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The human cytomegalovirus (HCMV)-induced DNA polymerase has been well characterized biochemically
and functionally, but its genomic location has not yet been assigned. To identify the coding sequence,
cross-hybridization with the herpes simplex virus type 1 (HSV-1) polymerase gene was used, as suggested by
the close similarity of the herpes group virus-induced DNA polymerases to the HCMV DNA polymerase. A
cosmid and plasmid library of the entire HCMV genome was screened with the BamHI Q fragment of HSV-1
at different stringency conditions. One PstI-HincII restriction fragment of 850 base pairs mapping within the
EcoRI M fragment of HCMV cross-hybridized at Tm - 250C. Sequence analysis revealed one open reading
frame spanning the entire sequence. The amino acid sequence showed a highly conserved domain of 133 amino
acids shared with the HSV and putative Esptein-Barr virus polymerase sequences. This domain maps within
the C-terminal part of the HSV polymerase gene, which has been suggested to contain part of the catalytic
center of the enzyme. Transcription analysis revealed one 5.4-kilobase early transcript in the sense orientation
with respect to the open reading frame identified. This transcript appears to code for the 140-kilodalton HCMV
polymerase protein.

Human cytomegalovirus (HCMV), a member of the her-
pesvirus group, represents an important human pathogen. It
not only is a leading cause of congenital malformations (36),
but also establishes latency after initial infection with occa-
sional reactivation (18, 35). Thus, it represents a major threat
to patients immunocompromised as a consequence of al-
lograft transplantation (32) or acquired immune deficiency
syndrome (3).

Considerable effort has been put into the development of
antiviral drugs which inhibit HCMV replication without
affecting the host (23-25). Against herpes simplex virus
(HSV) infections, several nucleoside analogs have been
proven to be highly effective and selective. These drugs
inhibit the HSV-encoded DNA polymerase after activation
by the HSV-encoded thymidine kinase (9). Although the
HCMV-induced DNA polymerase closely resembles the
HSV-induced enzyme biochemically and functionally, the
same drugs appear to be far less effective against the HCMV
DNA polymerase, apparently due to the lack of an HCMV-
specific thymidine kinase activity in infected cells (7, 10, 23,
40).
The HCMV-induced DNA polymerase was first described

for HCMV-infected human fibroblasts by Huang in 1975
(15). It could be distinguished from host cell enzymes by
chromatographic behavior, template primer specificity, and
sedimentation behavior, but most notably by the require-
ment for 200 mM KCl or 100 mM ammonium sulfate for
maximal activity (15, 28). The polymerase is inhibited by
phosphonoacetic acid (16), aphidicolin, ara-ATP, and N-
ethylmaleimide, but not by dideoxy-TTP. Thus, it behaves
similarly to the HSV-1 and -2 DNA polymerases and cellular
DNA polymerase alpha (28). On the other hand, the HCMV-
induced enzyme is inhibited by various triphosphate nucle-
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oside analogs to a greater extent than the cellular alpha
polymerase (23, 24). Like the HSV-encoded enzyme, the
HCMV polymerase has an associated 3'-to-5' exonuclease
activity (19, 28). The purified HCMV-induced enzyme con-
sists of two polypeptides of 140 and 58 kilodaltons (kDa) in
sodium dodecyl sulfate (SDS)-polyacrylamide gels, similar
to the HSV enzyme, for which two proteins of 150 and 54
kDa copurify (24). For HSV-2 the polymerase activity has
been assigned to the 150-kDa protein exclusively. The
58-kDa protein is encoded by a different gene (38).
Although the biochemical properties of the HCMV-

induced polymerase have been characterized extensively,
the genomic location has not yet been assigned. Our ap-
proach to identify the HCMV DNA polymerase gene made
use of hybridization under reduced stringency with a probe
of the HSV-1 polymerase gene, as suggested by the close
similarity of the herpes group virus-induced enzymes to the
HCMV-induced enzyme. With this approach, a region on the
HCMV genome was identified whose amino acid sequence
shows striking homology to the HSV DNA polymerase
amino acid sequence. Transcription analysis revealed one
5.4-kilobase (kb) early transcript that appears to code for the
140-kDa polymerase protein.

MATERIALS AND METHODS

Recombinant DNA clones. Overlapping cosmid clones cov-
ering the entire HCMV (strain AD169) genome have been
described before (11). Subclones of the EcoRI M fragment
were cloned into pSP64/65 (26) by standard cloning proce-
dures (6).

Radioactive labeling of DNA and RNA probes. Radioactive
labeling of RNA probes was done with [o-32P]GTP
(Amersham and Buchler) as described previously (24). Nick
translation ofDNA with [ot-32P]dCTP was done as described
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FIG. 1. Identification of putative HCMV polymerase gene. (A)
Cosmid and plasmid clones spanning the entire HCMV genome

B LpCMl108 pCM 1029 1 pCM1015CM M 1052 were cut with HindIII and EcoRI, run on a 0.7% agarose gel, and
l pCM108 p3 pCM104 stained with ethidium bromide. Four identical nitrocellulose blots

were taken and hybridized at the stringencies indicated below the
exposures with the nick-translated M13 HSV-1 BamHI-Q clone.

Kb 0 50 100 150 200 250 The numbers above the lanes indicate HCMV clones. Their genomic

u, us localization is represented in panel B. Lanes SM, Sensitivity mark-
ers (M13 BamHI-Q cut with BamHI). The molecular size markers

HndIII shown to the left were Hindlll-restricted lambda DNA (top to
Eco RI IIMn II I E I l 1 bottom, 23.1, 9.4, 6.6, 4.4, 2.3, and 2.0 kb). The arrows to the right

show the positions of the cross-hybridizing cosmid and plasmid
vector bands. Arrowheads mark the EcoRI M fragment (represented
in two overlapping clones, as shown below). (B) HindIII and EcoRI
map ofHCMV strain AD169. The position of the EcoRI M fragment
is indicated. Above, the relative positions of cosmid and plasmid

9i ±+-s;vX;--- Xclones are shown. The EcoRI M fragment is magnified, and the
sP H S P Sph H SSicS.cSSS P relative map positions for five restriction enzymes are indicated (P,

PstI; Sph, SphI; H, HincII; Sac, Sacl; S, Sall). The hatched box
____1._______I___ I___ I__________ i__.___J_ represents the narrow region of cross-hybridization whose sequence

Kb O 1 2 3 4 5 6 is shown in Fig. 2.

previously (33). The specific activity of the nick-translated
probes was 108 cpm/,ug of DNA.

Hybridization conditions for Southern blots. Southern blots
were hybridized with nick-translated probes under condi-
tions of various stringency as calculated from the formula
given in Beltz et al. (2), assuming an average G + C content
of 57% for HCMV (31). Filters were hybridized at 42°C
overnight in solutions containing 0.1% Denhardt solution, 50
mM sodium phosphate buffer, pH 6.5, 100 ,ug of yeast tRNA
per ml, 1 jg of poly(C) per ml, 0.1% SDS, and 52%
formamide-3 x SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) (Tm - 20°C), 50% formamide-5 x SSC (Tm
- 250C), 40% formamide-5 x SSC (Tm - 300C), or 30%
formamide-3 x SSC (Tm - 400C). Filters were washed four
times for 20 min each in 1 x SSC-0.1% SDS at 720C (Tm -

200C), 2x SSC-0.1% SDS at 720C (Tm - 250C), lx

SSC-0.1% SDS at 620C (Tm - 300C), or 1 x SSC-0.1% SDS
at 520C (Tm - 400C).
DNA sequencing. DNA fragments were subcloned into

M13mp8 and M13mp9 (27) and sequenced by the chain
termination method (34).
RNA analysis. Propagation of HCMV (strain AD169) in

human foreskin fibroblasts and the isolation of HCMV
immediate-early, late, and noninfected control RNA have

been described before (17). For the isolation of early RNA,
cells were maintained in the presence of 100 ,ug of
phosphonoformic acid per ml and harvested 24 h after
infection. Polyadenylated [poly(A) + ]RNA selection was
done by using poly(U)-coated messenger affinity paper
(Medac, Hamburg, Federal Republic of Germany) as de-
scribed previously (39). Samples (1 ,ug) of poly(A)+ selected
RNA were run in 1% formaldehyde-agarose gels and blotted
onto nitrocellulose filters (Schleicher & Schuell, Dassel,
Federal Republic of Germany or GeneScreen Plus (New
England Nuclear Corp., Boston, Mass.). Northern blots
were exclusively hybridized with SP6-transcribed RNA
probes at 68°C in the presence of 50% formamide-5 x
SSC-0.1% Denhardt solution-50 mM sodium phosphate
buffer (pH 6.5)-100 ,ug of yeast tRNA per ml-1 ,ug of poly(C)
per ml and either 0.1% SDS for nitrocellulose blots or 1%
SDS for GeneScreen Plus membranes.

RESULTS

Identification of the putative HCMV DNA polymerase gene.
To identify the HCMV DNA polymerase gene, we searched
the HCMV genome for cross-hybridization with a DNA
probe from the HSV-1 DNA polymerase gene.
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A
cCTGCAGGACGCCGTATTGGTGCGCGATCTGTTCAACACCATTAATTTTCACTACGAGGCCGGGGCATCGCGCGGCTGGCTAAAATTCCGTTGCGGCGTGT
LeuGlnAspAlaValLeuVaIArgAspLeuPheAsnThrileAsnPheHisTyrG(uAlaGlyAlaSerArgGlyTrpLeuLysPheArgCysGlyValSer

101 CATCTTTGACGGACAGCAGATCCGTATCTACACCTCGCTGCTGGACGAGTGCGCCTGCCGCGATTTTATCCTGCCCAACCACTACAGCAAAGGTACGACG
SerLeuThrAspSerArgSerValSerThrProArgCysTrpThrSerAlaProAlaAlaIleLeuSerCysProThrThrThrAiaLysValArgArg

201 GTGCCCGAAACGAATAGCGTTGCTGTGTCACCTAACGCTGCTATCATCTCTACCGCCCGTGTGCCCGGCGACGCGGGTTCTGTGGCGGCTATGTTTCAGA
CysProLysArgileAlaLeuLeuCysH,sLeuThrLeuLeuSerSerLeuProProValCysProAlaThrArgValLeuTrpArgLeuCysPheArg

301 TGTCGCCGCCCTTGCAATCTGCCGTCCAGTCAGGAGCCGGTTTCACCCGGCTCCGGCAGTAACAGTAGTAGCAGCGTCGGCGTTTTCAGCGTCGGCTCCG
CysArgArgProCysAsnLeuProSerSerGlnGluProValSerProGlySerGlySerAsnSerSerSerSerValGlyValPheSerValGlySerGly

401 GCAGTAGTGGCGGCGTCGGCGTTTCCAACGACAATCACGGCGCCGGCGGTACTGCGGCGGTTTCGTACCAGGGCGCCACGGTGTTTGAGCCCGAGGTGGG
SerSerGlyGIyVaIGlyValSerAsnAspAsnHisGlyAlaGlyGlyThrAlaAlaValSerTyrGinGlyAlaThrValPheGIuProGiuVaIGly

501 TTACTACAACGACCCCGTGGCCGTGTTCGACTTTGCCAGCCTCTACCCTTCCATCATCATGGCCCACAACCTCTGCTACCTCACCCTGCTGGTGCCGGGT.
TyrTyrAsnAspProValALaValPheAspPheAlaSerLeuTyrProSeritel1eiMetAlaHisAsnLeuCysTyrLeuThrLeuLeuValProGly

601 GGCGAGTACCCTGTGGACCCCGCCGACGTATACAGCGTCACGCTAGAGAACGGCGTGACCCACCGCT-TGTGCGTGCTTCGGTGCGCGTCTCGGTGCTCT
GlyGluTyrProValAspProAlaAspValTyrSerValThrLeuGluAsnGlyValThrHisArgPheValArgAlaSerValArgValSerValLeuSer

701 CGGAACTGCTCAACAAGTGGGTTTCGCAGCGGCGTGCCGTGCGCGAATGCATGCGCGAGTGTCAAGACCCTGTGCGCCGTATGCTGCTCGACAAGGAACA
GluLeuLeuAsnLysTrpValSerGlnArgArgAlaVatArgQluCysMetArgGluCysGlnAspProValArgArgMetLeuLeuAspLysGluGln

801 GATGGCGCTCAAAGTAACGTGCAACGCTTTCTACGGTTTTACCGGCGTGGTCGAC
MetAtaLeuLysVaIThrCysAsnAlaPheTyrGlyPheThrGlyValValAsp

B
1 VSYQGATVFEPEVGYYNDPVAVFDFASLYPSIIMAHNLCYLTLLVPGGEYPV-D--PADVYSVTLENGVT HcMV
1 DGYQGATVIQPLSGFYNSPVLVVDFASLYPSIIQAHNLCYSTMITPGEEHRLAGLRPGEDYESFRLTGGV EBV
1 VGYQGARVLDPTSGFHVNPVVVFDFASLYPSIIQAHNLCFSTLSLRADA--VAHLEAGKDYLEIEVGGRR HSV1
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FIG. 2. Sequence analysis of the HCMV fragment cross-hybridizing with the HSV-1 BamHI-Q probe. (A) Nucleotide sequence of the
850-bp PstI-HincII cross-hybridizing fragment (Fig. 1, hatched box) was determined by the dideoxy chain termination method in the two
strands independently. The orientation is the same as in Fig. 1. The amino acid sequence of the only continuous open reading frame is
indicated below the nucleotide sequence. (B) The amino acid sequence was compared with those coded by the EBV and HSV-1 polymerase
sequences, and a stretch of about 130 highly conserved amino acids is shown (positions 460 to 855 on the HCMV sequence shown in panel
A). Asterisks mark amino acids identical in all three sequences, and dots mark amino acids identical in two out of three, thus defining a
consensus sequence for all three sequences.

A set of cosmid and plasmid clones spanning the entire
genome of HCMV strain AD169 (11) was hybridized under
conditions of different stringency with a 3.5-kb DNA frag-
ment from the DNA polymerase gene of HSV-1 (BamHI-Q,
strain Angelotti; kindly provided by K.-W. Knopf) cloned
into M13mp8. The HCMV cosmid and plasmid clones were
cleaved with HindIII and EcoRI and run on a 0.7% agarose
gel. Four identical blots on nitrocellulose filters were taken
from the same gel. These blots were hybridized with the
nick-translated M13 BamHI-Q DNA at Tm - 20°C, - 25°C,
- 30°C, and - 40°C. These hybridizations were done in the
presence of poly(C) (1 ,ugIml), as previous experiments had
shown that nonspecific cross-hybridization at conditions of

lower stringency, possibly due to the high G + C content of
herpesviruses, could be significantly reduced by the hybrid-
ization competitor poly(C) (data not shown). The ethidium
bromide-stained gel and the Southern blots hybridized at
increasing stringency (Tm - 40°C to Tm - 20°C) are shown
in Fig. 1A. The relative intensities of the bands at different
stringencies reflect their relatedness to the hybridization
probe (M13 BamHI-Q), as the sensitivity marker, M13
BamHI-Q cut with BamHI, showed the same intensity in all
exposures. The bands indicated by arrows on the right-hand
side represent slight hybridization between the M13 probe
and the cosmid and plasmid vector bands. The two bands
indicated by arrowheads in the blot hybridized at Tm - 250C
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FIG. 3. Transcription analysis. Samples (1 ,ug) of poly(A)+ RNA at different times after infection were run on 1% agarose-formaldehyde
gels, blotted onto nitrocellulose filters or GeneScreen Plus, and hybridized with single-stranded RNA probes. The probes used are indicated
below the lanes. (A) Identification of the 5.4-kb transcript in early RNA (probe: pCMpol3 antisense to the open reading frame identified in
Fig. 2A). Lanes: Co, uninfected control RNA; IE, immediate-early RNA; E, early RNA; L, late RNA; Ls, same as L, but a shorter exposure.
(B) Identification of the 5' region of the 5.4-kb transcript (probes: pol6b, pCMpol6b; pol5b, pCMpol5b; pol4b, pCMpol4b). Lanes: E, early
RNA; L, late RNA. (C) Identification of the 3' region of the 5.4-kb transcript (probe: pCMpollb linearized with either Sall, Sacl, or SphI).
Lanes: L, late RNA. (D) Location of probes within the EcoRI M fragment. The SP6 clones are marked by vertical bars, and the transcripts
generated from them are shown as arrows. Below the EcoRI M fragment, the polymerase transcript is shown; the 5' and 3' ends lie within
the dashed areas.

mark the only HCMV fragment (EcoRI-M) that hybridized
with the HSV-1 BamHI-Q probe under relatively stringent
conditions (the EcoRI M fragment is represented in two
overlapping cosmid clones, as indicated in Fig. 1B). Even on
the blot hybridized at Tm - 20°C this fragment can be seen
faintly when overexposed. This indicates that the HSV-1
BamHI Q fragment, derived from the DNA polymerase
gene, and the HCMV EcoRI M fragment have considerable
DNA sequence homology.
To further substantiate the significance of that cross-

hybridization, we wanted to find out whether the HCMV
EcoRI M fragment also hybridized with a DNA probe
derived from the putative Epstein-Barr virus (EBV) poly-
merase gene (1). A subclone of the EBV DNA polymerase
open reading frame comprising the BgiII Q fragment (29) was
used as the hybridization probe for a blot with clones
spanning the HCMV genome. At Tm - 30°C, this EBV
subclone reacted with the EcoRI M fragment exclusively
(data not shown).
To characterize the cross-hybridizing region on the

HCMV genome in more detail, the minimal hybridizing
fragment was determined. The EcoRI M fragment was

mapped with Sall, HincII, SphI, and Sacl (Fig. 1B). The
PstI sites are taken from the literature (13). Restriction
digests of the EcoRI M fragment were hybridized with the
HSV BamHI-Q fragment at Tm - 25°C. The cross-
hybridizing region of the HCMV genome could thus be
reduced to an 850-base-pair (bp) PstI-HincII fragment, indi-
cated as a hatched box in Fig. 1B. The right-flanking
fragment also showed some minor hybridization (data not
shown).
Sequence analysis of the HCMV fragment cross-hybridizing

with the HSV-1 BamHI-Q probe. The cross-hybridizing
850-bp PstI-HincII fragment was subcloned into M13mp8
and M13mp9 and sequenced by the dideoxy chain termina-
tion method (34). To confirm the sequence in the comple-
mentary strand, convenient subclones were sequenced as

well so that the entire 850 bp were sequenced in both strands
separately. The DNA sequence is shown in Fig. 2A. The
orientation is the same as in Fig. 1, from the PstI site to the

-54 kb

pCMpol 3
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pOMpol 3
4-

pCM pol lb
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HincIl site. There is one continuous open reading frame
spanning the entire sequence. The amino acid sequence
derived from it could be aligned to the published sequences
of HSV-1 DNA polymerase (12, 30) and the putative EBV
DNA polymerase (1) open reading frames with good homol-
ogy and showed one region of about 130 amino acids highly
conserved among the three viruses (Fig. 2B).

This highly conserved region corresponds to the part
within the HSV polymerase gene where most of the drug
resistance mutations have been mapped (12, 20). Thus, the
structural similarity appears to reflect a conserved functional
domain of the polymerase enzyme. This in turn makes it
very likely that the HCMV fragment encodes part of the so
far unidentified DNA polymerase gene.

Transcription analysis of the HCMV polymerase gene. The
sequence analysis of the 850-bp PstI-HincII fragment (Fig. 1)
revealed one open reading frame spanning the entire se-
quence. To analyze the transcription of this and adjacent
regions, fragments of the EcoRI M fragment were cloned
into the SP6 transcription vectors pSP64 and pSP65 for the
preparation of highly sensitive 32P-labeled single-stranded
RNA probes. The subclones used are shown in Fig. 3D, and
the 32P-labeled RNA transcripts are indicated above the
clones as arrows. The transcription of pCMpol3 (linearized
with PstI) generated an antisense RNA with respect to the
open reading frame shown in Fig. 2A. As shown in Fig. 3A,
this probe recognized a single transcript of 5.4 kb in a
Northern analysis of 1 ,ug of poly(A)+ HCMV early RNA.
Immediate-early RNA and RNA from noninfected cells did
not shown any hybridization. At late times after infection,
the respective transcript was still visible, apparently at a
relatively high level. It could only been distinguished from
the background in a short exposure. There were additional
transcripts in this region at late times after infection whose
functions are unknown.
To characterize the 5' and 3' regions of the transcript,

Northern blots of early and late RNAs were hybridized with
SP6-transcribed antisense probes from neighboring clones.
In Fig. 3B, the 5' region was characterized by hydridizations
of parallel blots with [32P]RNA probes generated from
pCMpol6b, -5b, and -4b. The latter two recognized a 5.4-kb
transcript, whereas pCMpol6b did not. Therefore, the 5' end
of the transcript must lie within the 1.1-kb PstI-HincII
fragment contained in pCMpolSb. Splicing to regions outside
the EcoRI M fragment cannot be excluded. Figure 3C shows
the characterization of the region where the 3' end of the
transcript mapped. One single Northern blot was hybridized
first with pCMpollb (linearized with Sall), then with
pCMpollb (linearized with Sacl), and last with pCMpollb
(linearized with SphI). Only then was the 5.4-kb transcript
found. Thus, the 3' end of the transcript maps 5' to the Sacl
site, provided that splicing to regions beyond the EcoRI M
fragment does not take place.

DISCUSSION

The EcoRI M fragment has been identified by hybridiza-
tion with the BamHI Q fragment derived from the HSV-1
DNA polymerase gene at Tm - 25°C as a candidate for the
HCMV DNA polymerase gene. Sequence analysis of an
850-bp subfragment to which the cross-hybridization could
be confined revealed one continuous open reading frame.
The amino acid sequence shows a highly conserved domain
of 133 amino acids shared with the HSV and putative EBV
polymerase sequences. The domain lies within the 3' half of
the HSV polymerase gene. This is the region where most of

the temperature-sensitive and drug resistance mutations of
HSV map (4, 5, 12, 20). The C-terminal portion of the HSV
polymerase has been proposed to contain the deoxynucleo-
side triphosphate-, PP1-, and aphidicolin-binding sites, thus
probably representing part of the polymerase catalytic site
(12, 20). Exactly the same region showed the most pro-
nounced homology with the amino acid sequences of the
putative EBV and HCMV polymerases. Since both enzymes
are sensitive to phosphonoacetic acid, aphidicolin, and the
triphosphate derivative of the nucleoside analog acyclo-
guanosine (8, 16, 22, 23, 25), as is the HSV-encoded enzyme
(20, 37), it seems reasonable to correlate their similarity in
drug sensitivity to their conserved structure.

In the course of sequencing the entire HCMV genome, a
3.7-kb open reading frame within the EcoRI M fragment has
been identified that can be aligned to the HSV-1 and putative
EB3V polymerase sequences (21). The 850-bp sequence de-
scribed here is located in the 3' half of the 3.7-kb open
reading frame and is identical to the sequence described by
Kouzarides et al. (21). The size of 3.7 kb corresponds to that
of the HSV-1 and putative EBV polymerase open reading
frames.
The mRNA coding for an HCMV polymerase should meet

certain requirements: (i) minimal size to encode a 140-kDa
protein (approximately 4 kb); (ii) expression before virus
replication at early times after infection, as it has been
shown that the HCMV-induced DNA polymerase is essen-
tial for virus replication; and (iii) sense orientation of the
transcript with respect to the open reading frame that is
highly homologous to that of the HSV-1 and putative EBV
polymerase open reading frames.
The 4.2- and 4.3-kb early transcripts within the polymer-

ase gene of HSV-1 (14) meet these requirements. We report
here the identification of a 5.4-kb HCMV early transcript in
sense orientation with respect to the 3.7-kb HCMV open
reading frame. The 5' and 3' ends of the transcript map
beyond the limits of this open reading frame, although
splicing to sequences outside the EcoRI M fragment cannot
be excluded. Constitutive expression of the open reading
frame will make possible functional testing of the sequence
identified.
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