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Recently, a method has been developed to identify regions in the genome of herpes simplex virus type 1
(HSV-1) which contain genes required for DNA synthesis from an HSV-1 origin of DNA replication, and seven
genomic loci have been identified as representing the necessary and sufficient gene set for such replication
(C. A. Wu, N. J. Nelson, D. J. McGeoch, and M. D. Challberg, J. Virol. 62:435-443, 1988). Two of the loci
represent the well-known genes for DNA polymerase and major DNA-binding protein, but the remainder had
little or no previous characterization. In this report we present the DNA sequences of the five newly identified
genes and their deduced transcript organizations and encoded amino acid sequences. These genes were
designated UL5, ULS8, UL9, UL42, and UL52 and were predicted to encode proteins with molecular weights of,
respectively, 99,000, 80,000, 94,000, 51,000, and 114,000. All of these genes had clear counterparts in the
genome of the related alphaherpesvirus varicella-zoster virus, but only ULS and ULS52 were detectably
conserved in the distantly related gammaherpesvirus Epstein-Barr virus, as judged by amino acid sequence
similarity. The sequence of the ULS protein, and of its counterparts in the other viruses, contained a region
closely resembling known ATP-binding sites; this could be indicative, for instance, of a helicase or primase

activity.

In the last 25 years, replication of herpes simplex virus
(HSV) DNA has been studied by biochemical characteriza-
tion of the virus-specified enzymes and other proteins in-
volved, by genetic methods, and through analyses of the
structure of replicating DNA molecules.

It is now known that the virus genome encodes a replica-
tive DNA polymerase (6, 23). Another protein species, the
major DNA-binding protein (DBP), is also clearly implicated
in DNA replication, although its precise role is not well
defined (8, 49). A virus-coded DNase, possessing both exo-
and endonuclease activities, is highly active in extracts of
infected cells (21, 22). The requirement for this enzyme in
replication is a matter of controversy at present (18, 31, 32).
Two enzymes of nucleotide anabolism, thymidine kinase and
ribonucleotide reductase, are also encoded by the virus
genome (7, 15, 16). Finally, biochemical experiments have
suggested the possible involvement of several other proteins
or enzyme activities in the replicative process. These include
a species which copurifies with HSV DNA polymerase (46),
topoisomerase activities (3, 33), and site-specific DNA-
binding proteins (9, 17).

Studies on HSV genetics have characterized a number of
temperature-sensitive mutants in about 10 complementation
groups, which are considered defective in virus DNA syn-
thesis at nonpermissive temperatures (38). These include
mutations in the DNA polymerase gene (pol) (6, 23), the
DBP gene (dbp) (8, 49), and the gene encoding the larger
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subunit of ribonucleotide reductase (34). Of the remaining
DNA-negative complementation groups, some represent sit-
uations in which DN A synthesis is affected indirectly as part
of a pleiotropic effect, but others may correspond to proteins
involved directly in DNA replicative processes.

Analyses of DNA extracted from infected cells late in
infection have demonstrated the presence of extensive head-
to-tail concatemers of HSV DNA, which are thought to be
the product of a rolling-circle mode of replication (24, 25).
Three cis-acting regions in HSV DNA have been defined as
necessary for replication and are thought to be sites for
initiation of new DNA synthesis (42, 50). These presumptive
origins of replication are termed orig (two copies per gen-
ome; see Fig. 1) and ori;_(one copy per genome). Analysis of
orig in particular has been greatly advanced by development
of an assay that uses orig sequences in a circular plasmid.
When this is introduced into an HSV-infected cell, replica-
tion functions are supplied in trans, so that the plasmid
sequences are replicated and amplification of the non-HSV
part of the plasmid can be assayed with extracted DNA
(42-44).

Recently, this plasmid amplification assay has been used
in a method for identifying genes of HSV-1 necessary for
DNA replication. It was found that a set of large plasmid
clones, representing most of the HSV-1 genome, could be
transfected into culture cells and there expressed to supply
functions needed to replicate an ori-containing test plasmid
(5). Systematic subcloning then identified the genomic re-
gions necessary for plasmid amplification (52).

In the Medical Research Council Virology Unit in Glas-
gow, we are close to completing determination of the
153,000-base-pair (bp) sequence of HSV-1 DNA. The pri-
mary objective of this work is to deduce the genetic organi-
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zation in as much detail as possible. Our present view is that
the genome contains 72 genes. Refinement of the genomic
loci needed for replication of an ori-containing plasmid, in
light of our sequence data, has now allowed unambiguous
identification of seven HSV-1 genes which are necessary and
sufficient for plasmid replication. These include the well-
known dbp and pol genes. However, little was previously
known about the other five genes, although it appears that all
are the loci of DNA-negative mutants (V. G. Preston, per-
sonal communication; S. K. Weller, personal communica-
tion). The purpose of this paper is to present the structures
of these previously uncharacterized genes and to evaluate
the proposed amino acid sequences of their encoded pro-
teins.

MATERIALS AND METHODS

DNA sequence analysis. Determination of DNA sequences
was done by the M13 dideoxy shotgun method, with plas-
mid-cloned fragments of HSV-1 DNA (27, 28, 37). For the
sequences reported here, the following fragments were used:
Kpnl-b for gene UL5, Kpnl-f for genes UL8 and ULSY,
HindIlI-1 for gene UL42, and an Xhol-BamHI subfragment
of Xhol-b for gene UL52. Plasmids were obtained from our
colleagues A. J. Davison and V. G. Preston.

Computing. Sequence analysis, interpretation, and com-
parison were carried out with a DEC PDP11/44 computer
under RSX11M as described previously (27, 28, 35, 39, 45).
Searches of the NBRF protein sequence library used the
program WORDSEARCH (14), run on a VAX computer
under VMS.

RESULTS

Interpretation of DNA sequences. This report is concerned
with the DNA sequences of four separate regions, containing
five genes, within the long unique (U, ) region of the genome
of HSV-1 strain 17. The data presented are part of a study of
the complete U, sequence (in preparation). Following de-
termination of the DNA sequence in each region, an exten-
sive effort was made to interpret it in terms of locations of
reading frames for encoded proteins and of probable tran-
scriptional control signals. We have not yet undertaken
mRNA mapping analyses for the genes described here, and
precise mapping data are presented for only one of them. It
was therefore of primary importance to employ critical tests
in evaluating candidate open reading frames (ORFs).

First, the working assumption was made that we were
dealing only with intronless genes. This is reasonable in light
of current information about HSV gene structures (47). The
sequences were scanned for ORFs starting with a potential
ATG initiator codon. As is well known, the high G+C
content of HSV DNA results in a low frequency of out-of-
frame, adventitious stop codons, since these are A+T-rich
(27, 28). Hence, there exist many large ORFs other than
those finally considered to be genuinely polypeptide coding,
and additional tests were desirable. The main approach was
to examine the codon usage of candidate ORFs by the
method of Staden and McLachlan (40). Authentic HSV
ORFs characteristically have a pronounced bias in base
composition with respect to the positions within their codon
set; most notably, the third positions exhibit a particularly
high G+C content. This means that evaluation by codon
usage generally gives a strong indication of reading frame
authenticity. In addition to reading frame analysis, we used
locations of potential transcriptional polyadenylation signals

HSV-1 DNA REPLICATION GENES 445

(AATAAA and ATTAAA) to indicate possible transcript
organization.

External data were used to validate further the proposed
gene organization. First, the layout of genes was almost
completely congruent to that obtained by similar methods
for the genome of varicella-zoster virus (VZV) (10), and all
of the proposed HSV-1 amino acid sequences reported were
detectably similar to their VZV counterparts. Since the
genomes of these two alphaherpesviruses have diverged to
the extent that they differ by 22 percentage points in overall
base composition, this is a powerful indicator of corréctness
of interpretation for both genomes. In addition, certain of the
proposed ORFs have recognizable homologs encoded by the
very widely diverged gammaherpesvirus Epstein-Barr virus
(EBV) (1). Next, the results of Wu et al. (52) define regions
of the HSV-1 genome as composing active functional units
for supply of replication factors, and the limits of these
regions correspond well with the limits of proposed genes.

In conclusion, we are confident that we have located genes
correctly and have identified their protein-coding sequences.
Loci of mRNA polyadenylation have been predicted. There
remain two areas of uncertainty in our interpretation. First,
it is not feasible to predict a functional translational initiator
codon, ATG, with high confidence. This means that some of
our ORFs could be shown as starting at an ATG upstream of
the true start. Second, the 5’ termini of mRNAs cannot be
proposed realistically in the absence of mapping data.

Structures of HSV-1 genes required for DNA replication.
This section describes in turn each of the five previously
uncharacterized genes implicated by Wu et al. (52) in repli-
cation of HSV-1 DNA. These genes are all located in the U
component of HSV-1 DNA, and on the basis on our se-
quence data, we have called them ULS5, UL8, UL9, UL42,
and ULS2. (A description of the complete gene set of Uy is
in preparation.) Figure 1 shows the locations of the genes on
the standard map of the HSV-1 genome, and Fig. 2 shows
more details of their locations in the genome, their orienta-
tions, and proposed transcript structures. The sequences of
the genes are listed in Fig. 3 to 6.

On the prototype HSV-1 genome map, the leftmost locus
identified by Wu et al. (52) corresponds closely to our ULS
ORF, shown in Fig. 3. No detailed mRNA mapping data are
available for this region. However, a clear prediction of
transcript organization emerged from the layout of ORFs
and AATAAA sequences. We consider that ULS must be
transcribed ds the upstream member of a leftward-oriented,
3'-coterminal family, whose distal member is UL4. An
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FIG. 1. Locations of DNA replication genes in the genome of
HSV-1. The prototype arrangement of the HSV-1 genome is de-
picted with the long and short repeat regions (IR and IRg, respec-
tively) as open boxes and the long and short unique regions as solid
lines. The scale represents sequence map units. The locations of
origins of DNA replication and of ORFs proposed to encode
proteins involved in virus DNA synthesis are shown.
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FIG. 2. Organization of HSV-1 DNA replication genes. Sections a to d give data on the locations and layouts. of the five newly
characterized DNA replication genes of HSV-1: (a) ULS; (b) UL8 and UL9; (c) UL42; and (d) ULS52. In each section, part i shows the
location, in sequence map units, and landmark restriction sites; part ii indicates by a solid bar the locus of each gene as mapped by Wu et
al. (52); part iii shows the proposed location and orientation of the gene’s transcript, with the proposed ORF as an open box; and part iv
indicates the numbering system used in the subsequent sequence-listing figures. Restriction enzyme abbreviations: A, Hpal; B, BamHI; E,

EcoRl; H, Hindlll; K, Kpnl.

unresolved point regarding expression of the plasmid-borne
ULS gene used by Wu et al. (52) is that the gene’s proposed
polyadenylation site is outside the HSV-1 DNA fragment
used. The ORF to the right of ULS5 is the rightward-oriented
ULS6, whose start codon is predicted to overlap with that for
ULS (Fig. 3). The predicted amino acid sequence for ULS
contains 882 residues, constituting a protein of M, 98,710.
The next two genomic loci identified by Wu et al. (52)
correspond to the adjacent ORFs UL8 and UL9 (Fig. 4).
Again, no transcript maps are available, but we consider that
these leftward-oriented genes must be expressed as 3'-
coterminal transcripts terminating next to the sequence
AATAAA downstream of UL8 (Fig. 4). To the left of UL8
lies UL7, proposed to be the distal member of the rightward-
transcribed 3'-coterminal pair of UL6 and UL7. To the right
of UL lies the rightward-oriented UL10, which is a gene
previously described by us and predicted to encode a hydro-
phobic protein (29). As shown in Fig. 3, the ORFs for UL9
and UL10 overlap by 19 codons. If UL10 translation were
initiated at the second available ATG, then the ORFs would
overlap only at the first codon of each (as proposed above for
ULS and UL6). We cannot at present discriminate between
these possibilities. ULS is predicted to encode a protein of
750 amino acids with an M, of 79,921, and UL is predicted
to encode a protein of 851 amino acids with an M, of 94,246.
The fourth and fifth genomic loci required for DNA
replication represent the dbp and pol genes (Fig. 1), whose
sequences have already been published (20, 36). The next
replication locus, to the right of these, corresponds to our
UL42 OREF (Fig. 5). This lies in a region where transcripts
have been mapped by Frink et al. (19). Those workers
characterized an abundant early mRNA species, which they
termed RNA 2, and which can now be seen clearly to

correlate with ORF UL42. A minor complication is that they
mapped the positions of RNA 2 termini from a Sall site
internal to the gene, and our sequence contains two such
sites, at residues 1045 and 1392 (Fig. S). At the 3’ extremity,
we presume that the mRNA terminates downstream of the
AATAAA sequence at residue 1761 in Fig. 5. The best
candidate for the mRNA S5’ terminus is near residue 50,
downstream of a potential TATA box at residue 33. UL42 is
predicted to encode a protein of 488 residues and M, 51,156.
The UL42 protein has recently been shown to correspond to
a species which is abundant in HSV-1-infected cells, has an
estimated M, of 62,000 or 65,000, and binds to DNA (2, 26;
D. S. Parris, A. Cross, L. Haarr, A. Orr, M. C. Frame, M.
Murphy, D. J. McGeoch, and H. S. Marsden, J. Virol., in
press).

The final DNA replication gene corresponds closely to our
ORF ULS2 (Fig. 6). No precise mRNA mapping data are
available, although the ULS2 transcript has probably been
visualized by Northern (RNA) blot analysis (47). The ULS52
ORF is rightward oriented. To its right, ULS3 is a rightward-
oriented gene sequenced by Debroy et al. (13). The first
potential polyadenylation-associated sequence (ATTAAA)
lies downstream of ULS3, so we propose that transcripts of
both genes terminate there. This means that the HSV-1 DNA
fragment used by Wu et al. (52) to supply this gene in their
assay lacked an appropriate polyadenylation site. To the left
of ULS52, ULS1 is a leftward ORF. The UL52 ORF encodes
a protein of 1,058 residues, M, 114,416. At its downstream
end, the UL52 ORF overlaps by 15 codons with the start of
the ULS3 ORF.

Properties and relationships of the sequences of HSV-1 DNA
replication proteins. We have examined several aspects of
the predicted amino acid sequences encoded by the DNA
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GTGGCGTTGAGGAGCGCGTGAAAGATCGCCGCCTGCAGC TGCCGGGTGGTCGCC TCGC TGGACCGGACGACGTTGTACACCCCC TGGCCC TCGGTATACCCCAGCTGCCCGTGGAGAATC 120
TCGCGGAACAGCATCGTACCGGGGC TGGGGTGAACC TTTACCCAGCCGTCCTCGGGGGAGCACAGCGC TTCCGTGTCCCCCCGCGCACGCGTAGTGGGGGCCCGCGAGCGTGGTGCGGTC 240
uLé6 -
M A A AG G ER QL DG Q K P G P P HULQOQPGDURUP AV P GRAEUA ATFTLNTFT 40
ATGGCGGCGGCCGGCGGGGAGCGCCAGC TAGACGGACAGAAACCCGGCCCGCCGCACC TTCAGCAACCCGGGGACCGACCAGCCGTTCCAGGGAGGGCCGAGGCC TTTTTAAATTTTACG 360
R E L S Q QL DGAQV P HULOQWTFRUDUVAA ATLES P 80
TCTATGCACGGGGTGCAGCCAATCC TTAAGCGCATCCGAGAGC TCTCGCAACAACAGC TCGACGGAGCGCAAGTGCCCCATC TGCAGTGGTTCCGGGACGTGGCGGCCTTAGAGTCCCCC 480
T G NA G S G K S TC UV QT 11 NEVL DUCV V TG 120
GCAGGCCTGCCCCTCAGGGAGTTTCCGTTCGCGGTGTATC TTATCACCGGCAACGC TGGC TCCGGAAAGAGCACGTGC GTGCAGACAATCAACGAGGTC TTGGACTGTGTGGTGACGGGC 600
R P I N T I FH E F G F R G NH V Q A Q L 160
GCCACGCGCATTGCGGCCCAAAACATGTACGCCAAACTC TCGGGCGCCTTTCTCAGCCGACCCATCAACACCATC TTTCATGAATTTGGGTTTCGCGGGAATCACGTCCAGGCCCAACTG 720
L DL T KR AL A A S 200
GGACAGTACCCGTACACCCTGACCAGCAACCCCGCCTCGCTGGAGGACCTGCAGCGACGAGATC TGACGTAC TAC TGGGAGGTGATTTTGGACC TCACGAAGCGCGCCCTGGCCGCCTCC 840
G G E EL RNEVFRALA AALER RTTULSGTULAESGA ATLTRTULAZPA ATUHTGA ATLU®PATF 240
GGGGGCGAGGAGTTGCGGAACGAGTTTCGCGCCC TGGCCGCCCTGGAACGGACCC TGGGGTTGGCCGAGGGCGCCCTGACGC GGTTGGCCCCGGCCACCCACGGGGCGCTGCCGGCCTTT 960
N A L Y H TP QY A A 280
ACCCGCAGCAACGTGATCGTCATCGACGAGGCCGGGCTCC TTGGGCGTCACC TCCTCACGGCCGTGGTGTATTGC TGGTGGATGATTAACGCCCTGTACCACACCCCCCAGTACGCGGCC 1080
R L RP VLV CV G S P TOQTA ASTULESTT FEMHIZ QI KTILR RU CS UV RQS ENUVLTY 320
CGCCTGCGGCCCGTGTTGGTGTGTGTGGGC TCGCCGACGCAGACGGCGTCCC TGGAGTCGACCTTCGAGCACCAGAAACTGCGGTGTTCCGTCCGCCAGAGCGAGAACGTGCTCACGTAC 1200
N N K R C V EH E F G N L M K V L E Y 360
CTCATCTGCAACCGCACGC TGCGCGAGTACGCCCGCCTC TCGTATAGC TGGGCCATTTTTATTAACAACAAACGGTGCGTCGAGCACGAGTTCGGTAACCTCATGAAGGTGCTGGAGTAC 1320
T N P A N L P G W T R L F S S H K E 400
GGCCTGCCCATCACCGAGGAGCACATGCAGTTCGTGGATCGCTTCGTCGTCCCGGAAAACTACATCACCAACCCCGCCAACC TCCCCGGC TGGACGCGGCTGTTCTCCTCCCACAAAGAG 1440
V S A Y M A KLHAYULI KUV TR REGETFUVV FTULU®PUVL TF V S V KETFDE Y R 440
GTGAGCGCGTACATGGCCAAGC TCCACGCCTACC TGAAGGTGACCCGTGAGGGGGAGTTCGTCGTGTTCACCC TCCCCGTGC TTACGTTCGTGTCGGTCAAGGAGTTTGACGAATACCGA 1560
I T N Y S Q S Q DQ DA GHMUBRTCE V H 480
CGGCTGACACACCAGCCCGGCCTGACGATTGAAAAGTGGCTCACGGCCAACGCCAGCCGCATCACCAACTACTCGCAGAGCCAGGACCAGGACGCGGGGCACATGCGCTGCGAGGTGCAC 1680
AV T ARULUR RIKILVFGF S G TP F R A F 52
AGCAAACAGCAGCTGGTCGTGGCCCGCAACGACGTCAC TTACGTCCTCAACAGCCAGATCGCGGTGACCGCGCGCCTGCGAAAAC TGGTTTTTGGGTTTAGTGGGACGTTCCGGGCCTTC 1800
F S G L I S P Y N F L 560
GAGGCAGTGTTGCGTGACGACAGC TTTGTAAAGAC TCAGGGGGAGACTTCGGTGGAGTTTGCCTACAGGTTCC TGTCGCGGCTCATATTTAGCGGGC TTATCTCCTTTTACAACTTTCTG 1920
Q R T LA Y A R MGETLTA ATETIULSTULR RUZPIKSS GV PTQQAS V 600
CAGCGCCCGGGCCTGGATGCGACCCAGAGGACCCTCGCCTACGCCCGCATGGGAGAAC TAACGGCGGAGATTCTGTCTCTGCGCCCCAAATC TTCGGGGGTGCCGACGCAGGCGTCGGTA 2040
F A G L D 640
ATGGCCGACGCAGGCGCCCCCGGCGAGCGTGCGTTTGATTTTAAGCAACTGGGGCCGCGGGACGGGGGCCCGGACGATTTTCCCGACGACGACC TCGACGTTATTTTCGCGGGGCTGGAC 2160
T Q F A L L KR ATFTULGR RFR I L 680
ACCGGAGACCACCGCCGCCGTTCACACCCAGTTTGCGC TGCTGAAGCGGGCCTTCCTCGGGAGATTCCGAATCCTC 2280
F R G C E ML TG S P R GG L M S V A 72
TGATGTCCGTCGCC 2400
L @ T DNYTULMGYTYARUVV FATFA ADUETLU RIBRIRHATA ANUVAETLTLEEA AP 76
CTGCAGACGGACAATTATACGCTCATGGGATACACGTACGCACGGGTGTTTGCC TTTGCGGACGAGCTGCGGAGGC GGCACGCGAC GGCCAACGTGGCCGAGTTACTGGAAGAGGCCCCC 2520
S E FV E S I DS T EUL A MATI N A D Y 800
CTGCCTTACGTGGTC TTGCGGGACCAACACGGC TTCATGTCCGTCGTCAACACCAACATCAGCGAGTTTGTCGAGTCCATTGAC TC TACGGAGC TGGCCATGGCCATAAACGCCGACTAC 2640
T R $ @ G L S L DKV A ICVFTUZPGNILUZ RIULNSA AYV A M S 840
GGCATCAGCTCCAAGCTTGCCATGACCATCACGCGCTCCCAGGGCCTTAGCCTGGACAAGGTCGCCATC TGCTTTACGCCCGGCAACCTGCGCCTCAACAGCGCGTACGTGGCCATGTCC 2760
R M N L NP L REU RMHEZRDUDUV 1 S EH I L S AL RDUPNUV V I 880
CGCACCACCTCCTCCGAATTCCTTCGCATGAAC TTAAATCCGCTCCGGGAGCGCCACGAGCGCGATGACGTCATTAGTGAGCACATACTATCGGCTCTGCGCGATCCGAACGTGGTCATT 2880
882
3000

GTCTATTAACCCGCCGTCCCCTTACAGTTCCACCGAACCCGGCCCGGGGGACTCACTACCCACCGCGAGATGTCCAATCCACAGACGACCATCGCGTATAGCCTATGCCACGCCAGGGCC
uL4

FIG. 3. DNA sequence of gene ULS. The DNA sequence of the ULS region is shown, starting 240 residues 5’ to the ULS OREF, as the

mRNA sense strand only. The location and orientation of this sequence within the HSV-1 genome are indicated in Fig. 2a. The proposed
amino acid sequence encoded by ULS is given in single-letter code. The translational start codons for the adjacent genes UL4 and UL6 are

marked (ULS6 is in the opposite orientation to ULS).

replication genes. None exhibit any extreme features of
composition or sequence; there are, for instance, no histone-
like species. No extended similarities were found between
the sequences of the seven replication proteins. We searched
for homologous proteins with the NBRF data base, but none
were found apart from proteins of other herpesviruses (see
below). Thus, no ideas on functions have yet emerged from
this approach.

A clear homolog of each HSV-1 DNA replication protein
was found in the set of proteins predicted from DNA
sequence analysis to be encoded by the related alphaherpes-
virus VZV (10). Each pair of predicted amino acid sequences

was aligned by using the HOMOL program (45), and values
for overall homology were calculated (30) (Table 1). The
strengths of these relationships spanned a wide range.
HSV-1 gene ULS5S and VZV gene 55 were strongly con-
served, to a degree comparable to that found with the pol
genes of the two viruses, while UL8 and VZV gene 52 and
UL42 and VZV gene 16 showed much weaker similarities.

Davison and Taylor (11) presented a systematic compari-
son of the complete gene set of VZV with that of the widely
diverged gammaherpesvirus EBV. Transferring their results
to the newly characterized HSV-1 DNA replication proteins,
we found that the ULS and ULS52 proteins had EBV coun-
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GCCGTGATTACATAAGTGCCCACAAGGCTCTGCGTGTCCAACC TGAGGGGC ACGGCTACACCCCCGCGCACCTCGGCCGTGGAGTTCACCCCGGC ATAAGAGCTCGCCGTGGCGTAAAAG 120
CAGGGAAACCGTGCCCGGAACACAGAGGCCAGGACGAGGAGCCCCGTGACGCAGACCGCAGAGACCACAAACGTCGCCACCTGCACACACCAGACCCACCACGCCGTCCGCGCCCCGGTC 240
UL9MPFVGGAESGDPLGAGRPIGDDECEQYTSSVSLARMLYGG 40

ATGCCTTTCGTGGGGGGCGCGGAGTCGGGAGATCCTCT CGGGCGTCCCATTGGGGACGACGAGTGCGAACAGTAC ACGTC GAGCGTATCGCTAGCGCGGATGTTGTACGGGGGG 360
uLlo ---

vV V R 80
DLAEWVPRVHPKTT!BROQHGPVTFPNASAPTARCVT
GATTTGGCCGAA’I‘GGGTGCCCCGGGTTCACCCGAAAACAACGATCGAGCGGCAGCAGCACGGACCCGTCACCTTCCCCAACGCGAGCGCCCCGACGGCCAGGTGCGTGACTGTGGTCCGC 480

A 120
APMGSGKTTALIRHLREAIHSPDTSVLVVSCRRSFTQTL
GCGCCAATGGGGTCGGGAMAAC‘I‘ACCGCGCTGATCCGCTGGCTGCGGGAAGCGA‘N:CACTCTCCGGACACGAGTGTGC'l‘CGTCGTCTCC'l‘GTCGTCGGAGTTTTACCCAGACCCTAGCG 600

160
TRFABSGLVDFVTYFSSTNYIMNDRPFHRLIVQVBSLHRV
ACGCGGTTCGCTGAGTCAGGCCTGGNGACTTTGTCACCTACTTCTCATCCACCMTTACATTATGMCGACCGCCCCTTCCACCGAC'I‘TA’I‘CGTCCAGGTGGAAAGCCT'N:ATCGCGTG 720

200
G P N NNYDVLVLDEVHSTLGQLYSPTMQQLGRVDALMLR
GGCCCCAACCTTCTGAACAAC TACGACGTCCTCGTTC TGGACGAGGTTATGTCGACGCTGGGCCAGCTCTATTCGCCARCGATGCAGC AACTGGGCCGCGTGGATGCGTTAATGCTACGC 840

LLRICPRIIAMDATANAQLVDFLCGLRGBKNVHVVVGBYA 240
CTGCTGCGCA'IC'l‘G‘lCCTCGGATCA‘I‘CGCCATGGACGCAACCGCCMCGCGCAG'I‘TGGTGGACT'ICCTG‘I‘GCGGTCTCCGGGGCGAA}\AAAACG'I‘GCA'I‘GTGGTGG‘ICGGCGAGTACGCC 960

HPGPSARRCLFLPRLGTBLLOAALRPPGPPASGPSPDASPE 280
ATGCCCGGGTTT‘ICGGCGCGCCGGTGCC'l‘G'l“l"l‘CNCCGCGNTGGGGACCGAGCTCCTGCAGGCTGCCCTGCGCCCGCCCGGGCCGCCGAGCGGCCCG‘IC'I‘CCGGACGCCNTCCGGAG 1080

ARGATFFGELBARLGGGDNICXFSSTVSFABIVARFCRQF 320
GCC(C CACGTTCTTT “‘TGGMGCGCGCCTTGGCGGGGGCGATAACA‘I‘CTGCA‘l“l"l"l“l"l‘cG'K!GACGGNTCCT'IY:GCGGAGATCGTGGCCCGGT’ICTGCCG‘I'CAG'I“I‘T 1200

'l‘DRVLLLHSLTPLGDVTTWGQYRVVIYTTVVTVGLSFDPL 360
ACGGACCGCGTGCTGTTGCT‘I‘CACNGCTCACCCCCC'ICGGGGACGTGACCACGTGGGGCCAATACCGCGTGGTTATATACACGACGG‘[CGTAACCGTGGGCC'ICAGCT‘R:GA‘I‘CCCCTG 1320

HFDGMFAYVKPMNYGPDMVSV‘IQSLGRVRTLRKGELLIYM 400
CACTTTGA‘I‘GGCATGT‘ICGCCTACGTGAAACCCATGMCTACGGACCGGACATGGTGNCGTGTACCAGTCCCTGGGACGGGTGCGCACCCTCCGCMGGGGGAGCTACTGATTTACATG 1440

DGSGARSEPVFTPMLLNHVVSSCGOWPAOFSOVTNLLCRR 440
GACGGCTCCGGGGCGCGCNGGAGCCCG'l‘CTT‘I'ACGCCCATGC'l‘CCTTM'R:ACG'I‘GG‘I‘CAGTTCCTGCGGCCAGTGGCCCGCGCAGTTC'ICCCAGGTCACAAACCTGCTGTG‘ICGCCGG 1560

FKGRCDASACDTSLGRGSR!YNKFRYKHYFBRCTLACLSD 480
TTCAAGGGGCGCTGTGACGCGTCGGCATGCGACACGTCGCT GCGCATCTACAACAAATTCCGTTACAAACACTACTTTGAGAGATGCACGC TGGCGTGTCTCTCGGAC 1680

SLNILHHLLTLNCIRVRPHGHDDTLTPKDFCLFLRGVHFD 520
AGCCTTMCATCCmACATGCTGCTGACCCTMACTGCATACGCG‘I‘GCGC'l"l‘CTGGGGACACGACGATACCCTGACCCCAAAGGACT‘NZTGTCTGTTTT‘I‘GCGGGGCGTACATTTCGAC 1800

AL RAQT RTUDTLTERTETLT RTCTU RTUDTPEHA ASTLZPAQAAETTETEVGLTFUVEZKTYTLTRS 560
GCCCTCAGGGCCCAGCGCGATC TACGGGAGC TGCGGTGCCGGGATCCCGAGGCGTCGC TGCCGGCCCAGGCCGCCGAGACGGAGGAGGTGGGTC TTTTCGTCGAAAAATACCTCCGGTCC 1 920

D VAGPATETIVA ALMPERNTILAINSTLMGRTARTFTIYLALLEATCTILURVPMATR 600
GATGTCGCGCCGGCGGAAATTGTCGCGCTCATGCGCAACCTCAACAGCCTGATGGGACGCACGCGGTTTATTTACC TGGCGTTGC TGGAGGCCTGTCTCCGCGTTCCCATGGCCACCCGL 2040

§ S A F R R I YDUHU YA ATGVI1IPTTINUVTSGETLTETLUVATLTPPTTLNUVTP V 640
AGCAGCGCCATATTTCGGCGGATCTATGACCAC TACGCCACGGGCGTCATCCCCACGATCAACGTCACCGGAGAGC TGGAGC TCGTGGCCCTGCCCCCCACCCTGAACGTAACCCCCGTC 2160

W E L L CLGC S TMAA AR RTLUHWD S A AG G S GRTFG?PDDV L DILILTPH Y 680
TGGGAGCTGTTGTGCCTGTGCAGCACCATGGCCGCGCGCC TGCATTGGGACTCGGCGGCC ATCT GGACCTTCGGCCCCGATGACGTGCTGGACC TACTGACCCCCCACTAC 2280

D RYMOQLUVF FELGUHT CNVTHDGLULTULSETEA AV KHZ RV ADALSGT CU®PZPRG 720
GACCGCTACATGCAGC TGGTGTTCGAAC TGGGCCACTGTAACGTAACCGACGGACTTCTGC TC TCGGAGGAAGCCGTCAAGCGCGTCGCCGACGCCCTAAGCGGC TGTCCCCCGCGCGGG 2400

S VS ETDHA AUV AL F K1 1 WG EULF GV QMAIKSTOQTT FU®PGAGH RV KNL 760
TCCGTTAGCGAGACGGACCACGCGGTGGCGCTGTTCAAGA TAATC TGGGGCGAACTGTTTGGCGTGCAGATGGCCAAAAGCACGCAGACGTTTCCCGGGGCGGGGCGCGTTAAAAACCTC 2520

T K Q T 1 Vv 6 L L DA HMHTIDH S ACIRTHURIA QLY ALTLMAMHI KR RETFAGAR 800
ACCAAACAGACAATCGTGGGGTTGTTGGACGCCCACCACATCGACCACAGCGCCTGCCGGACCCACAGGCAGCTGTACGCCCTGCTTATGGCCCACAAGCGGGAGTTTGCGGGCGCGCGE 2640

F KL RV P A WG RO CULU RTHS S S ANUPNADTIIILEA AALSETLU®PTEAWT?P 840
TTCAAGCTACGCGTGCCCGCGTGGGGGCGC TGTTTGCGCACGCACTCATCCAGCGCCAACCCCAACGC TGACATCATCC TGGAGGC GGCGC TGTCGGAGCTCCCCACCGAGGCCTGGCCC 2760

M M Q GA V N F S TL - 851
ATGATGCAGGGGGCGGTGAACTTTAGCACCCTATAAGTC TCGGGACCGCACTCGTTCGGTACGTGGTCGTCCGCGGACCGGCGGCGC TGTTGCCGGAACGCACCGAGGGGCCAAGTTGGC 2880

CCCCGGACCCGGGCCGTTTCCCACCCCCACCCCAACCCCAAAAACCGCCCCCCCCCCGTCACCGGTTTCCGCGACCCACCGGGCCCGGCCAGGCACGGCAGCATGGGACCCACAGACCGC 3000

uLs M DT A DI VWV EESUV S AITLYA AV WL P P RARTETYFH 32
CCGTGATCCTTAGGGGCCGTGCGATGGACACCGCAGATATCGTGTGGGTGGAGGAGAGCGTCAGCGCCATTACCCTTTACGCGGTATGGC TGCCCCCCCGCGCTCGCGAGTACTTCCACG 3120

A L VY F V CRNA AAGETGRARUPFAEUVSVTATETLU RUDTFYG S ADV S VQ 72
CCCTGGTGTATTTTGTATGTCGCAACGCCGCAGGGGAGGGTCGCGCGCGCTTTGCGGAGGTC TCCGTCACCGCGACGGAGC TGCGGGATTTC TACGGC TCCGCGGACGTCTCCGTCCAGG 3240

AV V A A ARAATTUPAASPLEZPTLENZPTLAWRALTYA ACUVLAATLERDQ 112
CCGTCGTGGCGGCCGCCCGCGCCGCGACGACGCCGGCCGCCTCCCCGC TGGAGCCCCTGGAGAACCCGACTC TGTGGCGGGCGC TGTACGCGTGCGTCCTGGCGGCCCTGGAGCGCCAGA 3360

T G P V AL F A PULURTIGSDUPU RTGTLVV KJVERASUWGUZPU®PAA AP RAATLL 152
CCGGGCCGGTGGCCCTGTTCGCCCCGCTGCGTATCGGC TCGGACCCACGCACGGGAC TGGTGGTGAAAGTTGAGAGAGCGTCGTGGGGCCCGCCCGCCGCCCCTCGCGCCGCTCTCCTGG 3480

V A E A NI DI DPMALA AARVUVAEUBHUZPIDA ARTILAWAURILAATIWRDTUPQGCA 192
TCGCGGAGGCCAACATTGACATCGACCCTATGGCCCTGGCGGCGCGCGTTGCCGAGCATCCCGACGCGCGGCTGGCGTGGGCGCGCCTGGCGGCCATTCGCGACACCCCCCAGTGCGCGT 3600

SAASLTVN!TTGTALPAREYQTLAFPPIKK'BGAFGDLVEV 232
CCGCCGCTTCGCTGACCGTTAACATCACCACCGGAACCGCGC TATTTGCGCGCGAATACCAGACTC TTGCGTTTCCGCCGATCAAGAAGGA GCGTTCGGGGACCTGGTCGAGGTGT 3720

C EV GL R P R GHUZPQRUV TARUVILTLUPR RTUDYDYFV S AGET KT F S AZPALV 272
GCGAGGTGGGCC TGCGGCCACGCGGGCACCCGCAACGAGTCACGGCACGGGTGC TGC TGCCCCGCGATTACGAC TAC TTTGTAAGCGCCGGCGAGAAGTTCTCCGCGCCGGCGCTCGTCG 3840

AL F R Q WHTTV HAAUZPGA AL AZPUVTFATFULSGU?PTETFEVRGGU®P VP Y F AV 312
CCCTTTTCCGGCAGTGGCATACCACGGTCCACGCCGCCCCCGGGGCCCTGGCCCCCGTCTTTGCCTTTC TGGGGCCCGAGTTTGAGGTCCGGGGGGGACCCGTCCCGTACTTTGCCGTCC 3960

L GF P G WU&PTTF FTTV P AT AESA ARUDTILV VI RGAA AAMATYA AARATLTLSGA AWZPAUVG 352
TGGGGTTTCCGGGTTGGCCCACGTTCACCGTGCCGGCCACGGCCGAGTCGGCACGGGACCTGGTGCGCGGGGCCGCGGCCGCTTACGCCGCGCTCCT CTGGCCCGCGGT 4080

AR V VL PP RAWUPGVASA AAAGTCTULTLUZPAVRTEA AVARUWIHZPATIKTITIOQ 392
CCAGGGTCGTCCTCCCCCCGCGAGCCTGGCCCGGCGTGGCC TCGGCGGCAGCCGGATGCC TCC TGCCCGCGGTGCGGGAGGC GGTGGCGCGGTGGCATCCCGCCACTAAAATCATCCAAC 4200

FIG. 4—Continued.
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L L DPPAAVGPVWTARTPFCTFZPGLHR RAOQLTLA AALABATDTILTGTGSGTULATUD?©P 432
TGTTAGACCCGCCCGCGGCCGTCGGGCCCGTC TGGACGGCGCGGTTTTGC TTCCCCGGACTTCGCGCCCAGE TCC TGGC GGCCC TGGCCGACC TCGGGGGGAGCGGGCTGGCGGACCCCC 4320

HGRTGLARTLUDA ALV V AAPSETPUWAGAVLTETRTLUVZEPDTTCGCNAMACTPA AL 472
ACGGCCGGACGGGCCTAGCAAGAC TGGACGCGC TGGTGGTGGCCGC TCCCTCAGAGCCC TGGGCCGGGGCCGTCTTGGAGCGCC TGGTCCCGGACACGTGCAACGCCTGCCCTGCGCTGE 4440

R QL L GGV MAAUVCLU G QTIZETETA ASSUVI KTF AVCGGDGGA ATFUWGVF FNUV 512

GGCAGCTCCTGGGTGGGGTAATGGCCGCCGTC TGCCTGCAGA TCGAGGAGACGGCCAGC TCGGTGAAGTTCGCGGTC TGC

GATGGGGGTGCGTTCTGGGGTGTCTTTAACGTGG 4560

b P QDADAASGV VIIEUDARTRBRAIETA AVGAVL LR RANAYVI RTLTPBRIETEPLPLTC CL 552
ACCCCCAAGACGCGGATGCGGC TTCCGGGGTGATCGAGGACGCCCGGCGGGCCATCGAGACGGCCGTGGGAGCCGTGCTTAGGGCCAACGCCGTCCGGCTGCGGCACCCACTGTGCCTGG 4680

AL E GV Y THA AVAWSOQAGV WFWNSUR RUDNTIUDUHTULGTGTFTZPTLTZRGTPA ATYT 592
CCCTCGAGGGCGTC TACACCCACGCAGTCGCC TGGAGCCAGGCGGGAGTGTGGTTC TGGAAC TCCCGCGACAACACTGACCATC TTGGGGGATTTCCTC TCCGCGGGCCCGCGTACACCA 4800

T A A G V RDTULIRIRVILGLTTA ACV?PEEUDALTA ARTGTLMETDA ACTUDTR RIL 632
CGGCGGCAGGGG‘R:GTACGCGACACGCT@GACGGG'R:C‘I‘GGGCCTGACAACGGCAmG‘l‘GCCGGAGGAGGAC(EACTCACGGCCCGGGGCC'I“I‘ATGGAGGACGCC‘I‘GCGACCGCCTTA 4920

I L DAFNIKRTLODAETYWSTYVIRVSPFEA ASTDTPTLTPZPTA ATFUR RTGTGHA ATLTLTDA 672
TCTTGGACGCGTTTAATAAACGGTTGGACGCGGAGTACTGGAGCGTTCGGGTGTCCCCCTTTGAGGCCAGCGACCCC TTGCCCCCCACTGCC TTCCGCGGCGGCGCCTTGCTGGACGCAG 5040

EHY WRURVVRVCPGGGESUVGGV PV DLJYZPRZEPTLVILUPUPVDTC CA AIHTEHIL 712
AGCACTACTGGCGGCGCGTCGTGCGTGTCTGTCCCGGAGGCGGGGAGTCGGTCGGCGTCCCCGTCGATC TATACCCGCGGCCCC TTGTGC TCCCCCCCGTGGACTGCGCTCATCACCTGE 5160

R E I L RE 1 EL VPTG VLA AGVWGEGSGI KT FVY®PFUDUDIKMMST FTULTFPA - 750
GCGAAATCCTGCGCGAGATTGAGTTGGTGTTTACCGGGGTGC TGGCGGGAGTATGGGGCGAGGGGGGGAAGTTTGTGTATCCC TTTGACGACAAGATGTCGTTTCTGTTTGCCTGAGTTT 5280

GACCAATAAAAACATTGCCC TGAGACAAGAGCGC TCCCCCGTGTGTGC TTGAGTCTGTCCGAATACGTGCCGACTTGCCCCCC TCCCCGCACAGATGGGACGCCATACACAGCCACCCAC 5400

FIG. 4. DNA sequence of genes UL8 and UL9. The DNA sequence of UL8 and UL9 is shown, as the mRNA sense strand only. The
location and orientation of this sequence within the HSV-1 genome are indicated in Fig. 2b. Proposed amino acid sequences are given in
single-letter code. The start codon for UL10 (in the opposite orientation) is marked. It is proposed that UL8 and UL9 transcripts end

downstream of AATAAA (underlined) at residue 5285.

terparts with clear sequence similarity (Table 2). Counter-
parts were previously identified for HSV-1 DNA polymerase
and DBP (36). The strongest homologies were seen with the
ULS protein and DNA polymerase. However, the ULS,
UL9, and UL42 proteins had no EBV counterparts with
detectable amino acid sequence homology. Possible coun-
terparts can be proposed on the basis of genomic locations
only, and for UL8 and UL9 these were markedly different in
size.

We examined the predicted sequences of the HSV-1 DNA
replication proteins for the presence of several consensus
elements, associated with DNA binding, nuclear entry, and
nucleotide binding. The only finding of note was with a
consensus sequence derived by Walker et al. (48) associated
with ATP-binding sites in many proteins. This consensus
contains completely conserved elements and other, partially
conserved elements. We searched the complete predicted
protein sets of HSV-1, VZV, and EBV by using the core

CCAAAAGGGTGTGGCC TAACGAGC TGGGGGCGTATTTAATCAGGC TAGCGCGGCGGGCCTGCCGTAGTTTC TGGC TCGGTGAGCGACGGTCCGGTTGC TTGGGTCCCCTGGCTGCCATCA 120

AAACCCCACCCTCGCAGCGGCATACGCCCCCTCCGCGTCCCGCACCCGAGACCCCGGCCCGGCTGCCCTCACCACCGAAGCCCACCTCGTCACTGTGGGGTGTTCCCAGCCCGCGTTGGG 240

uL4é2 M T D S P G G V A P A S PV E DA S DA ASTULGOQ
ATGACGGATTCCCCTGGCGGTGTGGCCCCCGCCTCCCCCGTGGAGGACGCGTCGGACGCGTCCCTCGGGCAGCC GGA

N G I L

P E E G A P C QV VL QG AEL 40
GCCCTGCC TGGTCCTGCAGGGCGCCGAACTT 360

F AP L RTTSL LD S L L V MG D RG I L I HNTZTTI F G EOQVF L P 80

AATGGAATCC TACAGGCGTTTGCCCCGC TGCGCACGAGCCTTC TGGACTCGC TTC TGGTTATGGGCGACCGGGGCATCC TTATCCATAACACGATCTTTGGGGAGCAGGTGTTCCTGCCC 480

L EH S Q F S R YR WURGUPTAATFTULSULUVDA QI KT RSTILTULSV F R AN

Y P D L 120

CTGGAACACTCGCAATTCAGTCGGTATCGC TGGCGCGGACCCACGGCGGCGTTCCTGTCTCTCGTGGACCAGAAGC GC TCCCTCC TGAGCGTGTTTCGCGCCAACCAGTACCCGGACCTA 600

R RV EL A I T G QAP FIRTULV QR

W TTT S DG E AV EL A S ETTUL MK R 160

CGTCGGGTGGAGTTGGCGATCACGGGCCAGGCCCCGTTTCGCACGC TGGTTCAGCGCATATGGACGACGACGTCCGACGGCGAGGCCGTTGAGC TAGCCAGCGAGACGCTGATGAAGCGC 720

E L TS F VVLV?PQGTUPUDUV QL RTULTRP

L T K VL N ATGA AUD S AT ZP T 200

GAACTGACGAGCTTTGTGGTGC TGGTTCCCCAGGGAACCCCCGACGTTCAGTTGCGCC TGACGAGGCCGCAGC TCACCAAGGTCC TTAACGCGACCGGGGCCGATAGTGCCACGCCCACC 840

T F EL GV NG KU F SV FTT ST CUVTVF FAARYETESGV S S STSTOQVOQQTIULS 240
ACGTTCGAGC TCGGGGTTAACGGCAAATTTTCCGTGTTCACCACGAGTACCTGCGTCACCTTTGC TGCCCGCGAGGAGGGCGTGTCGTCCAGCACCAGCACCCAGGTCCAGATCCTGTCC 960

N AL T K A G QA A ANA AIKTUV Y GENTHARTTFSUVVVDDC CSMRPBRAVTILR RR 280
AACGCGCTCACCAAGGCGGGCCAGGCGGCCGCCAACGCCAAGACGGTGTACGGGGAAAATACCCATCGCACCTTC TC TGTGGTCGTCGACGATTGCAGCATGCGGGCGGTGCTCCGGCGA 1080

L Q VGGG TULI KV FVFULTTZ®PUVUPSLCUVTATSGU®PNA AV S AUV FLILIKZPA QI KI 320
CTGCAGGTCGGCGGGGGCACCCTCAAGTTC TTCC TCACGACCCCCGTCCCCAGTCTGTGCGTCACCGCCACCGGTCCCAACGCGGTATCGGCGGTATTTCTCCTGAAACCCCAGAAGATT 1200

C L D WL GH S QG S P S A G S S A S RASGSEU®PTUDS QD S A S DAV S HG 360
TGCCTGGAC TGGC TGGGTCATAGCCAGGGGTC TCCTTCAGCCGGGAGC TCGGCC TCCCGGGCCTC TGGGAGCGAGCC AACAGACAGCCAGGACTCCGCGTCGGACGCGGTCAGCCACGGC 1320

D P E DL D

A AR A GEA AGA ALU HACTPMPSSTTR RUVTU®PTTI KR RGU RS G G 400

GATCCGGAAGACCTCGATGGCGC TGCCCGGGCGGGAGAGGCGGGGGCCTTGCATGCCTGTCCGATGCCGTCGTCGACCACGC GGG TCAC TCCCACGACCAAGK GCTC 1440

E DARADTA ALI KU KUPI KT G S PTA AU®PUZPUPADU®PUVPLDTETUDTUDSDAAUDGT 440
GAGGATGCGCGCGCGGACACGGCCCTAAAGAAACC TAAGACGGGGTCGCCCACCGCACCCCCGCCCGCAGATCCAGTCCCCCTGGACACGGAGGACGACTCCGATGCGGCGGACGGGACG 1560

A AR P AAPDA ARGSG S RYACY YV FRDLUPTTGEA ASUZPGATFSATFURGSGUPQ 480

GCGGCCCGTCCCGCCGCTCCAGACGCCCGGAGCGGAAGCCGTTACGCGTGTTACTTTCGCGACCTCCCGACCGGAGAAGCAAGCCCCGGCGCCTTCTCCGCC TTCC

T P Y G F G F

JCCCCAA 1680
488

P
ACCCCGTATGGmTGGATTCCCCTGACGGGGCGGGGCCTTGGCGGCCGCCCAACTCTC& ACCATCCCGGGTTAATGTAAATAAACTTGGTATTGCCCAACACTTTCCCGCGTGTCGCG 1800

FIG. 5. DNA sequence of gene UL42. The DNA sequence of UL42 (mRNA sense strand) and encoded amino acid sequence are given,
from the genomic region indicated in Fig. 2c. The proposed polyadenylation signal AATAAA (residue 1761) is underlined.



450 McGEOCH ET AL. J. VIROL.
GGCCTTC ACGAGGCGTCGGGTGTCGTCCAGGGACCCCAGGGCGTCATC GAGCGTGATGGGGGC GGGAAGTAGCGCGTTAACGACCGCCAGGGCCTCCTGCAGCCGCGGCTCCGCCTCCGA 120
GGGCGGAACGGCCGCGCGGA‘ICA'I‘CTCA‘PATTGTTCC’l‘CGGGGCGCGC‘ICCCCAGCCACATATAGCCCCGAGAAGAGAAGCCATCGCGGGCGGGTACTGGCCCTTGGGCGCGCGGACGCA 240

UL51 ---

ULs2 M 6 Q E D G N R G ERRAAGTT PV EVTALTYA ATHDSGCUV I TSSIALTLTN 40
ATGGGGCAGGAAGACGGGAACCGC AGAGGCGGGCGGCCGGGAC TCCCGTGGAGGTGACCGCGCTTTATGC GACCGACGGGTGCGTTATTACCTCTTCGATCGCCCTCCTCACAAAC 360
S L LGATET PV Y11 FSZYDA ATYTHTDGT RATDTGT PTTET QDT RTFETEST RALYQQA 80
TCTCTACTGGGGGCCGAGCCGGTTTATATATTCAGC TACGACGCATACACGCACGATGGCCGTGCCGACGGGCCCACGGAGCAAGACAGGTTCGAAGAGAGTCGGGCGCTCTACCAAGCG 480
S 6 G L NG D S F RV TP FCLILGTEUVGGTHQQARTGU RTRU®PMFPFUVCRF ER 120
TCGGGCGGGCTAAATGGCGAC TCC TTCCGAGTAACCTTTTGTTTATTGGGGACGGAAGTGGGTGGGACCCACCAGGCCCGCGGGCGAACCCGACCCATGTTCGTCTGTCGCTTCGAGCGA 600
A DDVA AALG DA ATLA ATHTGTT PTLG QEPTDUHTIAATTLTDA ATEH ATTFA ALTHANMTITL 160
GCGGACGACGTCGCCGCGCTACAGGACGCCCTGGCGCACGGGACCCCGC TACAACCGGACCACATCGCCGCCACCC TGGACGC GGAGGCCACGTTCGCGCTGCATGCGAACATGATCCTG 720
AL TVATILINHSNA ASTPR RTTGR RTDA AAAAQTYTD G OGA ASTULURSTLVGRTSTLG QR 200
GCTCTCACCGTGGCCATCAACAACGCCAGCCCCCGCACCGGACGCGACGCCGCCGCGGCGCAGTATGATC AGGGCGCGTCCC TACGCTCGCTCGTGGGGCGCACGTCCCTGGGACAACGC 840
G L T TUL Y V HHEUVI RUVILA AAYIZ RI RAYTY G S AQSU?PFWUPFUL S KUPGUP D E K 240
GGCC TTACCACGCTATACGTCCACCACGAGGTGCGCGTGCTTGCCGCGTACCGCAGGGC GTATTATGGAAGCGCGCAGAGTCCCTTCTGGTTTC TTAGCAAATTCGGGCCGGACGARAAA 960
S L VL TTA RTZYJVYLTLG QA QRTELTGGA AGA ATTYUDILOGQATILITZKTDTITCA ATTYATITPHA 280
AGCCTGGTGCTCACCACTCGGTAC TACCTGCTTCAGGCCCAGCGTCT [ CACGTACGACCTGCAGGCCATCAAGGACATC TGCGCCACCTACGCGATTCCCCACGCC 1080
P RPDTVSA AASTLTSTFA AAITR RTFTCCTS SO QYA ARG AARBAMAGTFTPTLYVE 32
CCCCGCCCCGACACCGTCAGCGCTGCGTCCCTGACC TCGTTTGCCGCCATCACGCGGTTC TGTTGCACGAGCCAGTAC GCCCGCGGGGCCGCGGCGGCCGGGTTTCCGCTTTACGTGGAG 1200
R R I AAUDTVR RETSA ATLTETKTFTITEHT DR RS T CLR RVYVSDTR RETFTITZYTIYTLAHF 360
CGCCGTATTGCGGCCGACGTCCGCGAGACCAGTGCGC TGGAGAAGTTCATAACCCACGATCGCAGTTGCCTGCGCGTGTCCGACCGTGAATTCATTACGTACATCTACCTGGCCCATTTT 1320
ECF S PPRTULATUHTLTRAVTTUHTDTPNTPAASTTET QEPSTZPLGREA AVEQF 400
GAGTGTTTCAGCCCCCCGCGCCTAGCCACGCATC TTCGGGCCGTGAC GACCCACGACCCCAACCCCGCGGCCAGCACGGAGCAGCCCTCGCCCCTGGGCAGGGAGGCCGTGGAACARTTT 1440
F CHVRAQLTUENTIGTETYV VI KHNTYVTT PRTETVTLHDSGHDTA ATZ KA ATYTLTRA ARTYA 440
TTTTGTCACGTGCGCGCCCAACTGAATATC GGGGAGTACGTCAAACACAACGTGACCCCCCGGGAGACCGTCCTGGATGGCGATACGGCCARGGCCTACCTGCGCGCTCGCACGTACGCG 1560
P GALTT®PAPATY CGA AVDSA ATTI KHMMGE RTLATDATETKTLTLVTPRGW®PAF A 480
CCCGGGGCCCTGACGCCCGCCCCCGCGTATTGCGGGGCCGTGGAC TCCGCCACCAARATGATGGGGCGTTTGGCGGACGCCGAAAAGC TCCTGGTCCCCCGCGGGTGGCCCGCGTTTGCG 1680
P ASPGET DTA AGTGTT PZPZPO QT GCGTIV KR RTLTILTPERTLA AATTETI QQQGTPTT®PPATI 52
CCCGCCAGTCCCGGGGAGGAC ACGGCGGGCGGCACGCCGCCCCCACAGACCTGCGGAATTGTCAAGCGCCTCCTGAGAC TGGCCGCCACGGAACAGCAGGGCCCCACACCCCCGGCGATC 1800
A AL I RNAA AV Q@TZPTLTZPVJYRTISMYVZPTG QAMTFA AKALA ATMWDTDUWARTITR 560
GCGGCGC TTATCCGTAATGCGGCGGTGCAGAC TCCCCTGCCCGTCTACCGGATATCCATGGTCCCCACGGGACAGGCATTTGCCGC GC TGGCCTGGGACGACTGGGCCCGCATAACGCGG 1920
D A AV V S A EAA AA D AL GRURTLTODT RTIRAQGTPVMPZP G 600
Gaccc-rcoccchcccuccccmc.rcmcccccucccsccccecAcccccaccAcccccccc'rccccacccccc'mAcccxrccca'rccccccccncceccccc'rcucccccc-rccc 2040
G L DAGGA QMYVNTR RTUENTETITFNGALA ATITNSNTITILODTLTDTIA ATLTIKTET PV P F R 640
GGCCTGGATGCCGGGGGGC AGATGTACGTGAATCGCAACGAGATATTC AACGGCGCGCTGGCAATCACAAACATCATCCTGGATC TCGACATCGCCCTGAAGGAGCCCGTCCCCTTTCGC 2160
R L H E AL GH F RRGA AL A AUV QL L F P A ARV DUPDAYPCYF F K S A C 680
CGGCTCCACGAGGCCC TGGGCCAC TTTAGGCGE GGGGCTC TGGC TGCGGTTCAGCTCCTGTTTCCCGCGECCCGCGTGGACCCCGACGCATATCCC TGTTATTTTTTCAAAAGCGCATGT 2280
R P G P A S V G S G S G L GN DD DG DWWV F P C Y D DA AGUDEEWA ATETDUZPGA AWM 720
CGGCCCGGCCCGGCGTCCGTGGGTTCCGGCAGCGGACTCGGCAACGACGACGACGGGGACTGGTTTCCCTGC TACGACGACGCCGGTGATGAGGAGT GGACCCGGGCGCCATG 2400
DTS HOD®PZPDTUDETVA AYTFTUDTLTCHTETVG GTPTA aAETPRTETTDSTZPUVCST CTTUDTI KT 760
GACACATCCCACGATCCCCCGGACGACGAGGTTGCCTAC TTTGACC TGTGCCACGAAGTCGGCCCCACGGCGGAACCTCGCGAAACGGATTCGCCCGTGTGTTCCTGCACCGACARGATC 2520
G L RV CMPVEPAPTYJVVHGSTILTMRGYVARTVYTIGO QQAVTLTLTDTE RTGDOTFUVTER A 800
GGACTGCGGGTGTGCATGCCCGTCCCCGCCCCGTACGTCGTCCACGGTTC TCTAACGATGL TGGCACGGGTCATCCAGCAGGCGGTGC TGTTGGACCGAGATTTTGTGGAGGCC 2640
1 G S YV KNTFTILTLTIDTGV Y A HGTHTSTULTZ RTLTPYTFA ATZKTIA ATPUDTGTPA ATCSGT RL 840
ATCGGGAGCTACGTAAAAAACTTCCTGTTGATCGATACGGGGGTGTACGCCCACGGCCACAGCC TGCGCTTGCCGTATTTTGCCAAAATCGCCCCCGACGGGCCTGCGTGCGGAAGGCTG 2760
L PV FVIPPACIKTDV VT®PATFUVA AAHADTPRTR RTFUHEHTFIHABAMTPTPTTVYTLASTPTRE 880
CTGCCAGTGTTTGTGATCCCCCCCGCCTGCAAAGACGTTCCGGCGTTTGTCGCCGCGCACGCCGACCCGCGGCGCTTCCATTTTCACGCCCCGCCCACCTATCTCGCTTCCCCCCGGGAG 2880
I R V LH S L GG D Y V S F F E R KA A S RN ALEU HT FG G RI RETULTEUVTLGT RY 920
ATCCGTGTCCTGCACAGCC TGGGTGGGGACTATGTGAGC TTC TTTGAAAGGAAGGC GTCCCGCAACGCGCTGGAACAC TTTGGGCGACGCGAGACCCTGACGGAGGTCCTGGGTCGGTAC 3000
N V. Q P DAGGTV EGU FASETLIULGIZ RI VACI11 ETHT FUPEU HA AMSGTETYSOQA AUV S 960
AACGTACAGCCGGATGCGGGGGGGACCGTCGAGGGGTTCGCATCGGAACTGC TGGGGCGGATAGTCGCGTGCATCGAAACCCACTTTCCCGAACACGCCGGCGAATATCAGGCCGTATCC 3120
V R R AV S KD D WUV L L QL VPV RGTTULU QO QS STULSCULUZRTPFI KU HTGT RA ASTU RA AT 1000
GTCCGGCGGGCCGTCAGTAAGGACGAC TGGGTCCTCCTACAGC TAGTCCCCGTTCGCGGTACCCTGCAGCAAAGCC TGTCGTGTC TGCGC TTTAAGCACGGCCGGGCGAGTCGCGCCACG 3240
AR T F V A L S V G A NN Z RIULTZG CUV S LCQQCT FA AA AIKTCDSNUZ RILIUHTULTFT 1 D 1040
GCGCGGACATTCGTCGCGC TGAGCGTCGGGGCCAACAACCGCC TGTGCGTGTCC TTGTGTCAGCAGTGCTTTGCCGCCAAATGCGACAGCAACCGCCTGCACACGC TGTTTACCATTGAC 3360
A G T P C S P S V P C S T S Q P s s - 1058
GCCGGCACGCCATGCTCGCCGTCCGTTCCCTGCAGCACC TC TCAACCGTCGTC TTGATAACGGCGTACGGCCTCGTGC TCGTGTGGTACACCGTCTTCGGTGCCAGTCCGCTGCACCGAT 3480

--- ULS3
GTATTTACGCGGTACGCCCCACCGGCACCAACAACGACACCGCCCTCGTGTGGATGAAAATGAACCAGACCCTATTGTTTC TGGGGGCCCCGACGCACCCCCCCAACGGGGGCTGGCGCA 3600

FIG. 6. DNA sequence of gene UL52. The DNA sequence of UL52 (mRNA sense strand) and encoded amino acid sequence are given,

from the genomic region indicated in Fig. 2d. The start codons for UL51 (opposite orientation) and ULS3 are marked.

consensus and found six occurrences in HSV-1 sequences,
six in VZV, and eight in EBV. When comparing the HSV-1
and VZV examples, only three loci were common to both—
in the ULS protein, in thymidine kinase, and in DNA
polymerase. These loci were conserved also for EBV. The

thymidine kinase site has been remarked previously (11) and
represents a reasonable finding in view of that enzyme’s
activity. The DNA polymerase example may be involved in
deoxynucleoside triphosphate rather than ATP binding. The
ULS locus is shown in Table 3, together with the VZV and
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TABLE 1. Comparisons of the amino acid sequences of HSV-1 and VZV DNA replication proteins

HSV-1¢ \VA% Lelpgth after No. of aligned % H oy
alignment® . . . e Homology
ULS 882 55 881 890 505 56.7
ULS8 750 52 771 800 226 28.3
UL9 851 51 835 864 387 44.8
DBP 1,196 29 1,204 1,220 612 50.2
Pol 1,235 28 1,194 1,271 667 52.5
UL42 488 16 408 505 109 21.6
ULS2 1058 6 1,083 1,130 425 37.6

“ Data for DBP and Pol are from Quinn and McGeoch (36).
% Data from Davison and Scott (10).

< Aligned lengths of sequences after introduction of gaps by HOMOL program (45).

4 Number of aligned identical residues as a percentage of aligned length.

EBYV counterparts and other recognized examples. As well
as the minimum consensus, the UL5 sequence and its VZV
and EBV counterparts also possessed partially conserved
features of the consensus. From the criteria of, first, close-
ness of fit to the consensus and, second, conservation in
three distinct herpesviruses, we conclude that the ULS
protein probably does contain a functional ATP-binding site.

DISCUSSION

Our sequence data, in conjunction with the analyses of
Wu et al. (52), have clearly identified seven HSV-1 genes
whose products are required for the replication of viral
DNA. Studies of papovavirus and adenovirus DNA replica-
tion have implicated one and three virus-coded proteins,
respectively; host factors are also required (reviewed by
Campbell [4]). Thus, HSV-1 supplies more factors for the
replication of its genome than do these smaller DNA viruses.
Three of the HSV-1 DNA replication proteins (DBP, DNA
polymerase, and the UL42 protein) have been characterized
in extracts of infected cells. The UL42 gene product has
recently been shown to be a previously recognized DNA-
binding protein found in extracts of HSV-1-infected cells; its
function is not known (Parris et al., in press). The remaining
four species do not correlate with any previously known
proteins. This could well point to their being present only at
low abundance. Recently, we prepared antisera against
fusion proteins corresponding to parts of these polypeptides,
and for two of them (against the ULS and UL9 products) we
found that the antiserum reacted with an appropriately sized
protein in extracts of infected cells (P. D. Olivo and M. D.
Challberg, unpublished data).

A priority now in analyzing HSV-1 DNA replication is to
assign functions to these proteins. To this end, we pursued
comparative analyses with the predicted amino acid se-
quences. Comparisons with nonherpesvirus protein se-
quences did not yield any interpretable similarities. We
found that all of the HSV-1 DNA replication genes had
homologs in VZV, while only four (dbp, pol, ULS, and
ULS2) had EBV counterparts which exhibited amino acid
sequence similarity. One of the newly identified genes, ULS,
was particularly well conserved between HSV-1, VZV, and
EBYV. Since no functions are assigned for the VZV or EBV
genes, these comparisons do not give direct information on
the functions of the HSV-1 genes. However, we suggest that
recognizable preservation of genes between the alphaherpes-
viruses and EBV may correlate with their products having
roles in central, invariant parts of the DNA replicative
process. We also note that the HSV-1 DNA replication
proteins are quite large and could thus well be multifunc-
tional.

The final datum gained from comparative analyses was
that the ULS protein contained a convincing candidate for an
ATP-binding site. Several components of the DNA replica-
tive machinery could be expected to utilize ATP, in partic-
ular primase and helicase. As shown in Table 3, the large T
antigen of simian virus 40 possesses a closely similar ATP-
binding sequence: in the case of T antigen, this is in a part of
the molecule which functions as a helicase, in opening the
strands of duplex DNA, perhaps both at the origin of
replication prior to initiation of DNA synthesis and at the
replication fork (12, 41, 51). We lean towards favoring a
similar role for the ULS protein.

TABLE 2. Comparisons of the amino acid sequences of HSV-1 and EBV DNA replication proteins

HSV-1¢ EBV* L b af N ¢ aligned
en, ter o. of aligne

Gene No. of Gene No. of aliggr:ment‘ identical regidues % Homology“
product residues product residues

ULS 882 BBLF4 809 903 307 34.0
ULS 750 BBLF2? 541

UL9 851 BBLF3?° 182

DBP 1,196 BALF2 1,128 1,219 310 25.4
Pol 1,235 BALFS 1,015 1,251 417 333
UL42 488 BMRF1?° 404

ULS2 1,058 BSLF1 874 1,098 260 23.7

2 Data for DBP and Pol are from Quinn and McGeoch (36).
b Data from Baer et al. (1).

< Aligned lengths of sequences after introduction of gaps by HOMOL program (45).

4 Number of aligned identical residues as a percentage of aligned length.

¢ Possible EBV counterparts which exhibited no quantifiable sequence similarity and which were proposed only on genomic locations of reading frames (45).
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TABLE 3. Possible ATP-binding sites in herpesvirus proteins

Virus and protein Residues Sequence

HSV-1 ULS 83-112 LPLREFPFAVYLITGNAGSGKSTCVQTTINE
VSV gene 55¢ 76-105 MQRNELPFSVYLISGNAGSGKSTCIQTLNE
EBV BBLF4* 58-87 SEPPFLPFSAVVITGTAGAGKSTS SVSCLHH
Bovine ATPase B¢ 144-173 LAPYAKGGKIGLF—GGAGVGKTVFIMETLIN
Adenylate kinase® 1-30 MEDKLKKSKII FVVGGPGSGKGTQCEKTIVQ
RecA protein© 52-84 GAGGLPMGRIVEIYGPESSGKTTLTLQVIA
SV40 antigen® 415-588 MVYNIPKKRYWLFKGPIDSGKTTLAAALLE
Polyomavirus T antigen® 559-588 LTENVPKRRNILFRGPVNSGKTOQLAAALTLIS
Consensus“ G——g—GK t

“ From Davison and Scott (10).
® From Baer et al. (1).
< Extracted from the NBRF database.

< From (48). Completely conserved residues are shown as uppercase and partially conserved are shown as lowercase letters.

We expect that progress in biochemical and genetic char-
acterization of HSV DNA replicative processes will now be
significantly facilitated by these structural analyses of the
genes involved.
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