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A 4.7-kb region of DNA sequence contained at the right end of the myxoma virus EcoRI-G2 fragment located
24 kb from the right end of the 163-kb genome has been determined. This region of the myxoma virus genome
encodes homologs of the vaccinia virus genes A51R, A52R, A55R, A56R, and B1R; the myxoma virus gene
equivalents have been given the prefix M. The MA55 gene encodes a protein belonging to the kelch family of
actin-binding proteins, while the MA56 gene encodes a member of the immunoglobulin superfamily related to
a variety of cellular receptors and adhesion molecules. A novel myxoma virus early gene, MST3N, is a member
of the eukaryotic sialyltransferase gene family located between genes MA51 and MA52. Detergent lysates
prepared from myxoma virus-infected cell cultures contained a virally encoded sialyltransferase activity that
catalyzed the transfer of sialic acid (Sia) from CMP-Sia to an asialofetuin glycoprotein acceptor. Analysis of
the in vitro-sialylated glycoprotein acceptor by digestion with N-glycosidase F and by lectin binding suggested
that the MST3N gene encodes an enzyme with Galb1,3(4)GlcNAc a2,3-sialyltransferase specificity for the
N-linked oligosaccharide of glycoprotein. Lectin binding assays demonstrated that a2,3-sialyltransferase
activity is expressed by several known leporipoxviruses that naturally infect Sylvilagus rabbits. The sialyltrans-
ferase is nonessential for myxoma virus replication in cell culture; however, disruption of the MST3N gene
caused attenuation in vivo. The possible implications of the myxoma virus-expressed sialyltransferase in terms
of the host’s defenses against infection are discussed.

The South American myxoma virus (MYXV) is the type
virus of the genus Leporipoxvirus of the family Poxviridae (18).
MYXV naturally infects the Brazilian tapeti (forest rabbit [Syl-
vilagus brasiliensis]), causing the development of a small local-
ized tumor which can persist for several months. In contrast to
the trivial symptoms in its natural host, infection of the Euro-
pean rabbit (Oryctolagus cuniculus) causes the often fatal dis-
ease myxomatosis. The Californian MYXV isolates which nat-
urally infect the brush rabbit (Sylvilagus bachmani) also cause
fulminant disease in the European rabbit (20). Other recog-
nized members of the genus Leporipoxvirus include Shope fi-
broma virus (SFV; natural host, Eastern cottontail [Sylvilagus
floridanus]), hare fibroma virus (natural host, European brown
hare [Lepus europaeus]), and the squirrel fibroma virus (natu-
ral host, gray squirrel [Sciurus carolinensis]).

MYXV is known to encode a variety of cell-associated and
secreted proteins which have been implicated in down-regula-
tion of the host’s immune and inflammatory responses (37, 38)
and inhibition of apoptosis of virus-infected cells (36). These
virulence genes are encoded either within or adjacent to the
11.5-kb inverted terminal repeats present at either end of the
163.6-kb genome. As with other poxviruses, the central “con-
served” region of the MYXV genome (;140 kb) is presumed
to encode genes primarily involved in nucleic acid synthesis
and virion morphogenesis (25–27). Here we describe the iden-
tification of a new poxvirus gene encoded within the central
region of the MYXV genome that belongs to the eukaryotic
sialyltransferase family. The sialyltransferase family comprise
more than 15 different membrane-bound glycosyltransferases
of the trans-Golgi network (TGN) that catalyze the transfer of
sialic acid (Sia) from CMP-Sia to the nonreducing terminal

positions of N- and O-glycan of glycoproteins and oligosaccha-
ride of glycolipids (49). Terminal Sia of glycoconjugates are
known to play important biological roles in (i) maintenance of
serum glycoproteins in circulation, (ii) receptor-ligand interac-
tions between cells involved in immune and inflammation re-
sponses, (iii) enhanced metastatic capability of tumor cells, (iv)
masking of receptors and antigens on tumor cells and micro-
organisms, and (v) viral attachment to target cells (for an
extensive review of the biological roles of carbohydrates, see
reference 60). Sialylation of virus- or host-encoded glycopro-
teins could thus have multiple influences on MYXV’s attempts
to subvert the rabbit’s innate and acquired responses to infec-
tion.

MATERIALS AND METHODS

Cells and viruses. SIRC (O. cuniculus cornea [ATCC CCL-60]), RK13 (O.
cuniculus kidney [ATCC CCL-37]) and CV-1 (African green monkey [Ceropithe-
cus aethiops] kidney [ATCC CCL-70]) were maintained in minimal essential
medium (MEM) supplemented with 5% (vol/vol) fetal bovine serum. Poxviruses
were grown on the cells described above in MEM supplemented with 0.5%
(vol/vol) fetal bovine serum.

The following poxviruses were used in this study: (i) vaccinia virus (VACV)
strain Western Reserve (WR [ATCC VR-1354]); (ii) Brazilian MYXV strains
Lausanne (Lu [ATCC VR-115]), isolated in Campinas, Brazil, in 1949 (5), and
Uriarra (Ur), isolated in Australian Capital Territory, Australia, in 1953 (41),
which is a naturally attenuated derivative of the Moses strain (ATCC VR-116)
isolated in São Paulo, Brazil, in 1909 (40); (iii) Californian MYXV strains MSD
isolated in San Diego, Calif., in 1949 (21), and MSW, isolated near San Fran-
cisco, Calif., in 1950 (21); and (iv) Shope Fibroma virus (SFV) original A strain
(ATCC VR-112), isolated in Princeton, N.J., in 1931 (53).

DNA sequencing and plasmid constructions. In the MYXV Ur strain, a 7.3-kb
EcoRI-G2 DNA fragment located approximately 131.9 to 139.2 kb from the left
end of 163.6-kb viral genome (27) was ligated into the vector pGem7Zf(2)
(Promega Corporation, Madison, Wis.). A 4.7-kb DNA sequence, including the
4.3-kb BamHI-N fragment plus sequences to the right end of the EcoRI-G2
fragment (GenBank accession no. U46577), was determined from both strands
by using the ABI PRISM Dye Primer Cycle Sequencing Ready Reaction kit and
an ABI DNA sequencer (Applied Biosystems, Perkin-Elmer, Foster City, Calif.).

The MST3N genes of the Brazilian MYXV strain Lu and Californian MYXV
strain MSD were isolated by PCR using Pfu DNA polymerase (Stratagene, La
Jolla, Calif.) and degenerate primers 59-GGGATCCAT(A/T/C)TC(T/C)AG(A/

* Corresponding author. Mailing address: CSIRO Wildlife and
Ecology, GPO Box 284, Canberra, ACT 2601, Australia. Phone: 61
(02) 6242 1717. Fax: 61 (02) 6242 1511. E-mail: R.Jackson@dwe.csiro
.au.

2376



G)CA(T/C)AA(A/G)CG (encoding an open reading frame [ORF] MA51-trans-
lated amino acid sequence, I-S-R-H-K-R, conserved between the Orthopoxvirus
variola virus [VARV] and MYXV) and 59-GGGATCCGC(A/G)CA(T/C)AA(A/
T/C/G)CC(T/G/A)ATCAT (complementary sequence encoding an ORF A52-
translated amino acid sequence, M-I-G-L-C-A, conserved between VARV,
VACV, and MYXV) and ligated into the vector pCRscript (Stratagene). The
DNA sequence of the entire 1.8-kb Lu PCR fragment (GenBank accession no.
U46578) and the internal 1.2-kb EcoRV fragment containing the MSD-MST3N
gene (GenBank accession no. AF030894) were determined.

The MYXV Ur SalI-R2 fragment, containing the majority of the MST3N
gene, was ligated into the SalI site of pGem3Zf(1) (Promega Corporation) to
generate pUrS-R2. The MYXV DNA fragment contained in pUrS-R2 was
removed by digestion with EcoRI and HindIII and ligated between the respective
sites of pGP7.5gpt (27), generating pUrST1. The MST3N gene sequences con-
tained in pUrST1 were interrupted by the insertion of an XbaI-HindIII cassette
containing a late promoter and the Escherichia coli lacZ gene isolated from
pUrTK14L-lacZ (27), by blunt-end ligation into the unique BglII site located
within the MST3N gene L-sialyl motif coding region, generating pUrST1-lacZ.

The VACV P11 late promoter was deleted from pUrTK11 (29) by digestion
with XbaI and EcoRI, with the recessed 39 ends filled in with Klenow fragment
DNA polymerase and the blunt ends ligated to reconstitute an EcoRI site,
generating the vector pUrTK11DP11. The MYXV Lu strain ClaI-EcoRV frag-
ment containing the Lu MST3N gene together with its natural early promoter
was isolated and ligated between the ClaI and HincII sites of pBluescript SK2
(Stratagene), generating pBS-ST. The EcoRI-XhoI fragment containing the Lu
MST3N gene and its promoter was excised from pBS-ST and ligated between the
EcoRI and SalI sites of pUrTK11DP11, generating pUrTK11DP11/Lu-MST3N.

Recombinant myxoma viruses. (i) Lu243Z (27) is a lethal grade I virus (.99%
mortality, #13-day mean survival time [21]) which contains a synthetic late
promoter and the E. coli lacZ gene inserted in the intergenic region between the
MYXV b-subunit RNA polymerase (MA24) and the fusion protein (MA27)
genes. (ii) MST3N gene knockout virus Lu(lacZ1/MST3N2) was constructed by
the transient dominant selection procedure (19) using the plasmid pUrST1-lacZ
and Lu-infected RK13 cells. This virus contains a synthetic late promoter and the
E. coli lacZ gene interrupting the MST3N gene. (iii) Lu(lacZ1/Lu-MST3N1)
was constructed by transfection of Lu(lacZ1/MST3N2)-infected RK13 cells
with pUrTK11DP11/Lu-MST3N and selection for gpt gene expression by using
mycophenolic acid (20 mg/ml), xanthine (250 mg/ml), hypoxanthine (15 mg/ml),
aminopterin (2 mg/ml), and thymidine (10 mg/ml), which were added to the
culture medium. Lu(lacZ1/Lu-MST3N1) contains an interrupted and inactive
copy of the natural MST3N gene and a second intact copy inserted in the
intergenic region between the thymidine kinase (tk, MJ2) and MJ2a genes (27).
Expression of the MYXV-encoded a2,3-sialyltransferase by these recombinant
viruses was determined with the lectin binding assay described below.

Viral mRNA preparation and Northern blot analysis. RK13 cells were in-
fected with MYXV at 10 PFU/cell and incubated in MEM for 16 h for the
isolation of late viral mRNA or were incubated in MEM supplemented with 100
mg of cycloheximide per ml (Sigma Chemical Co., St. Louis, Mo.) for 10 h for
early viral mRNA preparation. Poly(A)1 RNA was isolated from the infected
cells by using the PolyATract System 1000 (Promega Corporation). A strand-
specific 32P-labeled RNA probe complementary for the MST3N mRNA was
prepared by using the Riboprobe Gemini II kit (Promega Corporation) and
pUrS-R2. The Northern transfer, hybridization, and washing stringency proce-
dures were performed as recommended by the manufacturer.

Cell lysate preparation. Confluent monolayers of CV1 cells were infected with
poxvirus at 1 PFU/cell in 80-cm2 culture flasks. Twenty-four hours postinfection,
the cells were detached from the culture flasks with a cell scraper and washed
three times by using phosphate-buffered saline (PBS) at 4°C. Cell lysates were
prepared by suspension in 1 ml (per flask) of a mixture of 50 mM 2-[N-morpho-
lino]-ethanesulfonic acid (MES)-OH (pH 6.1), 0.5% (vol/vol) Triton X-100, 100
mM NaCl, 1.5 mM MgCl2, 0.1 mM phenylmethylsulfonyl fluoride, and 10 mg of
aprotinin per ml and incubated at 4°C for 45 min. The lysate was clarified by
centrifugation at 1,750 3 g at 4°C for 15 min. Cleared lysates were stored at
270°C. Total protein concentrations were measured by using the bicinchoninic
acid protein assay reagent (Pierce, Rockford, Ill.).

Sialyltransferase reactions. Cell lysates, at concentrations of 30 ml (containing
;50 mg of total protein), were mixed with 5 ml of asialofetuin {type I; Sigma
Chemical Co. (10 mg/ml dissolved in MEST buffer, which was composed of 50
mM MES-OH [pH 6.1] and 0.5% [vol/vol] Triton X-100)} and 5 ml of CMP-
[3H]Sia (DuPont NEN, Boston, Mass. [1 mCi/ml dissolved in MEST buffer]) and
incubated for 90 min at 37°C. Reactions were terminated by heating at 90°C for
10 min. An assay containing a sample lysate prepared from VACV-infected cells
was used as a negative control. A positive control consisted of the VACV-
infected cell lysate including 5 mU of N-acetyllactosamine a2,6-sialyltransferase
ST6Gal-I [rat liver; Boehringer-Mannheim GmbH, Mannheim, Germany]).

Peptide N-glycosidase F (PNGase F) digestion. The total proteins from the
sialyltransferase reactions were precipitated by overnight incubation with 8 vol-
umes of acetone at 220°C and recovered by centrifugation for 30 min with a
microcentrifuge. Protein pellets were dried and resuspended in 10 ml of H2O.
The protein samples were denatured by the addition of 25 ml of 0.1 M b-mer-
captoethanol–0.5% (wt/vol) sodium dodecyl sulfate (SDS) and heated at 100°C
for 5 min. Samples were cooled to room temperature, and the total volume was

adjusted to 40 ml with H2O. Denatured protein aliquots of 5 ml were mixed with
5 ml of 23 PNGase F buffer {40 mM sodium phosphate buffer [pH 7.2], 20 mM
EDTA, 3% [wt/vol] 3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-propanesul-
fonate CHAPS}. Reactions were initiated by the addition of 0.4 U of N-glyco-
sidase F (Boehringer Mannheim) and incubated at 30°C for 16 h. The reactions
were terminated by heating at 100°C for 5 min.

Fluorography. Samples containing approximately 6 mg of the acceptor glyco-
protein were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and
stained with Coomassie blue to ensure equivalent loading of acceptor glycopro-
tein per lane. Fluorographic detection of the tritium-labeled sialoglycoproteins
was achieved by impregnating the stained gels with Amplify (Amersham Inter-
national Plc., Little Chalfont, United Kingdom), drying them at 80°C, and ex-
posing them for 24 to 48 h to preflashed Hyperfilm-MP (Amersham Interna-
tional Plc.).

Determination of sialic acid linkage by lectin binding. For sialylation of
acceptor glycoprotein, 30 ml of Triton lysates prepared from poxvirus-infected
cells (;50 mg of total protein) was mixed with 5 ml of asialofetuin (10 mg/ml) and
10 ml of CMP-Sia (10 mM [CMP-NeuAc; Sigma Chemical Co.]) and incubated
at 37°C for 3 h. Glycoprotein samples (;12 mg of acceptor glycoprotein) were
separated by SDS-PAGE and electrophoretically transferred to polyvinylidene
difluoride Hybond membrane (Amersham International Plc.). Determination of
the bound Sia linkage to glycoprotein acceptor was accomplished with the
digoxygenin (DIG) glycan differentiation kit (Boehringer-Mannheim), by using
DIG-labeled lectins, Sambucus nigra agglutinin (SNA [for a2,6-linked Sia]), and
Maackia amurensis agglutinin (MAA [for a2,3-linked Sia]) as recommended by
the manufacturer.

Virulence assays. Animal studies were conducted in accordance with the
Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes. Outbred domestic rabbits raised in the CSIRO Wildlife and Ecology
animal facility were housed in individual cages at a controlled ambient temper-
ature of 22°C with a 12-h light cycle. Water and food were available at all times,
and green feed was provided weekly. Virulence assays followed the format of
Fenner and Marshall (21). For each virus [Lu243Z, Lu(lacZ1/MST3N2) or
Lu(lacZ1/Lu-MST3N1)], six domestic male rabbits greater than 5 months old
were inoculated by intradermal injection into the right flank with 100 PFU of
virus in 100 ml of PBS. Animals were observed twice daily, and clinical signs were
recorded. Times of death were determined to the nearest half day. Moribund
animals were killed by an overdose of barbiturate intravenously, and the time of
death increased by half a day. Once clinical signs of myxomatosis were present,
all rabbits were injected twice daily subcutaneously with 0.75 to 0.9 mg of the
analgesic buprenorphine as advised by the Institute Animal Ethics Committee.
This has previously been demonstrated not to alter the survival time of rabbits
infected with virulent myxoma virus. Results were determined as average survival
times of rabbits infected with each virus, and statistical significance was examined
by pairwise Student’s t tests.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this article have been deposited with the GenBank database and have
been assigned accession no. U46577, U46578, and AF030894.

RESULTS

DNA sequence and protein similarities. The deduced 4.7-kb
DNA sequence (Fig. 1) contains six major ORFs. The MYXV
ORFs have been termed MA51 (partial sequence), MA52,
MA55, MA56, and MB1 (partial sequence), to correspond to
the gene homologs encoded by the Copenhagen strain of
VACV (23); and MST3N, designating the a2,3-sialyltrans-
ferase gene. Homologs of the VACV A53R (tumor necrosis
factor receptor related), A54R, and A57R (guanylate kinase
related) genes are not encoded in this region of the MYXV
genome. The inferred amino acid sequences of the MYXV
ORFs were compared to sequences in the nonredundant pro-
tein databases by using the gapped-BLASTp (V2.0.2) program
(2).

ORFs MA51, MA52, and MB1. The MA51- and MA52-
encoded proteins only share significant similarity to the corre-
sponding Orthopoxvirus homologs. The VACV A51R and
A52R genes are nonessential for VACV replication (23), and
in VARV, the A52 gene homolog is fragmented into multiple
short ORFs (35). The MB1 gene encodes the MYXV homolog
of the VACV serine/threonine protein kinase (23).

ORF MA55. The MA55-encoded protein shares amino acid
similarity with the actin-associated proteins kelch (66), MIPP
(9), scruin (64, 65), and calicin (62); multiple poxvirus-encoded
proteins, including VACV A55R, C2L, F3L (23), and MYXV
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T8, and T9 (57); and many Drosophila and mammalian zinc
finger proteins. The MA55 protein contains an amino-terminal
poxvirus zinc finger (POZ) domain, which is thought to be
involved in the formation of hetero- and homoprotein dimers
and which is usually found in the first 120 amino acids of
actin-associated or zinc finger DNA binding proteins (1). The
shared amino acid similarity between MA55 and the zinc finger
proteins is restricted to the POZ domain. The MA55 protein
does not contain consensus zinc finger motifs and is therefore
unlikely to be directly involved in transcription regulation. The
amino acid similarity between the MA55 protein and the actin-
associated proteins extends beyond the POZ domain and in-
cludes six imperfect repeats (kelch repeats) of approximately
50 amino acids each (R1, amino acids 252 to 300; R2, 301 to
347; R3, 348 to 394; R4, 395–445; R5, 446–498; and R6, 499–
545) found in the COOH-terminal region. Kelch repeats are
predicted to form antiparallel b-strand “superbarrel” folds
which have been implicated in actin binding (4, 52). This sug-
gests that the MA55 early protein (see below) could be in-
volved in altering the actin cytoskeleton during the early stages
of the viral replication. Like the Drosophila kelch protein (47),
the MA55 protein could bind actin through the kelch repeats
and then cross-link the actin filaments via MA55 dimerization
mediated through the POZ domain.

ORF MA56. The results of a BLASTp similarity search in-
dicated that the MA56 protein shares similarity to the Xenopus
laevis neural cell adhesion molecule (N-CAM) isoforms (55)
and the raccoonpox virus hemagglutinin (HA) (8); however, it
is only distantly related to the VACV A56R HA protein. A
similarity search conducted by using a BLITZ analysis identi-
fied significant amino acid similarity to additional cellular re-
ceptors and adhesion proteins, including yeast A-agglutinin
attachment subunit (48), mouse type II interleukin 1 receptor
(39), Orthopoxvirus HAs encoded by VACV (23) and VARV
(35), and numerous other members of the immunoglobulin
superfamily.

The MA56 protein contains an N-terminal type I signal
sequence (amino acid residues 1 to 18), transmembrane do-
main (amino acids 197 to 213) predicted by using PSORT
analysis (42), and an immunoglobulin domain (amino acid
residues 33 to 105) predicted by using the Pfam-A HMM
search (release 2.0) (54). Potential N glycosylation sites
(NX[ST], residues 23, 32, 38, 56, 84, 92, 121, and 148) and
phosphorylation sites (PKC [ST]X[RK]; residues 18, 51, 69,
117, 141, 147, 151; CK-2 [ST]-XX-[DE]; residues 26, 69, 74,
and 94) are contained in the MA56 protein. The protein is rich
in serine (18%) and threonine (14%) residues with multiple
potential O glycosylation sites (Thr residues 110, 123, 124, 128,
129, 147, 151, and 189; Ser residues 113, 126, 150, 180, 181,
182, 185, 186, 187, 190, and 191), predicted by using NetOGlyc
(V2.0) analysis (24). Like the Orthopoxvirus HA protein (46),
the mature MA56 protein is likely to be expressed as a type I
integral plasma membrane phosphoglycoprotein and is poten-
tially a “viroreceptor,” with the oligosaccharide moiety in-
volved in the binding to an uncharacterized ligand.

The MST3N gene. The MST3N gene encodes a protein with
significant amino acid similarity to a range of eukaryotic sia-
lyltransferases with different enzymatic activity toward the N-

and O-glycans of glycoproteins and oligosaccharide of glyco-
lipids (49). The MST3N product contains a noncleavable sig-
nal-transmembrane sequence between amino acid residues 7
and 28. Like all known glycosyltansferases, the MST3N protein
is predicted to be a type II integral membrane protein with the
NH2-terminal region (residues 1 to 6) on the cytoplasmic side
of the membrane with the catalytic domain of the protein in
the TGN lumen. The MYXV MST3N protein lacks a large
proteolytically sensitive stem region, which is commonly found
between the type II signal and the catalytic domain of other
sialyltransferases (49). Recognizable motifs in the MST3N pro-
tein include an L-sialyl motif (amino acids 83 to 127; C-I-V-
V-G-N-S-Y-N-L-H-N-R-S-L-G-R-I-I-D-S-Y-N-V-V-F-R-L-N-
D-A-P-V-R-A-F-E-R-D-V-G-T-K-T) involved in binding the
CMP-Sia nucleotide donor (12) and an S-sialyl motif (amino
acids 219 to 242; P-T-M-G-M-V-A-L-V-T-A-L-H-V-C-Q-G-
V-T-I-T-G-F-G). The conserved cysteines of the two sialyl
motifs are proposed to form a disulfide linkage that is required
for correct folding and enzyme activity (13). The MST3N pro-
tein S-sialyl motif region is predicted to form an a-helical
hydrophobic domain. The MYXV S-sialyl motif region is un-
likely to be a second transmembrane domain, since the S-sialyl
motif has been implicated in binding both donor and acceptor
substrates (13) and would be unavailable if embedded in the
TGN membrane. The MST3N protein contains several poten-
tial N-linked glycosylation sites (residues 34, 45, 95, 147, and
283); however, it is not predicted to contain O-linked oligo-
saccharide, as determined by using NetOGlyc analysis.

MYXV gene transcription. All of the ORFs contained on the
MYXV BamHI-N fragment (nucleotides 1 to 4278 [Fig. 1]) are
likely to be transcribed early in infection. Upstream of the
MST3N, MA52, MA55, and MA56 ORFs are found A-rich
sequences that are similar to those of the poxvirus early pro-
moter consensus motif [AAAAAATGAAAAAA(C/T)A] (14).
The ORFs MA51 (partial sequence), MST3N, MA52, and
MA55 do not contain early transcription termination motifs
[TTTTTNT] (67); however, such motifs are found downstream
of both the MA51 and MST3N ORFs, again suggesting these
genes are transcribed early in infection. ORF MA56 has a
TTTTTNT sequence located within the 39-end region of the
gene, suggesting the putative MA52, MA55, and MA56 early
mRNAs have coterminal 39 ends with transcriptional termina-
tion occurring downstream of the MA56 stop codon. The
MA56 ORF does not contain an upstream late promoter tran-
scription initiation motif [TAAAT(G/A)] (15); therefore, tem-
poral expression of MA56 will differ from that of the early and
late expressed VACV HA genes (6). Immediately upstream of
the MB1 protein kinase gene is a late promoter initiation motif
preceded by a potential early promoter, suggesting that the
expression of MYXV protein kinase gene could be constitu-
tive.

Direct evidence that the MST3N gene is transcribed during
the early phase of infection was determined by Northern blot
hybridization (Fig. 2). A strand-specific MST3N gene probe
hybridized to a major early mRNA of approximately 1.3 kb,
which is in agreement with the predicted positions of the pro-
posed early promoter and transcription termination signal.
The smaller early RNA species may have resulted from tran-

FIG. 1. Nucleotide sequence of the MYXV BamHI-N fragment plus additional sequences to the right end of the EcoRI-G2 fragment (GenBank accession no.
U46577). The amino acid sequences encoded by ORFs MA51 (partial), MA52, MA55, MA56, and MB1 (partial) are indicated above, and that of MST3N is indicated
below the sequence. Putative promoter sequences with similarity to the poxvirus early promoter motif (AAAAAATGAAAAAA[C/T]A) are indicated by solid arrows,
and late promoters transcription initiation consensus sequences (TAAAT[G/A]) are underlined. Putative early transcription termination signals (TTTTTNT) are doubly
underlined. Relevant restriction endonuclease sites used during the construction of plasmids described in this report are boxed: BamHI (GGATCC), BglII (AGATCT),
ClaI (ATCGAT), EcoRI (GAATTC), EcoRV (GATATC), and SalI (GTCGAC).
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scriptional interference from MA51 transcripts due to the ar-
tificial early RNA amplification in the presence of cyclohexi-
mide. Southern blot hybridization with the MST3N gene probe
indicated there are no additional related sequences in the
MYXV genome (data not shown).

Hybridization of the MST3N gene probe to late mRNA gave
a single transcript equivalent in size to the major early mRNA.
The presence of a discrete species of MST3N mRNA in the
late RNA preparation is unusual because normally a smear of
hybridization to a higher-molecular-weight species is observed
in Northern blots of poxvirus late RNA. It is unlikely that this
mRNA is a late transcript, since there are no late promoter
sequence motifs located immediately upstream of the gene.
The most likely explanation is that the MST3N early mRNA
either persists during the late phase of infection or results from
reactivation of the early promoter, which has been observed
with some Orthopoxvirus early genes (22). Alternatively, this
early mRNA species may have resulted from asynchronous
infection of the cell monolayer; however, this is unlikely, be-
cause the cells were infected at a multiplicity of 10 PFU/cell.
The same early and late poly(A)1 RNA samples were probed
previously (27) and displayed the typical pattern of hybridiza-
tion to known early and late genes. The absence of a strong
smear of hybridization to late mRNAs obtained with the
MST3N gene-specific probe is probably due to the fact that
poxvirus genes in this “conserved” region of the genome are
generally oriented toward the right genome terminus (23) on
the opposite strand from the MST3N gene. Conservation of
this general gene organization in MYXV would result in the
failure of the strand-specific MST3N probe hybridizing to late
viral transcripts, since they would not be complementary se-
quences.

Myxoma virus-encoded sialyltransferase activity. Triton
X-100 extracts prepared from CV1 cells infected with either
VACV, Lu, or Lu(lacZ1/MST3N2) were used for in vitro
sialyltransferase reactions (Fig. 3). Lysates prepared from Lu-
infected cells contained significant levels of sialyltransferase
activity that transferred [3H]Sia to the asialofetuin acceptor,
whereas, the VACV-infected cell lysates did not contain de-
tectable levels of sialyltransferase activity. The addition of the
N-glycan ST6Gal-I to the VACV-infected cell lysates indicated
they contained no general inhibitors of sialyltransferase activ-

ity. Insertional inactivation of the MST3N gene in the recom-
binant virus Lu(lacZ1/MST3N2) abolished the observed sia-
lyltransferase activity in MYXV-infected cells. This strongly
suggests that the observed sialyltransferase activity was en-
coded by the MST3N gene and is unlikely to result from in-
duction of a cellular activity resulting from MYXV infection.

Removal of the [3H]Sia from the glycoprotein acceptor by
digestion with PNGase F (Fig. 3) indicated that the transferred
Sia was attached to the N-glycan, but not O-glycan, of the
sialylated glycoprotein acceptor. The type of linkage of Sia to
the acceptor resulting from the myxoma virus sialyltransferase
was determined by lectin binding analysis (Fig. 4). The MAA
lectin bound to the MYXV-sialylated acceptor, where SNA
lectin failed to bind. In contrast, only the ST6Gal-I-sialylated
glycoprotein bound SNA lectin. These results indicate that the
MYXV-encoded sialyltransferase transfers Sia from CMP-Sia
in an a2,3 linkage to N-glycan of the asialofetuin glycoprotein
acceptor.

a2,3-Sialyltransferase encoded by other leporipoxviruses.
RK13 cells were separately infected with different leporipox-
viruses available in Australia; Brazilian MYXV Lu, two strains
of Californian MYXV (MSD and MSW), and the SFV. Lectin
MAA binding assays demonstrated that expression of a2,3-
sialyltransferase activity is common to all of the leporipoxvi-
ruses tested (data not shown). Unfortunately viable samples of
both hare and squirrel fibroma viruses were not available to
determine if expression of a2,3-sialyltransferase is also a fea-
ture of leporipoxviruses which infect other lagomorphs and
rodents. Isolation of the a2,3-sialyltransferase genes carried by

FIG. 2. Northern blot [1 mg of poly(A)1 RNA per lane] of MYXV MST3N
expression during the early and late transcription phases hybridized to an
MST3N gene strand-specific RNA probe.

FIG. 3. Fluorograph of sialyltransferase reactions and PNGase F digestions
using asialofetuin glycoprotein acceptor. Triton X-100 soluble lysates were pre-
pared from tissue culture cells infected with VACV WR, MYXV Lu, or MYXV
Lu(lacZ1/MST3N2) and reacted with CMP-[3H]Sia and asialofetuin, with the
addition of rat liver sialyltransferase ST6Gal-I or N-glycosidase (PNGase F) as
indicated.
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these viruses was attempted by PCR. The Brazilian and Cali-
fornian MYXV templates produced 1.8-kb PCR products of
the expected size. The PCR products generated from the Lu
and MSD virus templates were cloned, and the DNA se-
quences of the Lu-MST3N (GenBank accession no. U46578)
and MSD-MST3N (GenBank accession no. AF030894) genes
were determined.

Comparison of the 1,806-nucleotide Lu PCR product to the
corresponding region of the Ur-derived DNA sequence iden-
tified only 4 nucleotide differences (Ur nucleotide positions
257, 538, 1140, and 1852 [Fig. 1]). This results in conservative
amino acid substitutions in MA51 and MST3N, a semiconser-
vative amino acid substitution in MA51, and a mismatched
amino acid in the MA52 protein. The proofreading Pfu DNA
polymerase used for the PCR has been reported to have a low
rate of error per nucleotide (1.6 3 1026) (34). It is possible
that the minor nucleotide differences between the Lu and Ur
sequences could be due to errors resulting from the PCR DNA
amplification. The Lu and Moses strains of MYXV were both
originally isolated approximately 40 years apart from the re-
gions surrounding Rio de Janeiro and Sãn Paulo, Brazil. The
Moses strain was propagated in laboratory rabbits for many
years before being released in Australia in 1950 followed by
isolation of the attenuated Ur strain in 1953. The DNA se-
quencing results indicate that the Lu and Ur strains of MYXV
have highly conserved DNA sequences despite the years be-
tween the original isolation and the subsequent adaptation of
the viruses to a new host in Australia. In contrast, with the
Californian MSD strain, which evolved separately in its host, S.
bachmani, the MSD-MST3N gene PCR product has only 84%
nucleotide identity, 84% amino acid identity, and 92% simi-
larity relative to the Ur-MST3N gene. A PCR product cold not
be generated by using the SFV DNA template and degenerate
primers described here. Southern blot hybridization of SFV

DNA by using the Ur-MST3N gene-specific probe and low-
stringency washing localized the SFV a2,3-sialyltransferase
gene to the BamHI-F2 fragment (data not shown). This sug-
gests that the SFV-ST3N gene is encoded in the equivalent
location to MYXV, in the region between the genes encoding
the SFV homologs of the A50R DNA ligase (45) and the B1R
protein kinase (58).

Virulence assays. The results for rabbits infected with each
virus are shown in Fig. 5 as stepwise survival graphs. Clinically,
all three viruses induced classic myxomatosis in the inoculated
rabbits. The clinical signs developed more rapidly in the
Lu243Z control, which was clearly more virulent than the sia-
lyltransferase knockout Lu(lacZ1/MST3N2) virus. Survival
times were prolonged for rabbits infected with the sialyltrans-
ferase knockout, although all but one rabbit died. For humane
reasons, this rabbit was euthanized 21 days postinfection. The
sialyltransferase revertant virus Lu(lacZ1/Lu-MST3N1) was
highly virulent and was difficult to distinguish from the Lu243Z
virus clinically, although lesions at the primary inoculation site
were recorded as black in the center a day later for the Lu-
(lacZ1/Lu-MST3N1) virus. In addition, deaths of the infected
rabbits commenced later, suggesting the virus was slightly at-
tenuated, possibly due to the extra genetic load resulting from
the DNA insertions or additional uncharacterized mutations
generated during cell culture passage.

Average survival times (mean 6 standard deviation) of rab-
bits infected with the recombinant viruses were as follows:
Lu243Z, 10.7 6 0.7 days; Lu(lacZ1/MST3N2), 15.7 6 3 days;
and Lu(lacZ1/Lu-MST3N1), 12.3 6 0.6 days. Based on the
classification of Fenner and Marshall (21), viruses Lu243Z and
Lu(lacZ1/Lu-MST3N1) are both of grade I virulence (.99%
mortality, #13-days mean survival time). The virus Lu(lacZ1/
MST3N2), while still virulent, would be classed as showing
grade II virulence (95 to 99% mortality, 13- to 16-day mean
survival time). The average survival time of each virus was
significantly different from that of the others as follows:
Lu243Z versus Lu(lacZ1/MST3N2), P , 0.001; Lu(lacZ1/
Lu-MST3N1) versus Lu(lacZ1/MST3N2), P , 0.01; and
Lu243Z versus Lu(lacZ1/Lu-MST3N1), P , 0.001. These
analyses were performed by either including or excluding the
survivor from the group of Lu(lacZ1/MST3N2)-challenged
rabbits in the analysis; however, this did not affect the signifi-
cance levels.

FIG. 4. Lectin binding assay of asialofetuin glycoprotein acceptor sialylated
by using virus-encoded sialyltransferase. Triton X-100 soluble lysates were pre-
pared from tissue culture cells infected with VACV WR or MYXV Lu. Sialyl-
transferase reactions were performed with or without the addition of nucleotide-
sugar donor CMP-Sia. The addition of rat liver sialyltransferase ST6Gal-I to the
VACV samples was included as a positive control for a2,6-linked Sia. The blot
was reacted with DIG-labeled lectin SNA or MAA followed by reaction with
alkaline phosphatase-conjugated anti-DIG antibody and developed with X-phos-
phate–nitroblue tetrazolium.

FIG. 5. MYXV virulence assays. Chart showing the survival times of labora-
tory rabbits infected with recombinant MYXV Lu243Z, Lu(lacZ1/MST3N2),
and Lu(lacZ1/Lu2MST3N1).
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DISCUSSION

The identification and characterization of the Leporipoxvirus
a2,3-sialyltransferase represent the first description of a natu-
ral virus-encoded glycosyltransferase involved in the biosynthe-
sis of glycoproteins. The lack of strong amino acid similarity
makes it difficult to assign the MYXV enzyme to any of the
known a2,3-sialyltransferase classes ST3Gal-I to -IV (56), sug-
gesting that the enzyme may have unique acceptor specificity.
The closest similarities to the MYXV a2,3-sialyltransferase are
the sialyltransferase classes ST3Gal-III (human [31], 36%
identity and 54% similarity) and ST3Gal-IV (human [32], 43%
identity and 60% similarity). Both ST3Gal-III and ST3Gal-IV
enzymes utilize N-glycan terminated with Galb1,3GlcNAc (type
I; Lewisc [Lec]) and Galb1,4GlcNAc (type II; N-acetyllactos-
amine [LacNAc]) disaccharides. However, ST3Gal-III enzymes
preferentially utilize type I acceptors, while the ST3Gal-IV en-
zymes show the highest level of activity toward terminal type II
disaccharides. Human ST3Gal-IV also utilizes Galb1,3GalNAc
(type III; Thomsen-Friedenreich [TF] disaccharide) acceptors of
O-linked glycoprotein and glycolipids, whereas the ST3Gal-III
enzymes show negligible activity toward these glycoconjugates
(32). The asialofetuin glycoprotein contains three N-glycan chains
terminated with type II disaccharide (43), which are acceptor
substrates for the MYXV a2,3-sialyltransferase. Under the in
vitro conditions described here, the MYXV a2,3-sialyltransferase
does not contain appreciable substrate specificity toward the ter-
minal O-linked type II or type III disaccharides of asialofetuin
(17, 43). Therefore, the MST3N-encoded sialyltransferase is most
similar in activity to the human ST3Gal-III, N-glycan Galb1,3(4)
GlcNAc a2,3-sialyltransferase (32).

Inactivation of the MST3N gene in the Lu grade I virulent
virus resulted in generation of the mildly attenuated virus with
grade II virulence, establishing that the sialyltransferase is not
required for infection or induction of clinical myxomatosis in
genetically susceptible laboratory rabbits. In the absence of
sialyltransferase expression, disease symptoms are delayed,
suggesting the MYXV a2,3-sialyltransferase may act synergis-
tically with other virulence factors. The MYXV a2,3-sialyl-
transferase may be required when infecting certain cell types,
for example, lymphocytes (44) complementing a cellular defi-
ciency in ST3Gal activity (33), for correct sialylation of virus-
expressed glycoproteins for optimal structure, stability, and
biological function.

Terminal Sia of glycoconjugates are known to play impor-
tant functions in cell-cell recognition (61). We speculate that
MYXV-induced a2,3-sialylation of viral or host glycoproteins
could also have some influence in regulating the host’s innate
responses to virus infection. Many bacteria (e.g., Neisseria) and
parasites (e.g., Trypanosoma) express sialyltransferase activi-
ties and salvage host Sia, attaching it to their own surface and
inhibiting complement-mediated cell lysis and masking of an-
tigenic sites (60). It has been proposed that macrophages con-
tain a lectin-like activity that recognizes surface asialoglyco-
conjugates of apoptotic cells that are masked with Sia on
normal cells (50). Increased expression of cell surface sialogly-
coconjugates and the associated increase in negative charge
have also been correlated with resistance to killing of target
cells by activated NK cells (7). Enhanced expression of surface
sialoglycoconjugates could mask MYXV-infected cells from
components of the host’s innate responses, allowing increased
viral replication and tissue dissemination prior to the develop-
ment of a specific immune response.

Altered sialylation of glycoproteins expressed by MYXV-
infected cells could also affect cell surface ligand-receptor
interactions. The sialoadhesin family of I-type lectins are

immunoglobulin superfamily proteins which act as Sia-depen-
dent adhesion molecules. The sialoadhesin family includes
sialoadhesin, expressed on macrophages in lymphoid tis-
sues and at sites of inflammation, and CD33, expressed on
myeloid cells and macrophages (10, 11). Both sialoadhesin and
CD33 bind terminal trisaccharides Siaa2,3Galb1,3GlcNAc
and Siaa2,3Galb1,4GlcNAc, which are the proposed products
of the MYXV a2,3-sialyltransferase. In association with a Gl-
cNAca1,3/4-fucosyltransferase, the MYXV a2,3-sialyltrans-
ferase could also form the structures sialyl-Lewis a (sLea;
Siaa2,3Galb1,3[Fuca1,4]GlcNAc) and sialyl-Lewis x (sLex;
Siaa2,3Galb1,4[Fuca1,3]GlcNAc), which are counterreceptors
for the C-type lectin family of Sia binding adhesion proteins,
E-, P-, and L-selectins involved in regulation of cell trafficking
in inflammation and immune responses (3, 61). The presence
of a2,3-sialylated N-glycan on MYXV-expressed soluble gly-
coproteins could result in the binding and blockage of these
Sia-dependent receptors, resulting in the inhibition of (i) in-
flammatory cell migration to the sites of virus replication, (ii)
homing of lymphocytes to lymphoid tissues, and (iii) adhesion
and stimulation of immune cells. Alternatively, expression of
Siaa2,3-linked glycoproteins on viral particles or infected cells
could mediate specific binding and infection of cells expressing
Sia-dependent receptors assisting in the dissemination of the
virus through the host’s tissues. Enhanced tumor cell surface
sialylation of glycoconjugates has been correlated with in-
creased metastatic capability mediated by Sia-dependent re-
ceptor binding (30).

In poxvirus-infected cells, the TGN membranes contribute
to the outermost membrane of the secreted extracellular en-
veloped virus (EEV) (51). It has been demonstrated that treat-
ment of tissue culture cells with sialidase enhanced purified
VACV EEV binding and infectivity by 50%, whereas intracel-
lular mature virus (IMV) binding was only marginally in-
creased (59). It has also been shown that antiserum directed
against the glycolipid asialo-GM1 inhibited VACV infection of
mouse ovaries (28). Together these observations suggest that
the VACV particles contain receptors for asialoglycoconju-
gates, possibly cellularly derived sialyltransferases that are usu-
ally resident in the TGN. Expression of the virus encoded
a2,3-sialyltransferase on the outer membrane of the Lepori-
poxvirus EEV or on the surface of infected cells could result in
enhanced binding to terminal type I or type II disaccharides of
glycoproteins expressed on the surface of target cells.

The MYXV sialyltransferase is unlikely to be the only ex-
ample of a virally encoded glycosyltransferase, because un-
usual virus-directed glycosylation has been observed with the
Paramecium chlorella virus (63). Although a chlorella virus
hyaluronan synthase gene has been characterized (16), genes
encoding putative glycosyltransferases involved in the biosyn-
thesis of the oligosaccharide of glycoproteins or glycolipids
have not been identified. The list of known glycosyltransferase
genes appearing in the databases is growing; however, there
remain to be identified a large number of genes corresponding
to the estimated .150 different glycosyltransferase activities.
The complete nucleotide sequences of a number of viruses
with large DNA genomes have been determined in recent
years, and many ORFs have been identified which encode
proteins of unknown function. Some of these uncharacterized
viral proteins are potential type II integral membrane proteins
characteristic of glycosyltransferases. With the future identifi-
cation of new examples of glycosyltransferase genes, it is likely
that some of these viral ORFs will also be shown to encode
enzymes involved in the biosynthesis of oligosaccharide at-
tached to glycoproteins or glycolipids.
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