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We present the first nucleotide sequence data for molluscum contagiosum virus (MCV), an unclassified
poxvirus. A 2,276-bp Xhol fragment from a near left-terminal fragment of MCV subtype I (MCVI) and a
1,920-bp Xhol fragment from the corresponding locus of MCV subtype II (MCVII) were sequenced and
analyzed for open reading frames (ORFs). A large, complete ORF of 1,167 bp was present in both fragments.
The putative polypeptide has a calculated molecular mass of 43 kDa (p43K protein) and was shown to have a
high degree of homology to the vaccinia virus p37K major envelope antigen (40% amino acid identity and 22%
conservative changes). The nucleotide content of the MCV fragments sequenced was 66% G or C. The codon
usage within the gene for p43K reflected this high G+C content, with position 3 of codons being predominantly
G or C (82 and 87% for MCVI and MCVII, respectively). The MCV p43K-encoding gene has motifs
immediately upstream which are similar to those required for vaccinia virus late gene expression. The location
and direction of transcription of the MCV p43K-encoding gene were equivalent to those of the vaccinia virus
p37K gene, revealing similarity in genetic organization between MCV and vaccinia virus. Another, incomplete
ORF was identified downstream of the p43K-encoding gene in both MCVI and MCVII. The sequence
immediately upstream of this ORF overlapped the termination codon of the p43K-encoding gene and contained

a motif which had homology to the derived consensus sequence for vaccinia virus early gene promoters.

Molluscum contagiosum virus (MCV) is an unclassified
poxvirus of humans responsible for benign skin tumors. The
skin lesion consists of a localized mass of hypertrophied and
hyperplastic epidermis extending down into the underlying
dermis and projecting above the surface as a papule. Indi-
vidual lesions can persist for several weeks or longer, and
the host immune system is implicated in their resolution (32).
Initially, Parr et al. (24) described three subtypes of MCV on
the basis of different restriction enzyme cleavage patterns of
viral DNA. Other researchers reported two subtypes and
showed heterogeneity in the DNA restriction patterns of the
subtype: (5, 29-31, 38). More recently, three distinct sub-
types have been identified (28a). These MCV subtypes differ
in frequency of occurrence but induce clinically similar
lesions (30, 31, 37). The MCV genome is similar to that of
orthopoxviruses with regard to size, terminal cross-linking,
and the presence of inverted terminal repeats (29), although
there is no conservation of restriction sites within the
internal region of the genome of different types as is seen
among orthopoxviruses (19). However, fragments from each
MCYV subtype are colinear and cross-hybridize (29).

Vaccinia virus is the prototype poxvirus and has been
studied in detail. Infection with vaccinia virus produces two
types of infectious progeny virus: that extruded from the cell
prior to cell lysis and that released during lysis. These
extracellular and intracellular virus particles differ from each
other with respect to the viral membrane. The extracellular
vaccinia virus particles have an additional membrane which
originates from the host Golgi apparatus and contains an
abundant viral protein (5 to 7% of virion protein) with a
molecular mass of 37 kDa (p37K) which is the major antigen
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of the extracellular virus (13, 14). Hirt et al. (15) have
mapped and sequenced the p37K-encoding gene and char-
acterized it as a late gene transcribed after the onset of DNA
replication. These extracellular particles of vaccinia virus
bearing envelopes containing the p37K protein have en-
hanced cellular absorption in infection compared with intra-
cellular particles (28).

Expression of vaccinia virus genes is regulated tempo-
rally. Genes designated early or late are transcribed prior to
DNA replication or after the onset of DNA replication,
respectively (22). Elements responsible for regulation of this
temporal transcription are present in the immediate 5' up-
stream regions. Early promoters have been shown to consist
of an A+T-rich critical sequence approximately 11 bases
upstream from the site of initiation of transcription (6). The
sequence TAAAT is highly conserved among vaccinia virus
late genes, and transcription has been shown to initiate from
within or close to this sequence (15, 34, 35, 43). These
promoter elements appear to be highly conserved among
different poxvirus genera (3, 10, 18, 42).

Detailed analysis of MCV has been limited by its inability
to propagate in vitro, and little is known about the viral
membrane and the proteins involved, although Oda et al.
(23) identified 40 polypeptides from purified virions. During
nucleotide sequencing studies, we identified an open reading
frame (ORF) from a near left-terminal region of the MCV
genome. Despite a lack of cross-hybridization between MCV
and vaccinia virus DNAs, the encoded polypeptide was
found to have extensive homology to vaccinia virus protein
p37K.

MATERIALS AND METHODS

MCYV purification and DNA extraction. Lesions were ob-
tained from a variety of sites. Virus was purified, and the
DNA was extracted as described by Porter and Archard (29).
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FIG. 1. BamHI restriction map for MCVI and MCVII BamHI
fragments J of MCVI and C of MCVII are expanded. The Xhol
fragments sequenced are indicated by bold lines. The arrows indi-
cate the position and direction of transcription of the gene for p43K.
X, Xhol; H, HindIII; P, Pstl.

Characterization of MCV subtypes. Viral DNA was
cleaved with restriction endonuclease BamHI (GIBCO-
BRL) by standard methods (20). The viral isolate was then
typed as either MCV subtype I (MCVI) or II (MCVII) on the
basis of the cleavage pattern, as previously reported (29).

Cloning and sequencing. Cloning was done as described by
Maniatis et al. (20). For MCVI, the BamHI 6.4-kb J fragment
was ligated into BamHI-cut pBR322 (GIBCO-BRL), gener-
ating recombinant pB/J. From this, a 2.3-kb Xhol fragment
was subcloned into Sall-cut M13mp19 (Pharmacia) for se-
quencing. For MCVII, the PstI 4.7-kb I fragment (3a) was
ligated into PstI-cut pUC19 (GIBCO-BRL), generating
recombinant pUP/I, from which a 1.9-kb Xhol fragment was
subcloned into Sall-cut M13mp19 (Pharmacia) for sequenc-
ing. Templates for sequencing were prepared by creating
unidirectional deletions with exonuclease III (GIBCO-BRL)
as described by Henikoff (12). A sequence was generated by
the chain termination method of Sanger et al. (36) by using
the T7 DNA polymerase Sequenase (USB) (40). Problem
templates were sequenced by using the DNA polymerase
from Thermus aquaticus (Tag DNA polymerase) and the
TaqTrack sequencing system (Promega Corp.).

Sequence analysis. Sequences were read with a sonic
digitizer (Graf/Bar; Science Accessories Corp.). Data were
assembled and analyzed by using the programs of Staden
(39) and Devereux et al. (8) on a VAX/VMS V4.7. Analysis
was also done with the DNA Strider version 1.0 program
available for Apple Macintosh computers (21).

Nucleotide sequence accession number. The nucleotide
sequence data reported here will appear in the EMBL,
GenBank, and DDBJ nucleotide sequence data bases under
accession numbers M63486 (MCVI) and M63487 (MCVII).

RESULTS

Cloning and sequencing. The BamHI 6.4-kb J fragment of
the MCVI genome was cloned into pBR322, from which a
2,276-bp Xhol fragment of MCVI DNA was subcloned into

‘M13mp19 (Sall site) in both orientations. Figure 1 shows
the positions of the BamHI J and Xhol fragments that were
sequenced. Templates for sequencing were generated by
creating a series of targeted deletions with exonuclease 111
(12) and sequenced by the dideoxy-chain termination
method (36). Over 95% of the sequence was determined from
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both strands or from several different M13 subclones. The
sequence of the 2,276-bp fragment is presented in Fig. 2A.
The G+C content was 66%, in contrast to the 34% of
vaccinia virus and in general agreement with earlier compar-
ative denaturation studies (24).

The sequence was analyzed for possible ORFs (Fig. 3a), of
which there were a large number because of the scarcity of
stop codons resulting from the low A+T content. The most
significant ORF (nucleotides 601 to 1767) was subjected to
further analysis. It is 1,167 bp long and capable of encoding
a polypeptide of 388 amino acids (Fig. 2A). There were
several potential initiation codons within this region; that at
position 601 was favored because its context (within the
sequence TAAAATG) was very similar to the conserved
sequence of TAAATG found at the start of vaccinia virus
late genes (see below).

To ascertain whether MCVII encodes an equivalent poly-
peptide, the corresponding genetic locus of MCVII DNA
was determined by studying cross-hybridization, which has
been shown to be extensive outside the terminal repeats
(28a). A 4.7-kb Pstl fragment was cloned into pUC19, from
which a 1,920-bp Xhol fragment was subcloned into
M13mp19 (Fig. 1) and sequenced as described above (Fig.
2B). The most significant ORF was in a similar position (Fig.
3b) and was 94% homologous at the nucleotide level to that
of MCVI. The ORF of MCVII was 1,167 bp long, corre-
sponding to a putative polypeptide of 388 amino acids (Fig.
2B). The 1.9-kb Xhol fragment of MCVII had a similarly
high G+C content of 67%. The MCVII sequence data
confirmed that the presumed start codon for the MCVI ORF
was correct: there was no in-frame ATG codon upstream
from the corresponding MCVII initiation codon. Codon
usage within these ORFs reflected the high G+C content of
the MCV genome. There was a strong bias for G or C in
codon position 3: 82 and 87% of all codons for MCVI and
MCVII, respectively.

Analysis of the p43 gene product. The ORF from MCVI
codes for a putative polypeptide of 388 amino acids with a
calculated molecular mass of 42.8 kDa, and that from MCVII
encodes a putative polypeptide of 388 amino acids with a
molecular mass of 42.6 kDa. Sequence comparison of the
polypeptides revealed them to be very similar, with 95%
identical amino acids and a further 2% conservative changes
(Fig. 4a). We propose to call this potential protein p43K in
accordance with its calculated molecular weight. A search of
the NBRF protein data base with the p43K amino acid
sequence revealed a high degree of homology with vaccinia
virus major envelope antigen p37K (15). The molecular mass
of MCVI protein p43K is slightly higher than the calculated
size of 41.7 kDa for the vaccinia virus major envelope
antigen (size, 37 kDa by gel electrophoresis). Comparison of
MCVI p43K with the vaccinia virus envelope antigen dem-
onstrated 40% amino acid identity with a further 22% con-
servative changes (Fig. 5). The greatest homology was at the
C-terminal regions of the proteins (35 of 58 amino acids
identical with a further 10 similar), although the MCV p43K
carboxy terminus extends 13 amino acids beyond that of the
vaccinia virus protein. Two significant internal gaps were
inserted to obtain the best alignment: one of eight amino
acids in MCVI p43K and one of seven amino acids in the
vaccinia virus envelope antigen. Comparison of MCVII
p43K showed the same features as MCVI (data not shown).
Protein p37K is an integral part of the envelope of extracel-
lular vaccinia virus and is reported to be associated with the
Golgi apparatus within the cell (14). Two regions have been
suggested to act as possible membrane-spanning regions,
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/\ 1 TCGAGCGCGTGTGCGGAGTGCGCGACATGAGCACGGAGCGTTACCTGGTGCGCTCCACAG 60
61 CCAATGGCTTGGCAAACTTGGAGCCCGCCGACGTCTGCACAGGAACACTTGAGTCCGAGA 120
121 TCGAGCCCGTCTCCTATGTCACCATCGAGCGCAAATCCGCGGCAGTGACGGCGCTCATGT 180
181 TGGGCATCCACCACACGTGCCGCGAGCTACTCTTCCCCGCGCTGCCGCTGCCCGAGGACG 240
241 AAAGCGTGTACCGAGCGGCGCTGGTCTACGAGGGGAACGTGGGCTTGTATGAGCACGCCG 300
301 TGCGTCACTTTGGGCTACAGACAGGCACGCGCGGCACCGTGTGGCAGTCGACCATCACCA 360
361 CGCGCGACGGGGACGTCCTGCGCCATGCGCAGTCTCGTGCCGCGCTGAGTATGGACGTGG 420
421 GCGGCAGCCCCATGCTCATGAAGAACCCGCACATCGTCACCATTAGCGTGAGGCAAGCCG 480
481 CGTGCTGCACGCGCCCGCTCAAATACGGAGGCGCGTGCGCACACGCTGGCGCGCGCGAGT 540
541 ATGCATGCGCGCGCGCGGACGCGGGCGCGTAGCCGAGCGGCGCGTTTTCGCGGCCTTAAA 600
pas>
601 ATGGGAAACCTCACCTCTGCGCGGCCCGCGGGCTGCAAGATTGTAGAGACGCTGCCGGCA 660
M G N L T A R PAGCIKTIUVETTLPA
661 ACGCTGCCGCTGGCGCTACCTACCGGCAGCATGCTCACGTACGACTGCTTTGACACGCTC 720
T LPLALUZPTSGSMLTYUDTCTFDTL
721 ATCTCGCAGACGCAGCGCGAGCTGTGCATTGCGTCTTACTGCTGCAATCTGCGCTCCACG 780
I SQTOQRETLTCTIA ASYT CCNTLIRST
781 CCCGAGGGCGGGCACGTGCTGCTGCGGCTGCTGGAGCTAGCTCGCGCCGACGTGCGCGTG 840
P EGGHVLLRILULETLA ARADUV RV
841 ACGATTATCGTGGACGAGCAGAGCCGGGACGCGGATGCCACGCAGCTGGCGGGCGTGCCC 900
T I I VvV D E Q S RDADA AT QLA AGUV P
901 AACCTACGCTACCTGAAGCTGGACGTGGGCGAACTGCCCGGCGGCAAGCCCGGAAGCTTG 960
N L R Y L K L D V L P GG K P G S L
961 CTCAGCAGCTTCTGGGTATCGGACAAGCGCCGCTTTTACCTGGGCAGCGCCTCGCTTACC 1020
L S S F WV SDI KU RT® RTFYULGSASTULT
1021 GGGGGCTCCATTTCGACCATCAAGAGCCTGGGCGTGTACTCCGAGTGCGAGCCGCTGGCG 1080
G G s 1 S TTIKJSULGUVY S ET CETPTLA
1081 CGTGACCTGCGTCGCCGCTTCCGCGACTACGAGCGCCTGTGCGCGCGCCGCTGCGTGCGC 1140
R DLRRURTFRDYERTLTCARI RTCUVR
1141 TGCCTCTCGCTTAGCACGCGCTTCCATTTGCGCCGCCACTGCGAAAACGCCTTCTTTTCC 1200
cC L $ L S TRV FUHLIRR RUHTCENATFF S
1201 GACGCGCCGGAAAGTCTTATCGGCAGCACACGCACCTTTGATGCCGACGCTGTGCTCGCG 1260
D APESLIGSTU RTTFUDA ATDAWVTLA
1261 CACGTGCAGGCCGCTCGCAGTACTATCGACATGGAGCTACTCTCGCTGGTGCCACTGGTG 1320
HV QAARSTTIDMETLTLSTUL VP LV
1321 CGCGACGAGGACTCTGTACAGTACTGGCCGCGCATGCACGACGCGTTGGTGCGCGCGGCA 1380
R D ED SV QY WP RMUHTUDA ALV RAA
1381 CTGGAACGCAACGTGCGCGTGCGCCTGCTGGTAGGGCTGTGGCACCGCAGCGACGTGTTC 1440
L ERNUVI RV RILILUVGULWHURSDVF
1441 TCGCTGGCCGCCGTCAAGGGGCTGCACGAGCTGGGCGTGGGCCACGCCGACATTAGCGTG 1500
S L AAV K GILUHETLSGVGHADTISV
1501 CGCGTCTTCGCGATCCCGGGAGCTAAGGGCGAGCCGCTCAATAACACCAAGCTCCTCGTG 1560
RV F A IPGAIKSGEU®PILNNTIE KTLTLV
1561 GTGGACGACGAGTACGTGCATGTGACCAGCGCCGACATGGACGGCACGCACTACGCGCGG 1620
v D DEYVHVTSADMMDGTHY AR
1621 CACGCCTTCGTCAGCTTTAACTGCGCGGAGCGCGCATTCGCGCGAGCGCTTGGTGCGCTC 1680
H A F VS FNU CAEWIRATFARABALGA AL
1681 TTCGAGCGCGACTGGCAGTCGTCCTTCAGCTCGCCGCTTCCTCGGGCACCGCCACCGGAG 1740
F E R D W S S F S S PLPRAPUPPE
1741 CCCGCCACGCTGCTACCCGTGAACTGAAAAAAAAAGGCATGGCCGTGTAAGCCCGCTATG 1800
P A TUL UL P V N * X2L\I> M
1801 AACAGCGCGAACCATTTTTTGCCCCCGCGCGCCCGCTGCGCGCTCTGGAGCCTCCCCCGC 1860
N S A NHVF L PP RARTU CALWSL P R
1861 GCACTGCCACGCGGAGCTCGCCAAAGCGCGCCTTCCGCGCGGGCATGTCCTTGGCGGTGC 1920
A L P R G AR S AP S ARACUPMWRSTC
1921 GCAAAGCAACTGCGGACTCGCGAGCACTTTGGCCTCGCGAGGGCTCGTCCTCTCGTGCGT 1980
A K QL RTW REHT FG GV LA ARARTUPTILVR
1981 CGTGAATGTACGCGGTGTGCACATGCCCGTGCACCTCCCTGTGAACGCACCGCCGACAAC 2040
R ECTRCAHA ARAPUPTC CEITRTATDN
2041 GCACCCGCGCGGCTTGGCGCCCTTCCTGGAGGGTCACGCGCACATCTTCGAAGTGGCCGT 2100
A P ARLGALZPG GG GS S RAHILI RSGR
2101 CGCGAGCTTGGCCGGAACGCCGTGCGCGTGCGGCGGCGCGTGCTGCGGCTGCTGCCTGCT 2160
R EL GRNAVI RV RRIRUVILI RTILTILUPA
2161 CAACCCCGTGGTGGCCTCGGACGTTCTCAAGAAGTGCACCTTCGCACGTCTCGCGTAGCG 2220
Q P R G G L G R E V HL RT R V A
2221 CACTCGTGTTTTTCTCGTTTGTTGTTGTTCTGGTCTGGAAACACGTGGCCAAGGTC 2276
H S CF S RLLLF WS GNTWPR
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1 TCGAGCGCGTGTGCGGAGTGCGCGACATGAGCACGGAGCGTTACCTGGTGCGCTCCACGG 60
61 CCAATGGCTTGGCAGACTTGGAGCCCGCCGACGTATGCCCAGGCACGCCGGAGTCCGAGG 120
121 CCGAGCCCATCTCCTACATCACCATCGAACGCAAATCCGCGGCAGTGACTGCGCTCATGT 180
181 TGGGCATCCACCACACGTGCCGCGAGCTACTCTTCCCCGCGCTGCCGCTGCCCGAGGACG 240
241 AAAGCGTGTACCAAGCGCGCTGGTCTACGAGGGGGAACGTGGGCTTGTACGAGCACGCCG 300
301 TCGTCACTTTGGCTACAGACAGGCACGCGCGCGCGCACCGTGCGTGGCCGCAGTGCACCA 360
361 TCACCACGCGCGACGGGGACGTCCTGCGCCATGCGAGTAGCGTGCCGCGCTGAGCATGGA — 420
421 CGTGGGCGGCAGCCATGCTCATGAARATAACCCGCACATCGTCACCATTCGCGTGAGGCAG 480
481 GCCGCGTGCTGCACGCACCCGCTCAAATACGGAGGCGCGTGCGCGCCACGCGGGCGCGCG 540
541 GCTGGCGCGTAGCCGAGCGGTGCGTTTTCGCGGCCTTAAAATGGGAAACCTCACCTCTGC 600
p43> M G N L T S A
601 GCAGCCCGCGGGCTGCAAGATTGTCGAGACGCTGCCGGCGACGCTGCCGCTGGCGCTACC 660
Q PA GCIKIVETTLZPATTLUZPTULATLFP
661 TGCCGGCAGCATGCTCACGTACGACTGCTTCGACACGCTCATCTCGCAGACGCAGAGCGA 720
A G SMULTYDG CTFDTIULTISOQTIQSE
721  GCTGTGCATCGCCTCGTACTGCTGCAATCTGCGCTCCACGCCCGAGGGCGGGCACGTGCT 780
L C I A S Y CCNILU RSTU®PETGSGUHUVL
781 GCTGCGGCTGCTAGAACTAGCGCGCGCCAACGTGCGCGTGACTATTATCGTGGACGAGCA 840
L RLLEULARANVR RVUVTTITIUVDE
841 GAGCCGGGACGCGGACGCCACGCAGCTGGCAGGTGTGCCCAACCTACGCTACCTGAAGAT 900
S RDADA AT L AGVPNILR RYTILI KM
901 GGACGTGGGCGAGCTGCCCGGCGGCAAGCCCGGAAGCTTGCTCAGCAGCTTCTGGGTGTC 960
DVGELZPGGI KZ?PGSTULULS ST F WUV
961 GGACAAGCGCCGCTTTTACCTGGGCAGCGCCTCGCTCACCGGAGGCTCCATCTCGACCAT 1020
D KRRFYULGSASTL LTS GG GS STISTTI
1021 CAAGAGCCTGGGCGTGTACTCCGAGTGCGCGCCGCTGGCGCGTGACCTGCGGCGTCGCTT 1080
K S L GVY S ECAPTLA ARDTILIR RR RTR RYEF
1081 CCGCGACTACGAGCGCCTGTGCGCGCGCCGCTGCCTGCGCTGCCTCTCGCTTAGCACGCG 1140
R DY ERULUCARR RTCILR RTCLSUL S TR
1141 CTTCCATTTGCGCCGCCGCTGCGGAGACGCCTTTTTTTCCGACGCGCCCGAGAGTCTGAT 1200
F HL RRRU CGDA ATFT FSDAPESTLTI
1201 CGGCAGCACACGCACCTTCGATGCCGACGCCGTACTCGCTCACGTGCAGGCCGCCCGCAG 1260
G S TRTTVFDA ADA AVULAHVOQAA AR S
1261 TACCATCGACATGGAGCTGCTCTCGCTGGTGCCGCTGGTGCGCGATGAGGACTCTGTCAA 1320
T I DMETULULSULVPLVRDETDS VK
1321 GTACTGGCCGCGCATGCACGACGCGTTGGTGCGCGCGGCACTGGAGCGCAACGTGCGCTT 1380
Y WP RMUHDA ALV RAATLTEIRNUVRTL
1381 GCGCCTGCTGGTAGGGCTGTGGCACCGCAGCGACGTGTTCTCGCTGGCCGCCGTCAAGGG 1440
R L LV GLWHU®RSDUVF F SLAA-BAVIKSG
1441 GCTGCACGAGCTGGGCGTGGGCCACGCCGACATTAGCGTGCGCGTCTTCGCGATCCCGGG 1500
L HEULGVGHADTIS SV RV FATIUPSG
1501 AGCCAAGGGCGACGCCATCAATAACACCAAGCTCCTCGTGGTTGACGACGAGTACGTGCA 1560
A K GDATINNTI KTULTULV VDUDEY V H
1561 TGTGAGCAACGCCGACATAGACGGCACGCACTACGCGCGGCACGCCTTCGTCAGCTTCAA 1620
VS NADTIDGTHYA ATRUHATFUV S FN
1621 CTGCGCGGAACGCACGTTCGCGCGAGCGCTCGGTGCGCTCTTCGAGCGCGACTGGCAGTC 1680
C AERTT FARALGA ATLTFETRDUWOQS
1681 GTCCTTCAGCTCGCCGCTTCCTCGGGCACTGCCGCCGGAGCCCGCCACGCTGCTCTCCGT 1740
S F S SPLPRALUZPPEUZPATTULTLSUV
1741 GAACTGAAAAAAAAAGGAATGCCCGTGTAAGCCCGCCATGAACAGCGCGAGCCGTTTTCC 1800
N * X2L\II>M N S A R F P
1801 GGCCCGCGCGCCCGCTGCGCGCTCTGGAGCCCCCCCAGTGCACGGCCGCGCAGATTTCGC 1860
A RAPAARSGA AZPUZPVHGT RA ATDTFA
1861 CGCTGGAGAAGCGCGCCGCGGGCATGTCCTCGGCGGTGCGCAAAGCAACCGCGGACTCGA 1920
A GEARRGUHVILGGA AQ QSNTZ RGTL

FIG. 2. Nucleotide sequences of the 2,276-bp Xhol fragment of MCVI (A) and the 1,920-bp Xhol fragment of MCVII (B). The amino acid
sequences encoded by the gene for p43K and the partial X2L ORFs of both subtypes are shown in single-letter code under the nucleotide
sequence. The internal HindIll site is underlined. The asterisk indicates the termination codon of the p43K genes.

amino acids 130 to 157 and 175 to 192 (15). Analysis of the
hydrophobicity of p43K was done with the algorithm of Kyte
and Doolittle (17). Two hydrophobic regions were identified
in both MCVI p43K and MCVII p43K, at amino acids 17 to
35 and 133 to 153, respectively (Fig. 6), of which the latter is
equivalent to hydrophobic amino acids 130 to 157, which
form the putative transmembrane domain of vaccinia virus
p37K.

Regulatory elements. The sequences immediately up-
stream of the MCVI and MCVII ORFs were analyzed for
potential regulatory motifs. The 100 bases upstream of the
translation initiation site are 72% G+C rich. The upstream
sequences of the two genes are identical over the 37 bases
preceding the initiation codon, with the exception of position
20 (C in MCVI and T in MCVII). Further upstream, the
sequences of the two types diverge, although the high G+C
content is maintained. Within the G+C-rich region, there are
two short sequences notable for being A+T rich (Fig. 7a).
For both MCVI and MCVII, there was the sequence
TAAAATG, which includes the initiation codon, and 13 bp
upstream of the start codon there was a stretch of four

thymidine residues. The initiation codon of the p37K-encod-
ing gene, a late gene in vaccinia virus, occurs within the
sequence TAAATG and further upstream, starting at posi-
tions —12 and —69 bp, are stretches of five and four
thymidine residues, respectively.

Sequences downstream of the MCV genes were also
compared. Within the first 70 bp downstream of the termi-
nation codon, there was 75% homology between the se-
quences of MCVI and MCVII. The G+C content was
maintained; MCVI was 67% G+C rich in 200 bp, whereas
MCVII was 69% G+C rich in 173 bp following the termina-
tion codon. There is no reported conserved transcription
termination sequence for vaccinia virus late genes, in con-
trast to early genes, where the sequence TTTTTNT is
important for efficient termination (33, 44). Although the
termination codon used by MCV was different from that
used by the vaccinia virus p37K-encoding gene (TGA and
TAA, respectively), the sequences immediately following
the termination codon showed some similarity. The se-
quence seen for both MCVI and MCVII was AA
AAAAAAGG, which bears a strong resemblance to the
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FIG. 3. Six-phase ORF analysis of the 2,276-bp Xhol fragment of
MCVI (a) and the 1,920-bp Xhol fragment of MCVII (b). Short bars
represent possible initiation codons, and tall bars represent stop
codons. The ORFs of the genes for p43K are indicated by arrows
(MCVI position 601 to 1,767 bp and MCVII position 581 to 1,747
bp), along with partial ORFs X2L\l and X2L\II (nucleotides 1798 to
2276 and 1778 to 1920).

p37K-encoding gene sequence of AAAAAAGAAAA (Fig.
7b). The sequence TTTTTNT was not found near the
termination codon of either MCVI or MCVII, although the
sequence TTTTTT occurred 48 bp downstream from the

MGNLTSARPAGCKIVETLPA’I”LPI.ALPTGSMLTYDCFDTLI SQTQRELCI 50

(a) MCV T p43

VCELIET LD EEU LR DL T

MCV TIp43  MGNLTSAQPAGCKIVETLPATLPLALPAGSMLTYDCFDTLISQTQSELCI 50

MCV T pd3  ASYCCNLRSTPEGGHVLLRLLELARADVRVTIIVDEQSRDADATQLAGVE 100
FEULET O LT T T

MCV IIp43  ASYCCNLRSTPEGGHVLLRLLELARANVRVTIIVDEQSRDADATQLAGVE 100

MCV I pd3  NLRYLKLDVGELPGGKPGSLLSSFWVSDKRRFYLGSASLTGGSISTIKSL 150
I

MCV IIp43  NLRYLKMDVGELPGGKPGSLLSSFWVSDKRRFYLGSASLTGGSISTIKSL 150

MCV I pd3 GVYSECEPLARDLRRRFRD&ERLCARRCVRCLSLSTRFHLRRHCENAFFS 200
SR

MCV 1Ipd3  GVYSECAPLARDLRRRFRDYERLCARRCLRCLSLSTRFHLRRRCGDAFFS 200

MCV I pd3  DAPESLIGSTRTFDADAVLAHVQAARSTIDMELLSLVPLVRDEDSVQYW 250
COLCCLUC T LT T LT L T E

MCV IIp43  DAPESLIGSTRTFDADAVLAHVOAARSTIDMELLSLVPLVRDEDSVKYWE 250

MCV T pd3  RMHDALVRAALERNVRVRLLVGLWHRSDVFSLAAVKGLHELGVGHADISV 300
R

MCV IIp43  RMHDALVRAALERNVRLRLLVGLWHRSDVFSLAAVKGLHELGVGHADISV 300

MCV I p43 RVFAIPGAKGEPLNNTKLLVVDDEYVHVTSADMDGTHYARHAFVSFNCAE 350
PUUEULCU 222 CEUDEEEEEETE TP LT

MOV TIp43  RVFAIPGAKGDAINNTKLLVVDDEYVHVSNADIDGTHYARHAFVSFNCAE 350

MCV I pd3  RAFARALGALFERDWQSSFSSPLPRAPPPEPATLLEVN 388
R

MCV 1Ip43  RTFARALGALFERDWQSSFSSPLPRALPPEPATLLSVN 388

(b) X2I\I 1 MNSANHF LPPRARCALWSLERALPRGARQSAP SARACPRRCAKQLRTREH 50
NN s Lo
X2L\IT 1 VNSASRE.PARAPAARSGAPPVHGRADFAAGEARRGHVLGGAQSNRGL.. 47

FIG. 4. (a) Comparison of the amino acid sequences of the p43K
proteins of MCVI and MCVII with the GAP program (8). The upper
sequence is MCVI p43K, and the lower sequence is MCVII p43K.
(b) GAP analysis of ORFs X2L\I and X2L\I. Lines represent
identical amino acids and colons indicate conservative changes.
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MCV I p43 MGNLTSARPAGCKIV‘ETLPATLPLALPTGSM.TYDCFDTLISQTQRELC 49
VACC p37 WPFASVPAGII\K(liRL‘IfI!‘.';‘]ILII’EN MDFRSDHLT‘JI?FEéEI‘NEI]IITLAKKYIY 48
MCV I p43 IASYCCNLRSTPEGGHVLLRLLELARADVRVTIIVDEQSRDADATQLAGV 99
VACC p37 I:ZII\éFé(IZl!IPLéII‘TRéALIFDmASEKé;}:(]:II\:l';.]:'..DERGmLGELQSHC 98
MCV I p43 PN‘LRYLKLDVGELPGGKPGSLLSSE’WVSDKRRFYLGSASLTGGSISTIKS 149
VACC p37 ILDINPITVNIDK mNVéLII‘IImEI’Jﬁlléll)DEILC\I'VéWLéFéééé}H'}‘}}I(T 146
MCV I p43 LGVYSECEPLARDLRRRFRDYE ........ RLCARRCVRCLSLSTRFHLR 191
VACC p37 I!.é\lll"ébYP;IL;\T!;ILIIZ]R!LE"DTE‘KAWSWSW{NICSMC('Z{PV;{‘AYILIK 196
MCV I p43 RHCENAFFSDAPESLIGSTRTFDADAVIAHVQAARSTIDMELLSLVPLVR 241
VACC p37 NPIGGVEl‘EI‘T[I)SLI!‘.HTI..L(I;YSADL[I)TII)V\LIDKLKSILKTSI[I)IEHLAI‘lléTTllk 246
MCV I p43 DEDSVQYWPRMHDALVRAALERNV'RVRLLVGLWHRSDVFSLAAVKGLHEL 291
VACC 37 VBNSYYWEDIYNSTIEAAINRGVKIRLLVENWDINDUYAVATARGLDAL 296
MCV I p43 GVGHADISVRVFAIPGAXGEPLNNTIQLVVDDEYVHVTSADMDGTHYARH 341
VACC p37 cx'z.éu%ié%rio ....... &'«%&h%éé%b&éiméé%éioﬁ 338
MCV I p43 AFVSFNCAE}’!AFARALGALF"ERDWQSSFSéPLPRAPPPEE“ATLLPVN 388

VAGS p31 CRVARNSIDKOLVSEAKKIEERDWVESHSKSLKL. ... ..rvvr.. 372

FIG. 5. Comparison of the amino acid sequences of the MCVI
p43K and vaccinia virus (VACC) p37K proteins with GAP (8). The
upper sequence is p43K, and the lower sequence is p37K. Lines
represent identical amino acids, and colons indicate conservative
changes.

termination codon in the MCVI gene but not in the MCVII
gene.

Analysis of other ORFs. Analysis of other possible ORFs
revealed the presence of a partial ORF immediately down-
stream from the gene for p43K in both subtypes (Fig. 3,
ORFs X2L\l and X2LA\II). More sequence data were ob-
tained for MCVI than MCVII, and the corresponding partial
ORF was larger: ORF X2L\I, nucleotides 1798 to 2276 (479
bp) and ORF X2L\I, nucleotides 1778 to 1920 (143 bp) (Fig.
2). The putative polypeptides encoded by these incomplete
ORFs are 159 (MCVI) and 47 (MCVII) amino acids. Com-
parisons of the two polypeptides showed little homology in
the short regions characterized (Fig. 4b). It remains to be
determined whether they are in fact complete ORFs of
similar lengths and encode related proteins. A search of the
NBRF data base revealed no significant matches with any

a 100 200 300
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FIG. 6. Hydrophobicity plots, based on the algorithm of Kyte
and Doolittle (17), of the MCVI p43K (a) and MCVII p43K (b)
proteins. The x axis refers to amino acid numbers, and the y axis
refers to hydrophobicity values. Proposed hydrophobic regions are
amino acids 17 to 35 and 133 to 153 (bars).
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-40 -30 -20 -10 +1

| | |
Vacc p37 :GATGAAAATTTTAGCGATATAGCCGATGATATTCTAGATCGTTGATAGAACAGGATGTATAAGITITIATGTTAAQTAAATG]

MCV I p43 :CACGCTGGCGCGCGCGAGTATGCATGCGCGCGCGCGGACGCGGGCGCGTAGCCGAGCGGCGL!

Il L

[ I | |
MCV IT p43 :CTCAAATACGGAGGCGCGTGCGCGCCACGCGGGCGCGCGGCTGGCGCGTAGCCGAGCGGTGC!

(v)

crrricecoeccifTaRRATS]
LU LT
ceteccrimmerg

Vacc  p37 :TTAAAAATTIAAAAAAAAGAAAATAGAGACGTATAGA

MCV I p43 :CCCGTGAACIGAAAAAAAAAGGAATGCCCGTGTAAGCCCGCTATGAACAGCGCGAACCATTTTTTGCCCCCGCGCCCGCTG
ko

=37 =23

MCV II p43 :TCCGTGAACIGAAAAAAAAAGGCATGGCCGTGTAAGCCCGCCATGAACAGCGCAGCCGTTTTCCGGCCCGCGCCCGCTGCG

Vacc : AAAAAATGAAAAAAAA
Concensus T

FIG. 7. (a) Comparison of the 5’ upstream regions of the MCVI and MCVII genes for p43K and the vaccinia virus (Vacc) gene for p37K.
Bars represent identical nucleotides between the MCVI and MCVII sequences. Boxed regions highlight conserved elements between the
MCYV and vaccinia virus sequences. (b) Comparison of sequences around the termination codons of the MCVI and MCVII genes for p43K
and the vaccinia virus gene for p37K. The termination codons of these genes are underlined, and the initiation codon of ORFs X2L\ and
X2LMI is highlighted by asterisks. The consensus sequence for the critical region of vaccinia virus early promoters (6) is aligned with the

possible early promoter of the MCV X2L ORFs.

previously identified peptide sequences for these putative
translation products.

Analysis of the 5’ upstream region of ORFs X2L\I and
X2LNII revealed homology between the two subtypes (Fig.
7b). The upstream region overlaps with the termination
codon of the p43K-encoding gene in both cases. At —23 to
—37 bp upstream of the initiation codon of these ORFs, an
A-rich region was found which includes the termination
codon and possible termination sequence of the gene for
p43K. Inspection of the sequence and comparison with
known vaccinia virus early promoters indicated that the
sequence may represent an early promoter region and not
the previously discussed termination signal. Comparison
with a consensus sequence for vaccinia virus early promot-
ers derived from 19 early promoters (6) showed extensive
homology between the critical region of vaccinia virus early
promoters (AAAAAATGAAAAAAAA) and the sequence
from MCV (GTGAACTGAAAAAAAA); i.e., 12 of 16 resi-
dues are identical (Fig. 7b). This suggests that the sequence
is more likely to be an early promoter in MCV than a late
termination signal.

Genetic organization. The gene for p43K was identified
from sequence data within the BamHI J fragment of MCVI
and the BamHI C fragment of MCVII. These fragments
correspond to an equivalent region of the viral genome (29).
By positioning of a HindIII site within the coding region of
the gene for p43K, the gene was localized to approximately
30 kb from the left terminus of MCVI and 32 kb from the left
terminus of MCVII for the isolates used in this study,
corresponding to approximately 25 kb from the junction of
the left terminal repeat and left unique sequences (Fig. 1).
The sequence data indicate that the direction of transcription
of both genes was from right to left, i.e., toward the terminal
repeat. With respect to relative position within the MCV
genome and its direction of transcription, the p43K-encoding
gene was analogous to the vaccinia virus p37K-encoding
gene (15). The complete sequence of the vaccinia virus
Copenhagen strain has been obtained and reveals an ORF
(designated F12L) immediately downstream of the p37K-
encoding gene (11). The position and direction of transcrip-
tion of the X2L ORFs in MCV are equivalent to those of this
ORF. However, when the polypeptide sequences of these

ORFs (X2L and F12L) were compared no homology was
found.

DISCUSSION

Analysis of the nucleotide sequence of a region close to
the left terminus of MCV revealed the presence of an ORF,
present in both major viral subtypes, which has the potential
to encode a polypeptide with a molecular mass of approxi-
mately 43 kDa. The predicted polypeptide was found to have
a high degree of homology to a previously sequenced vac-
cinia virus late gene product, protein p37K. The gene for
p37K of vaccinia virus is a late gene located within the
HindIll F fragment of the virus genome (15). The gene
product, the p37K protein, is the major antigen present on
the envelope of extracellular vaccinia virus. It is known to be
associated with the Golgi apparatus within infected cells and
is proposed to have a role in the release of mature vaccinia
virus particles from infected cells (13, 14).

MCYV p43K has 42% identity and a further 20% similarity
to vaccinia virus p37K at the amino acid level, despite the
marked difference in nucleotide composition between the
MCYV and vaccinia virus DNAs. Vaccinia virus has a G+C
content of 34%, whereas MCV has a G+C content of 66%.
This difference is reflected in codon usage in the gene for
p43K, which has a bias of 82% G or C in the base 3 position
of codons.

Hirt et al. (15) proposed that the hydrophobic stretch of
amino acids 130 to 157 of vaccinia virus p37K represents a
transmembrane region. This region appears to be conserved
within MCV p43K, with equivalent amino acids 133 to 153
being hydrophobic. p43K has an additional hydrophobic
region much earlier in the sequence, at amino acids 17 to 43,
which may also be membrane associated. Vaccinia virus
exists in two forms, described as intracellular naked vaccinia
virus and extracellular enveloped vaccinia virus (25, 26). The
extracellular form has an additional envelope derived from
the host Golgi apparatus (13). This additional extracellular
envelope has also been reported on other orthopoxviruses
closely related to vaccinia virus, including rabbitpox virus
(1) and cowpox virus (27). A protein was identified in
cowpox virus-infected cells which had a similar molecular
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weight and cross-reacted antigenically with vaccinia virus
protein p37K (27). p37K is one of several proteins found in
the vaccinia virus envelope (25) and is reported to be the
major antigen of the extracellular virus (14). The ability of
MCYV to encode a homolog, protein p43K, suggests that this
non-orthopoxvirus also has a modified envelope in the
extracellular form. Oda et al. (23) have studied the structural
polypeptide components of MCV isolates and identified 40
polypeptides from purified virons. However, no protein was
identified by polyacrylamide gel electrophoresis which cor-
responds to the molecular weight of p43K calculated from
the nucleotide sequence. However, it is not known whether
protein p43K is posttranslationally modified, and therefore it
may have an anomalous size as characterized by polyacryl-
amide gel electrophoresis.

In addition to conservation of the gene products at the
amino acid level, the elements involved in control of expres-
sion of the vaccinia virus p37K-encoding and MCV p43K-
encoding genes appear to be conserved. The gene for p37K
is expressed after the onset of viral DNA replication and has
the reported features of late gene promoters (15). The
sequence TAAATG, which includes both the transcriptional
start site and the initiation codon, or a closely related
sequence is found in most of the vaccinia virus late genes
sequenced, along with upstream stretches of thymidine or
adenine residues (2, 7, 34, 35, 43). The 5’ region of the MCV
gene for p43K is very G+C rich (72%) overall, but within
this region, the A+T-rich sequence TAAAATG encom-
passed the initiation codon. At position —13 bp from the
initiation codon, there is a string of four thymidine residues.
The presence of these two motifs (TAAAATG and TTTT) is
more obvious in the G+C-rich MCV genome than in the
A+T-rich vaccinia virus genome and implies conservation of
control of expression of vaccinia virus p37K and its MCV
homolog. The promoter regions of the MCVI and MCVII
p43K-encoding genes are highly conserved (96%) until posi-
tion —33 bp from the initiation codon, before which the two
sequences diverge while maintaining the high G+C content.
This suggests that the control elements necessary for tran-
scription of this MCV gene are present within the immediate
upstream region, analogous to the situation in vaccinia virus
genes (2).

The sequence motif TAAAAT upstream of the gene for
p43K differs from the TAAAT motif associated with vaccinia
virus late genes by the presence of an additional adenine
residue. The motif TAAAAT is found in the same position
relative to a designated early gene in vaccinia virus, ORF K3
(4). ORF K3 occurs within the vaccinia virus HindIIl K
fragment and encodes a protein with some homology to
vaccinia virus protein p37K (25% amino acid identity and
23% conservative changes). p43K of MCV has a similar level
of homology to the vaccinia virus K3-encoded protein, with
22% amino acid identity and a further 23 to 25% conservative
changes (data not shown). Recently, Kotwal et al. (16) have
shown that an ORF (N1L) located at the junction of the
HindIII C and N fragments, encoding a secreted protein, has
the sequence TAAAAT, which acts as a late transcriptional
start site. Since the homology at the amino acid level of
p43K to the K3-encoded protein is much lower (22% iden-
tity) than that between p43K and p37K (40% identity), we
assume that MCV protein p43K is the homolog of vaccinia
virus protein p37K.

A partial ORF (X2L) and a possible early promoter
element were identified in the Xhol fragments sequence.
ORF X2L (X2L\l and X2L\I) immediately follows the gene
for p43K in both MCV subtypes. There was no homology
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between the incomplete polypeptides of 159 and 47 amino
acids sequenced from MCVI and MCVII, respectively, and
no matches with other proteins were found in a data base
search. The upstream region of each of these ORFs over-
lapped the termination codon of the gene for p43K. Detailed
analysis of this 5’ region suggested that the sequence around
the termination codon of the gene for p43K is an early
promoter. Davison and Moss (6) have shown that an A-rich
sequence (consensus of AAAAAATGAAAAAAA/TA) at
—13 to —28 bp from the transcriptional start site comprises
the critical region of vaccinia virus early promoters. The
sequence at —23 to —37 bp from the initiation codon of
ORFs X2L\I and X2L\II, which overlaps with the termina-
tion codon of the genes for p43K, is very similar to this
derived consensus, with 12 of 16 nucleotides identical (Fig.
7b). However, it has still to be established that this is a
complete reading frame.

A number of poxviruses are known to be similar in genetic
organization. For instance, the cluster of vaccinia virus
genes including that for thymidine kinase is present at an
equivalent position of the capripoxvirus and Shope fibroma
virus genomes (10, 41). Although the thymidine kinase-
encoding gene in fowlpox virus has been mapped to a
different locus, the region corresponding to the equivalent
position of the gene for thymidine kinase in the poxviruses
mentioned above shows conservation of the other ORFs (3,
9). The gene for p43K is found in the BamHI J fragment of
MCVI, approximately 30 kb from the arbitrarily designated
left terminus, and is transcribed from right to left toward the
inverted terminal repeat. The situation for MCVII is identi-
cal (Fig. 1). The gene for p37K in vaccinia virus is located in
the HindlIII F fragment at a position 38 kb from the left end
and transcribed toward the terminus. When the sizes of the
terminal repeats are taken into account (3 to 5 kb in MCV
and 10 kb in vaccinia virus), it is apparent that these genes
are found in similar genetic loci, in addition to being in the
same orientation. An ORF (F12L) is present downstream of
the gene for p37K in vaccinia virus (11). MCV ORFs X2\
and X2L\II occur in similar positions, although no homology
was found between the amino acid translation products of
these ORFs. Thus, the head-to-tail arrangement of ORFs
within the vaccinia virus genome is also apparent for MCV.

Further analysis of other ORFs and regulatory elements is
necessary, but it appears that the genetic organization and
control of expression of MCV genes are similar in many
respects to those of antigenically unrelated poxviruses.
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