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ABSTRACT

Vaccinia virus complement control protein (VCP) is one of
the proteins encoded by vaccinia virus to modulate the
host inflammatory response. VCP modulates the inflam-
matory response and protects viral habitat by inhibiting the
classical and the alternative pathways of complement
activation. The extended structure of VCP, mobility
between its sequential domains, charge distribution and
type of residues at the binding regions are factors that
have been identified to influence its ability to bind to
complement proteins. We report that a Lister strain of
vaccinia virus encodes a VCP homolog (Lis VCP) that is
functional, glycosylated, has two amino acids less than the
well-characterized VCP from vaccinia virus WR strain (WR
VCP), and the human smallpox inhibitor of complement
enzymes (SPICE) from variola virus. The glycosylated VCP
of Lister is immunogenic in contrast to the weak
immunogenicity of the nonglycosylated VCP. Lis VCP is
the only orthopoxviral VCP homolog found to be glycosy-
lated, and we speculate that glycosylation influences its
pattern of complement inhibition. We also correlate
dimerization of VCP observed only in mammalian and
baculovirus expression systems to higher levels of activity
than monomers, observed in the yeast expression system.

KEYWORDS vaccinia virus, complement, glycosyla-
tion, oligomerization, structure-function, immunogenicity

INTRODUCTION

Vaccinia virus is a member of the Orthopoxvirus family.

Various strains of vaccinia virus were employed as vaccines
for human immunization during the World Health Organiza-
tion smallpox eradication campaign (Fenner et al., 1988;
Cieslak et al., 2000; Rosenthal et al., 2001). Among the
strains of vaccinia virus used for immunization are the Dryvax
(derived from the vaccinia virus Wyeth strain), the modified
vaccinia Ankara (MVA), the New York City Board of Health
(NYCBH) strain, the EM63 strain, the Temple of Heaven
strain, and the Lister strain (Bender et al., 1996; Cieslak et al.,
2000; Rosenthal et al., 2001; Wittek, 2006). Generally, these
strains of vaccinia virus induced severe adverse effects,
though mainly in individuals whose immune system was
compromised (Henderson et al., 1999; Ober et al., 2002;
Empig et al., 2006; Wittek, 2006). The Lister strain of vaccinia
virus elicits a strong immune response (take rate of 94%), and
was extensively used for immunization in countries such as
the UK, Germany, France and South Africa (Rosenthal et al.,
2001; Ober et al., 2002; Garcel et al., 2007). Garcel et al.
(2009) showed that the traditional Lister smallpox vaccine
displayed phenotypic and genotypic diversity.

Poxviruses encode several proteins to escape the host
immune response (Kotwal, 2000). One of such proteins is
vaccinia virus complement control protein (VCP), which was
the first soluble microbial protein found to have structural
similarity to the family of human complement control proteins
like complement receptor 1, human C4b binding protein (C4b-
BP), factor H and membrane cofactor protein (MCP) (Kotwal
and Moss, 1988). The complement system consists of 30
plasma proteins, and is the first line of defense against
microorganisms. On activation of the complement system a
cascade of events is triggered that results in the formation of a
membrane attack complex or release of chemotactic factors.
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It is tightly regulated by a number of soluble and membrane
anchored complement control proteins (Kang et al., 2009).
VCP subverts host immune response through its ability to act
as a cofactor for the serine protease factor | (Sahu et al,,
1998) and to promote the decay of the C3 convertase by
binding to C3b and C4b thus inhibiting both the classical and
the alternative pathways of complement activation (McKenzie
et al., 1992). In addition, VCP can bind to heparin, a property
that enables it to be taken up by heparin sulfate proteoglycans
on mast cell granules, promoting a slow release of the protein
bound to such granules, and mediates persistence in the
tissues (Kotwal et al., 1998b; Reynolds et al., 2000). The
heparin binding ability of VCP contributes to inhibition of
antibody binding to the heparin sulfate proteoglycans on the
surface of endothelial cells (Smith et al., 2000; Al-Mohanna et
al., 2001).

Considerable experimental evidence supports the comple-
ment regulatory activities of VCP in vivo. For example, in an
initial experiment, cowpox virus expressing a VCP homolog,
the inflammation modulatory protein (IMP), was injected into
the footpads of complement C5-sufficient and -deficient mice
and it was found that the inflammation was far more severe in
mice that did not have a complete repertoire of the
complement components (Miller et al., 1995). This meant
that IMP regulated the inflammation, which was complement
mediated. When BALB/c mice were injected with the wild type
cowpox virus or cowpox virus-lacking IMP, it was found that
the latter elicited a greater and uncontrolled inflammatory
response, which was characterized by severe ulceration and
extensive tissue damage, indicating the modulatory role of
IMP (Miller et al., 1997; Kotwal et al., 1998a). The therapeutic
potential of VCP-like proteins has been investigated using a
number of animal inflammatory disease models for Alzhei-
mer’s disease, xenotransplant rejection, head and spinal cord
injury, rheumatoid arthritis, etc (Smith and Kotwal, 2001;
Anderson et al., 2003; Kahn et al., 2003; Scott et al., 2003;
Jha et al., 2005). In all models VCP was found to reduce the
inflammatory damage and led to an improved outcome.

The VCP from the Western Reserve (WR) strain of vaccinia
virus has been used for much of the research. The open
reading frame (ORF) encodes a protein of 244 amino acids
with a molecular weight of 26.8 kDa. WR VCP possesses no
glycosylation, acylation, phosphorylation or membrane
attachment sites. Recombinant VCP expressed in the
medium by the Pichia pastoris expression system is a
predominantly monomeric protein capable of retaining its
structural and functional integrity even after exposure to
extreme pH, temperature and several freeze-thawing cycles
(Smith et al., 2002). VCP was observed to occur as a dimer,
when expressed in a natural infection (Kotwal et al., 1990) or
in a baculovirus or mammalian expression system (Liszewski
et al., 2006). X-ray crystallography revealed an elongated
protein structure with well-defined modules (Murthy et al.,
2001). Like all the other members of the regulators of

complement activation (RCA) superfamily, VCP is composed
of four short consensus repeats (SCR) (Morley and Campbell,
1984; Ichinose et al., 1990), also known as sushi domains or
complement control protein (CCP) modules (Murthy et al.,
2001). Each CCP module is composed of six short anti-
parallel B sheets held together by hydrogen bonds and
reinforced by a pair of canonical disulphide bridges formed by
four invariant cysteine residues (Norman et al., 1991).
When compared to human complement regulatory pro-
teins, VCP has the highest overall amino acid identity (38%)
to C4b-BP (Kotwal and Moss, 1988; Murthy et al., 2001), but
the protein is more similar to MCP at the putative complement
binding regions and to CR1 in terms of its binding activities.
The extended structure of VCP, mobility between its
sequential CCP domains, charge distribution and type of
residues at the binding regions are factors that greatly
influence its ability to bind to complement proteins and
heparin (Smith et al., 2000; Murthy et al., 2001; Ganesh et al.,
2004). In other RCA members, such as MCP, the presence of
glycans on the protein significantly influences their biologic
activities. For example, an MCP isoform with a larger O-
glycosylation domain was found to bind C4b more efficiently
than the other isoforms, which are smaller and less
glycosylated in this region (Liszewski and Atkinson, 1996).
In recent times, there has been a lot of research to develop
attenuated, safe and effective virus vaccines against small-
pox using known strains of vaccinia virus such as the Lister
strain and attenuated Lister strain LC16m8 (Morikawa et al.,
2005). Also, there is a search for a more active VCP that has
specificity as close as possible to the human smallpox
inhibitor of complement enzymes (SPICE) (Rosengard et al.,
2002), for use as a therapeutic agent in regulating various
complement-mediated inflammatory ailments. A previous
report suggested that the Lister strain of vaccinia virus
encodes a functional VCP (Lis VCP) with an inferred amino
acid sequence that is smaller by two residues compared to
the WR VCP and SPICE, has two putative N-glycosylation
sites and several other differences (Odunuga et al., 2005).
The natural VCP or Lis VCP expressed by infection of African
green monkey kidney (BSC-1) cell lines with vaccinia virus
WR strain or Lister strain was found to inhibit complement-
mediated lysis of IgG-sensitized sheep erythrocytes several
fold more efficiently than its respective recombinant version
expressed in yeast cells (Ghebremariam, 2006). Taken
together with earlier studies suggesting that in a natural
infection the predominant active VCP that is secreted and
shows a higher level of activity than the momoner is a dimer
(Kotwal et al., 1990) while the recombinant yeast expressed
protein is a monomer (Smith et al., 2002), we now suggest
that the dimerization influences the higher level of observed
activity of naturally expressed VCP. Here the sequence data
of the Lis VCP showing the presence of two glycosylation
sites and the presence of oligosaccharide chains on Lis VCP
supporting our earlier report by Odunuga et al. (2005) is
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presented. Recently another group (Adamo et al., 2009) also
has reported the glycosylation of Lis VCP confirming earlier
observation by Odunuga et al. (2005). Adamo et al. (2005)
show that the antibody response to Lis VCP in mice is
significant in contrast to our finding that it is very difficult to
elicit a significant antibody response in rabbits and rodents
(Kotwal, unpublished) suggesting that the glycosylation may
have an influence on immunogenicity, an observation that is
consistent with the findings of Adano et al. and a recent
observation by Dowling et al. (2007). Lis VCP glycosylation
may influence the pattern of its complement inhibition, as the
complement inhibition profile appears to mimic the sigmoidal
inhibition curve indicative of a co-operative effect observed in
the case of glycoprotein C4b-BP in comparison to the
nonglycosylated VCP (Kotwal, 1994). This pattern has also
been confirmed by examining the functional data comparing
Lis VCP and Copenhagen strain VCP as has been reported
by Adamo et al. (2009).

RESULTS AND DISCUSSION

Lister VCP is smaller by two amino acids, has two
putative N-glycosylation sites and differences in its
primary sequence

The ORF of VCP gene was amplified from the genomic DNA
of the Lister strain of vaccinia virus and sequenced.
Sequence comparison using the NCBI blast search revealed
that the ORF shares 97% and 93% identities with WR VCP
and SPICE respectively (Fig. 1A). The ORF encodes a
protein consisting of 242 amino acid residues compared to
244 in both WR VCP and SPICE (Rosengard et al., 2002;
Sfyroera et al., 2005; Liszewski et al., 2006). The two missing
amino acid residues, Asp and Ala, are located within SCR 1 of
the protein and respectively correspond to residues 21 and 22
in WR VCP and SPICE (Fig. 1A). The lack of two amino acids
in this region of the protein may not have effects on its
interaction with either C3b or C4b components of the
complement since generally SCR 1 has little or no influence
on the complement inhibitory activity of VCP (lsaacs et al.,
2003). Apart from lacking two residues, there are six
differences in the primary sequence compared to WR VCP
and 17 compared to SPICE; some of these substitutions
could have functional significance (Ganesh et al., 2004;
Ghebremariam et al., 2005; Sfyroera et al., 2005). When
compared to WR VCP and SPICE only, most of these amino
acid differences are found within SCR 2 and SCR 4 of the
protein and particularly in the C4b binding region. None of the
changes appears to be required for heparin binding, except
K218 that corresponds to K220 in WR VCP and SPICE
(Ganesh et al., 2004). Interestingly, changes at S166 and
N218 (G168 and K220 respectively in WR VCP and SPICE)
result in the formation of two N-glycosylation motifs/signals of
the type N-X-S in Lis VCP (Fig. 1A). Among the poxviral

complement inhibitors identified so far, this is the first VCP
homolog found to have N-glycosylation motifs. It is notable
that all the homologs of VCP compared share 100% identity in
the predicted C3b binding region, which overlaps SCR 3 and
SCR 4 (Fig. 1A), whereas there are many differences in
sequences within the C4b binding region in SCR 2.
Phylogenetic analysis and sequence homology suggest that
Lis VCP is more closely related to WR VCP than to SPICE
(Fig. 1A and 1B).

Lister VCP is functional

Naturally expressed VCP proteins secreted into culture media
of BSC-1 cells infected with vaccinia virus, Lister or WR
strain, were tested for their ability to inhibit lysis of sensitized
sheep red blood cells (ssRBCs) (Fig. 2). Even at low
amounts, the native proteins were more potent by a factor
of at least 20 in inhibiting lysis of ssRBCs than their
recombinant yeast-expressed versions (not shown) (Gheb-
remariam, 2006). Lis-VCP is at least 4-fold less active than
WR VCP in this assay (Fig. 2). The ability of naturally
expressed VCP to form multimers may contribute to the
observed higher complement inhibition activity. A study by
Liszewski et al. (2006) provides evidence that VCP
expressed in glycosylation competent baculovirus expression
system or mammalian expression system has higher pro-
pensity to form dimers, and together with our observation, this
property appears to enhance their ability to inhibit the
complement components. It is notable that the inhibition
curve for naturally expressed Lis VCP is near sigmoidal (Fig.
2), and similar to that reported earlier for human C4b-BP
(Kotwal, 1994), a glycosylated complement control protein to
which VCP has the best structural similarity at the amino acid
level. The binding of Lis VCP to complement components is
cooperative and this interaction may be influenced by the
presence of groups such as carbohydrate moieties on the
protein.

Lister VCP is glycosylated

Two N-glycosylation sites of the type N-X-S were identified in
the conceptually translated primary sequence of Lis VCP (Fig.
1A). Moreover, irrespective of its fewer amino acid residues,
the heterologously expressed Lis VCP was found to run at a
slightly slower mobility in sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) than WR VCP (Fig.
3A) which was also confirmed by immunobloting (data not
shown). The same pattern was observed in the mobilities of
Lis VCP and WR VCP obtained from the culture media of
BSC-1 cells infected with the viruses (data not shown). To
determine whether glycosylation accounted for this lower
mobility, the protein was digested with PNGase F, an enzyme
that releases asparagine-linked oligosaccharides from glyco-
proteins (Fig. 3B). Similarly, WR VCP was digested with the
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A

SCR 1 * B Kk Kk A EkK *
Lis-VCPsa 1 CCTIPSRPINMEFENSVET--NANYNIGDTIEYLCLPGYREQEMGPIYAKCTGTGWTLFNQCIKRR 64
WR-VCP 1 CCTIPSRPINMEFENSVETDANANYNIGDTIEYLCLPGYREKQEMGPIYAKCTGTGWTLFNQCIKRR 66
Var-SPICE 1 CCTIPSREPINMEFENSVETDANANYNIGDTIEYLCLPGYREQEMGPIYRAKCTGTGWTLFNQCIKRR 66
CPV-IMP 1 CCTIPSRPINMEFENSVGTDANANYNIGDTIEYLCLPGYREQEMGPIYAKCTGTGWTLFNQCIKRE 66
CPV-C17L 1 CCPIPSRPITMEFKGTVDS----HYNIGDTIEYLCLPGYREKQEMGPIYAKCTGTGWTLFNQCIKRR 62
SCR2 *% * * * * %k *

Lis-VCP 65 CPSPRDIDNGQLDIGGVDFGSSITYSCNSGYOUIGESKSYCBIGF TGSMVWNPEAPICESVK 126
WR-VCP 67 CPSPRDIDNGQLDIGGVDFGSSITYSCHSGYHNICESKSYCENGS TGSMVWNPEAPICESVK 128

Var-SPICE 67 CPSPRDIDNGHLDIGGVDFGSSITYSCHEGYYNIGEYRSYCRIGS TGSMVWNPKAPTCESVK 128
CPV-IMP 67 CPSPRDIDNGQIDIGGVEFGSSITYSCHNSGYONIGESKSYCELGY TGSMVIWNPEAPICESVK 128

CPV-C17L 63 CPSPRDIDNGQLDIGGVDFGSSITYSCNSGYHETGESKSYCENGSTGSMVWNPEAPICESVK 124

SCR3 * * * * ok ok *

Lis-VCP 127 CQSPPSISNGRHNGYEDFYTDGSVVTYSCNSGYSLIGNSSVLCSGGEWSDPPTCQIVK 1184
WR-VCP 129 CQSPPSISNGRHNGYEDFYTDGSVVTYSCNSGYSLIGNSGVLCSGGEWSDPPTCQEVRN186
Var-SPICE 129 CQLPPSISNGRHNGYNDFYTDGSVVTYSCNSGYSLIGNSGVLCSGGEWSNPPTCQIVK 1186
CPV-IMP 129 CPSPPSVTNGRHNGYEDFYTDGSVVTYSCNSGYSLIGNSGIVCSGGEWSDPPTCQIVEN186

CPV-CI7L 125 CQSPPSISNGRHNGYEDFYTDGSVVTYSCNSGYSLIGNSGVLCSGGEWSDPPTCQIVK |182

SCR 4 * % * ok k% % *
Lis-VCP 185 BPHPTISNGYLSEGERRSYSYNDNVNFKCKYGYNLSGSSSSTCSPGNTWQPELPECVR 242
WR-VCP 187 BBHPTISNGYLSEGFRRSYSYNDNVDFKCKYGYKLSGSSSSTCSPGNTWKPELPKCVR 244
Var-SPICE 187 EBHPTILNGYLSSEGERRSYSYNDNVDFTCKYGYKLSGSSSSTCSPGNTWOPELPKCVR 244
CPV-IMP 187 EPHPSITNGYLSSGERRSYSHNDNVDFKCRHGYKLSGSSSSTCSPGNTWQPELPKCVR 244

CPV-C17L. 183 EPHPTISNGYLSSGFRRSYSYNDNVDFKCKYGYKLSGSSSSTCSPGNTWQPELPKCVR 240

VAC-Lis VCP
VAC-WR VCP

VAR-BSH SPICE

CPV-BRI IMP

Figure 1. Amino acid sequence alignment of positionally equivalent short consensus repeats (SCRs) and phylogram of various viral
complement control proteins. (A) Multiple sequence alignment showing differences in the short consensus repeats (SCRs) of VCP and
inflammation modulatory protein (IMP) from Orthopoxviruses. Amino acid sequences of positionally equivalent SCRs from Lis-VCP (VCP from
vaccinia virus, Lister strain), WR-VCP (VCP from vaccinia virus, Western Reserve strain, accession P10998), Var-SPICE (SPICE from variola
virus, Bangladesh strain, accession AAA69423), CPV-IMP (IMP from cowpox virus, Brighton strain, accession AAM13481), and CPV-C17L (IMP
from cowpox virus, Russian isolate from human patient, accession CAA64102) were aligned. Positions where there are differences or missing
residues in the sequences are asterisked. Putative binding sites for C4b (SCR 2) and C3b (SCRs 3 and 4), identified based on alanine scanning
mutagenesis of the mammalian membrane cofactor protein (MCP) (Liszewski et al., 2000) are shown in gray background. Residues 164 and 218
are putative N-glycosylation sites in Lis-VCP. Residues in bold are missing in Lis-VCP. (B) Phylogram showing evolutionary relationships of
various viral complement control proteins. Sequences of VCP from vaccinia virus, Lister and Western Reserve strains (VAC-Lis VCP and VAC-
WR VCP respectively), SPICE from variola virus, Bangladesh strain (VAR-BSH SPICE), and IMP from cowpox virus, Brighton strain (CPV-BRI
IMP) were compared using the Clustal W software package (Thompson et al., 1994). VCP, vaccinia virus complement control protein.
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Figure 2. Inhibition of complement-mediated red cell

lysis by VCPs. VCPs expressed by natural infection of BSC-
1 cells with vaccinia virus WR or Lister strain. The sensitized
sheep red blood cells (ssRBCs) were pre-incubated with the
different concentrations of VCPs for 1h in the presence of
human serum. Sensitized-red cells directly incubated with the
human serum and ssRBCs incubated in the absence of serum
were used as positive and negative controls respectively. The
diamonds by WR VCP and the squares represent inhibition by
Lis VCP. VCP, vaccinia virus complement control protein.

same enzyme (Fig. 3B). Lis VCP digested with PNGase F
was found to run at a slightly higher mobility similar to WR
VCP (Fig. 3B). WR VCP retained its original mobility before
and after digestion with the enzyme (Fig. 3B). These results
showed that of the two glycosylation sites introduced by the
substitutions, at least one is occupied. Structurally, glycosyla-
tion at N164 could disrupt interaction of Lis VCP with C3b due
to its proximity to this region and thus may result in a bias
toward C4b binding. Similarly, glycosylation at N218 could
interfere with heparin binding (Smith et al., 2000; Ganesh et
al., 2004) therefore inhibiting binding to the surface of the
mast and endothelial cells, and thereby enhance quick
clearance of the virus by the host. Both glycosylation sites
are sitting on random coils in the predicted secondary
structure of the protein and the asparagine residues are
well exposed in the modeled three-dimensional structure. In
MCP (CD46), while N-glycans on its SCR 2 and SCR 4

A

PNGase F

PMNGase F

(Fig. 4) do not directly participate in ligand binding and only
modestly reduce cofactor activity, they significantly influence
cytoprotective activity of the protein on the cell surface
(Liszewski et al., 1998). A similar mechanism may exist in Lis
VCP in which case glycosylation may not impact drastically
on its binding to complement components but may have
serious implications on the activity of the protein on cell
surfaces. Both Lis VCP and C4b-BP have a glycosylation site
in a similar position on the primary sequences (Fig. 4). While
PNGase-F digestion of Lis-VCP indicates a mobility shift in
the Lis VCP protein and evidence of N-glycosylation, the
experiments do not demonstrate that both potential N-
glycosylation sites are occupied. This will be investigated
along with the nature of the N-linked sugars (whether they are
biantennary, sialylated, etc.). A future mass spectrometric
study of released glycans and naked polypeptide would help
to answer all these questions.

MATERIALS AND METHODS

Growth of Lister vaccinia virus and isolation of Lister viral DNA

Stocks of Lister vaccinia virus were obtained by growing vaccine
strain of Lister vaccinia on the chorioallantoic membranes of 9-day-
old embryonated hens’ eggs using a previously described method
(Joklik, 1962; Kotwal and Abrahams, 2004), with some modifications
(Stannard et al., 1998). Viral genomic DNA was isolated by phenol:
chloroform:isoamyl alcohol (25:24:1) extraction following disruption of
poxviral particles in SDS lysis buffer (50 mM Tris, 700 mM NacCl,
10 mM ethylenediaminetetraacetic acid (EDTA), 1% SDS, pH 9.5)
containing proteinase K, as previously described (Stannard et al.,
1998).

Cloning and sequencing of Lis VCP gene

The ORF of VCP was amplified from genomic DNA isolated from the
Lister strain of vaccinia virus, using as forward and reverse primers
respectively, the oligonucleotides 5-GAATTCTGCTGTAC-
TATTCCGTCAC-3' and 5-GCGGCCGCTTAGCGTACACATTTTG-
GAAG-3'. The oligonucleotides introduced a 5’ EcoRI site and a 3'

Figure 3. Coomassie-blue stained SDS-PAGE (12%) analysis following treatment with PNGase F showed that Lister VCP is N-
glycosylated. De-glycosylation was done by incubating denatured VCP with peptide-N-glycosidase F (PNGase F) enzyme at 37°C for 3 h.
(A) Before digestion with PNGase F. (B) After digestion with PNGase F. SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel

electrophoresis.
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Figure 4. Comparison of N-glycosylation sites within the
first four SCRs of complement control proteins. Lis-VCP,
VCP from vaccinia virus Lister strain; WR-VCP, VCP from
vaccinia virus Western Reserve strain; SPICE from variola
virus, Bangladesh strain; IMP, IMP from cowpox virus, Brighton
strain; KSHV, Kaposi sarcoma virus ORF4 protein; MCP,
human membrane cofactor protein (CD46); C4bBP, human
C4b binding-protein; DAF, human decay-accelerating factor
(CD55). Horizontal bars and circular arrows represent SCRs
and N-glycans respectively. The position and number of the
circular arrows indicate the sites and number of N-glycosyla-
tion sites in each SCR respectively. The Lister VCP from the
LC16m8 sequenced by Morikawa et al. (2005) which has been
shown to be glycosylated by Adamo et al. (2009) has only the
first of the 2 glycosylation signals. SCR, short consensus
repeats.

Notl site respectively, which were used to ligate the amplified DNA
fragment into the secretory expression plasmid vector pPIC9
(Invitrogen, CA, USA). Before ligation into EcoRI/Notl digested
pPIC9 vector, the PCR fragments were ligated into pGEMT Easy
vector (Promega, WI, USA) and digested with the same restriction
endonucleases to produce compatible overhangs. pPIC9 plasmids
were isolated from several colonies of Escherichia coli cells harboring
them and sequencing was done from both ends of the inserted VCP
gene using the universal 5' and 3' AOX1 primers, 5-GACTGGTTC-
CAATTGACAAGC-3' and 5-GCAAATGGCATTCTGACATCC-3'
respectively.

The sequence obtained was compared to the sequences of other
VCP homologs available in the databank using the NCBI blast search
(http://www.ncbi.nih.gov/BLAST/). The cloning of WR VCP was
reported earlier (Smith et al., 2000).

Expression and purification of recombinant VCP

Pichia pastoris yeast integrants harboring the expression plasmid
were selected by both PCR analysis using the universal AOX1
primers, and their ability to grow on medium lacking histidine. For
expression, 25mL of buffered complex glycerol medium (BMGY)
(Invitrogen, CA, USA) was inoculated with a single colony of Pichia
integrant and grown at 30°C with shaking at 200 rotation/min until the

culture reached an ODgyo of 6. The cells were harvested and
resuspended in 150 mL of buffered complex methanol medium
(BMMY) (Invitrogen, CA, USA) to give an ODgg of 1. Growth was
continued at 30°C with vigorous shaking for 4 d, and induction was
maintained by addition of methanol to a concentration of 0.5% daily.
Aliquots were taken from the supernatant at regular time intervals and
analyzed on 12% SDS-PAGE to determine the highest expression
level and the optimal time post-induction to harvest. Expression was
allowed to continue for 96 h post-induction. The expression medium
was centrifuged, the supernatant carefully removed, and further
clarified by passing through a 0.22 ym syringe filter. The clarified
solution was alternately diluted with phosphate-buffered saline (PBS),
pH 7.5, and concentrated using a Millipore Centriprep YM-3
centrifugal filter until an almost clear concentrated protein solution
was obtained. Alternatively, the protein was purified by passing
through heparin column equilibrated with the binding buffer (10 mM
sodium phosphate, pH 7). The column was washed several times with
the same buffer and the protein was eluted on a continuous salt
gradient (10 mM sodium phosphate, 1 M NaCl, pH 7). The eluates
were concentrated as described above. Aliquots of the purified
protein in both purification procedures were analyzed on 12% SDS-
PAGE revealing a major band corresponding to the size of VCP.

Expression of VCP from natural infection

BSC-1 cell lines were infected with either Lister or vaccinia virus
vGK5 strain at a multiplicity of infection of 10. The cells were
incubated for 2 h in minimal essential medium (MEM) containing 2.5%
fetal calf serum (FCS) and 1% penicillin/streptomycin/fungizone. The
cell monolayer was washed twice with PBS, serum-free MEM was
added and the plate was incubated for either 24 h or 48 h at 37°C and
5% CO,. The medium was concentrated 200 fold by ultrafiltration
using Amicon 2 mL filters from Millipore and purified as described
before using the heparin column (Smith et al., 2000). Quantitation was
performed using the BioRad assay and standard VCP at varying
concentrations was used to quantitate the VCP. Equal amounts of
proteins were then analyzed by hemolysis assay.

Hemolysis assay

The biologic activities of both the native and recombinant VCPs were
determined by testing the ability of the proteins to inhibit complement-
mediated lysis of ssRBCs using a well-described hemolysis assay
(Kotwal et al., 1990). Human serum was the source of complement
activity. This assay differentially quantitates the classical pathway of
complement activation.

De-glycosylation assay

Thirty micrograms of VCP was resuspended in 25puL of 50 mM
sodium phosphate solution, pH 7.5, after which 2.5 uL of denaturation
buffer (4% SDS, 5% B-mercaptoethanol) was added. The mixture was
denatured by incubating at 100°C for 10 min before adding 3 yL of
peptide-N-glycosidase F (PNGase F) enzyme solution (500 units/
mL). The reaction mixture was incubated at 37°C for 3 h to allow de-
glycosylation to occur, and then stopped by heating to 100°C for
5 min. De-glycosylation was assessed by resolving aliquots of the
reaction mixture on 12% SDS-PAGE.
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ABBREVIATIONS

BMGY, buffered complex glycerol medium; BMMY, buffered complex
methanol medium; C4b-BP, C4b binding protein; CCP, complement
control protein; IMP, inflammation modulatory protein; Lis-VCP, VCP
from vaccinia virus, Lister strain; MCP, membrane cofactor protein;
MEM, minimal essential medium; MVA, modified vaccinia ankara;
RCA, regulators of complement activation; SCR, short consensus
repeats; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; SPICE, smallpox inhibitor of complement enzymes;
ssRBCS, sensitized sheep red blood cells; VCP, vaccinia virus
complement control protein; WR, Western Reserve
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