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Abstract

Orthopoxviruses include many important pathogens such as variola major virus, camelpox, buffalopox, monkeypox, cowpox, and
variola minor viruses. This group of viruses also includes vaccinia virus, which is extensively used in human vaccine development.
Genomes of orthopoxviruses encode proteins with sequences similar to human regulators of complement activation (RCA) that contain
tandem short consensus repeats (SCRs). We employed phylogenetic tree analysis to evaluate the structural relationships among SCRs of
orthopoxvirus RCA-like proteins and those of human complement regulators. The human complement RCA proteins analyzed were factor
H (FH), C4 binding protein alpha chain, membrane cofactor protein (MCP), decay accelerating factor (DAF), and complement receptors
type 1 (CR1) and 2 (CR2). Sequences of key poxvirus regulators of complement activation, vaccinia virus complement control protein
(VCP), smallpox inhibitor of complement enzymes (SPICE), and cowpox inflammation modulatory protein (IMP) were similar to SCRs 1
through 5 of C4 binding protein, alpha chain, and they were also clustered with other homologous repeats of MCP, DAF, CR1, CR2, and
FH. Phylogenetic clustering of RCA sequences suggested that poxvirus complement regulators VCP, SPICE, and IMP arose from a single
ancestral sequence that shared similarity with all human regulators of complement activation. Any changes in poxvirus complement
regulators leading to the enhancement of their ability to regulate complement activation likely resulted from new mutations in the viral
lineages.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The human complement system plays a highly important
role in host defense against pathogens, in regulation of
humoral immune response, and in inflammation Miiller-
Eberhard (1985). The early stages of complement activation
may be initiated via three different pathways: the classical
pathway, the alternative pathway, and the mannan-binding
lectin pathway. These pathways lead to the assembly of
distinct multi-component protein enzymatic complexes, C3
convertases. The C3 convertases are serine proteases that
proteolytically cleave complement component C3 into two
fragments, C3a and C3b. After the C3 cleavage, the three
initiating pathways converge on a common series of steps
that lead to the formation of the C5 convertase, assembly of
the terminal complement components in the membranes of
pathogens, cell lysis, and recruitment and activation of
phagocytes (Miiller-Eberhard, 1985; Pier et al., 2004).

To avoid injury to host tissue and to prevent uncontrolled
activation, the activation of complement is tightly regulated
by several mechanisms (Hourcade et al., 2000). Some of
these mechanisms regulate the formation and stability of C3
convertases (Hourcade et al., 2002), and they involve a
group of soluble and cell membrane-anchored regulatory
proteins, referred to as regulators of complement activation
(RCA). The RCA proteins consist of partially homologous
tandem short consensus repeats (SCRs) of 60—70 amino
acids (Stehle and Larvie, 2003). The two important human
soluble plasma complement regulators are C4 binding
protein (C4bp) and factor H (FH) that modulate the C3
activation in the classical and the alternative pathways,
respectively (Gigli et al., 1979; Pangburn and Miiller-
Eberhard, 1985). Structurally, C4bp contains 8 disulfide
linked chains. Seven of these chains are identical (C4
binding protein o« chain, or C4bpa), and they regulate
complement activation. Each C4bpa chain consists of 8
short consensus repeats. The non-identical 3 chain of C4
binding protein (C4bpp) participates in coagulation (Blom,
2002). The single polypeptide chain of human FH consists
of 20 SCRs (Zipfel et al., 2002).

Human membrane-anchored RCA proteins that regulate
complement activation to prevent uncontrolled C3 activa-
tion include decay accelerating factor (DAF), membrane
cofactor protein (MCP) and complement receptor type 1
(CR1). Both DAF and MCP contain 4 SCRs, while CR1
protein has different allelic variants, ranging from 23 to 44
SCRs (Hourcade et al., 2000). Recent analysis of genomic
DNA of the human CR/ gene suggested evidence for
additional SCRs that are not expressed (McLure et al.,
2004a,b).

In addition to regulation of complement activation, some
RCA proteins perform other important biological functions
in immune regulation. For example, MCP participates in
modulation of T-lymphocyte-mediated immune responses,
while CR1 serves as a cofactor for factor I mediated
proteolysis of iC3b to generate C3dg, which may affect

IgG1 responses and elicit memory cells (Hourcade et al.,
2000; Kemper et al., 2001; Marie et al., 2002). Another
RCA-related protein, complement receptor type 2 (CR2),
participates in B-lymphocyte activation, and it is also
expressed on other cells of the immune system. It interacts
with cleavage fragments iC3b, C3dg, and C3d (Ross et al.,
1973; Stehle and Larvie, 2003). CR2 protein has allelic
variants that consist of 15 and 16 SCRs (Fujisaku et al.,
1989), and additional non-expressed SCR duplications have
been identified in the CR2 gene (McLure et al., 2004a,b).
Additional SCR-containing proteins with less established
function or function different from complement regulation
are also known (Krushkal et al., 2000; Zipfel et al., 2002).

Viral group Orthopoxviridae includes variola major
virus, a highly virulent agent that causes smallpox. Many
other orthopoxviruses also pose a serious health threat, e.g.
camelpox, buffalopox, monkeypox, cowpox, and variola
minor viruses (Georges and Georges-Courbot, 1999;
McFadden, 2005). Another orthopoxvirus, vaccinia virus,
is extensively used in human vaccine development and in
biomedical research. The genomes of orthopoxviruses
encode virulence-related proteins that can regulate comple-
ment activation. These proteins consist of four SCRs and are
similar in sequence to human regulators of complement
activation (Kotwal et al., 1998a,b; Kotwal, 2000; Lee et al.,
2003). It has been suggested that viral complement
regulators originated from a host genome as a result of
horizontal gene transfer (Kirkitadze et al., 1999; Uvarova
and Shchelkunov, 2001). In vaccinia virus, an important
virulence factor that regulates human complement activation
is vaccinia virus complement control protein (VCP) (Kotwal
and Moss, 1988; Kotwal, 2000). VCP is a major secretory
protein of cells infected with vaccinia virus, and it also
exists in a membrane-bound form (Rosengard et al., 2002).
VCP inhibits both the alternative and the classical pathways,
it can bind both C3b and C4b, and it blocks complement-
mediated antibody-induced virus neutralization. It also
binds to heparin and heparan sulfate proteoglycans, block-
ing chemotactic signals (Kotwal et al., 1990; Sahu et al.,
1998; Smith et al., 2000, 2003).

Other orthopoxviruses express VCP homologs that are
important for immune modulation and virulence. The VCP
homolog in variola major virus, the most virulent ortho-
poxvirus, is termed the smallpox inhibitor of complement
enzymes (SPICE) (Kotwal, 2000; Lee et al., 2003). SPICE
differs from VCP at 11 amino acid sites (Rosengard et al.,
2002). It is highly efficient in inactivating both the classical
and the alternative pathways of the complement system, and
it shows strong preference to human complement inactiva-
tion as opposed to other mammalian species (Rosengard et
al., 2002). The VCP homolog in cowpox virus is the
inflammation modulatory protein (IMP), which downregu-
lates complement and allows the infected tissue to evade
inflammation (Kotwal et al., 1998a,b).

The relationship of VCP, SPICE, and IMP to human
complement regulators has not been fully elucidated. A
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