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Molluscum contagiosum virus (MCV) commonly causes asymptomatic cutaneous neo- 
plasms in children and sexually active adults as well as persistent opportunistic acquired 
immunodeficiency syndrome (AIDS)-associated disease. Sequencing the 190-kilobase 
pair genome of MCV has now revealed that the virus potentially encodes 163 proteins, 
of which 103 have homologs in the smallpox virus. MCV lacks counterparts to 83 genes 
of the smallpox virus, including those important in suppression of host responses to 
infection, nucleotide biosynthesis, and cell proliferation. MCV possesses 59 genes that 
are predicted to encode previously uncharacterized proteins, including major histocom- 
patibility complex class I, chemokine, and glutathione peroxidase homologs, which 
suggests that there are MCV-specific strategies for coexistence with the human host. 

T h e  poxvirus family of large double- and sequence differences in the short seg- 
stranded DNA viruses is composed of nu- ments of MCV DNA that have heretofore 
merous species that infect vertebrates and been analyzed (4). 
insects, but only two of which are specific MCV major subtype 1 DNA (5 )  was 
for humans (1). Variola virus (VAR), a 
member of the orthopoxvirus genus, was 
responsible for smallpox until its recent 
eradication through immunization with the 
closely related, and attenuated, vaccinia vi- 
rus (VV). The other human poxvirus, 
MCV. has a worldwide distribution and 

sequenced by primer walking with an auto- 
matic sequencer (Applied Biosystems, mod- 
el 373A). Taq polymerase cycle sequencing 
protocols with inosine triphosphate in place 
of guanosine triphosphate were used to 
avoid early termination of sequencing reac- 
tions and compressions caused by the high 
G C  content of the MCV DNA (6). Each 
base was determined at least once from each 
strand, with no discrepancies between the 
two strands. The absence of frameshifts in 
the MCV genes that have homologs in 
orthopoxviruses suggested less than one 
frameshift error per 100,000 nucleotides. 
The 190,289-base pair (bp) sequence of 
MCV DNA, comprising the entire genome 
with the exception of the covalently closed 
terminal hairpin loops (7, 8), was deposited 
in GenBank (accession number U603 15). 
The MCV DNA has a GC content of 
63.3%, resulting in a paucity of stop codons 
and, accordingly, a large number of open 
reading frames (ORFs). Altogether, the 
MCV genome contains 588 ORFs longer 
than 60 codons. With a combination of 
sequence similarity searches, statistical pre- 

commonly produces 3- to 5-mm papules 
that may persist in the skin of young chil- 
dren and sexually active adults for months 
to years before spontaneously regressing (2). 
MCV is also responsible for an extensive 
and essentially untreatable opportunistic 
disease that frequently occurs in individuals 
with AIDS (2). MCV infection typically 
elicits a weak immune response and almost 
no inflammatory reaction around the hy- 
perplastic, virus-filled epidermal lesions, 
even in immunocompetent persons. Little is 
known of the basis for the MCV-host rela- 
tion, because the virus has not been grown 
in tissue culture cells or animals and it 
replicates only inefficiently in human skin 
grafted to immunodeficient mice (3). MCV 
is the sole member of the molluscipoxvirus 
genus and is related only distantly to VAR 
or VV, as revealed by a nearly twofold 
higher G C  content (63% in MCV, 34% in 
VAR and VV), lack of DNA cross-hybrid- 
ization or immunological cross-reactivity, 
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diction of codlng reglons, prediction of sig- 
nal peptides and trallsmembrane helices in 
putative proteins, and analysis of putative 
promoters (9) ,  we identified 163 ORFs 
(mostly nonoverlapping) as a conservative 
estimate of the gene co~nplelnent of MCV 
(Fig. IA) .  The corresponding numbers are 
187 and 198 for VAR and VV, respectively 
(10). 

Of the 163 predicted MCV proteins, 104 
are homologous to proteins of VAR or VV; 
55 of these conserved poxvirus genes have a 
known or predicted f ~ ~ n c t i o n  in VV repro- 
duction (10). All but one of these function- 
ally characterized proteins either contribute 
to replication or expression of the viral 
genome or are s t ruct~~ral  colnponents of the 
virion. The  sequence identities of the pre- 
dicted MCV proteins and their orthopoxvi- 
rus homologs vary from 15 to 76% ( 1 1 ). 
The genes coding for conserved proteins 
cluster in the central part of the MCV 
genome (Fig. 1A). Moreover, the order of 
the conserved genes is the same in MCV 
and the orthopoxviruses, even though this 
region of the MCV genome contains sever- 
al apparent deletions of poxvirus gelnes and 
insertions of other genes (Fig. 1A).  The 
only two rearrangements affect nonessential 
genes that encode 3P-hydroxysteroid dehy- 
drogenase-steroid D5-D4 isomerase and a 
large putative membrane protein that is 
conserved in, MCV and VAR but not in 
VV. All the VV genes known to be essen- 
tial for virus growth in cell culture, with a 
single possible exception (12), are con- 
served in MCV, which indicates that the 
basic inechanisn~s of genome replication 
and expression used by MCV are similar to 
those of orthopoxviruses. 

Of the 88 VAR and VV genes that are 
absent fro111 MCV, 64 are nonessential for 
replication in cell culture, 1 is conditionally 
essential (12), and 23 are uncharacterized. 
Most of these VAR and VV genes are locat- 
ed in the terminal regions of the orthopox- 
virus genomes (Fig. 1B). One class of non- 
essential genes that is nlissing in MCV in- 
cludes all six orthopoxvirus genes that en- 
code nucleotide biosynthesis enzymes (13). 
Their absence is unusual for large DNA 
viruses and may in part determine tissue 
tropism. Another group of orthopoxvlrus 
genes with no hornologs in MCV includes 
2 2 0  that encode proteins that modulate the 
host response to infection (14). These pro- 
teins include an eplderlnal growth factor 
homolog, a complement-binding protein, 
an interleukin-1 convertase inhibitor, addi- 
tional protease inhibitors, a double-stranded 
RKA-binding protein important in inhibi- 
tion of the interferon-induced double- 
stranded RNA-dependent protein kinase 
and ribonuclease, and soluble receptors for 
tumor necrosis factor, interleukin-1 , inter- 

feron-a, and ~nterferon-y. T h e  only or- 
thopoxvlrus gene of thls group conserved 
In MCV encodes a 3P-hydroxysteroid 
del~ydrogenase-stero~d D5-D4 isomerase 
homoloe. 

predicted by sequence similarities have 
been experimentally validated (14). Most of 
the MCV-speclfic genes are predicted to be 
expressed early in infection (of the 59 such 
genes, 45 have early-promoter consensus 
sequences, 10 have late promoters, and 4 
have no recognizable promoter), as are most 
orthopoxvirus genes that participate in vi- 
rus-host interactions. 

For at least three MCV genes, it is pos- 

'z 

The orthopoxvirus genes that are miss- 

ing in MCV are replaced by 59 similarly 
located but nonhomologous genes (Fig. 
1B). Searches of protein and nucleic acid 
seauence databases 19) showed that some of ~, 

these 59 genes have cellular homologs with 
known f~lnctions, suggesting that the corre- 
sponding viral genes modulate host respons- 
es to infection (Table 1) (15). The align- 
ment of one MCV h rote in and its cellular 

sible to predict a specific function in com- 
bating host defenses. A n  MCV homoloe of " u 

the major histocompatibility con~plex 
(MHC)  class I heavy chain, encoded by 
gene MC080R, although similar to M H C  

homolog revealed 74% amino acid identity, 
whereas most such alignments, even though 
statistically significant, showed 20 to 25% 
identity (Table 1 ) ;  the latter relatedness 
values are similar to those for many or- 

proteins in primary and probably tertiary 
structure (16), lacks most of the conserved 
amino acids important in peptide binding 
(Fig. 2A) (17) and, therefore, may not 
present peptides on the infected cell sur- 
face. Another unusual feature of the MCV 
protein is the presence of two predicted 

thopoxvirus proteins that contribute to vi- 
rus-host interactions and whose functions 

Table 1. MCV genes not present in other poxvruses. Only those genes whose products showed 
statist~caly s~gnficant sequence smarity to proteins contained In current databases are included. The 
predicted genes are numbered consecutively from the eft end of the genome. L ndlcates putatve genes 
transcr~bed leftward and R Indicates putative genes transcrbed rightward. Database accesson num- 
bers are provded for homologs. 

MCV Protein Homolog 
slze Homolog size Identity* 

ORF Genome (amino (amino (%I 
location (bp) acds) acids) 

Human signaling ymphocytic 
activating molecule 
(GenBank HSU33017p1) 

MC161 R t  
MCI 62Rt 
Human carcinoembryonc 

antigen homolog CGM2 
(PR A5581 1) 

MC157Rt 
Human DnaJ-ke protein 

(SWISS-PROT P31689) 
Hypothetical yeast prote~n with 

a modfled RING finger (PIR 
S52511) 

Xenopus class I 
histocompatibil~ty antigen 
(PIR 539606) 

Murine nonhistone chromat~n 
phosphoproten HMGI-C 
(PIR S22597) 

Human glutathione peroxdase 
(SWISS-PROT P07203) 

Rat MHC class I proten (PR 
S25536) 

Human EST5 (GenBank 
R77178) 

Putative chcken CC 
chemokine (GenBank 
C H KCVTOpI ) 

Sweet potato superoxde 
d~smutase (SWISS-PRO1 
Q07796) 

'Percentage identty In the algned reglon ncudes the entire length of the shorter proteln. +MC002L, MCIGIR, and 
MC162R consttute a famly of putatve melnbrane receptors. I.MC003L and MC157R const~tute a second famly of 
putative melnbrane receptors. $EST, expressed sequence tag; ths clone encodes a parial sequence of the respective 
hypothet~cal proten. Predcted membrane proteln wth a superoxide d~smutase-related doma~n 
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signal peptides that precede the one that 
aligns with the MHC signal peptide. This 
viral protein may compete with the assem- 
bly, transport, or function of host MHC 
proteins, thus precluding the presentation 
of MCV-specific peptides. Alternatively, a 
viral MHC homolog expressed on the cell 
surface may deceive natural killer cells (1 8). 
An MHC protein homolog is also encoded 
by human cytomegalovirus (1 9); in contrast 
to the MCV protein, the cytomegalovirus 
protein contains the conserved amino acid 
residues required for peptide binding (20). 

The protein encoded by MCV gene 
MC148R belongs to the C C  family of che- 
mokines and is shown aligned with human " 
macrophage inflammatory protein l p  
(MIP-1P) in Fig. 2B. Although the MCV 
protein is predicted to retain the disulfide 
bonding pattern and the general structure 
of chemokines, the NH,-terminal region 
implicated in monocyte activation (21) is 
deleted. Truncated analogs of CC chemo- 
kines have been shown to bind their recep- 
tors but have no activity (21 ). Therefore, 
the MCV protein is predicted to be a che- 

Fig. 2. Alignments of four MCV-specific proteins with their nonviral homologs. Alignments were con- 
structed with the ALIGN program (1 7). Identities are designated by colons, and conservative replace- 
ments by dots; dashes represent gaps introduced to optimize alignment. (A) The MHC class I protein 
homolog (MC080R) aligned with human lymphocyte antigen (HIA) A2 (lA02_HUMAN, SWISS-PROT). 
The domains are based on the x-ray structure of the A2 antigen (28). The amino acids of HLA-A2 that 
participate directly in peptide binding are indicated by asterisks, with those that are replaced in the viral 
protein indicated by exclamation points. In the MCV protein, two additional predicted signal peptides 
precede the conserved signal peptide designated by a bar; the respective putative cleavage sites are 
shown by slashes. Even though the putative transmembrane domain in the MCV protein is less 
hydrophobic than its counterpart in theA2 antigen, it was confidently predicted by the PHDhtm program 
(9) as a transmembrane helix. (6) The CC chemokine homoiog (MC148R) aligned with human MIP-1 p 
(MIlB-HUMAN, SWISS-PROT). The disulfide bonding pattern, the signal peptide, and the region 
immediately downstream of the signal peptide implicated in chemokine activity (27) are indicated. The 
secondary structure elements (PO to p3, a) are shown based on the x-ray structure of MIP-1p (29). 
Distances between the aligned segments and those from the protein COOH-termini are indicated by 
numbers. (C) The putative MCV-encoded glutathione peroxidase (MC066L) aligned with its human 
homolog (GP, GSHC-HUMAN, SWISS-PROT). The active site selenocysteine encoded by an opal 
codon (TGA) is designated U (asterisk). (D) MCV-encoded member (MC026L) of the previously unde- 
scribed family of small proteins with a modified RING finger. ORF (yeast) and ORF (worm) indicate 
uncharacterized open reading frames SCCHRIV42-20 and CEF35G12-8 (both from GenBank), respec- 
tively. The modified motif consists of a C3H,C3 pattern as compared to the C3HC, pattern in the classical 
RING finger motif (26). Regions of uncertain alignment are shown in lowercase. Distances between the 
aligned segments and those from the protein COOH-termini are indicated by numbers. Conserved 
cysteines and histidines are in bold, and those that constitute the motif are shown in red and are 
indicated by asterisks. The consensus line shows conserved residues, with U indicating a bulky 
hydrophobic residue. Abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, 
Phe; G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N ,  Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, 
Trp; and Y. Tyr. 

mokine antagonist and may thereby inhibit 
inflammation. 

MCV gene MC066L encodes a protein 
that is 74% identical to human gluta- 
thione peroxidase and contains the TGA 
opal codon that probably specifies the ac- 
tive site selenocysteine (Fig. 2C). This 
protein may protect the virus and compo- 
nents of infected cells from oxidative dam- 
age by peroxides, whose formation may be 
stimulated by infection (22). Virus-en- 
coded enzymes of this class have not pre- 
viously been described. 

It was proposed that the MCV-induced 
proliferation of keratinocytes is mediated by 
a homolog of vaccinia virus growth factor, a 
member of the epidermal growth factor 
family (8, 23). Our analysis of the MCV 
genome did not reveal a protein related to 
any known growth factor. However, one or 
more of the predicted secreted proteins en- 
coded by MCV may represent previously 
uncharacterized growth factors. 

Among the putative MCV proteins 
whose roles in virus-host interaction are not 
readily predictable, three are of particular 
interest (Table 1). A DnaJ chaperone ho- 
molog (MC013L) is the second virus-en- 
coded member of this ubiquitous protein 
family, after the DnaJ-related domain of 
polyomavirus T antigen (24). A role of the 
MCV-encoded chaperone in a late event, 
such as virion morphogenesis, is suggested 
by the late-promoter consensus sequence of 
the gene. Another MCV gene (MC026L) 
encodes a small protein that belongs to a 
previously undescribed family with a modi- 
fied RING finger domain, a domain that is 
conserved throughout eukaryotes (Fig. 2D). 
This MCV protein does not show any spe- 
cific similarity to the proteins with classic 
RING fingers encoded by orthopoxviruses 
and leporipoxviruses (10, 25), with the ex- 
ception of the motif proper. RING finger 
proteins are encoded by most of the large 
DNA viruses and, in some instances, appear 
to be important in transcriptional regula- 
tion or replication (26). MCV also contains 
a gene (MC063L) that encodes a protein 
related to the nonhistone chromatin pro- 
tein HMGI-C. A role for the virus protein 
in modulating host cell transcription seems 
possible, although sequence differences in 
the DNA binding motif suggest a different 
DNA binding specificity than that of 
HMGI-C (27). 

In conclusion, MCV lacks nearly all of 
the genes of VAR that encode proteins 
that mediate virus-host interactions, but 
has its own set of genes that likely play 
such a role. The different gene repertoires 
almost certainly contribute to the vastly 
different infection strategies of MCV and 
VAR. VAR causes a fulminant, systemic 
disease that is either quickly controlled by 
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the ilnmune system or in death. I n  demtlfes protein-codng genes but also allows the 
detection of frameshift errors v. GISW and D. J. 

MCV produces sloui-gro"il'g States. Nature Genet. 3. 266 (199311. Subsequentlv, 
eu~dermal neoulasins that uersist for long all ORFs contalnlnu >60 codons weie translated and pe r io~s  of tilie littie ilnlnLll~e compared with the protein database with the 

spollse, ~h~ availability of the MCV ge- BLASTP program [S. F. Altschul. W. Gish, W. Miller. 
E. W. Myers, D. J. Lipman, J Mol Biol. 215. 403 

noille sequence lnay allow studies of pre- (lggo)] and wth the nucleotde database translated 
vioLlalv Lullidentified host defellse inecha- n SIX frames and including the current database of 

nisllls, provide ne\v diagllostic reagents to expressed sequence tags (dbEST) with the 
TBLASTN program [S. F. Altschul, M. S. Boguski, W. 

deterlnille the true illcidence of this Gish, J, c wootton, Nature Genet. 6, 119 (1994)l. 
worldwide infection, and lead to the de- 
veloptilent of therapeutics to treat the in- 
creasingly frequent and persistent MCV 
disease associated with AIDS and other 
irnmu~lodeficiency conditions. 
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