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Abstract
Although smallpox was eradicated as a global illness more than 30 years ago, variola virus and other
related pathogenic poxviruses, such as monkeypox, remain potential bioterrorist weapons or could
re-emerge as natural infections. Poxviruses express virulence factors that down-modulate the host’s
immune system. We previously compared functional profiles of the poxviral complement inhibitors
of smallpox, vaccinia, and monkeypox known as SPICE, VCP (or VICE), and MOPICE, respectively.
SPICE was the most potent regulator of human complement and attached to cells via
glycosaminoglycans. The major goals of the present study were to further characterize the
complement regulatory and heparin binding sites of SPICE and to evaluate a mAb that abrogates its
function. Using substitution mutagenesis, we established that (1) elimination of the three heparin
binding sites severely decreases but does not eliminate glycosaminoglycan binding, (2) there is a
hierarchy of activity for heparin binding among the three sites, and (3) complement regulatory sites
overlap with each of the three heparin binding motifs. By creating chimeras with interchanges of
SPICE and VCP residues, a combination of two SPICE amino acids (H77 plus K120) enhances VCP
activity ~200-fold. Also, SPICE residue L131 is critical for both complement regulatory function
and accounts for the electrophoretic differences between SPICE and VCP. An evolutionary history
for these structure-function adaptations of SPICE is proposed. Finally, we identified and
characterized a mAb that inhibits the complement regulatory activity of SPICE, MOPICE, and VCP
and thus could be used as a therapeutic agent.

Many authorities suggest that smallpox and the emerging natural infection of monkeypox
represent two of the most important agents that could be used in a bioterrorist attack (1–4). For
example, smallpox produced as a stable aerosol has high infectivity and mortality. Given that
~80% of the population no longer has immunity to variola, mathematical models of smallpox
attack scenarios estimate ~55,000 deaths in the context with a high-impact airport exposure
(5). Furthermore, even if given preventatively, the current smallpox vaccine can produce life-
threatening complications (6). The epidemic of monkeypox that occurred in the United States
in 2003 (7) caused great concern and may have been larger than previously realized with a
possible spread to rodents (8). The monkeypox virus that caused this infection was, fortunately,
a less virulent strain (from West Africa) that did not contain the complement inhibitor (9,10).
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New threats have also arisen regarding other poxviruses such as those infecting sheep and goats
that could be used in economic bioterrorism (11). Our studies are part of the national biomedical
research agenda, Project BioShield, which aims not only to enhance our understanding of the
pathogenesis of poxviral and other potentially emerging infections but also to develop
improved diagnostics/therapeutics (2,12).

Poxviruses target the complement system by expressing virulence factors called poxviral
inhibitors of complement enzymes, or PICES3 (13–19). The complement system has the
capability to recognize, bind, and lyse pathogens including viruses and virally infected cells.
The concomitant release of anaphylatoxins activates immune cells. The generation of opsonins
coats Ags for their subsequent phagocytosis and for their presentation to the adaptive immune
system. The PICES likely were highjacked from a mammalian source and then employed to
down-modulate the host’s complement system (20–22).

Variola virus, the causative agent of smallpox, encodes a secreted complement regulatory
protein called SPICE (19). The vaccine strain (vaccinia), encodes vaccinia complement protein
(VCP) (23,24). For monkeypox, two strains have been identified in which a major difference
is the presence or absence of the complement regulatory protein MOPICE (9,10). The less
virulent strain from West Africa does not contain the gene for MOPICE, whereas the more
virulent strain from the Congo basin (Central Africa) expresses MOPICE (9,10). That PICES
serve as virulence factors is further evidenced by studies demonstrating that vaccinia virus
mutants not expressing VCP are attenuated in vivo (25) and that surviving ectromelia virus
infection (mousepox) requires the complement system (26).

SPICE and VCP are secreted proteins consisting of 244 aa with only 11 differences between
them (Fig. 1). These residues are functionally important, however, since SPICE is ~100-fold
more potent than VCP in regulating C3b and 4- to 6-fold more efficient at inactivating C4b
(13,18,19,27). SPICE and VCP inhibit the complement system analogous to the host’s own
regulators via cofactor activity and decay-accelerating activity. Cofactor activity (CA) refers
to the limited proteolytic degradation of C3b and C4b that requires a cofactor protein working
in concert with the plasma serine protease factor I. Decay-accelerating activity (DAA) refers
to the ability to dissociate the catalytic serine protease domain from the C3- and C5-activating
enzyme complexes known as convertases. Thus, PICES function similarly to human
complement regulatory proteins and indeed are 30 – 40% identical to their human counterparts
(15,16,20,28). Each possesses four complement control repeats (CCPs), as does membrane
cofactor protein (MCP; CD46) and decay-accelerating factor (DAF; CD55) (29,30).

Poxviral and human regulators also contain putative motifs for binding to glycosaminoglycans
(GAGs), such as heparin and related sulfated molecules (31–33). SPICE binds to heparin
similarly to VCP and MOPICE, but with a higher affinity than human complement regulator
factor H (13). SPICE binds to multiple cell types via heparin and related sulfated GAGs and
inhibits complement regulation similarly to related host regulators (34). Heparin binding is
likely an important functional feature by providing a means for a secreted regulator to anchor
to host cells, viruses, or virally infected cells where it can then down-regulate complement
(33,35).

3Abbreviations used in this paper: PICES, poxviral inhibitors of complement enzymes; CA, cofactor activity; CCP, complement control
protein; CHO, Chinese hamster ovary (cells); DAA, decay-accelerating activity; DAF, decay-accelerating factor; GAG,
glycosaminoglycan; MCP, membrane cofactor protein (CD46); MOPICE, monkeypox inhibitor of complement enzymes; SPICE,
smallpox inhibitor of complement enzymes; VICE, vaccinia inhibitor of complement enzymes; VIG, Vaccinia Immune Globulin; VCP,
vaccinia complement control protein.
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Our overall goals are to better understand the virulence factors that underlie poxviral
pathogenesis. Herein, we further characterize the heparin binding and complement regulatory
sites of SPICE and evaluate a function-blocking mAb to SPICE with therapeutic potential.

Materials and Methods
Molecular engineering and expression of SPICE, VCP, chimeras, and mutants

As previously described, the gene for VCP was amplified by PCR using genomic DNA from
vaccinia virus (Western Reserve) and cloned into the plasmid pSG5 (Stratagene) (13). SPICE
was constructed from VCP by mutation of the 11 aa using nine primers (Integrated DNA
Technologies) and the QuikChange Multi Site-Directed Mutagenesis kit (Stratagene).

Point mutations in SPICE were produced utilizing the QuikChange Site-Directed Mutagenesis
kit (Stratagene). The fidelity of clones was verified by DNA sequencing. Proteins were
expressed transiently in either Chinese hamster ovary (CHO) cells using Fugene-6 (Roche
Molecular Biochemicals) or 293T cells using Lipofectamine (Invitrogen). To disrupt the three
putative heparin binding sites in CCP1, the first and third amino acids of the heparin binding
sites (see Figs. 1 and 2A) were changed to alanine.

ELISA for poxviral complement inhibitors
Poxviral proteins were quantitated by ELISA (13). Briefly, the capture mAb, 5A10 (13) or
mAb KL5.1 (see below) (36), was coated (5 μg/ml) on the plate overnight at 4°C and then
blocked for 1 h at 37°C (1% BSA and 0.1% Tween 20 in PBS). Samples and standards (VCP)
(13) were incubated for 1 h at 37°C and then washed with PBS containing 0.05% Tween 20.
Next, a rabbit anti-VCP antiserum that cross-reacts with SPICE (13) was applied for 1 h at 37°
C. After washing, HRP-coupled donkey anti-rabbit IgG (Jackson ImmunoResearch
Laboratories) was added and incubated for 1 h at 37°C. After washing, 3,3′,5,5′-
tetramethylbenzidine substrate (Pierce Biotechnology) was added and absorbance (630 nm)
measured in an ELISA reader.

Functional assessment
Ligand binding, cofactor, and decay-accelerating assays have been described (13). Briefly, for
C3b and C4b binding, an ELISA format was used in which human C3b or C4b (Complement
Technologies) was coated overnight on a well and then blocked (13). Samples diluted in ELISA
buffer (10 mM Tris (pH 7.4), 25 mM NaCl, 0.05% Tween 20, 4% BSA) were incubated for 1
h at 37°C and then washed (10 mM Tris (pH 7.4), 25 mM NaCl, 0.05% Tween 20). Rabbit
anti-VCP antiserum was applied for 1 h at 37°C and then HRP-coupled donkey anti-rabbit IgG
(Jackson ImmunoResearch Laboratories) was added for 1 h at 37°C. After washing, 3,3′,5,5′-
tetramethylbenzidine substrate was added and absorbance (630 nm) measured. Ligand binding
assays were routinely performed on serially diluted samples in three separate experiments.

Cofactor assays utilized biotinylated human C3b or C4b, human factor I (Complement
Technologies), and varying concentrations of the cofactor proteins in a low salt (25 mM NaCl)
buffer (13). Cleavage fragments were analyzed on 10% reducing gels followed by Western
blotting. Detection was with ExtrAvidin peroxidase conjugate (Sigma-Aldrich). Analysis was
performed by densitometric scanning. Assays were performed in duplicate on two to four
separate occasions.

DAAs were performed in microtiter dishes as described (13). Briefly, for classical pathway
convertase assembly, Ab-coated sheep erythrocytes (Complement Technologies) were
incubated with human C1 (Complement Technologies) (1 μg/ml) for 15 min at 30°C and
washed with dextrose gelatin veronal buffer (DGVB2+; Complement Technologies). Human
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C4 (Complement Technologies) (2.2 μg/ml) was added for 15 min at 30°C and erythrocytes
were washed. Human C2 (Complement Technologies) (0.25 μg/ml) was added for 4 min at
room temperature and then the cells were washed. For DAA assessment, 50 μl of inhibitor (30
ng) was added to an equal volume of prepared cells for 10 min at 30°C. For lytic development,
guinea pig serum (0.5 ml) (Colorado Serum Company) diluted 1/20 in 40 mM EDTA-gelatin
veronal buffer for 30 min 37°C was added. Following centrifugation at 2000 × g, the A414 of
the supernatant was determined. Assays were performed at least three times with each condition
in duplicate.

Heparin-affinity chromatography
Heparin binding was assessed by loading serum-free supernatants from transient transfections
of SPICE or its heparin mutants on a 1-ml HiTrap HP heparin column (GE Healthcare)
previously equilibrated with 10 mM phosphate (pH 7.2). The column was washed with 5 ml
of equilibration buffer at a flow rate of 1 ml/min, and bound proteins were eluted with a linear
gradient from 0 to 2 M NaCl. Fractions were assessed using Western blots with a polyclonal
Ab to VCP/SPICE (13).

Generation of murine anti-SPICE hybridoma
Mice were immunized with recombinantly produced VCP (13) (rVCP). A mouse with high
titer Ab was sacrificed for fusion at the Washington University Hybridoma Center. An ELISA
was developed to select function-blocking mAbs based on competitive inhibition of SPICE
binding to human C3b by hybridoma supernatants. In this assay, human C3b-coated plates (5
μg/ml) were blocked (PBS, 0.05% Tween 20, 1.0% BSA for 1 h at 37°C), and rVCP (1500 ng/
ml) added to hybridoma supernatant was mixed and preincubated for 30 min at 37°C in low
salt buffer (10 mM Tris (pH 7.4) and 25 mM NaCl, 0.05% Tween 20, 4% BSA). This mixture
was added to the C3b-coated wells and incubated for 1 h at 37°C. Washes were performed in
low salt buffer (10 mM Tris (pH 7.4), 25 mM NaCl, and 0.05% Tween 20). Detection of binding
was by the addition of 1/5000 dilution of a rabbit polyclonal Ab to VCP (1 h at 37°C) that
cross-reacts with SPICE and MOPICE (13). After washing, a secondary HRP-labeled
secondary Ab was incubated for 1 h at 37°C followed by addition of substrate and measurement
of absorbance. Loss of binding was taken as an indication of the presence of a function-blocking
mAb. One hybridoma, KL5.1, was isolated and subcloned. Ascites fluid was prepared and the
mAb was purified (performed at Harlan Laboratories). The studies employing animals
complied with all required federal guidelines and institutional practices.

Vaccinia immune globulin
Reference Vaccinia Immune Globulin (VIGIV; lot 1) was obtained from the Standard and
Testing Section of Center for Biologics Evaluation and Research/Food and Drug
Administration courtesy of Dr. C. Anderson (Food and Drug Administration, Department of
Health and Human Services). Control IgG was obtained from the serum of unvaccinated
individuals via purification over protein A affinity media (GE Healthcare) per the
manufacturer’s directions.

Results
Hierarchy of activity of heparin binding sites

To examine the influence of three putative heparin binding sites in SPICE that are also common
to other PICES, we altered each in SPICE to create mutant proteins HS1, HS2, and HS3 (Figs.
1 and 2A). We also produced a construct that eliminated all three sites (HS1-2-3). These proteins
were transiently expressed in CHO or 293T cells and supernatants chromatographed over a
heparin column. Proteins were eluted by increasing the salt concentration, and fractions were
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monitored via Western blotting. As compared with SPICE, mutation of each site reduced
binding to heparin (Fig. 3A and Table I) and mutation of all three sites (HS1-2-3) severely
reduced heparin binding (Fig. 3A and Table I). Mutation of the second site decreased heparin
binding the most (Table I, 328 ± 3 mM sodium chloride peak monomer elution) as compared
with the other two mutants. These results establish a hierarchy of activity for the three sites,
with the second site being the most important for heparin interactions. They further demonstrate
that some heparin binding is retained, despite mutation of the three sites, suggesting that overall
positive charge may be involved.

Heparin sites impact complement regulation
We next assessed if altering heparin binding sites modulated the complement inhibitory profile
of SPICE. CCP1 of SPICE and VCP have identical amino acid sequences. Previous studies
have implicated CCP1 in complement inhibition (32,33,37,38) and residues K12, K14, K41,
K43, K64, R65, and R66 as being important for C3b/C4b interactions (33,39) As shown in Fig.
3B–D and summarized in Table I, each of the heparin mutants had a reduced functional
repertoire of ligand binding and/or CA. The mutant lacking all three sites failed to bind either
C3b or C4b and lacked CA. Mutants HS1, HS2, and HS3 lost ~50% of their C3b CA. Mutants
HS1 and HS3 showed decreased binding to C3b. Additionally, the HS1 mutation also showed
diminished C4b binding and C4b CA (Table I, 46 ± 2% and 48 ± 3%, respectively). These data
demonstrate that all three heparin binding sites overlap complement regulatory sites. Although
in many cases ligand binding and CA parallel one another, several studies of human regulators
have identified mutants in which binding and CA are separable functions (40,41).

SPICE functional sites in CCP2
While there are only 11 aa that differ between SPICE and VCP, SPICE possesses 100- to 1000-
fold enhanced regulatory activity (13,19,27,39). We assessed a SPICE peptide (aa 93–105) in
CCP2 that has 69% homology to a functionally important site of the human regulator MCP
(40) (Fig. 4). Indeed, one stretch of the SPICE peptide (aa 93–102) is 90% identical to the
corresponding aa of MCP. Moreover, the amino acid number positions of the peptides in this
region are identical in the mature proteins of SPICE and MCP. An ELISA was utilized in which
the SPICE peptide was attached to microtiter wells. C3b bound to the SPICE peptide, while
C4b binding was minimal (Fig. 4). This result establishes that this MCP-homologous peptide
in SPICE is a key region for C3b binding.

Since this same region bears 3 of the 11 aa differences between SPICE and VCP, point
mutations of these 3 aa were next evaluated. Each was mutated to an alanine (Y98A, Y103A,
and K108A) (see Figs. 1 and 2B). Following expression in CHO cells and quantitation, the
mutants were functionally evaluated (Table II). Mutant Y98A had decreased C4b binding, C4b
CA, and classical pathway DAA, but was equivalent to wild type relative to its C3 interactions.
On the other hand, Y103A lost 90% of its C3b CA and DAA, while maintaining wild-type
activity for C3b and C4b binding and for C4b CA. Surprisingly, K108A mutant had increased
C3b and C4b binding and DAA for the classical pathway. These mutants again support the
concept of ligand binding, CA, and DAA as being distinct and separable regulatory activities
and further establish this peptide in SPICE as being involved in these functions.

Two SPICE amino acids substituted into VCP CCP2 enhance regulation of human
complement

As noted, SPICE differs from VCP by 11 aa. We constructed SPICE by stepwise substitution
of two to three residues at a time into VCP. As a result, chimeric constructs were developed
bearing combinations of SPICE residues onto the backbone of VCP. The chimeras were
transfected into CHO cells, and the supernatant was quantified and functionally evaluated. As
described below, one chimeric construct in CCP2, with only two SPICE amino acids (VCP
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Q77H-E120K), was particularly informative relative to SPICE structure and function (Figs.
2C and 5).

C3b and C4b binding—As expected, SPICE bound C3b ~60-fold more efficiently than
VCP (Fig. 5A) (13,19,27,39). Unexpectedly, this chimeric mutant bearing only 2 of the 11
residues of SPICE enhanced C3b binding capability of VCP ~30-fold (Fig. 5A). This finding
is consistent with a previous report that single amino acid substitutions into VCP of these
residues (VCP-Q77H or VCP-E120K) augmented complement regulatory activity (27).

C4b binding by SPICE, VCP, and this mutant were also assessed by ELISA (Fig. 5B). In
contrast to C3b binding, SPICE bound human C4b 4-fold more efficiently than VCP, consistent
with previous results (13,18,19,27,39). Again, the functional profile of the chimeric construct
was more similar to SPICE, showing ~4-fold enhanced activity over VCP. These ligand binding
results suggest that evolutionary forces impacting SPICE, compared with VCP, primarily
created a more efficient interaction with human C3b. These results also reinforce the key role
of CCP2 in C3b binding.

CA for C3b and C4b—We next assessed C3b and C4b CA of this mutant (Table III). Similar
to our previous data, SPICE was ~400-fold more potent as a cofactor for C3b than was VCP
(13). Consistent with the C3b binding data, the chimera showed ~200-fold increased activity
over parental VCP, indicating again the key role of these two amino acids in CCP2 for
enhancing SPICE regulatory activity for C3b. These data agree with and extend the
observations of Sfyroera et al. (27) and Yadav et al. (39), who individually added these SPICE
residues to VCP and both mutants enhanced C3b binding and decreased C3b deposition in
ELISA-based assays. These data again illustrate that ligand binding and CA are separable
functions. Also, despite only a 4-fold increase in C4b binding (Fig. 5B), C4b CA was enhanced
~200-fold. Overall, these results point to an increase in CA as being key to the increased
virulence of SPICE vs VCP for regulating human complement.

DAA for the classical pathway—Consistent with the more SPICE-like activity seen for
both binding and cofactor assays, DAA (Table III) for the C3 convertase of the classical
pathway was also enhanced. The two SPICE amino acids demonstrated ~5-fold greater activity
relative to VCP and approached wild-type SPICE activity. These data suggest that the two
SPICE amino acids share overlapping regulatory activity.

Electrophoretic mobility of VCP and SPICE influenced by amino acid residue 131
Although VCP and SPICE each contain 244 residues with a similar mass (VCP molecular mass
26,745 Da; SPICE molecular mass 26,863 Da), SPICE migrates with a faster Mr on gels
(nonreducing SDS-PAGE) (13,19). Both monomers and dimers show this pattern (13). In the
process of constructing SPICE from VCP, we noted that SPICE-VCP chimeras with the VCP
residue at 131 (serine) migrated with a Mr similar to VCP, while those containing the SPICE
residue (leucine) migrated with a Mr similar to SPICE (not shown). Consequently, we
substituted the VCP residue into SPICE (mutant SPICE L131S, Fig. 2C). Western blot analysis
of the transfectant media revealed that monomers or dimers of SPICE L131S now migrated
with a Mr similar to VCP (Fig. 6A). Thus, the serine to leucine change at residue 131 is
responsible for the Mr difference between these two proteins.

We next assessed the functional impact of this mutation (Fig. 6, B and C). SPICE L131S
demonstrated a specific loss (~90%) of C3b CA (Fig. 6, B and C). In contrast, it retained an
activity profile similar to wild-type SPICE with respect to C3b and C4b binding, C4b CA, and
classical pathway DAA (Fig. 6C). We conclude that the SPICE residue L131 produces a
conformational change that specifically enhances CA against human C3b. This is consistent
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with the greater CA of SPICE as compared with VCP (13, 19, 27, 39) and that single amino
acids can modulate distinct complement inhibitory activities (Table II). Thus, alteration of a
single amino acid in SPICE nearly abrogates its ability to serve as an efficient cofactor while
not interfering with its binding to C3b. This finding suggests that L131 in SPICE is a site for
interaction with factor I.

mAb to SPICE blocks regulatory activity
In addition to further defining the active sites in SPICE, we desired to develop mAbs that block
SPICE activity. To obtain a function-blocking mAb, we employed an ELISA to select
hybridoma supernatants that could competitively inhibit SPICE binding to human C3b (see
Materials and Methods). We cloned a mAb KL5.1 that bound SPICE, MOPICE, and VCP
equivalently across a range of dilutions (Fig. 7A). Additionally, the Ab bound similarly if the
poxviral protein was produced in mammalian, yeast, or an Escherichia coli expression system
(Fig. 7A and not shown).

We evaluated the ability of mAb KL5.1 to inhibit DAA of SPICE and VCP (MOPICE lacks
this function) (13). KL5.1 inhibited DAA of SPICE and VCP in a dose-dependent manner (Fig.
7, B and C). We next determined if the mAb could block cofactor function of SPICE, VCP,
and MOPICE. In C3b and C4b cofactor assays, mAb KL5.1 blocked cleavage mediated by
each of the three PICES (Fig. 8). Thus, mAb KL5.1 inhibits both CA and DAA.

We subsequently successfully employed KL5.1 as a capture mAb for quantification by ELISA
and as a detection mAb in Western blots (not shown). The former allowed a detection range
from 0.1 to 2 ng/ml for VCP and SPICE (not shown). In Western blotting analysis, the mAb
reacted with the three PICES and mutants, except for the HS3 and HS1-2-3 mutants, suggesting
that HS3 (K64-R65-R66) comprises part of the epitope for the mAb. Since this mAb was
selected based on blocking of C3b binding to PICES, its ability to inhibit function thus is
consistent with the selection strategy. Furthermore, these data indicate a contribution to C3b
and C4b binding by the peptide in HS3 (K64-R65-R66), a linker area connecting CCPs 1 and
2.

Since this function-blocking mAb to SPICE was generated in mice, we next asked if the human
immune response that arises from smallpox vaccination generates Abs that bind to SPICE and
inhibit SPICE binding to C3b and C4b. We utilized the Vaccinia Immune Globulin (VIG)
produced for the Centers for Disease Control to support treatment of adverse events resulting
from smallpox vaccination (42). SPICE (as well as VCP and MOPICE) were coated on
microtiter wells and binding by VIG or nonimmune control IgG was assessed. VIG, but not
control IgG, bound to all PICES in a dose-dependent fashion (Fig. 9A). This demonstrates the
presence of reactive Abs not only to SPICE and VCP, but also a population of cross-reacting
Abs to the monkeypox complement inhibitor. Next, a competitive inhibition assay was
performed in an ELISA format in which SPICE was preincubated with VIG dilutions before
addition to C3b- or C4b-coated wells (Fig. 9B). VIG, but not the IgG control, inhibited the
binding by SPICE to both C3b and C4b in a dose-dependent manner. Thus, smallpox
vaccination produces Abs that bind to SPICE and block interaction of SPICE with C3b and
C4b.

Discussion
The present study represents a continuation of our investigations into the structure-function
relationships of SPICE (13,34). In this report we focus on heparin binding sites, amino acid
substitutions that alter biologic activity, and a mAb that abrogates regulatory function.
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Heparin binding sites
The binding to heparin and related GAGs by SPICE is a functional attribute that provides a
mechanism for a secreted virulence factor to anchor to host tissues, the microbe itself, and
infected cells (35). This scenario is analogous to that of factor H, a major regulator of the
alternative pathway (reviewed in Ref. 43). Heparin binding allows factor H to modulate
complement activation at sites of tissue damage and SPICE to inhibit complement activation
at sites of infection (43).

Our studies point out that all three heparin binding sites in CCP1of SPICE impact its ability
to attach to GAGs. Their elimination reduced, but did not abrogate, the ability of SPICE to
bind to heparin. This suggests that the overall positive charge may be involved in SPICE
binding to heparin or that there are other unidentified binding sites. Furthermore, there may be
other mechanisms by which PICES bind to cells. For example, Girgis et al. demonstrated that
VCP may covalently interact via disulfide bond formation with viral membrane protein A56
to attach to the surfaces of infected cells (44).

The crystal structure and models of SPICE’s homolog in vaccinia, VCP, indicates that it is an
extended molecule that binds heparin via clusters of positive charges (27,32,33,45,46). The
amino acid sequence of VCP predicts four putative heparin binding sites with the motif K/R-
X-K/R (31). Three of these heparin binding sites are located in CCP1 of SPICE, VCP (Fig.
10A), and other PICES (13,31). Additionally, the overall positive charge of VCP could
contribute to heparin binding (31). Only two of these motifs, one in CCP4 (see Fig. 1) and a
second in the linker between CCP1 and 2 (K64-R65-R66), were considered likely heparin
binding sites (32). The crystallographic structure of VCP complexed with heparin suggested
that only the CCP4 site bound heparin (33). SPICE and VCP have the identical putative heparin
binding sequences in CCP1, as does MOPICE, the monkeypox homolog. However, SPICE
and MOPICE do not have this site in CCP4, yet in our studies, VCP, SPICE, and MOPICE
bound nearly equivalently to heparin (13). Taken together, these results suggest that the GAG
binding site in CCP4 is unlikely to be the only one utilized.

The heparin binding and complement regulatory sites of SPICE appear to overlap. These data
are consistent with structural studies of VCP in complex with heparin (33) and overlapping
sites in human regulators (32,40,43,47–49). Mutation of each heparin binding site decreased
C3b CA to ~50% of the activity of parental SPICE. Likewise, alteration of the first heparin
binding site reduced C4b binding and CA by ~50%. Complement binding and heparin binding
sites also overlap in the plasma complement regulator, factor H. For example, in factor H CCP7
and the most carboxyl-terminal domain, CCP20, appear to carry heparin and C3d binding sites
(43,49). These data relate to clinical issues since polymorphisms of the heparin/C3b/C3d
binding sites of factor H are associated with age-related macular degeneration (50–52) and
with atypical hemolytic uremic syndrome (50,53–55).

Two amino acid changes in VCP create SPICE-like activity
SPICE inactivates human complement more efficiently than does VCP or MOPICE (13,18,
19,27). Substitutions of two amino acids of SPICE (H77 and K120) were sufficient to convert
VCP to SPICE-like inhibitory activity for human complement. This chimeric VCP construct
substituted with only two SPICE amino acids enhanced the C3b and C4b CA of VCP ~200-
fold. This finding is consistent with that of Sfyroera et al., who constructed two separate point
mutations (VCP-Q77H and VCP-E120K) and each enhanced C3b binding and alternative
pathway inhibition (27). Also, our prior studies on the corresponding amino acids in MCP
(K119) and in CR1 (K1016), located in homologous positions to SPICE (K120), demonstrated
the importance of this charged residue for C3b/C4b binding and/or CA (40,46). Because VCP
substituted with 77H and 120K enhanced C3b binding by ~30-fold, but demonstrated a 200-
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fold increase in CA, one or both of these amino acids likely comprise part of a site for an
interaction with factor I. These two residues lie on the surface of the molecule in close proximity
(Fig. 10B).

Homologous peptide in SPICE and MCP
A peptide in SPICE CCP2 is highly homologous to MCP with 7 identical amino acids from
position 96 to 102 and 9 of 10 identical amino acids from position 93 to 102 (Fig. 4). In MCP,
this is a site for C4b regulation as well as measles virus binding (40,56). In SPICE this peptide
houses 3 of the 11 aa differences compared with VCP (Y98, Y103, and K108). These three
residues lie on the same face of VCP (Fig. 10C). An alanine substitution indicated that Y98A
primarily altered C4b interactions and that Y103A impacted predominantly C3b CA.
Surprisingly, K108A showed a gain of function for ligand binding and DAA. This finding,
however, is consistent with those of Sfyroera et al. (27) and Yadav et al. (39), who both showed
that VCP substituted with the corresponding SPICE amino acid at this residue (VCP-E108K)
enhanced regulatory activity. These data also emphasize the critical role played by this peptide
in mediating regulatory activity. Furthermore, unaltered C3b binding, but a loss of C3b CA,
points to this being a site for a factor I interaction. Loss of DAA by this residue (Y103A) also
suggests a role for this site in inhibiting the C3 convertase. Overall, these data further
demonstrate how alteration of a single residue may cause a highly specific change in the
functional repertoire of a complement regulatory protein. Furthermore, these mutants confirm
that ligand binding, CA, and DAA are distinct and separable regulatory activities, a lesson also
learned from human regulators (40,41,57,58).

SPICE residue L131 accounts for its electrophoretic difference with VCP
The importance of individual SPICE residues for structure and function is further illustrated
by SPICE residue L131. Mutation to a serine (homologous amino acid in VCP) changes the
Mr of SPICE to that of VCP and selectively abrogates C3b CA. This alteration in Mr again
demonstrates how a structural alteration in SPICE correlates with an effect on structure and
function. Interestingly, L131 lies in a homologous region in MCP that is functionally important
(40).

A function-blocking anti-SPICE mAb
The strategy of selecting hybridomas that competitively inhibit SPICE binding to human
ligands C3b and C4b led to the identification of mAb KL5.1 that inhibits the complement
regulatory activity of SPICE, VCP, and MOPICE. Its antigenic binding site maps to CCP1 and
is influenced by residues in the third heparin binding motif (K64-R65-R66).

Poxviral complement regulators are attractive targets for therapeutic intervention. VCP inhibits
Ab-dependent, complement-enhanced neutralization of vaccinia virus virions (25). Novel
mAbs to VCP inhibited complement-enhanced neutralization of vaccinia virus virions (59).
Animal studies demonstrate that viruses lacking VCP are attenuated (24,25). Additionally,
mice deficient in complement components (C3, C4, factor B) have increased mortality to
ectromelia infection (26). Coupled with our demonstration of the presence of SPICE function-
blocking Abs in VIG, PICES likely attenuate host complement activation and thus become a
target in the treatment of poxviral infections (59–61). However, other mechanisms likely play
important roles in controlling responses against smallpox. It was recently shown that
unimmunized BALB/c mice depleted of CD4 and CD8 effector T cells did not survive infection
by pathogenic vaccinia virus (62). In contrast, the same dose was sublethal in intact
unimmunized mice. These data demonstrate that antigenic-specific CD4 and CD8 cells
prevented mortality of infected immunized animals, and that T cell immunity was critical for
natural resistance to vaccinia virus in unimmunized animals (62).
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Evolutionary history of PICES
Human disease caused by variola virus has been reported in the human population for >2000
years. New studies suggest an even older origin, possibly stemming from African rodents
16,000–68,000 years ago (63). A proposal for the evolutionary history of SPICE and its
homologous virulence factors are considered below. Initially, a prototype complement
inhibitor, probably consisting of four CCP repeats, was hijacked from a mammalian source
and inserted in the viral genome (20,22,64). Next, structural changes were introduced that
enhanced function in general and for a specific host’s complement system (see below). The
originally captured gene could have encoded a secreted protein, specifically a forerunner of
factor H or C4b binding protein that possessed heparin binding sites. Another possibility is
that an MCP/DAF-like membrane protein, which consisted of four CCP repeats, was captured
and then modified to become a secreted protein. For example, a peptide (residues 93–102) in
SPICE CCP2 bears a strong homology to MCP (90%) (40). A secreted protein has several
advantages over a membrane-bound inhibitor. It, of course, would not require synthesis of a
hydrophobic transmembrane or GPI anchor and would be able to function in solution within
the local infectious environment. Furthermore, a secreted protein with GAG binding ability
could attach to the virus and virally infected cells as well as cells at the local site of infection
to protect them against complement attack. The outcome of this virulence activity profile is a
less efficacious local inflammatory response and reduced destruction of the virus and virally
infected cells; in other words, a means to delay and subvert the innate immune response of the
host.

In addition to possibly being converted to a secreted factor, four types of structural
modifications are hypothesized to have taken place to increase virulence (Fig. 1). The first is
the addition of an “extra” cysteine at the amino terminus and a free cysteine at the carboxyl
terminus in the case of the truncated MOPICE (13,18). This “extra” cysteine allows for 5–25%
of SPICE, VICE (vaccinia inhibitor of complement enzymes), MOPICE, and EMICE to be
secreted as a disulfide-linked homodimer (Ref. 13 and J. P. Atkinson, unpublished
observations). This dimeric protein is 10- to 20-fold more efficient than the monomeric species
at inhibiting complement activation (13). The dimerization advantage also has been utilized
by mammalian complement inhibitors. Thus, DAF-2 is a covalently linked homodimer (albeit
nondisulfide) of DAF-1 (65). The orangutan expresses ~50% of its DAF on erythrocytes as a
covalently linked homodimer (66). Complement receptor type 1 (CR1, CD35) consists of
multiple highly homologous C3b/C4b binding sites, each with complement regulatory activity.
Two such sites, tandemly arranged, are required to efficiently inhibit C5 convertases and are
more efficient at inhibiting C3 convertases (41,67).

A second modification is the introduction of amino acid changes in key peptides housing
complement ligand binding and regulatory sites. These amino acid substitutions increase the
efficiency of, for example, SPICE vs VCP in inhibiting human complement (13,19,27,39).
These studies demonstrate how changing a few amino acids between VCP and SPICE results
in up to a 1000-fold greater activity of SPICE in inhibiting human complement.

Third, there appears to have been a refinement of the heparin (anionic binding sites) of the pox
inhibitors. Particularly striking is the 100% homology of the three heparin interactive sites in
CCP1 of SPICE, VICE, MOPICE, EMICE, and IMP (the cowpox complement inhibitor, CPV-
GRI strain). This implies that the number of sites and their spacing within CCP1 are
evolutionarily conserved to facilitate binding to mammalian GAGs and related structures. The
desired functional outcome is more efficient binding to the virus itself, virally infected cells,
and uninfected host cells.

Fourth, more specific regulatory activity is evolving; namely, more potent CA for C3b and
C4b and DAA for the classical pathway is being enhanced, while DAA for the alternative
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pathway is decreasing (20). This “subspecialization” of inhibitory activity is somewhat
puzzling because of the importance of the alternative pathway and its amplification loop in
innate immunity. However, as demonstrated by human regulators (especially MCP), CA is
capable by itself of inhibiting alternative pathway amplification, independent of DAA (68,
69). Furthermore, CA represents a “permanent fix” (i.e., inactivation of C3b or C4b), while
DAA is only a “temporary fix”. Another issue that could be driving these functional changes
might relate to inhibiting complement activation early in an infection, especially if the host
expresses complement-activating natural Abs or lectins that recognize viral particles (26).

In summary, dimerization, multiple cellular attachment schemes, function-enhancing amino
acid substitutions, and refinement of the heparin binding sites have transformed SPICE into
an exceptionally efficacious inhibitor of the human complement system.
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FIGURE 1.
Amino acid alignment of the four CCP repeats of SPICE and VCP. The 11 aa differences
between the two secreted proteins are indicated. The overlined areas denote the putative heparin
binding sites that consist of three amino acids. SPICE contains three domains (HS1, HS2, HS3),
while VCP adds a fourth (HS4). Amino acid numbering conforms to the mature protein (does
not include signal peptide).
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FIGURE 2.
SPICE mutations evaluated in this report. A, Substitution of an alanine for the first and third
residues of the three amino acid heparin binding sites in CCP1 of SPICE. B, Substitution of
alanines into SPICE at three locations in CCP2, namely, Y98, Y103, and K108. The
corresponding peptide sequence of VCP is also shown (see text). C, SPICE-VCP chimeric
mutants: in the first, SPICE residues 77H and 120K were substituted into VCP (VCP Q77H-
E120K) or VCP residue 131S was substituted into SPICE (SPICE-L131S).
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FIGURE 3.
Functional profile of mutants in heparin binding sites of SPICE. A, SPICE and four heparin
mutants (see Fig. 2) were transiently expressed in 293T cells. Supernatants were
chromatographed over heparin affinity columns, eluted with increasing salt (NaCl)
concentrations, and fractions were monitored in Western blots with a polyclonal Ab to SPICE.
“D” and “M” designations indicate dimer and monomer forms of the proteins. B and C,
Supernatants were assessed for C3b (B) and C4b (C) binding in an ELISA format in which
human C3b or C4b was adsorbed to microtiter plates. SPICE and mutant supernatants were
applied and then detected with a polyclonal Ab. SPICE binding was set at 100%. Data represent
the means ± SEM for three experiments. D, Biotinylated C3b was incubated with human factor
I and supernatants from the transfectants. Methods per Table I.
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FIGURE 4.
Binding by SPICE peptide to C3b and C4b. The peptide is 69% homologous to human
complement regulator MCP. After adsorption of the SPICE peptide to microtiter wells, C3b
or C4b was incubated and binding detected with a goat polyclonal Ab to C3 or C4. Neg, a
peptide to SPICE (aa 107–123) that showed no binding. A representative experiment of three
is shown. Data represent the means ± SEM.
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FIGURE 5.
C3b and C4b binding by a VCP chimeric mutant. A VCP construct carrying two SPICE residues
(VCP Q77H-E120K), as well as SPICE and VCP, were transiently expressed in CHO cells.
Supernatants were quantified and then assessed for ligand binding by ELISA as per Table I.
A, C3b binding and (B) C4b binding. Representative experiment of three. Data represent the
means ± SEM. Also, see Table III.
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FIGURE 6.
SPICE residue L131 influences electrophoretic mobility and function. A, Western blot of
SPICE substituted with a serine residue of VCP (i.e., L131S) and expressed in CHO cells. Ten
percent nonreducing SDS-PAGE of supernatants. SPICE substituted with the single VCP
residue (i.e., L131S) (lane 2) now has an identical Mr to that of VCP. B and C, Functional
analyses of SPICE-L131S. CHO in B represents control CHO media. Assays (as described in
Table I) were performed for CA for C3b (B and C) and C4b (C), ligand binding (C), and classical
pathway decay acceleration for the classical pathway C3 convertase (C). Data in C represent
means ± SEM of three to four experiments.
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FIGURE 7.
mAb KL5.1 binds to SPICE, MOPICE, and VCP and blocks complement regulatory activity.
A, The PICE proteins were adsorbed to a microtiter plate and dilutions of Ab added. Detection
was with an HRP-linked polyclonal anti-mouse gamma globulin. “P” or “E” designations refer
to whether the protein was produced in Pichia pastoris or E. coli expression systems,
respectively. Shown is a representative experiment from three. B, mAb KL5.1 blocks classical
pathway C3 convertase DAA of SPICE. SPICE activity was set at 100%. C, KL5.1 blocks
classical pathway C3 convertase DAA of VCP. Assay conditions as in Table I using 20 ng of
SPICE or 200 ng of VCP. Representative experiments of three for each set of conditions. Data
represent the means ± SEM.
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FIGURE 8.
mAb KL5.1 blocks CA of SPICE, MOPICE, and VCP. Method per Table I and as indicated,
except 30 μg/ml mAb or IgG control was preincubated 20 min before addition of C3b or C4b.
C3b cofactor assays for (A) SPICE, (B) MOPICE, and (C) VCP. The C3b control (no added
cofactor) is shown in the first lane. The α1 cleavage fragment is indicated. D–F, Dose-
dependent blocking of C4b CA by the mAb is shown for SPICE (D), MOPICE (E), and VCP
(F). Concentration (pM) of PICES is indicated. The C4b control (no added cofactor) is shown
in the first lane (D and F).
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FIGURE 9.
Presence of Abs to PICES and function-blocking Abs to SPICE in VIG. A, Recombinant
SPICE, VCP, and MOPICE expressed in E. coli were coated onto microtiter plates (5 μg/ml)
and dilutions of VIG or nonimmune IgG from unvaccinated individuals was assessed for
binding. Detection with HRP-linked donkey anti-globulin. Data represent the means ± SEM
for three experiments. B, SPICE supernatant (10 ng/ml) expressed by CHO cells was
preincubated with varying concentrations of VIG (▲, ●) or control IgG (△, ○) for 30 min at
37°C then incubated on wells coated with C3b (△, ▲) or C4b (○, ●) for 1 h at 37°C. Detection
of SPICE binding was by rabbit Ab and HRP anti-globulin. Percentage inhibition obtained by
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comparing binding to non-IgG control. Representative experiment of three. Data represent the
means ± SEM.
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FIGURE 10.
Modeling of SPICE based on the crystal structure of VCP. A, Three heparin binding sites of
VCP are highlighted in yellow. VCP and SPICE have identical CCP1 sequence. Front and back
views and approximate areas for CCP1–4 are indicated. B, Side view of VCP residues 120 and
77, showing proximity of each. C, Additional mutations of SPICE prepared in this report are
modeled onto VCP (yellow residues) (see Fig. 2 for residues).
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Table III

Cofactor activity and DAA of VCP-SPICE chimera (VCP-77H/120K)a

Protein C3b Cofactor Activity (ng)b C4b Cofactor Activity (ng)b DAA (CP) (% SPICE)c

SPICE 25 ± 4 25 ± 6 100 ± 3

VCP 10,000 ± 100 10,000 ± 110 14 ± 2

VCP Q77H-E120Kd 50 ± 7 50 ± 8 79 ± 8

a
SPICE, VCP, and VCP Q77H-E120K (see Figs. 2C and 5) were expressed in CHO cells. Mean ± SEM of three or four experiments.

b
C3b/C4b cofactor method per Table I, except these data represent nanograms needed to cleave 40–60% of the biotinylated ligand in the presence of

factor I.

c
DAA methods per Table II (% SPICE activity).

d
VCP Q77H-E120K is VCP carrying SPICE residues 77H and 120K.
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