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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.

D 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 Müller-

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 (Müller-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 Müller-

Eberhard, 1985). Structurally, C4bp contains 8 disulfide

linked chains. Seven of these chains are identical (C4

binding protein a chain, or C4bpa), and they regulate

complement activation. Each C4bpa chain consists of 8

short consensus repeats. The non-identical h chain of C4

binding protein (C4bph) 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 CR1 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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comparable level of sequence similarity has been observed

for SCRs 1–4 of VCP to the four repeats of MCP, the first

four SCRs of C4bpa, and SCRs 1–4, 8–11, and 15–18 of

CR1; SCRs 1–3 of VCP are also similar to SCRs 2–4 ofDAF

(Kotwal and Moss, 1988; Kotwal et al., 1990; Kirkitadze et

al., 1999; Kotwal, 2000; Uvarova and Shchelkunov, 2001).

These N-terminal domains in the human RCA proteins share

sequence similarity to one another (Krushkal et al., 2000) and

many of them are functionally important (Dahlback et al.,

1983; Gordon et al., 1995; Hourcade et al., 2000; Zipfel et al.,

2002). Three-dimensional structural similarity of VCP

repeats to individual modules of CR1 and FH has been

observed, while the structure of the VCP domain arrangement

is similar to that of MCP (Wiles et al., 1997; Kirkitadze et al.,

1999; Kotwal, 2000; Murthy et al., 2001; Stehle and Larvie,

2003). Functionally, modules in FH, C4bpa, and VCP

contain conserved heparin binding sites (Smith et al., 2000;

Blom, 2002; Zipfel et al., 2002; Ganesh et al., 2004). Like

CR1, VCP is capable of regulating both the alternative and

the classical pathways of the complement system. However,

VCP has a number of functional differences from both FH

and CR1 (Sahu et al., 1998). Thus, the structural and

functional similarity between VCP and several human

complement regulators makes it difficult to identify the

human RCA protein to which VCP may be most closely

related.

In the present report, we describe the use of

phylogenetic tree inference to investigate the relationships

among individual short consensus repeats of vaccinia

proteins VCP and B5R, their homologs in other ortho-

poxviruses, and human complement proteins FH, C4bpa,

MCP, DAF, CR1, and CR2. Phylogenetic analysis of

individual repeats, which uses information from multiple

sequences, is better suited for interpreting the relation-

ships among RCA-like proteins than is the direct

sequence comparison of viral proteins (Krushkal et al.,

1998, 2000).
2. Materials and methods

2.1. Sequence retrieval and alignment

Due to the high degree of sequence divergence among

human and poxvirus regulators of complement activation

(Kotwal et al., 1990; Krushkal et al., 1998), our analysis was

restricted to protein sequences. We investigated complement

proteins with established functional roles. Sequences of

human complement regulators were collected from Gen-

Bank as described previously (Krushkal et al., 2000). These

were sequences of factor H (FH; Genbank accession no.

CAA68704); C4 binding protein, a chain (C4bpa;

AAA36507); membrane cofactor protein (MCP; P15529);

decay accelerating factor (DAF; P08174); complement

receptor type 1 (CR1; P17927); and complement receptor

type 2 (CR2; P20023). Poxvirus protein sequences were
collected from GenBank (http://www.ncbi.nlm.nih.gov/)

using the protein–protein BLAST (blastp) similarity

searches to full length C4bpa and FH. Included in analysis

were vaccinia virus complement control protein (VCP, or

C3L gene product) of vaccinia virus, strain WR (Genbank

accession no. P68638); smallpox inhibitor of complement

enzymes (SPICE) of two strains of variola major virus:

strain India-1967 (D12L gene product; GenBank accession

no. NP_042056) and Bangladesh-1975 (D15L gene prod-

uct; T28450); and inflammation modulatory protein (IMP)

of the cowpox virus, strain GRI-90 (IMP, or D17L gene

product; CAA64102). The list of sequences analyzed and

the E-values of blastp similarity searches are provided on

the supplemental World Wide Web site for this report (http://

www.utmem.edu/prevmed/pm/scr.html).

Individual SCRs of human and viral proteins were

aligned together. The non-SCR regions and short inter-

SCR stretches of several amino acids were excluded from

analysis. Each poxvirus SCR was manually aligned against

the previously completed alignment of human SCRs

(Krushkal et al., 2000). Alignment of the entire set of

human and poxvirus SCRs is available online at the

supplemental web site for this report (http://www.utmem.

edu/prevmed/pm/scr.html).

Sequence logos of short consensus repeats of aligned

human and viral SCRs were inferred using the online

software Weblogo at http://weblogo.berkeley.edu (Crooks et

al., 2004).

2.2. Phylogenetic analysis

Individual short consensus repeats were grouped by

two hierarchical clustering algorithms, the neighbor-join-

ing and parsimony methods of phylogenetic tree inference.

Due to the short length of SCRs (60–70 amino acids),

bootstrap was not applied to avoid large sampling errors.

Instead, results of tree inference were verified by compar-

ing the clustering of repeats in the neighbor-joining tree

and the consensus of parsimony trees. A phylogenetic tree

was inferred from individual SCRs by the neighbor-

joining method using phylogenetic analysis software

MEGA v. 2.1 (Kumar et al., 2001). Distances between

pairs of sequences were corrected for multiple amino acid

substitutions and variation of substitution rate among sites

using the gamma model (Krushkal et al., 1998, 2000). The

value of the shape parameter for the gamma distribution of

substitution rate among sites used was 0.93, as estimated

previously from human C4bpa and FH (Krushkal et al.,

1998). A phylogenetic tree was also inferred by the

parsimony method using the TBR branch-swapping

heuristic search method with 100 replicates of a random

order of taxon addition using PAUP* software version 4.8

(Swofford, 2000). Both neighbor-joining and parsimony

trees were midpoint rooted. Insertions and deletions (gaps)

were excluded from all analyses in pairs of sequences

under comparison.

 http:\\www.ncbi.nlm.nih.gov\ 
 http:\\www.utmem.edu\prevmed\pm\scr.html 
 http:\\www.utmem.edu\prevmed\pm\scr.html 
 http:\\weblogo.berkeley.edu 
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3. Results

3.1. Phylogenetic clustering of short consensus repeats

Parsimony tree analysis of human complement regulators

and orthopoxvirus proteins VCP, SPICE and IMP resulted in
Fig. 1. A strict (100%) consensus of 157 equally most parsimonious phylogenetic tr

and human complement regulators. Clusters of repeats similar to viral SCRs 1–4 a

SPICE_Ind, smallpox inhibitor of complement enzymes (SPICE) from variola maj

All other abbreviations of human and orthopoxvirus complement regulators are as
157 most parsimonious trees with a score of 1986 each. A

strict consensus tree (i.e., a summary tree with 100% support)

inferred from these trees is shown in Fig. 1. The neighbor-

joining tree inferred from the short consensus repeats of VCP,

SPICE, IMP, and human complement regulators is presented

on the supplementary web site for this report.
1 FH
2 DAF
1 CR1
22 CR1
8 15 CR1
1 C4bpa
1 IMP *
1 SPICE Ind *
1 VCP *
1 SPICE Bsh *
13 FH
9 FH
4 FH
5 C4bpa
17 FH
1 MCP
2 FH
8 CR2
11 CR2
4 CR2
6 13 CR1
20 CR1
27 CR1
3 DAF
2 C4bpa
2 CR1
9 CR1
16 CR1
23 CR1
2 MCP
2 IMP *
2 VCP *
2 SPICE Ind *
2 SPICE Bsh *
5 FH
7 FH
6 FH
3 CR1
10 CR1
17 CR1
24 CR1
3 MCP
5 CR2
12 CR2
9 CR2
7 14 CR1
21 CR1
28 CR1
4 DAF
3 IMP *
3 SPICE Ind *
3 SPICE Bsh *
3 VCP *
3 C4bpa
7 C4bpa
29 CR1
14 CR2
7 CR2
5 12 CR1
19 CR1
26 CR1
3 CR2
1 CR2
1 DAF
3 FH
20 FH
18 FH
19 FH
14 FH
15 FH
8 FH
11 FH
16 FH
12 FH
2 CR2
13 CR2
4 11 18 CR1
25 CR1
4 IMP *
4 VCP *
4 SPICE Ind *
4 SPICE Bsh *
8 C4bpa
6 CR2
10 CR2
4 MCP
4 C4bpa
15 CR2
30 CR1
10 FH
6 C4bpa

1

2

3

4

ees inferred by PAUP* from 91 short consensus repeats of VCP, SPICE, IMP,

re shown by brackets. C4bpa indicates C4 binding protein, a chain (C4bpa).

or, strain India. SPICE_Bsh, SPICE from variola major, strain Bangladesh.

described in Materials and methods. Asterisks (*) indicate viral SCRs.



Table 1

Summary of clustering of short consensus repeats of human complement regulators with each repeat of viral proteins

Viral proteins Viral SCR Most similar repeats in human complement regulatorsa

C4bpa MCP DAF CR1 CR2 FH

VCP, SPICE, IMP 1 1, 5 1 2 1, 8, 15, 22 NM 1, 4, 9, 13, 17

2 2 2 3 2, 6, 9, 13, 16, 20, 23, 27 4, 8, 11 2

3 3 3 4 3, 5, 7, 10, 12, 14, 17, 19, 21, 24, 26, 28, 29 3, 5, 7, 9, 12, 14, 29 5, 6

4 4 4 Noneb 30 2, 6, 10, 13, 15 12

a For each human complement regulator, short consensus repeats that were clustered with each poxvirus SCR 1, 2, 3, and 4 are listed. Only those clusterings

between pairs of human and viral SCRs are listed that were observed in both tree inference methods used, the neighbor-joining tree and the strict consensus of

157 parsimony trees.
b None indicates that neither tree inference method clustered this viral SCR with any repeats from this human complement regulator. The detailed trees

showing all clusterings are provided in Fig. 1 and online (see supplementary online material for this report).
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Both consensus of the parsimony trees and the neighbor-

joining tree showed that viral proteins VCP, SPICE, and

IMP were more similar to one another than to human

complement regulators, suggesting that the poxvirus com-

plement regulators had a single precursor. The results of

phylogenetic clustering are summarized in Table 1 listing

those SCRs of human complement regulators that were

clustered with each repeat of poxvirus proteins in both the

neighbor-joining tree and the consensus of parsimony trees.

While an overall pattern of similarity was observed between

SCRs 1–4 of VCP and functionally important N-terminal

SCRs of human complement regulators, the phylogenetic

trees did not show any single human complement regulator

to be the closest to viral proteins. It was clear from the trees

inferred that VCP, SPICE, and IMP were similar to SCRs

1–4 of MCP and 1–5 of C4bpa. For example, both

neighbor-joining and parsimony trees showed that SCR 1 of

VCP, SPICE, and IMP were similar to SCRs 1 and 5 of

C4bpa. SCR 2 of VCP and its poxvirus homologs was

similar to SCR 2 of C4bpa. SCR 3 of VCP, SPICE, and

IMP was similar to SCR 3 of C4bpa, and SCR 4 of VCP

and its homologs in other poxviruses was similar to SCR 4

of C4bpa. Viral SCRs 1–3 were similar to SCRs 2–4 of

DAF. No similarity to DAF repeats was found for viral SCR

4, consistent with an earlier observation that the homolog of

SCR 4 of C4bpa and MCP is not present in DAF (Krushkal

et al., 2000; McLure et al., 2004a,b). Similarity to CR1 and

CR2 was also consistent with previously observed relation-

ships of SCRs in those proteins to repeats in C4bpa and

MCP (Fujisaku et al., 1989; Krushkal et al., 2000; McLure

et al., 2004a,b). Phylogenetic trees also showed similarity of

VCP, SPICE, and IMP to SCRs 1, 2, 4–6, 9, 12, 13, and 17

in factor H, which are important for either cofactor activity,

decay accelerating activity, C3b binding, or a combination

of these activities (Gordon et al., 1995; Pangburn et al.,

2000; Zipfel et al., 2002).

3.2. Sequence logos of viral and human repeats

Sequence logos of viral and human SCRs presented on

the supplementary web page for this manuscript identified

amino acids conserved within each group of SCRs, in
agreement with previous reviews by other authors (Hour-

cade et al., 2000; Kotwal, 2000). These conserved sites were

in most cases shared between the human and viral

sequences, despite the overall sequence divergence between

the orthopoxvirus and human SCRs. The positions in which

the most common conserved amino acid exceeded 1 bit in

both poxvirus and human sequence logos were C2, P8, N13,

G14, Y/F32, G37, V/I40, Y/F42, C44, G47, Y/F54, L56,

G60, C68, G76, W81, P87, and C91. Here, the first letter

indicates the most common amino acid or amino acids and

the second number indicates the position number in the SCR

alignment provided in the online supplement. Further

studies of shared and divergent sequence sites within similar

groups of SCRs presented in Table 1 may identify the

combinations of sequence variants that would explain the

functional differences among SCRs.
4. Discussion

4.1. Phylogenetic similarity between viral and human short

consensus repeats

Phylogenetic analysis indicated that VCP, SPICE, and

IMP are similar to functional N-terminal SCRs in virtually

all functional human complement regulators, including both

C4bpa and factor H, which have likely diverged a very long

time ago (Krushkal et al., 1998, 2000). Similarity of VCP,

SPICE, and IMP was also observed to additional function-

ally important SCRs of FH. For example, SCRs of poxvirus

complement regulators were similar to repeats 12 and 13 of

FH that participate in interaction with C3b and affect decay

acceleration activity (Pangburn et al., 2000; Zipfel et al.,

2002). This conserved sequence similarity of viral comple-

ment regulators to functional SCRs in human complement

regulators suggests that the ancestor of the present-day RCA

proteins in orthopoxviruses was capable of some comple-

ment regulation.

Interestingly, SCRs 1 and 2 of VCP, SPICE, and IMP

were consistently clustered with SCRs 1 and 2, respec-

tively, of C4bpa. SCR 1 of poxvirus complement

regulators was also clustered with SCR 13 of FH in both
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parsimony and neighbor-joining trees, and it was also

clustered with SCR 7 of FH in the neighbor-joining tree.

All these SCRs of C4bpa and FH contain probable heparin

binding sites (Blom, 2002; Zipfel et al., 2002). While SCRs

1 and 2 of VCP have some heparin-binding activity (Smith

et al., 2000), recent studies suggested that SCR 4 of VCP is

likely the most important repeat for heparin binding by

VCP (Smith et al., 2003; Ganesh et al., 2004). However,

phylogenetic trees presented here show that SCR 4 of VCP

is divergent from SCRs 7, 13, and 20 of FH and from

SCRs 1–3 of C4bpa that have been implicated in heparin

binding (Blom, 2002; Zipfel et al., 2002). This may suggest

that the functional similarity of SCRs of VCP to those of

FH and C4bpa in heparin binding activity may be due to

convergent evolution, independent of their sequence

evolution. Another possibility is that a small number of

residues rather than the sequence of entire SCRs may affect

the heparin binding properties. In the VCP protein homolog

of monkeypox virus, a large portion of SCR 4 is absent

(Uvarova and Shchelkunov, 2001), suggesting that SCRs

1–3 rather than 4 may be most functionally important, in

agreement with the sequence similarity observed in the

present study. However, Isaacs et al. (2003) used mouse

monoclonal antibodies to show that SCR 4 is functionally

important for interaction of VCP with C3b/C4b, contrary to

its absence in monkeypox virus. Further sequence analysis

comparisons and experimental mutational analysis are

needed to elucidate the exact functional role of individual

amino acids and their combinations in different SCRs of

poxvirus complement regulators.

4.2. Possible origin of poxvirus complement regulators

While VCP, SPICE, and IMP showed resemblance to the

functional N-terminal repeats of human complement regu-

lators, these viral proteins were much more similar in their

protein sequence to one another than to any human

complement regulators analyzed. These results are in

agreement with those from a previous study (Kotwal et

al., 1998a,b) that showed a separation between sequences of

orthopoxvirus complement regulators and mammalian

C4bpa proteins on phylogenetic trees from the entire

sequences that were not divided into individual SCRs. The

phylogenetic trees inferred in the present study show in

detail that sequences of each short consensus repeat of

poxvirus complement regulators are phylogenetically dis-

tinct and form a separate clade on the tree. This suggests that

the viral complement regulators VCP, SPICE, and IMP

likely had a single ancestor, in agreement with the

hypothesis proposed by Kotwal et al. (1998a,b). Therefore,

any changes in the poxvirus complement regulators since

their divergence from that ancestor represent new mutations.

A striking example of such mutations can be found in

SPICE. SPICE is a variola major virus protein that is nearly

100-fold more potent than VCP in inactivating human C3b

and 6-fold more potent in inactivating C4b (Rosengard et
al., 2002). Phylogenetic tree analysis showed that not only

were SPICE and VCP much more similar to one another

than to human complement regulators, but also that none of

the SCRs 1–4 of SPICE were closer to the ancestral node of

viral proteins VCP, SPICE, and IMP than any of the repeats

of VCP. One can conclude that SPICE was able to greatly

enhance its ability to regulate human complement by

acquiring new mutations after the precursor gene of viral

complement regulators was introduced into poxviruses.

The evolutionary origin of poxvirus RCA proteins VCP,

SPICE, and IMP can be explained under different scenarios.

One possibility is that the ancestor of the present ortho-

poxvirus complement regulators was acquired a very long

time ago in evolutionary history, possibly even prior to the

duplication and split between C4bpa and factor H (Krushkal

et al., 2000). This explanation would be consistent with an

observation that VCP, SPICE, and IMP each have four

SCRs, similar to an N-terminal four-SCR stretch conserved

in C4bpa, MCP, and CR1. However, a second, more

plausible explanation consistent with the results of phylo-

genetic inference is that orthopoxviruses originally acquired

the ancestral viral complement regulator from a species

highly divergent from humans. This scenario is in agree-

ment with the close relationship among sequences of

different orthopoxviruses. In the present study, we observed

a low degree of divergence among complement regulator

sequences from vaccinia, variola, and cowpox viruses. In

addition, a recent detailed study of many poxvirus genomes

(Gubser et al., 2004) confirmed a low degree of divergence

among genome sequences of orthopoxviruses, which may

be explained by the recent split among their lineages.

Therefore, it is more likely that the common precursor of the

VCP, SPICE, and IMP genes was acquired by orthopoxvi-

ruses from a species distant from human. This hypothesis is

consistent with the acquisition by poxviruses of many other

immune modulator genes (McFadden and Murphy, 2000).

The answer to which host cellular gene gave rise to poxvirus

complement regulator genes will likely come from compar-

isons of complement regulator sequences of multiple

poxvirus species, which are now becoming available as a

result of sequencing projects (McFadden, 2005), and of

multiple genes from a large range of their hosts. In

summary, poxviruses seem to have adapted remarkably to

protect themselves against the host complement system by

incorporating genes for complement regulation in their

genomes and by further modifying them through the

mutation process, resulting in protein products highly

efficient in the regulation of the host complement.
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