSV-1 late genes (34a, 45).
Also, a single-stranded DNA-binding protein of HSV-1,
ICP8, was reported to be involved in the stimulation of late
gene expression in that viral system (10). An early DNA-
binding protein with similarity to ICP8 has been identified as

the product of the HCMV open reading frame UL57 (2, 6,
28). Recognition of heterologous virus signals has been
reported previously between HSV and HCMV: HSV-1 rec-

ognizes the HCMV a DNA packaging and cleavage se-

quence (54), and HCMV functions can complement an

HSV-1 ICPO mutant (60).
Several genes determined to be nonessential for tissue

culture growth of HSV increase the virulence of that virus in
animal model systems (7, 50). It has been hypothesized that
the tissue culture dispensable HSV proteins, including gly-
coproteins, may be important for the survival and mainte-
nance of the virus in its ecological niche, the human host (11,
30). Unfortunately, as of yet, there is not a good animal
model system for HCMV to see if this may also be the case

for the tissue culture dispensable US11 and US10 gene

products. Interestingly, several members of the tissue cul-
ture dispensable adenovirus E3 transcription unit were

shown to be important in evasion of the host's immune
system (3, 5, 13). One of these was a 19-kDa membrane
glycoprotein that is localized in the endoplasmic reticulum
and can bind with major histocompatibility complex class 1
antigens, blocking its transport to the cell surface.
Attempts to disrupt and replace other HCMV US6 gene

family members by insertion of the P-glucuronidase marker
gene are in progress. If these mutants are obtained, they can
be used to assess the contribution of the products of these
open reading frames on virus viability and also on glycopro-
tein content of the HCMV virion. Specifically, the mutants
could be used to assess the contribution of the US6 gene
family members protein products to gcII, as has been
proposed (15, 27).
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