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DNA sequence analysis has revealed that the gene coding for the human cytomegalovirus (HCMV) DNA
polymerase is present within the long unique region of the virus genome. Identification is based on extensive
amino acid homology between the predicted HCMYV open reading frame HFLF2 and the DNA polymerase of
herpes simplex virus type 1. We present here a 5280-base-pair DNA sequence containing the HCMYV pol gene,
along with the analysis of transcripts encoded within this region. Since HCMYV pol also shows homology to the
predicted Epstein-Barr virus pol, we were able to analyze the extent of homology between the DNA polymerases
of three distantly related herpesviruses, HCMV, Epstein-Barr virus, and herpes simplex virus. The comparison
shows that these DNA polymerases exhibit considerable amino acid homology and highlights a number of
highly conserved regions; two such regions show homology to sequences within the adenovirus type 2 DNA
polymerase. The HCMYV pol gene is flanked by open reading frames with homology to those of other
herpesviruses; upstream, there is a reading frame homologous to the glycoprotein B gene of herpes simplex
virus type 1 and Epstein-Barr virus, and downstream there is a reading frame homologous to BFLF2 of

Epstein-Barr virus.

Human cytomegalovirus (HCMV) is a member of the
herpesvirus family and ubiquitous in human populations.
Although most HCMYV infections do not lead to any apparent
disease, under certain circumstances HCMYV infection can
have serious consequences. The virus is known to be a major
cause of congenital abnormalities (44), and HCMV-induced
disease can cause severe problems in immunosuppressed
individuals, such as transplant recipients (15).

The search for therapeutic agents to be used in the
treatment of herpesvirus infections has yielded a number of
nucleoside analogs which are able to preferentially inhibit
the virus-encoded DNA polymerase. In herpes simplex virus
(HSV), this selectivity is apparently due to the activation of
these agents by the HSV-encoded thymidine kinase (10).
HCMYV is thought not to possess a thymidine kinase gene
(11), which may explain why some nucleoside analogs are
less effective against it. However, certain nucleoside analogs
do inhibit HCMYV replication, although their mode of activa-
tion is still obscure (13, 24-26, 42).

Since the herpesvirus DNA polymerase plays an impor-
tant role in the mechanism of action of antiherpetic agents,
the functional characterization of this enzyme is of interest.
Although the HCMV DNA polymerase (19) has not been
studied as extensively as that of HSV, the two virus poly-
merases are known to possess a number of characteristics in
common: their polymerase activity is stimulated severalfold
by high concentrations of salt, they both possess a 3'-to-5'
exonuclease activity, and they are both sensitive to certain
drugs such as phosphonoacetic acid and aphidicolin (21, 29).
The HSV DNA polymerase is a 150-kilodalton (kDa) protein
which copurifies with the 54-kDa major DNA-binding pro-
tein (32, 43). Purified HCMV DNA polymerase consists of
two polypeptides of 140 and 58 kDa (25), suggesting that the
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larger of the two polypeptides is probably the DNA poly-
merase.

We report here the sequence and transcription analysis of
an HCMYV open reading frame (HFLF2) which shows exten-
sive amino acid homology to the polymerase of HSV type 1
(HSV-1) and Epstein-Barr virus (EBV). The HCMV pol
gene is present within the long unique region of the virus
genome and is found adjacent to genes conserved in other
herpesviruses.

MATERIALS AND METHODS

DNA sequencing and data analysis. The HindIII F fragment
of HCMYV was isolated from a pAT153 recombinant plasmid
(30) and sonicated to produce randomly sheared fragments
(8). These were then made blunt-ended with T4 DNA
polymerase and cloned into the Smal site of bacteriophage
M13mp8 vector (28). Single-stranded DNA templates were
prepared as described previously (36) and sequenced by the
dideoxynucleotide chain termination method (35, 37) with a
complementary synthetic oligonucleotide primer (9). Frac-
tionation of the single-stranded DNA products of the primer
elongation reactions was carried out on TBE buffer gradient
polyacrylamide gels (3). The sequences were aligned and
overlapped by computer (39), and in this way the complete
sequence of both DNA strands was determined. Analysis of
open reading frames and signal sequences was carried out
with the program ANALYSEQ (40). The program DIAGON
(38) was used to identify homologous sequences.

Virus and cell culture. HCMV strain AD169 was obtained
from J. Oram, Centre for Applied Microbiology and Re-
search, Porton Down, United Kingdom, and propagated in
diploid human embryo lung (MRC-5) cells. To prepare
immediate-early infected-cell RN A, 80% confluent monolay-
ers of MRC-5 cells were incubated for 1 h before infection
with fresh medium containing cycloheximide (100 p.g/ml) and
then infected with HCMV at 10 PFU/cell. After infection the
cells were maintained in medium containing cycloheximide
(100 pg/ml), and RNA was prepared at 12 h postinfection.
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For early RNA, 80% confluent monolayers of MRC-5 cells
were infected with HCMV at 10 PFU/cell; the cells were
maintained in medium containing phosphonoacetic acid (100
pg/ml), and RNA was prepared at 23 h postinfection. For
late RNA, MRC-5 cells were infected with HCMV at 10
PFU/cell, and RNA was prepared at 90 h postinfection.

RNA preparation. HCM V-infected MRC-5 cells were har-
vested by trypsinization and centrifugation, washed in phos-
phate-buffered saline, and then lysed in 10 volumes of 0.1 M
NaCl-0.01 M Tris (pH 7.5-1 mM EDTA-0.5% Nonidet
P-40. The nuclei were removed by centrifugation at 10,000
rpm for 10 min. The supernatant was then made 1% with
sodium dodecyl sulfate (SDS) and extracted three times with
phenol-chloroform (1:1, vol/vol) and once with chloroform.
Total cytoplasmic RNA was then recovered by ethanol
precipitation at —20°C.

Northern blot analysis. RNA samples (10 pg) dissolved in
MOPS buffer 20 mM MOPS [morpholinepropanesulfonic
acid], 1 mM EDTA, 5 mM sodium acetate) containing 50%
formamide and 2 M formaldehyde were incubated at 60°C for
5 min and then applied to a 1.5% agarose gel prepared in
MOPS buffer with 2 M formaldehyde. Electrophoresis was
done at 10 V/cm for 2.5 h in MOPS buffer. Human 18S and
28S rRNA (1.74 and 4.85 kilobases [kb], respectively) were
used as markers. Following electrophoresis, the RNA was
transferred to nitrocellulose membranes as described by
Thomas (41). RNA blots were prehybridized in 5 X Denhardt
solution-5x SSC (1x SSC is 0.15 M NacCl plus 0.015 M
sodium citrate)-0.1% sarcosyl-100 ng of denatured salmon
sperm DNA per ml at 65°C for at least 1 h. Hybridization of
single-stranded ‘‘prime-cut’’ probes to the RNA blots was
carried out in 1x Denhardt solution-5x SSC-0.1
sarcosyl-100 g of denatured salmon sperm DNA per ml at
65°C for 16 h. Blots were washed at 65°C first in 1Xx
SSC-0.1% sarcosyl and then in several changes of 0.1 X
SSC-0.1% sarcosyl.

Prime-cut probes. The single-stranded probes used in
RNA mapping experiments (Table 1) were prepared by the
prime-cut method (12). About 0.5 g of template DNA (3 ul
of single-stranded M13 clone DNA) was added to 2 pl of
sequencing primer (0.2 pmol) and 0.5 pl of TM buffer (100
mM Tris, pH 8.0, 50 mM MgCl,) and incubated in a 60°C
oven for 30 min. The primer annealed to the template DNA
was then extended by a 10-min room temperature incubation
with 5 U (1 pl) of Klenow DNA polymerase, in the presence
of 2.5 pl of 0.5 mM each dGTP, dCTP, and dTTP and 2 pl of

TABLE 1. Probes used in transcript mapping experiments

Probes HCMV. gequ:.nce Total length
positions (bases)©
F653/Aatll 194-513 367
F161/Aatll 194-557 411
F653/Nsil 295-513 266
F209/EcoRI ~3512-4212 ~751
F74/EcoRI ~4627-5127 ~551
F74/Sacl 4653-5127 522
F228/Tthlll-1 4784-5166 430
F599/EcoRI 5042-5272 751

“ Prime-cut probes are made by primed second-strand synthesis on M13,
followed by restriction of the resulting double-stranded molecule by an
appropriate enzyme. Each probe is therefore named after the M13 clone used
for the primed second-strand synthesis and the enzyme used to cut it.

5 HCMV sequence included in each probe. All probes were in the rightward
orientation. See Fig. 2.

< Total length of each probe includes 48 bases of M13 sequence (51 bases in
the EcoRI-cut probes) in addition ot the HCMV sequences.
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[a-*?P]dATP (10 mCi/ml, 800 Ci/mmol). After the addition of
1 pl of 0.5 mM each dATP, dCTP, dGTP, and dTTP and
further incubation for 10 min, the enzyme was heat killed by
a 10-min incubation at 70°C. The primer-extended M13 clone
was then digested with the appropriate restriction enzyme in
a total volume of 20 ul. After the addition of 25 ul of
formamide containing 0.1% bromophenol blue and 0.1%
xylene cyanol FF, the mixture was denatured by a 3-min
incubation at 100°C and then electrophoresed through a 6%
polyacrylamide-8 M urea sequencing gel. The single-
stranded radioactively labeled probe was then located by
autoradiography, excised, and eluted from the gel by incu-
bating the gel slice in elution buffer (0.5 M ammonium
acetate, 10 mM MgCl,, 1 mm EDTA, 0.1% SDS) for2hina
37°C orbital shaker.

S1 nuclease mapping. Approximately 50,000 cpm of the
prime-cut probe was annealed to 10-ug samples of total
cytoplasmic RNA in 30 pl of hybridization buffer (80%
deionized formamide, 0.4 M NaCl, 10 mM PIPES
[piperazine-N, N'-bis(2-ethanesulfonic acid), pH 6.5], 1 mM
EDTA) and placed in a 55°C water bath; the temperature was
then reduced to 42°C, and the mixture was incubated at this
temperature for 16 h. To the annealed mixture was added 200
pl of S1 buffer (30 mM sodium acetate, pH 4.5, 0.25 mM
NaCl, 1 mM ZnSOy, 5% glycerol) followed by ca. 100 U of
S1 nuclease, and the mixture was incubated at 15°C for 1 h.
The S1 nuclease-resistant fragments were precipitated with
ethanol, denatured in 4 pl of formamide (containing 0.1%
bromophenol blue and 0.1% xylene cyanol), and electropho-
resed through a 6% acrylamide-8 M urea sequencing gel.

Primer extension analysis. The procedure used for primer
extension analysis was essentially that described by Bina-
Stein et al. (4). The primer (50,000 cpm) was annealed to 10-
ng samples of total cytoplasmic RNA as described for S1
nuclease mapping. The annealed mixture was then ethanol
precipitated and redissolved in 10 pul of a buffer containing
0.1 M Tris, pH 8.3, 0.15 M KCl, 10 mM MgCl,, 10 mM
dithiothreitol, 1 mM each dATP, dGTP, dCTP, and dTTP,
and 60 pg of actinomycin D per ml. The primer was extended
with § U of reverse transcriptase for 30 min at 42°C. The
resultant extensions were electrophoresed through 6%
acrylamide-8 M urea sequencing gels as described for S1
nuclease mapping.

RESULTS

Sequence analysis. The seqence of the HindIII F fragment
of HCMV stain AD169 (Fig. 1) revealed the presence of an
open reading frame showing extensive amino acid homology
to the HSV-1 DNA polymerase (14, 34) and to reading frame
BALFS of EBV (2). A §5,280-base-pair (bp) sequence encom-
passing the HCMV DNA polymerase (pol) gene is presented
in Fig. 2. The ATG codon at position 660 marks the
beginning of the 3,726-bp open reading frame identified as
the HCMYV pol. This frame terminates at position 4385. Two
polyadenylation signal sequences, AATAAA (33), are pre-
sent downstream of the pol reading frame, at positions 4962
to 4967 and 5031 to 5036.

The pol gene is bound by two reading frames which also
have homologous counterparts in other herpesviruses; part
of the sequence giving rise to these frames is presented in
Fig. 2. Upstream of pol (and in the same direction) there is
an uninterrupted reading frame extending from the beginning
of the sequence in Fig. 2 to a termination codon at position
517. This reading frame shows homology to glycoprotein B
of HSV-1 (6) and reading frame BALF4 of EBV (2, 31).



VoL. 61, 1987
0 50 100 150 2?0 2:]55 Kb
L 1 1 1
T T T T T T T T T T 1
0 01 02 03 04 05 06 07 08 09 1.0 Map Units
'
-I 1 ° lYl NI J ﬁul :: T 1 o 1 L ﬁululplisITl £ I-K 1Q levlwl H' Hind m
AN |
/ N
/ N
/ N
// \\\\
/ o~
~
4 1 1 1 1 \I\
1 2 3 4 5 Kb
HFRF2_ > HFLF2 ] <HFLF1
F74/Socl —— — F653/Nsil

F228/Tth111] ——1
F74/EcoR] —— +————— F209 /EcoRI
F599/EcoR [ —

FIG. 1. Position of the HFLF?2 reading frame within the HCMV
genome. Arrows indicate polyadenylation sites of the type
AATAAA, and the arrow with a circle indicates a polyadenylation
site of the type ATTAAA. The bent arrow represents a promoter.
The positions of the prime-cut probes used in the transcription
analysis are indicated below the HFLF2 reading frame; see Table 1
for their precise positions.

+—— F653/Aatll
+——— F161/Act I

Downstream from the pol gene there is another uninter-
rupted reading frame extending from the end of the sequence
shown in Fig. 2 to a termination codon at position 4368; this
reading frame is therefore arranged in a tail-to-tail configu-
ration with respect to pol, the 3’ termini of the two
polypeptides overlapping by 5 amino acids. This reading
frame shows homology to BFLF2 of EBV (20). The full
sequence of these two additional genes will be presented
elsewhere (manuscript in preparation).

Transcript analysis. All the single-stranded probes used in
the transcription analysis described below were made by the
prime-cut method (12). The accuracy of the bands generated
by S1 nuclease and primer extension analysis is estimated to
be within 5 bases of the size shown; the sizes of the smaller
Sl-protected fragments are taken as being most accurate.

The 5’ terminus of the pol mRNA was mapped with probes
F161/Aatll and F653/Aatll. The major S1-resistant fragment
of 281 bases generated by probe F161/Aarll (Fig. 3b) corre-
lates with the 237-base Sl-resistant fragment produced by
F653/Aatll (Fig. 3a), indicating the presence of a 5’ RNA-
DNA discontinuity at position 276. The potential TATA box
sequence (7), TATAATT (positions 250 to 256), present
about 20 bp upstream of this point suggests that this S1-
mapped end may represent the 5’ terminus of an early RNA.
It is worth noting that in the above S1 experiment (Fig. 3b)
a less abundant S1-resistant fragment can be detected within
several nucleotides of the major protected fragment, sug-
gesting that multiple initiation sites may exist in this region.
To confirm the existence of a major 5’ RNA terminus at
position 276, a primer extension experiment was carried out.
Probe F653/Nsil (total length 266 bases, including M13
sequence) was annealed to total cytoplasmic early HCMV
RNA and extended with reverse transcriptase. The 282-base
extension product (Fig. 3e) is consistent with the presence of
a 5’ RNA terminus at position 276.

There are two closely situated polyadenylation signal
sequences following the pol reading frame. The first one is
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present 575 bp downstream of the pol reading frame (posi-
tion 4962 to 4967), and the second one is 64 bp further on, at
position 5031 to 5036. Two prime-cut probes, whose se-
quence extends over both polyadenylation signal sequences,
were used in S1 nuclease analysis to establish whether any
transcripts terminate after either of these sites. Probe
F228/TthlIII-1 generated four Sl-resistant fragments of 266,
256, 242, and 176 bases (Fig. 3c), whereas probe F74/Sacl
gave Sl-resistant fragments of 397, 387, 373, and 307 bases
(Fig. 3d). These results are interpreted as follows. The
Sl-resistant fragments of 266 and 397 bases identify a 3’
RNA-DNA discontinuity at position 5050. This falls 14 bases
downstream of the polyadenylation signal sequence at posi-
tion 5031 to 5036, confirming that this is a 3’ RNA terminus.
The Sl-resistant fragments of 256 and 387 bases identifies a
heterogeneous 3' RNA-DNA discontinuity around position
5040. This falls 4 bases downstream of the polyadenylation
signal sequence at 5031 to 5036 and therefore represents the
3’ terminus of an abundant late RNA; the AT-rich sequence
in this area is probably responsible for local melting and
subsequent S1 nuclease digestion, resulting in the heteroge-
neity seen in this region (Fig. 3¢). The Sl-resistant fragments
of 242 and 373 bases identify a 3’ RNA-DNA discontinuity at
position 5026. The presence of a splice donor-like sequence
around this point (position 5026 to 5034) suggests that this
may represent a splice donor site of an abundant late RNA
species. Finally, the S1-resistant fragments of 176 and 307
bases identifies a 3’ RNA-DNA discontinuity at position
4959. A sequence showing significant identity to a splice
donor consensus sequence is present at this point (position
4957 to 4965).

To identify the transcripts originating from the pol gene,
prime-cut probe F209/EcoRI, containing about 700 bases of
the pol coding sequence, was hybridized to a Northern blot
of total cytoplasmic RNA prepared from HCMV-infected
cells. Three transcripts of 1.6, 4.7, and about 7.5 kb can be
detected (Fig. 4a). The sizing of the 7.5-kb transcript is only
an approximation, since it could not be accurately sized by
the markers used in the experiment. The expression of these
RNAs is relatively low at early times, but increases late in
infection. All three of the above RNAs plus an RNA larger
than the ~7.5-kb transcript also hybridize to probe
F74/EcoRI; this probe begins approximately 220 bp down-
stream of the pol reading frame and extends to position 5112,
exactly 76 bases downstream of the polyadenylation site at
5031 to 5036 (Fig. 4b). However, none of the above RNAs
can be detected with probe F599/EcoRI, which begins 5 bp
downstream of this polyadenylation signal sequence (Fig.
4c), suggesting that all these RNAs terminate at or before
this point. The abundance of the four transcripts detected in
Northern blots correlate with the abundance of the four
Sl-resistant fragments generated by probes which span the
two polyadenylation signal sequences (Fig. 3c and d).

The low-abundance transcript of 4.7 kb most likely repre-
sents the RNA coding for the DNA polymerase for the
following reasons. First, the distance between the pol pro-
moter and the polyadenylation site at 5031 to 5036 is 4,755
bp; second, the low abundance of the 4.7-kb transcript is
consistent with the abundance of the early RNA expressed
from the pol promoter; third, the two transcripts of over 7.5
kb hybridize to sequences upstream of the pol promoter
(data not shown); fourth, the 1.6-kb transcript is too small to
encode the pol polypeptide. It is unclear where the 3’ end of
the pol mRNA lies. It may be at position 5050 (14 bp
downstream of the polyadenylation site at 5031), since a
low-abundance transcript has been mapped at this point.
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GCGGTGGCCTCOGTGGTCGAAGGCGTTGCCACCTTCCTCAAAAACCCCTTCGGAGCCTTCACCATCATCCTCGTGGCCATAG CCGTAGTCATTATCACT TATTTGATCTATACTCGACAG
CGGCGTCTGTGCACGCAGCCGCTGCAGAACCT CTTTCCCTATCTGGTGTCCGCCGACGGGACCACCGTGACGTCGGGCAGCACCAAAGACACGTCGTTACAGGCTCCGCCTTCCTACGAG
GMN@GG"CGCMGACNGGACCACCGTCGTLTGATBCATC(‘ACGGCGGCI'CCGC(,‘I‘TACACCAACEAGCAGG('I’TACCAGATGL‘ITCTGGCCCI'GGCCCGTCI'G
GACGCAGAGCAGCGAGCGCAGCAGAACGGTACAGATTCTTTGGACGGACAGACTGGCACG CAGGACAAGGGACAGAAGCCTAACCTGCTAGACCGGCTGCGACATCGCAAAAACGGCTAC
AGACACTTGAAAGACTCCGACGAAGAAGAGAACGTCTGAACCAG GAGGAAAAAAAAACTAGACAAAAAATATTGACACAGAGACT TG TGATATACG GG GTTAAACTGGATATCTAGGTGC

M FFNPYLSGGV TGGAV AGGR
TGCATGTGTATTTTCTTTG TGATTTTG CTTCGTAAGCTGTCAGCCTCTCACGGTCOG CTATGTTTTTCAACCCGTATCTGAGCGGCGGCGTGACCGGCG TG CGGTCGCEGGTGGCCEGC

R QR SQPGSAQGSGEKRTPPO Q@EOQFLO® QTIVPRGV MFDG QTG GLTITEKH
GTCAGCGTTCGCAGCCCG GCTCCG C6 CAGGGCTCG GGCAAGCGGCCGCCACAGAAACAGTTTTTG CAGATCGTGCCGCGAGGTGTCATGTTCGACG GTCAGACGGGGTTGATCAAGCATA

KT GRLPLMFTYRE.TILKELTLTSHDMYW¥WPCEP®¥RETLVGRYVVGPTIR

AGACGGGACGGCI'GC(,TCI‘CATG‘I'I‘CI‘ATCGAGA({KWMAmmAGTCANACANG‘l'l‘l‘G GCCGTGTCCTTGGCGCGAGACCCTGGTGGGTCGCGTGGTGGGACCTATTCGTT

FHETYDO QTODAVLFTFDSTPENVSPRYE RO QHLV®PSGNVLRTFTFGAT
TTCACACCTACGATCAGACGGACGCCGTGCTCTTCTTCGACTCG CCOGAAAACGTGTCG CCG CG CTATCGTCAGCATCTGGTG CCTTCGGGGAACG TGTTGCGTTTCTTCGGGGCCACAG

BEGYSICV NV FGAQRSYTFZYCEYSDTDRLEREVTIASYVGELVYPE
MCACGGCI'ACAGTA‘I‘CI‘GCGTCMCGT‘I’ITCGGGCAGCGCAGCI‘ACI“ITI‘ACTGTGAGTACAGCGACACCGATAGG(‘I‘GCGTGAGGTCA]‘I’GCCAGCGTGGGCGAACK‘AGTGCCNAAC

PRTPYAV SV TPATE KT STIYGYGTRPYV PDLOQGCV SISNVWVTMAR
CGCGGACGCCATACG CCGTGTCTGTCACGCCG GCCACCAAGACCTCCATCTATG GGTACG GGACGCGACCCG TG CCCGATTTG CAGTG TG TG TCTATCAGCAACTGGACCATGGCCAGAA

K I GETYLLEG GQGTFTPV YEV RVDPLTRLYTIDRRTITTTFTG®WCSVNR
AAATCGGCGAGTATCTGCTGGAGCAGGGTTTTCCCGTG TACGAGGTCCGTGTGGATCCG CTGACG CGTTTGGTCATCGATCG GCGGATCACCACG TTCGGCTGGTGCTCCGTGAATCGTT

Y D¥ R QQGRASTTCDTIEVDT CDVSDLV AV PDDSSV¥PRYRTCLSF
ACGACTGGCGGCAGCAGGGTCECGCGTCGACTTGTGATATCGAG GTAGACTGCGATG TCT CTGACCTG GTGGCTGTGCCCGACGACAG CTCGTGGCCE CGCTATCGATGCCTGTCCTTCG

DI ECMSGETG GG GTFTPTCAET KSDDTIVIQ@ISCV CYETGGNTAVDQG
ATATCGAGTGCATGAG CG GCGAG GGTG GTTTTCCCTGCGCCGAGAAGTCCGATGACATTG TCATTCAGATCTCGTG CGTGTGCTACGAGACGGGGGGAAACACCGCCGTGGATCAGGGGA

I PNGNDGRGCTSEG GV IFGHSSGLHLTFTTIGTCGQV GGPDV DV Y
TCCCAAACGGGAACGATGGTCGGGGCTGCACTTCGGAGGGTGTGATCTTTGGGCACTCGGGTCTTCATCT CTTTACGATCGGCACCTG CGGGCAGGTGGGCCCAGACGTGGACGTCTACG

E F P S EY ELL F MLFF QRYAPAFVTGYNTINSTFDLTEKYTITLTHR
AG'I'TCCCT‘I‘CCGAA‘I‘ACGAGCI‘GCI‘G(.‘I‘GGGCﬂTA‘IT:CmTCI‘TTCAACGGTACGCGCCGGCCl‘mTGAC(X}GTrACAACATCAACI‘(‘ITI'NACI'I‘GAAGTACATCCI'CACGCGTC

L EYLYZ XKVDSQRTFTCEKLTPTAOQGS GRTFTFTLHSPAVY GFZ KR RU QYAAATF
TCGAGTACCTGTATAAGGTGGACTCGCAGCGCTTCTGCAAGTTGCCTACGGCGCAGGGCGGCCGTTTCTTTTTACACAGCCCCGCCGTGGGTTTTAAG CGGCAGTACGCCGCCGCTTTTC

P S A S HANNPASTA AATTZ KV Y TIAGSV VYV IDMYPV CMAEKTNSZPNYHZK
CCTCGGCTTCTCACAACAATCCGGCCAGCACGGCCGCCACCAAGGTGTATATTGCGGGTTCGGTGGTTATCGACATGTACCCTGTATG CATGGCCAAGACTAACTCGCCCAACTATAAGC

L NTMAELYTLR RO GRTEKTDTDTLSYZEKXDTIPRTCFVANAETGRAQV G6GRYCL
TCAACACTATGGCCGAGCTTTACCTGCGGCAACGCAAGGATGACCTGTCTTACAAGGACATCCCGCGTTGTTTCGTGGCTAATG CCGAG GGCCGCGCCCAGGTAGGCCGTTACTGTCTGC

QD AV LV RDLTFNTTINTFIHYZEAGATIARTLAEKTIPLT RR RVYITFDG GO GO GaQTI
AGGACGCOGTATTGGTGCGCGATCTGTTCAACACCATTAATTTTCACTACGAGGCOG GGGCCATCG CGCGGCTG GCTAAAATTCCGTTGCGGCGTGTCATCTTTGACGGACAGCAGATCC

R I YT SLULODETCACRDTFTILZPNIHAYSEKTGTTVPETNSVAV SPNAA
GTATCTACACCTCGCTGCTGGACGAGTGCGCCTGCCGCGATTTTATCCTGCCCAACCACTACAG CAAAGGTACGACGGTGCCCGAAACGAATAGCGTTGCTGTGTCACCTAACGCTGCTA

I I S TAAV P GDAGSVY AAMTFQMSPPLAOQSAPSSAQ@QDGV SPGSG S
TCATCTCTACCGCCGCTGTGCCOG GCGACGCGGGTTCTGTGGCGGCTATGTTTCAGATGTCGCCGCCCTTG CAATCTGCGCCGTCCAGTCAGGACGGCGTTTCACCCGGCTCCGGCAGTA

N § $ $ $V GV F SV 6 S 6 S S 66V GV S NDNIHGAGGTAAYVY S Y QG AT
ACAGTAGTAGCAGCGTCGGCGTTTTCAGCGTCGGCTCCGGCAGTAGTGGCGGCGTCGGCGTTTCCAACGACAATCACGGCGCCGGCGGTACTGCGGCGGTTTCGTACCAGGGCGCCACGG

VFEZPEV GYYNDZPV AV FDFASTLYZPS5TITIMAHRNTLTECYSTTLTLVZPG
TGTTTGAGCCCGAGGTGGGTTACTACAACGACCCOGTGGCCGTGTTCGACTTTG CCAGCCTCTACCCTTCCATCATCATG GCCCACAACCTCTGCTACTCCACCCTGCTGGTGCCGGGTG

G EYPVDPADV Y SV TLENSGVTHRTFVRASYV RV SV LSETLTLNTEKHVW
GCGAGTACCCTGTGGACCCOGCCGACGTATACAGCGTCACG CTAGAGAACGGCGTGACCCACOG CTTTGTG CG TG CTTCG GTGCGCGTCTCGGTG CTCTCGGAACTGCTCAACAAGTGGG

V S @QRRAV RECMRETCOQ@DZPV RRMLTLDTEKTEH GMALTEKVYTT CNATFTYGCTF
TTTCGCAGCGGCGTG CCGTG CGCGAATG CATG CG CGAGTGTCAAGACCCTG TG CG CCGTATG CTGCTCGA CAAG GAACAGATG GCGCTCAAAGTAACGTGCAACGCTTTCTACGGTTTTA

T 6V V NG MNMPCLUPTIAASTITR RTIGRDMLETRTARTFTITEKTDNTFSETPTC
CCGGCGTGGTCAACGGTATGATG COGTGTCTG CCCATCGCOG CCAG CATCACG CGCATCG GTCG CGACATG CTAGAG CGCACGGCGCGGTTCATCAAAGACAACTTTTCAGAGCCGTGTT

FLHNTFTFN QEDYVV GTRETGDSETESSAILZPETGLTETSSGG S NER
TTTTG CACAATTTTTTTAATCAGGAAGACTATGTAGTG GGAACG CGGGAG GGGGATTCG GAG GAGAG CAG CGCGTTACCG GAGGGGCTCHAAACATCGTCAGGGGGCTCGAACGAACGGC

R VEARV IYGDTDSV FVRFRGLTZPAQALVYVARTGTPSTLAHRYVTATC
GGGTGGAGGCGCGGGTCATCTACGGGGACACGGACAG CGTGTTTGTCOG CTTTCG TG GCCTGACG CCG CAGGCTCTGGTGGCGCGTGGGCCCAG CCTGGCGCACTACGTGACGGCCTGTC

L FVEPVYV KLETFET KV FV SLMMITCECETEKTR RTYTIGTE KV EGASTGTLTSMETGV
TTTTTGTGGAGCCCGTCAAGCTG GAGTTTGAAAAGGTCTTCGTCTCTCTTATGATGATCTG CAAGAAACG TTACATCG GCAAAGTGGAG GGCG CCTCGGGTCTGAG CATGAAGGGCGTGG

DLV REKTA ACETFVE®GYVY TRDVLSLLTFETDTR REVSEH AA AV RLSTZ RLSHL
ATCTG GTGCGCAAGACGGCCTGCGAGTTCGTCAAGGGCGTCACG CGTGACG TCCTCTCGCTG CTCTTTGAGGATCG CGAG GTCTCGGAAGCAGCCGTGCGCCTGTCGCGCCTCTCACTCG

D EV KEKYGV PRGFUW¥RTILRRLY QARTDTUDTLTYTLU HRVY RVYEDTLTVYVTLS S
ATGAAGTCAAGAAGTACGGCGTGCCACGCGGTTTCTGGCGTATCTTACG CCG CTTG GTG CAGGCCCGCGACGATCTGTACCTGCACCGTGTGCGTGTCGAGGACCTGGTG CTTTCGTCGG

VLSEKDTISLYR®@SNLTPIHTIAVYVIEKRLAARSTSETETLTPSVEGDRVYTFTYYV
TGCTCTCTAAG GACATCT CG CTGTACCGTCAATCTAACCTG CCG CACATTG CCGTCATTAAG CGATTG GCGGCCCGTTCTGAG GAGCTACCCTCGGTCG GGGATCG GGTCTTTTACGTTC

L TAPGVRTA AP QGSSDNGDSVTAGV VYV SRSDA ATIDGTTDTDTDATDSG
TGACGGCGCCCGGTGT TTCCTCCGACAACGGTGATTCTGTAACCGCCGGCGTGGTTTCCOG GTCGGACGCGATTGATG GCACGGACGACGACG CTGACG GCG

6 6V EESNRRGGEPATKT KR RARTEKTPPSA AV CNYEVA AETDTPSTYVR RETH
AGGAGAGCA AAGAAG. 'GGAAACCACCGTCGGCCGTGTGCAACTACGAG GTAGCCGAAGATCCGAGCTACG TG CGCGAG CACG

6V PTIHBADTEKTYTFEQVLEKAVTNVLSPVFPGGETA ATRTEKTDTETFTLTEMYV
GCGTGCCCATTCACGCCGACAAGTACTTTGAG CAGGTTCT CAAG GCTGTAACTAACGTG CTGTCG CCOGTCTTTCCCG GCG GCGAAACCG C6 CGCAAGGACAAGTTTTTGCACATGGTGC

L PRRLUHLTETPAFLTZPYS SV KAHRESTC
TGCCGCG GCGCTTG CACT TTTTCTGCCGTACAGTGTCA. ACGAATG CTGTTGAGAAACAGCGGCGGCGGTGGTGACTGGGGACG GTGATGATG CTGCTGAGACTG

AGACTGGTGGTGAGAGTAGTGGTGGGGCTGCGTCGCCTGCGACGGC ATGAGGCGGCGTGGACT!

CGCAGCCGTTGGTGGAAACTACGTGCAACGG
CGACGCGGTTAAG GGAGACCGTATCGCGTAGGACGACGTG GCCTCCTCGTATAG GTTGTTG COG CTGGACTGACACAGCTCCTGAATGAG CTCTTTGTAG CG CTCAAAG GACTCGCTCAC
GTCGTTG GGAATGTCCATCTCGTCAATCT TG CGTTG CAAAATAGTCACGTCGATCTTGACG CTGCTGGCCGAGACG GCGTGACACAGCACGCTGATAACGACGTGGTCGCGCACGATGTT

GAGCGTGACGCTGTAGTCTTCGCGCGCCGCCGTGAGCATCTGCGTGATGCAGTCGCAGGGGATG TG CACGTCG GGGTTTTCGAAGATGACGTG CATGTG CAACCG GCCGTCCTCGGCGTG

CATAA TGTCGTGGT T TAKTAARTTTG GAAGATG GGCG GCTG GTTG GTG GAGAG CTTS AGTAGCTCG CTG CTCTTACAGAACCCGTAKTAKKAGTT
TCTATTTTTCATGATGTTS GACG TCTGATTGATG AAGGCCACCATG GCGTCG GAGGCG 6TG GECAGGATG C6 GTTE TCCTCE CACGAG GTGCAG GCGATG CGCGAGACCTG CTCOTTECC

GTACGGCGAGATGTCGAG GCAG GTGTGCTG CCG GTGCGAGTGGAAATTGAAGGGTAAG CAGATG GACTCTTTG CCCGTGATG GCCATCTTCATCATG TTAAG GTACTTGAG CTCCAGTTC
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However, it is equally possible that the pol mRNA is spliced
at position 4959, since a low-abundance RNA has also been
mapped at this point. The proximity of these two sites makes
it difficult to discriminate between these two possibilities by
Northern blot analysis.

HCMYV pol reading frame. The 5’ terminus of the pol
mRNA has been mapped to position 276 (Fig. 2). At 383 bp
downstream of the mRNA start site is the ATG (position
660) which leads into the 3,725-bp open reading frame
identified as that potentially coding for the HCMV DNA
polymerase. Within this 383-base leader sequence there are
three ATG codons (positions 290, 337, and 604) which lead
into open reading frames of 158, 179, and 74 bp, respec-
tively. The sequence around these three ATG codons does
not conform to the consensus preferred for initation codons
as described by Kozak (23), whereas the ATG (position 660)
leading into the DNA pol reading frame lies within such a
consensus sequence. A similar situation is apparent in the
HSV-1 pol mRNA leader sequence, in which an ATG codon
(which does not conform to Kozak’s rules) leads into a 30-bp
open reading frame.

The 3,726-bp HCMYV pol open reading frame is capable of
coding for a 1,242-amino acid polypeptide with a molecular
weight of 137,103. This compares favorably with the
140-kDa polypeptide seen when purified HCMV DNA poly-
merase is fractionated on SDS-polyacrylamide gels (6). The
HSV-1 DNA polymerase has a polypeptide of very similar
length (1,235 amino acids), whereas that of EBV is 18.3%
smaller, with a polypeptide 1,015 amino acids long.

Homology to HSV-1 and EBV DNA polymerases. The
HCMYV DNA polymerase was identified by the extensive
homology between the HCMYV reading frame HFLF2 (within
the HindIIl F fragment) and the HSV-1 DNA polymerase
(14, 34). The same HCMYV reading frame also showed
homology to EBV reading frame BALFS, which has previ-
ously been shown to be homologous to the HSV-1 DNA
polymerase (34). The homologies were detected by using the
program DIAGON (38). From these diagonal plots, it is
evident that most of the regions within HCMV polymerase
which show homology to HSV-1 polymerase correspond
precisely to the regions which are homologous to EBV
polymerase. The homology between these three polymer-
ases can be seen more clearly in Fig. 5, where the polymer-
ase polypeptides of HCMV, HSV-1, and EBV have been
aligned to show maximum homology. The regions within
HCMYV polymerase which show homology to both HSV and
EBYV polymerase in the DIAGON plots are boxed. These
areas clearly represent the most conserved regions of the
polymerase polypeptide; outside these blocks of homology
the sequence shows little or no conservation and, in addi-
tion, a number of major insertions and deletions are evident.

In the alignment shown in Fig. 5, 347 of the 1,242 residues
of HCMV polymerase have an identically matched pair in
the HSV-1 polymerase and 388 residues have identities in
the EBV polymerase. Of the 1,235 residues of HSV-1
polymerase, 354 have an identically matched pair in EBV
polymerase. Since EBV polymerase is the smallest of the
three polypeptides, with 1,015 residues, it can be said that
38.2% of its sequence is identical to that of HCMV polymer-
ase and 35% to that of HSV-1 polymerase. The number of
residues with identities in all three of these herpesvirus
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FIG. 3. Nuclease S1 digestion and primer extension analysis.
The prime-cut probe used for each experiment is indicated under-
neath; the precise position of each probe is shown in Table 1. The
probe (lanes P) was annealed with RNA from mock-infected cells
(lanes C), RNA from early infected cells (lanes E), or RNA from late
infected cells (lanes L) and then digested with S1 nuclease (a to d) or
extended with reverse transcriptase (e). Arrows indicate bands
generated by full-length protection of the probe (after S1 digestion of
M13 sequences). The sizes of bands generated by protected frag-
ments are indicated (in base). The number in parentheses for panel
e represents the size of the primer used in the extension analysis.

polymerases is 247, which represents 24.3% of the EBV
polymerase sequence.

The area showing the most extensive conservation among
the three polymerases lies between residues 712 and 736 in
the HCMV enzyme. In this 25-residue stretch, there are 20
positions in which an identical residue is present in all three
polymerases, 4 positions in which there is an identity in only
two and 1 position in which each polymerase has a different
but conserved amino acid. A second area of noteworthy
homology is at position 905 to 920 in the HCMV sequence.
This region of the HSV and EBV polymerase has previously
been shown to have a homologous counterpart within the
adenovirus type 2 (Ad2) DNA polymerase (14, 34). The
addition of the HCMV sequence to this list of homologous
polymerases defines more precisely the boundary of this
homology and the extent of conservation (Fig. 6a). A second
stretch of amino acid conservation between the herpesvirus
and Ad2 polymerases has also been identified (positions 810
to 820 in the HCMV sequence; Fig. 6b); this region has
recently been shown to possess a homolog in the polymerase
gene of bacteriophage 29 (1). The two small stretches of
amino acid conservation shown in Fig. 6a and b are present
in approximately the same relative positions in the herpes-
virus and Ad2 polymerase polypeptides.

FIG. 2. A 5,280-bp sequence containing the HCMV pol gene. The amino acid sequence of reading frame HFLF2 (pol) is represented by
the one-letter amino acid code above the nucleotide sequence. The TATA box sequence present upstream of the mapped 5’ RNA terminus
is boxed with solid lines, and polyadenylation signal sequences are boxed with dashed lines. The termination codon of the two open reading

frames on either side of HFLF?2 is underlined (see Fig. 1).
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FIG. 4. Northern blot analysis. Total cytoplasmic RNA from
mock-infected (lanes C) immediate-early (lanes IE), early (lanes E),
and late (lanes L) HCMV-infected cells was fractionated on a 1.5%
agarose-formaldehyde gel, transferred onto nitrocellulose filters,
and hybridized to single-stranded prime-cut probes. The probes
used in each experiment are indicated below the blots; the sequence
they cover is indicated in Table 1. The numbers refer to the
estimated sizes of the transcripts (in kilobases).

The polymerases of both HCMV and HSV are about 18%
larger than that of EBV. The extra sequence can be ac-
counted for by a number of major internal insertions and
longer N and C termini. Notably, there are five positions
within the core of the HCMV polymerase at which major
insertions are apparent with respect to the EBV sequence.
At two of these positions (starting at 453 and 881), HCMV
has insertions relative to both EBV and HSV, whereas at the
other three positions (starting at 341, 608, and 1109) both
HCMV and HSV have insertions relative to EBV. The
largest insertion within the HCMV enzyme started at posi-
tion 608, where there are 89 residues without a counterpart
in EBV. Starting at the same relative position, HSV had 49
residues which are not present in EBV. The 89-residue
insertion with HCMV shows no homology to the 49-residue
insertion in HSV; furthermore, the strikingly hydrophilic
nature of the HSV insertion is not conserved in HCMV. The
second largest insertion within HCMV starts at position
1109, where there are 47 residues with no counterpart in
EBYV. An insertion of similar size is present in HSV at the
same relative position, but again there was no evidence of
conservation between the two sequences. Other relatively
nonconserved areas of the polymerase polypeptides are the
N and C termini. In all three viruses the relative length of the
termini is also different, with HSV possessing the longest
and HCMYV the second longest N and C termini.

DISCUSSION

We report here the sequence and transcription analysis of
the HCMV DNA polymerase gene. The predicted pol poly-
peptide corresponds to reading frame HFLF2, present
within the HindIII F fragment of HCMV strain AD169. This
reading frame shows extensive amino acid homology to the
DNA polymerase gene of two distantly related herpesvi-
ruses, HSV-1 and EBV; this homology provides convincing
evidence that reading frame HFLF2 encodes the HCMV
DNA polymerase. Supportive of this conclusion is the fact
that the putative HCMV pol gene is present in a conserved
location with respect to EBV pol: the pol genes of both
viruses are directly preceded by the glycoprotein B gene, a

J. ViroL.

gene of unknown function, and the gene coding for the major
DNA-binding protein (32; unpublished data).

The homology between the three herpesvirus polymerases
consists of several long stretches of conserved or highly
similar amino acid sequence, with bordering regions showing
little or no homology. At present there is no evidence that
any of these conserved regions correspond to functionally
important parts of the protein. However, such striking
conservation among the DNA polymerases of three distantly
related herpesviruses is suggestive and provokes the specu-
lation that at least some of these blocks of conservation will
turn out to be part of functional domains of the enzyme.
Analysis of temperature-sensitive and altered-sensitivity
mutations of the HSV-1 DNA polymerase gene provide the
only guide to which parts of the polypeptide are functionally
important (14, 18, 22). On the basis of such mapping data,
Gibbs et al. (14) have suggested that the substrate-binding
site of the enzyme falls within its C-terminal portion. More
precisely, they suggest that much of the C terminus, includ-
ing the 228-amino-acid segment between 696 and 924, folds
to form a domain containing the deoxynucleoside triphos-
phate- and PP;-binding sites. As seen in Fig. 5, this part of
the polypeptide contains the most highly conserved region
within the three herpesvirus polymerases (HCMV position
712 to 736) and the two short stretches of sequence con-
served in the Ad2 polymerase gene (position 905 to 920 and
810 to 820 in HCMYV). Verification of a functional role for
these sequences awaits the sequence analysis of pol mu-
tants.

The detailed comparison of the HCMV, HSV-1, and EBV
DNA polymerases strongly suggests that they have a com-
mon ancestor: they are homologous along much of their
length, more than 24% of their sequence is precisely con-
served, and a number of large deletions and insertions that
appear to have occurred are all in the nonconserved areas of
the protein. An interesting observation, in evolutionary
terms, is the fact that there were no insertions of sequence in
the EBV pol relative to the pol of HSV and HCMYV (Fig. 5).

The pol genes of HCMV and HSV-1 also possess homol-
ogy at the DNA level (data not shown). Evidence for this
comes from Heilbronn et al. (17). Using the HSV-1 pol gene
as a probe, they identified an 850-bp HCMV fragment
showing significant cross-hybridization on Southern blot-
ting. The sequence of this fragment is identical to part of the
pol gene reported here.

Nuclease S1 protection and primer extension analysis
identified the 5’ end of a low-abundance early RNA, 383
bases upstream of the pol coding region. A 4.7-kb RNA
shown to hybridize to the pol sequence is potentially capable
of encoding the entire pol polypeptide (assuming that no
splicing occurs). We have been unable to identify unequiv-
ocally the 3’ end of this RNA due to the presence of other
transcripts of equivalent abundance in the vicinity. If the
transcript is unspliced, its 3’ terminus probably lies beyond
the polyadenylation site at 5031 to 5036. Heilbronn et al.
(17), who also analyzed the transcripts originating from this
region, identified the pol mRNA as a 5.4-kb transcript. Their
mapping of the 5’ and 3’ ends of the 5.4-kb mRNA is
consistent with our S1 analysis of the 5’ and probable 3’
termini of the 4.7-kb transcript, so the discrepancy may
reflect an error in sizing.

A number of other transcripts can be detected in the
region of the pol gene (Fig. 4). The two transcripts of over
7.5 kb have been shown to originate upstream of the pol
promoter (data not shown) and are probably responsible for
the full-length protection of the probes used to map this
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FIG. 5. Alignment of the amino acid sequences of the HSV-1 and EBV polymerases with that of HCMV reading frame HFLF2. Gaps have
been introduced into the sequence to account for the different lengths of the three polypeptides and to generate maximum alignment of
homologous amino acids. Identical residues are marked (:). The EBV polymerase sequence is from Baer et al. (2), and the HSV-1 sequence
is from Quinn and McGeoch (34). The discrepancies between the above HSV-1 sequence and that of Gibbs et al. (14) are presented above
the HSV-1 sequence. Boxes represent the regions within the HCMV sequence which, according to the DIAGON plot (38), are homologous

to both the HSV and EBV polymerases.

promoter (Fig. 3a and b). Either or both of these two RNAs
may be readthrough products of transcription normally
terminating at the polyadenylation site present within the pol
coding region (position 756 to 761 [16]); termination of

transcripts at this site has been shown to be inefficient (data
not shown). There is no single large open reading frame
which could account for the coding capacity for the 1.6-kb
transcript (Fig. 4). However, it should be pointed out that &
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a

HCMV 905 RV I|YGDTDS|VIFIVRFIRG
EBV 750 R VI|IYGDTDS|LIFII ECIRG
HSV1 881 RIIYGDTDS|I|FIVLCIRG
Ad2 865 K SV|YGDTDS|L|FIVTE|RG
Consensus R-*YGDTDS®*F*--RG

K

b

HCMV 810 A L|K|VT C|NJAFI|YG

EBV 679 AI|KICTC C|INIAVI|YG

HSV1 810 A I|EK|V V C|IN|S VI|Y G

Ad2 693 I A|EK|IL L SINI[AL|YG

$29 381 L A|K|IL ML S L|YG
Consensus ¢ ¢*$ K ¢ - -N-*YG

FIG. 6. Short stretch of homology between three herpesvirus
(HCMV, HSV-1, and EBV) DNA polymerases and the DNA
polymerase of Ad2 (a and b) and $29 (b). The starting position of
each sequence is indicated. Residues shared by all the DNA
polymerases are boxed. A consensus sequence is shown below; *
represents a hydrophobic amino acid.

389-bp open reading frame (4615 to 5004) ends 45 bp down-
stream of the mapped splice donor site at 4957 to 4965.

The pattern of transcription within this region of the
HCMYV genome possesses features also found in the two
best-characterized herpesviruses, HSV and EBV. A com-
mon transcriptional feature in these two viruses is the
presence of nested sets of transcripts having a common 3’
end but a unique 5’ terminus. Two 3’ coterminal RNAs have
been mapped at the second polyadenylation signal sequence
following the pol gene (position 5031 to 5036). Other note-
worthy features are the presence of the pol promoter within
the glycoprotein B coding region and the presence of a
functional polyadenylation site in the pol coding sequence.
Such economical use of sequence has been reported for
other herpesviruses (2, 27).

In conclusion, comparison of the amino acid sequence of
three distantly related herpesvirus polymerases has identi-
fied the most conserved areas of the protein and has high-
lighted regions which may possess functional importance.
We hope this comparison will provide the basis for experi-
ments to analyze the relationship between structure and
function in the enzyme. A clear understanding of this rela-
tionship may lead to the development of more effective
antiherpetic drugs.

ADDENDUM IN PROOF

Recent sequence data from a number of acyclovir-
resistant mutants of HSV has shown that their pol genes
encode a polypeptide with a single amino acid change
(Asn — Ser) at position 815 (B. Larder and G. Darby,
manuscript in preparation). This Asn residue is conserved in
the polymerase of HSV, HCMV, EBV, Ad2, and ¢29 (Fig.
6b).
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