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Variola virus, the causative agent of smallpox, encodes a soluble complement regulator named SPICE.
Previously, SPICE has been shown to be much more potent in inactivating human complement than the
vaccinia virus complement control protein (VCP), although they differ only in 11 amino acid residues. In the
present study, we have expressed SPICE, VCP, and mutants of VCP by substituting each or more of the 11
non-variant VCP residues with the corresponding residue of SPICE to identify hot spots that impart functional
advantage to SPICE over VCP. Our data indicate that (i) SPICE is ~90-fold more potent than VCP in
inactivating human C3b, and the residues Y98, Y103, K108 and K120 are predominantly responsible for its
enhanced activity; (ii) SPICE is 5.4-fold more potent in inactivating human C4b, and residues Y98, Y103, K108,
K120 and L193 mainly dictate this increase; (iii) the classical pathway decay-accelerating activity of activity is
only twofold higher than that of VCP, and the 11 mutations in SPICE do not significantly affect this activity;
(iv) SPICE possesses significantly greater binding ability to human C3b compared to VCP, although its binding
to human C4b is lower than that of VCP; (v) residue N144 is largely responsible for the increased binding of
SPICE to human C3b; and (vi) the human specificity of SPICE is dictated primarily by residues Y98, Y103,
K108, and K120 since these are enough to formulate VCP as potent as SPICE. Together, these results suggest
that principally 4 of the 11 residues that differ between SPICE and VCP partake in its enhanced function

against human complement.

Variola virus, the causative agent of smallpox, continues to
be a cause of concern among virologists, in spite of the suc-
cessful eradication of the disease about 27 years ago (3). This
is primarily due to the looming threat of a reemergence of this
disease owing to the potential usage of variola virus as a bio-
logical weapon (http://www.bt.cdc.gov). Variola virus is a mem-
ber of the poxvirus family and belongs to the genus Orthopox-
viruses (28, 30). It is an exceedingly contagious virus associated
with a high mortality rate, ranging between 20 and 30% (10).
The recent global interest in understanding the variola virus
pathogenesis has increased due to the notable upsurge in ter-
rorism. This has rekindled the variola virus research to be au
fait with the factors influencing its virulence, pathogenesis, and
control (2, 7, 15, 17, 41, 56).

The outcome and severity of viral diseases depends on the
intricate balance and interplay between the host’s immune
response and the viral mechanisms to evade these responses. It
is evident from various studies that viruses, in particular viruses
with large viral genomes such as poxviruses and herpesviruses,
have framed diverse mechanisms to mask themselves from the
host’s immune assault; these mechanisms include humoral,
cellular, and effector immune responses (9, 11, 23, 35, 46).
Because the complement system is an important humoral ef-
fector mechanism, it has also become a target for immune
evasion by various viruses (8, 16, 29, 32, 51, 54). The different
strategies adapted by viruses to shield themselves from the host
complement system include encoding structural and/or func-
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tional homologs of complement regulators belonging to the
regulators of complement activation (RCA) family, capturing
of host membrane complement regulators, and the usage of
host complement receptors for cellular entry (5, 11, 19, 21, 33).
The RCA family proteins are composed of tandemly repeating
~60-amino-acid modules termed short consensus repeats or
complement control protein (CCP) domains that fold into
compact bead-like structures separated by two- to seven-resi-
due linkers (13, 53, 57). The RCA proteins regulate comple-
ment by two distinct mechanisms: (i) acceleration of irrevers-
ible dissociation of C3 and C5 convertases, which cleave
complement proteins C3 and C5 (termed decay-accelerating
activity), and (ii) inactivation of C3b and C4b, the subunits of
the convertases, by serving as cofactors for serine protease
factor I (termed cofactor activity) (22, 39, 45).

Variola virus is known to encode within its genome a homo-
logue of RCA named SPICE (for smallpox inhibitor of com-
plement enzyme) (43). Like other viral complement regulators,
it is formed by four units of CCP domains joined together by
linkers of four amino acid residues. Interestingly, SPICE dif-
fers from the vaccinia virus complement control protein (VCP)
by only 11 amino acids (27, 49), which are scattered throughout
CCP 2, CCP 3, and CCP 4 domains of the molecule. Despite
the minimum difference between the two proteins, SPICE was
found to be significantly more active than VCP in inactivating
the human complement (43), a finding which is intriguing be-
cause variola virus is much more virulent than vaccinia virus. In
an elegant study, Rosengard et al. (43) demonstrated SPICE to
be 100- and 6-fold more potent, respectively, than VCP in
inactivating human C3b and C4b. The study also demonstrated
that SPICE is more human complement specific than VCP.
Later, Sfyroera et al. (48) showed that SPICE is 75- and 1,000-
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fold more efficient, respectively, than VCP in inhibiting the
classical and alternative pathways of complement. In a recent
study, Liszewski et al. (25) compared the decay-accelerating
activities of SPICE and VCP and demonstrated that SPICE
decays classical pathway (CP) C3 and C5 convertases 5- to
10-fold more efficiently than VCP. These studies suggest that
one or more of the 11 residue variances between the two
proteins, VCP and SPICE, account for the robust activity of
SPICE (33, 43, 48).

Although considerable progress has been made in under-
standing the functional advantage of SPICE over VCP (25, 43,
48), what remained unclear was the contribution of each of the
11 amino acids that differ between SPICE and VCP toward the
higher complement regulatory activities of SPICE. The only
effort made to date in this direction was a study by Sfyroera et
al. (48), who utilized an electrostatic modeling approach to
look into the effect of positive charge on the C3b cofactor
activity of SPICE. These authors predicted and showed that a
two-residue substitution (E108K/E120K) in VCP enhanced its
C3b cofactor activity. However, Sfyroera et al. did not look into
the contributions of other individual residues toward C3b co-
factor activity or the role of any of the 11 residues toward C4b
cofactor activity or decay-accelerating activity. In the present
study, we conducted a systematic analysis of the contribution of
each of the 11 variant amino acids of SPICE toward various
complement regulatory activities. Our results, obtained using
single-point mutants, suggest that Y98, Y103, K108, and K120
significantly augment the C3b cofactor activity of SPICE,
whereas Y98, Y103, K108, K120, and L193 mainly contribute
toward increased C4b cofactor activity. Additional experiments
performed using tetra- and pentamutants of VCP indicated
that the residues Y98, Y103, K108, and K120 are sufficient to
make VCP as potent as SPICE and confer enhanced human
specificity. Unlike the earlier study (25), we failed to observe
any difference in the CP decay-accelerating activity of SPICE
and VCP, and none of the 11 residues affected the decay
activity.

(This study was done by V. N. Yadav in partial fulfillment of
the requirements for a Ph.D. from the University of Pune,
Pune, India, 2007.)

MATERIALS AND METHODS

Purified proteins, reagents, and buffers. The human complement proteins C1,
C4, and C2 were purchased from Calbiochem (Calbiochem, La Jolla, CA) and
human factor T was a generous gift from Michael K. Pangburn (University of
Texas Health Centre at Tyler). Human C3b was generated by limited tryptic
cleavage of human C3 and purified on a Mono Q 5/5 column (Amersham
Pharmacia Biotech, Uppsala, Sweden) (44). Human C4b was obtained from
Calbiochem. The purity of all of the proteins exceeded 95% as judged by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. Anti-
body-coated sheep erythrocytes (EA) were made by incubating the sheep eryth-
rocytes with anti-sheep erythrocyte antibody purchased from ICN Biomedical,
Inc. (Irvine, CA). Gelatin Veronal-buffered saline (GVB) contained 5 mM bar-
bital, 145 mM NaCl, and 0.1% gelatin (pH 7.4). GVBE was GVB with 10 mM
EDTA. Magnesium EGTA contained 0.1 M MgCl, and 0.1 M EGTA. Dextrose
gelatin Veronal-buffered saline (DGVB) contained 2.5 mM barbital, 72.5 mM
NaCl, 0.1% gelatin, and 2.5% dextrose (pH 7.4), and DGVB** was DGVB with
0.5 mM MgCl, and 0.15 mM CaCl,. Phosphate-buffered saline contained 10 mM
sodium phosphate and 145 mM NaCl (pH 7.4).

Molecular engineering of SPICE and the substitution mutants of VCP by
site-directed mutagenesis. The VCP gene (CCPs 1 to 4) was PCR amplified from
the pHIL-S1-VCP clone (44) with the specific primers 5'-GAATTCCATATGT
GCTGTCTATTCCGTCACGACC-3’ (the Ndel site is underlined) and 5'-GG
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GTTCGAAGCGTACACATTTTGGAAGTTCCGG-3' (the HindIII site is un-
derlined) using Proofstart DNA polymerase (Qiagen, Hilden, Germany) and
cloned into the bacterial expression vector pET29 at the Ndel and HindIIT sites.
The PCR-amplified VCP1-4 was also cloned into the pGEM-T Easy vector
(Promega) for use as a template for site-directed mutagenesis. The fidelity of
these clones was confirmed by DNA sequencing using an automated ABI 3730
DNA analyzer.

SPICE and the 11 single-amino-acid substitution mutants of VCP were gen-
erated by introducing mutations in the pPGEMT-VCP clone using the commer-
cially available QuikChange II and QuikChange multi-site-directed mutagenesis
kits (Stratagene, La Jolla, CA) according to the manufacturer’s instructions. The
single-amino-acid substitution mutants were Q77H, H98Y, S103Y, E108K,
E120K, S131L, E144N, D178N, S193L, K214T, and K236Q, wherein the number
denotes the location of the amino acid in the mature VCP protein and the letters
before and after the number represent the amino acid in the VCP and its
corresponding amino acid in SPICE to which it was mutated, respectively. The
tetra- and penta-amino acid substitution mutants of VCP were generated by
changing four (H98Y, S103Y, E108K, and E120K) and five (H98Y, S103Y,
E108K, E120K, and S193L) residues, respectively. After these mutants were
constructed they were validated by automated DNA sequencing and then trans-
formed into Escherichia coli BL21 cells for expression.

Expression, purification, and refolding of SPICE, VCP, and the substitution
mutants of VCP. Expression of SPICE, VCP, and the respective mutants was
performed as described below. Single colonies of bacterial clones expressing
VCP, SPICE, or the mutants were inoculated into 50 ml of Luria-Bertani me-
dium with kanamycin (25 pg/ml, final concentration) and grown overnight at
37°C. Thereafter, 5 ml of the grown culture was inoculated into 500 ml of
Luria-Bertani medium plus kanamycin and grown at 37°C till the optical density
of the culture reached 0.6 at A4y, Induction of the protein was performed by
addition of 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside), and the induced
culture was further grown for 4 h. The cells were then harvested by centrifugation
at 7,000 rpm at 4°C.

For protein purification, the harvested cell pellet was dissolved in 125 ml of
lysis buffer (50 mM Tris [pH 8.0], 5 mM EDTA, 100 mM NaCl, 0.1% NaN3, 0.1
mM phenylmethylsulfonyl fluoride), and the cell suspension was sonicated with
15 pulses of 15 s each. Thereafter, it was treated with 10 mM MgSO, to chelate
EDTA and incubated with 0.1 mg of lysozyme/ml at 37°C for 30 min. The cell
lysate was then centrifuged at 10,000 rpm for 10 min at 4°C, and the pellet
containing the inclusion body was washed twice with the lysis buffer containing
0.5% Triton X-100. The inclusion body obtained as described above was solu-
bilized in 100 mM Tris (pH 8.0), 50 mM glycine, and 8.0 M urea and centrifuged
at 8,000 rpm for 10 min at 4°C. The supernatant thus obtained was loaded onto
nickel nitrilotriacetic acid-agarose column (Qiagen) pre-equilibrated with bind-
ing buffer (100 mM NaH,PO,, 10 mM Tris [pH 8.0], 8.0 M urea), and the column
was washed with binding buffer containing 20 mM imidazole. The bound protein
was eluted in the same buffer containing 200 mM imidazole.

Refolding of the purified proteins was performed by using the rapid dilution
method as previously described (50). The refolded proteins were further purified
by using a Superose-12 gel filtration column (Pharmacia) in phosphate-buffered
saline (pH 7.4) to obtain a monodispersed population of the expressed proteins.
The protein samples obtained after gel filtration were concentrated and sub-
jected to SDS-PAGE and circular dichroism (CD) analysis (18, 50).

Measurement of factor I cofactor activity for human C3b and C4b. Quanti-
tative analyses of factor I cofactor activities of SPICE, VCP, and the mutants
were performed in 10 mM phosphate buffer (pH 7.4) containing 145 mM NaCl
as described previously (4). In brief, 3 pg of human C3b or C4b was mixed with
250 ng of SPICE, VCP, or the mutants and 15 ng of human factor I in a total
volume of 15 pl. The samples were then incubated at 37°C for various time
periods as indicated, and the reactions were stopped by adding the sample buffer
containing dithiothreitol. The cleavage fragments of C3b and C4b were sepa-
rated by subjecting the samples to SDS-PAGE and visualized by staining with
Coomassie blue. For quantitation of «'-chain, the gels were scanned for densi-
tometric analysis by using the VersaDoc XRS system (Bio-Rad, Segrate, Italy).
The data obtained were normalized by considering 100% of the a'-chain to be
equal to the o'-chain intensity obtained in the absence of factor I.

Measurement of the CP for C3 convertase decay-accelerating activity. The CP
decay-accelerating activity of SPICE, VCP, and the mutants was determined by
forming EAC142 as described earlier (31, 38) with minor modifications. In brief,
EAC142 was formed by incubating 100 ul of EA (3.75 X 10°/ml) in DGVB™*+
with 3.8 pg of human C1 for 20 min at 30°C in a total volume of 120 pl. The cells
were then washed with ice-cold DGVB™ ™, resuspended in 225 pl of DGVB™ ™
containing 11 wg of human C4, and incubated for 20 min at 30°C. After incu-
bation, the cells were mixed with 3.8 g of human C2 and further incubated for
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FIG. 1. Space-filling model of SPICE and sequence comparison of SPICE and VCP depicting the 11 mutations in SPICE compared to VCP,
and SDS-PAGE analysis of purified recombinant SPICE, VCP, and various substitution mutants of VCP. (A) Front and back faces of SPICE model
built by utilizing crystal structure of VCP (Ig40) (36) as the template using the program SWISS-MODEL (12, 40, 47). The 11 residues that differ
between SPICE and VCP are labeled and depicted in red. (B) Sequence alignment of VCP and SPICE identifying CCP domains and linkers.
Residues highlighted in red and indicated by asterisks represent those that differ between SPICE and VCP. These residues were mutated in VCP
to generate SPICE, 11 single-amino-acid substitution mutants, and tetra- and pentamutants. (C) SDS-PAGE analysis of purified proteins. Purified
VCP, SPICE, single-point, and tetra- and pentamutants of VCP were analyzed by SDS-12% PAGE under reducing conditions and stained with
Coomassie blue. Molecular weight (MW) was determined by SDS-PAGE: VCP, 29,000; SPICE, 27,000; Q77H, 29,000; H98Y, 28,500; S103Y,
29,000; E108K, 28,500; E120K, 27,500; S131L, 28,000; E144N, 28,000; D178N, 29,000; S193L, 29,000; K214T, 29,000; K236Q, 28,000; tetramutant,
27,500; pentamutant, 27,500. Molecular mass is expressed in kilodaltons in the figure.

4 min at 30°C to form EAC142. The convertase formation was stopped by adding
EDTA to a final concentration of 10 mM, and the cells were adjusted to 0.5 X
10°/ml. To determine the effect of SPICE, VCP, and the mutants on decay of the
CP C3 convertase, various concentrations of each protein were mixed with 10 .l
of EAC142 in a total volume of 25 pl and allowed to decay for 5 min at 22°C. The
reaction mixtures were then mixed with 100 .l of guinea pig serum diluted 1:100
in DGVB containing 40 mM EDTA in a final volume of 250 pl. After incubation
for 30 min at 37°C, the reaction mixtures were centrifuged, and the percentage
of lysis was determined by measuring the absorbance at 405 nM.

SPR measurements. Binding of SPICE, VCP and the substitution mutants of
VCP to human C3b and C4b was determined on the surface plasmon resonance
(SPR)-based biosensor Biacore 2000 (Biacore AB, Uppsala, Sweden). Binding
analyses of all of the proteins were performed in HBS-EP (0.01 M HEPES, 0.15
M NaCl, 50 uM EDTA, 0.05% surfactant P20) at 25°C using an Ni*>*-nitrilotri-
acetic acid (NTA) sensor chip (37). The addition of 0.05% P-20 blocked the
nonspecific adsorption of analytes to the sensor chips (4). An NTA chip was
coated with nickel by injecting 40 pl of 500 wM NiCl, at a flow rate of 20 wl/min.
SPICE, VCP, and the mutants containing a C-terminal His, tag were then
immobilized (approximately 500 response units [RU]) on the test flow cells
(FC-2, FC-3, and FC-4), and the control flow cell was formed by immobilizing the
equivalent RU of an inactive Kaposica mutant. To measure the binding of C3b
and C4b to the immobilized ligands, 1 M C3b or 250 nM C4b was injected for
180 s at 10 pl/min, and the dissociation was measured for 180 s. The sensor chip
was regenerated by brief pulses of 0.2 M sodium carbonate (pH 9.5) and regen-
eration buffer (0.01 M HEPES, 0.15 M NaCl, 0.35 M EDTA, 0.005% surfactant
P20). Sensograms obtained for the control flow cell (FC-1) were subtracted from
the data for the flow cell immobilized with test ligands to obtain the specific
binding response.

Measurement of inhibition of human and dog complement. Inhibition of
human and dog complement by SPICE, VCP, and tetra- and pentamutants of
VCP was studied by measuring their effect on the alternative-pathway-mediated

lysis of rabbit erythrocytes (32, 44). Briefly, 10 ul of rabbit erythrocytes (10%/ml)
in GVB was mixed with increasing concentrations of the viral regulators in the
presence of 5 ul of 0.1 M magnesium EGTA and 6 pl of human or 4.5 pl of dog
sera. The final volume of the reaction mixture was brought to 100 wl by adding
GVB. The reaction mixtures were then incubated for 20 min at 37°C, stopped by
adding 200 pl of GVBE, and centrifuged. The absorbance of the supernatants
was measured at 405 nm to determine the percentage of lysis. The data obtained
were normalized by considering lysis in the absence of the regulators as 100%
lysis. The data were fit by using nonlinear regression analysis (Grafit; Erithacus
Software, London, United Kingdom), and a four-parameter logistic analysis was
performed to identify the best-fit 50% inhibitory concentration value (ICs).

RESULTS

Cloning, expression, purification, and characterization of
recombinant SPICE, VCP and the substitution mutants of
VCP. Both SPICE and VCP are soluble proteins composed
entirely of four CCP domains without any membrane attach-
ments sites. Therefore, we expressed these proteins as soluble
proteins and not as membrane bound proteins as described
earlier for VCP (42). SPICE was generated by molecular en-
gineering using VCP as a template, while the 11 single-amino-
acid substitution mutants of VCP were generated by mutating
the individual residues that differ between VCP and SPICE
(Fig. 1). The tetra- and pentamutants of VCP were generated
by mutating the HI8Y, S103Y, E108K, and E120K residues
and the HI98Y, S103Y, E108K, E120K, and S193L residues,
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FIG. 2. Time course analysis of factor I cofactor activity of SPICE, VCP, and the single-amino-acid substitution mutants of VCP for human
complement protein C3b. Cofactor activity was determined by incubating human C3b with VCP, SPICE, or the mutants in the presence or absence
of human factor I. The reactions were stopped after the indicated time periods by adding sample buffer containing dithiothreitol, and C3b cleavages
were visualized by subjecting the samples to SDS-PAGE analysis on a 9% gel. During C3b cleavage, the «'-chain was cleaved into N-terminal
68-kDa and C-terminal 46-kDa fragments. The C-terminal fragment is subsequently cleaved into a 43-kDa fragment. Generation of these
fragments indicates the inactivation of C3b. The amount of o’-chain remaining was assessed by measuring its intensity by densitometric analysis

and is represented graphically in the lower panel.

respectively. All of the proteins were expressed in E. coli using
the pET expression system, since it provided a large quantity of
protein for performing multiple assays. The expressed proteins
were purified to homogeneity by histidine affinity chromatog-
raphy and refolded, and homogeneous protein fractions devoid
of aggregates were obtained by loading the samples onto a gel
filtration column. All of the purified recombinant proteins ran
as a single band on SDS-PAGE and were estimated to be
>95% pure (Fig. 1). SPICE, E120K, and the tetra- and pen-
tamutants migrated slightly faster than VCP and the other
mutants on the gel. The purified proteins were also validated

for proper refolding by CD analysis. They yielded a typical
peak at 230 nm, which is a characteristic of CCP-containing
proteins (18; data not shown). The CD data, along with the
conservation of CP decay-accelerating activity but selective
gain or loss in cofactor activity (described below) in various
expressed proteins, suggest that these proteins have main-
tained proper conformation.

Characterization of factor I cofactor activity of SPICE, VCP,
and single-amino-acid substitution mutants of VCP for human
C3b and C4b. Earlier reports have demonstrated that SPICE is
~100-fold more potent than VCP in inactivating human C3b
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TABLE 1. Summary of functional activities of SPICE, VCP, and the single-amino-acid substitution mutants of VCP*
Time (min) for . Time (min) for .

Wild type or 50% E:leav)age Relatf{ve C3b 50% E:leav)age Rela'gve Cab CP-DAA ICs, Relative

mutant of human C3b C:cgsitt(;; of human C4b C;;gz:)r (M) CP-DAA
a'-chain a’-chain ¥

VCP 81 1.0 96.6 1.0 0.078 1.0
S131L 162 0.5 135 0.72 0.056 1.4
Q77H 126 0.6 128.4 0.75 0.05 1.6
K236Q 56 1.4 46.6 2.0 0.026 3.0
K214T 54 1.5 44.4 2.2 0.035 22
S193L 49 1.6 28.5 3.4 0.068 1.1
DI178N 44 1.8 60 1.6 0.043 1.8
E144N 34 2.3 160 0.6 0.11 0.7
E108K 26 31 37.5 2.6 0.078 1.0
HI8Y 12 6.7 30 32 0.038 2.0
S103Y 6 13.5 23 42 0.079 0.99
E120K 2.5 324 13 7.5 0.034 23
SPICE 0.9 90 18 5.4 0.039 2.0

“ Relative cofactor activity refers to the relative activity compared to VCP. CP-DAA, CP decay-accelerating activity for human C3 convertase.

(25, 43, 48) and 6-fold more potent in inactivating human C4b
(25, 43) due to its increased factor I cofactor activity. In the
present study, we generated various single-point mutants to
identify the determinant(s) responsible for this increased co-
factor activity. As in the earlier studies, we also used a fluid-
phase assay to characterize the cofactor activities of the various
mutants. Using this assay, human complement protein C3b or
C4b was incubated with equimolar concentrations of SPICE,
VCP, or the mutants and factor I for various time periods, and
the inactivation of C3b and C4b was assessed by quantitating
the cleavage of their a’-chains. Inactivation of C3b was indi-
cated by cleavage of C3b «'-chain into 68- and 46-kDa frag-
ments, whereas inactivation of C4b was indicated by cleavage
of C4b «'-chain into N-terminal 27-kDa, C-terminal 16-kDa,
and central C4d fragments.

The data presented in Fig. 2 clearly show that the C3b
cofactor activity of SPICE was vigorous compared to VCP,
which supported the factor I-mediated cleavage of a’-chain of
C3b at a much slower rate. The time required for 50% cleavage
of a’-chain of C3b by VCP was 81 min, whereas that for SPICE
was 0.9 min, indicating that SPICE is ~90-fold more efficient
cofactor for C3b cleavage than VCP. These data are in line
with those of earlier studies (43, 48). Among the VCP single-
amino-acid substitution mutants, HI8Y, S103Y, E108K, and
E120K exhibited significantly higher cofactor activity for hu-
man C3b than did VCP. The order of activity was E120K >
S103Y > H98Y > E108K (Fig. 2 and Table 1). These results
indicate that the above-mentioned four residues are primarily
responsible for the augmented cofactor activity of SPICE com-
pared to VCP.

The time required for 50% cleavage of o'-chain of human
C3b and the relative cofactor activity of SPICE and the 11
single-amino-acid substitution mutants with respect to VCP
are tabulated in Table 1. It is pertinent from the data that,
apart from the four mutants mentioned above, all of the other
mutants except two demonstrated C3b cofactor activity com-
parable to VCP; S131L and Q77H displayed less C3b cofactor
activity than did VCP (Fig. 1 and Table 1). The C3b cleavage
pattern supported by SPICE, VCP, and the mutants were the
same. All of them supported the cleavage of a’-chain into 68-
and 46-kDa fragments. These cleavages occurred immediately

in the presence of SPICE, E120K, S103Y, H98Y, and E108K,
whereas with VCP and rest of the mutants the cleavages oc-
curred at a much slower rate.

Analysis of factor I cofactor activity of SPICE and VCP for
human C4b showed that SPICE is 5.4-fold more efficient than
VCP in inactivating C4b (Fig. 3 and Table 1), a finding which is in
accordance with the earlier data (43). Further analysis of C4b
cofactor activity of the various mutants showed that HOS8Y,
S103Y, E108K, E120K, and S193L mutations resulted in signifi-
cant increase in activity in comparison to VCP (E120K >
S103Y > S193L > H98Y > E108K), indicating that the increase
in C4b cofactor activity of SPICE in relation to VCP is because
of these mutations. It should be highlighted here that four of
these five mutations also increased the C3b cofactor activity
(Fig. 2 and Table 1). As with the C3b cofactor activity, 3 of the
11 mutations (Q77H, S131L, and E144N) marginally de-
creased the C4b cofactor activity. The cleavage patterns of C4b
supported by SPICE, VCP, and the mutants were similar.

Characterization of CP decay-accelerating activity of
SPICE, VCP, and the single-amino-acid substitution mutants
of VCP. Previously, SPICE has been shown to possess 10-fold-
greater CP decay-accelerating activity than VCP (25). In order
to determine the relative CP decay-accelerating activity of
SPICE and VCP and identify the amino acid residue(s) re-
sponsible for the increased activity of SPICE, if any, we utilized
a hemolytic assay. In this assay, the CP C3 convertase C4b,2a
was formed on sensitized sheep erythrocytes by using purified
human complement components, and then the enzyme was
allowed to decay in the presence of various concentrations of
SPICE, VCP, or the mutant proteins. The activity of the re-
maining C3 convertase enzyme was quantitated by measuring
hemolysis after the addition of EDTA sera (source of C3 to
C9). Surprisingly, we found that SPICE was only twofold more
active than VCP (Fig. 4 and Table 1). Because our results were
not in agreement with the recent study of Liszewski et al. (25),
which reported SPICE to be 10-fold more potent than VCP in
decaying CP C3 convertase, we verified whether this discrep-
ancy was due to minor differences in the hemolytic assays used.
We repeated the CP decay-accelerating activity assay accord-
ing to their protocol but failed to observe the stated 10-fold
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FIG. 3. Time course analysis of factor I cofactor activity of SPICE, VCP, and the single-amino-acid substitution mutants of VCP for human
complement protein C4b. Cofactor activity was determined by incubating human C4b with VCP, SPICE, or the mutants in the presence or absence
of human factor I. The reactions were stopped after the indicated time periods by adding sample buffer containing dithiothreitol, and C4b cleavages
were visualized by subjecting the samples to SDS-PAGE analysis on an 11% gel. During C4b cleavage, the a'-chain is cleaved into N-terminal
27-kDa, C-terminal 16-kDa, and central C4d fragments; generation of these fragments indicates the inactivation of C4b. The amount of a’-chain
left was assessed by measuring its intensity by densitometric analysis and is represented graphically in the lower panel.

difference in activity between VCP and SPICE and consistently
found the same twofold difference observed earlier (data not
shown).

The molar concentrations of single-amino-acid substitution
mutants required for 50% decay of the convertase enzyme are
shown in Table 1. It is evident from the data that none of the
mutants showed considerable increments in the decay of the
CP C3-convertase compared to VCP or SPICE (Fig. 4 and
Table 1). Thus, our results suggest that none of these residues
in SPICE contribute to the decay-accelerating activity of
SPICE.

Binding of SPICE, VCP and the single-amino-acid substi-
tution mutants of VCP to human C3b and C4b. Binding of
complement regulators to C3b and C4b is an indispensable
step for imparting the cofactor and decay-accelerating ac-
tivities; however, higher binding does not always correlate
with higher activity (1, 6, 20, 24, 26, 31, 34, 50). In order to

probe into the correlation between binding and functional
activities, we analyzed the binding of SPICE, VCP, and the
various mutants of VCP by the SPR-based assay using NTA
sensor chip, since all of the proteins have been expressed to
carry a His tag. In this assay, we first captured the His-tag-
containing expressed proteins onto the NTA sensor chip to
about 500 RU. Immobilization at this level provided a stable
baseline. After ligand immobilization, human C3b (1 nM)
or C4b (250 nM) were flown at 10 pl/min over the chip to
measure binding.

The data presented in Fig. SA show that binding response of
SPICE to C3b was 130-fold higher than for VCP. The binding
response of the single-amino-acid substitution mutants to C3b
varied from equal to moderately higher than VCP, except for
one mutant, E144N. The binding response of E144N to C3b
was 108-fold higher than that of VCP, suggesting that Asn at
position 144 in SPICE is primarily responsible for the remark-
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FIG. 4. Analysis of CP C3-convertase decay-accelerating activity of SPICE, VCP, and the single-amino-acid substitution mutants of VCP. The
CP C3 convertase C4b,2a was assembled on EA by sequentially incubating the cells with human C1, C4 and C2 (Calbiochem). The C3 convertase
was allowed to decay by incubating EA-C4b,2a with various concentrations of VCP, SPICE, or the mutants for 5 min at 22°C, and the remaining
enzyme activity was assessed by measuring cell lysis after incubation of the cells with guinea pig sera diluted 1:100 in DGVB containing 40 mM
EDTA for 30 min at 37°C. The data obtained were normalized by setting lysis that occurred in the absence of an inhibitor (VCP or SPICE or the

mutants) as 100% lysis.

ably higher binding of SPICE to C3b. This mutation, however,
did not result in a significant increase in C3b cofactor activity
(Table 1). Mutations that resulted in considerable enhance-
ment in C3b cofactor activity included E120K, S103Y, H98Y,
and E108K. These mutants demonstrated moderately higher
binding response to C3b compared to VCP, suggesting that
increased cofactor activity in these mutants could be in part
due to their increased binding ability to C3b.

The binding response pattern for C4b shown by the proteins
was much different from that for C3b. Interestingly, binding
response of SPICE to C4b was dramatically lower than that of
VCP (Fig. 5B). As a matter of fact, SPICE showed the least
binding to C4b among all of the proteins. The substitution
mutants displayed various degrees of binding to C4b, but the
binding responses of all of the mutants were less than those of
VCP. Thus, it is clear from the data that the binding ability to
C4b does not correlate with the C4b cofactor activity data.
Further, although there were considerable differences in the
C4b binding response of SPICE, VCP, and the mutants, these
differences were not reflected in their CP decay-accelerating
activities.

Characterization of factor I cofactor activities of the tetra-
and pentamutants of VCP and their binding to human C3b
and C4b. The data presented on the C3b and C4b cofactor
activities of the 11 mutants suggest that the residues Y98,
Y103, K108, and K120 are important for C3b inactivation (Fig.
2 and Table 1) and that the residues Y98, Y103, K108, K120,
and L193 are important for C4b inactivation (Fig. 3 and Table
1). Since none of these mutants showed full activity as that of
SPICE, we sought to determine, whether simultaneous muta-
tions of the above four or five residues would result in the
generation of mutants with activity equivalent to that of
SPICE. We thus created a tetramutant (H98Y, S103Y, E108K,
and E120K) and a pentamutant (H98Y, S103Y, E108K,
E120K, and S193L) and assessed their factor I cofactor activ-
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FIG. 5. SPR analysis of SPICE, VCP, and the single-amino-acid
substitution mutants of VCP. (A) Binding of SPICE, VCP, and the
mutants to human C3b. (B) Binding of SPICE, VCP, and the mutants
to human C4b. SPICE, VCP, and the mutants were oriented onto the
NTA sensor chip, and C3b (1 wM) or C4b (250 nM) was flown over the
chip to measure binding.
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FIG. 6. Time course analysis of factor I cofactor activity of SPICE and the tetra- and pentamutants of VCP for human complement proteins
C3b and C4b. The cofactor activity was determined by incubating human C3b or C4b with SPICE, tetramutant (H98Y, S103Y, E108K, and E120K),
or pentamutant (HI8Y, S103Y, E108K, E120K, and S193L) of VCP in the presence or absence of human factor I. The reactions were stopped after
the indicated time periods by adding sample buffer containing dithiothreitol. C3b and C4b cleavages were visualized by subjecting the samples to
SDS-PAGE analysis on 9 and 11% gels, respectively. The amount of o'-chain remaining was assessed by measuring its intensity by densitometric
analysis and is represented graphically. The upper panels show the cleavage of C3b by tetramutant and pentamutant, and the lower panels depict

the cleavage of C4b.

ities against human C3b and C4b. The data depicted in Fig. 6
show that the tetra- and pentamutants are as potent as SPICE
in inactivating C3b and C4b, indicating that just four resi-
dues—Y98, Y103, K108, and K120—are enough to formulate
VCP as potent as SPICE in the inactivation of C3b and C4b,
and the addition of S193L to these mutations does not con-
tribute any additional increase in the cofactor activities.

Next, we analyzed binding of the tetra- and the pentamu-
tants to human C3b and C4b using an SPR assay. The
binding response of these mutants to C3b was much lower
than that of SPICE (Fig. 7A), whereas the response to C4b
was appreciably greater (Fig. 7B). Thus, the binding ability
of these mutants to C3b and C4b did not correlate with their
cofactor activities.

Amino acid variations between SPICE and VCP dictate hu-
man specificity. It has been shown that SPICE is more hu-
man specific than VCP (43). SPICE showed better inhibition
of human complement than did VCP, whereas VCP dem-
onstrated a preference for dog and guinea pig complement
compared to SPICE. We therefore wondered whether the

increase in activity seen in the mutants is by means of the
functional forte provided by the mutations or due to an
increase in the specificity toward human complement. We
determined the inhibitory activities of SPICE, VCP, and the
tetra- and pentamutants toward human and dog comple-
ment by measuring their effects on the alternative pathway-
mediated lysis of rabbit erythrocytes. SPICE showed ~25-
fold more potent activity toward human complement than
did VCP (SPICE, ICs, = 0.23 uM; VCP, IC,, = 5.8 pM)
and, conversely, VCP displayed ~12-fold more activity
against dog complement (VCP, ICs, = 0.025 pM; SPICE,
I1Cs, = 0.3 uM) (Fig. 8). The tetra- and the pentamutants
that displayed activities equivalent to SPICE in C3b and C4b
inactivation assays (Fig. 6 and Table 1) demonstrated a gain
in activity toward human complement (tetramutant, ICs, =
0.29 pM; pentamutant, IC5, = 0.35 pM) and a loss in
activity toward dog complement (tetramutant, IC5, = 0.11
wM; pentamutant, ICs, = 0.13 wM) compared to VCP (Fig.
8). Thus, the data indicate that amino acid variations in
SPICE increase its specificity toward human complement.
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FIG. 7. SPR analysis of SPICE and the tetra- and pentamutants of
VCP. (A) Binding of SPICE, tetramutant (H98Y, S103Y, E108K, and
E120K), and pentamutant (H98Y, S103Y, E108K, E120K, and S193L)
to human C3b. (B) Binding of SPICE, tetramutant, and pentamutant
to human C4b. SPICE and the mutants were oriented onto the NTA
sensor chip, and C3b (1 wM) or C4b (250 nM) was flown over the chip
to measure binding.

DISCUSSION

Earlier studies have established VCP as an immune evasion
molecule (14). Because genome analyses showed that a struc-
turally similar molecule is also encoded and conserved in po-
sition and sequence in all of the strains of variola virus, efforts
were also made to characterize this molecule. SPICE, the va-
riola virus complement inhibitor, displayed 100-fold more po-
tent activity than VCP in inactivating human C3b and 6-fold
more activity in inactivating human C4b (43). These results
were later corroborated by other studies (25, 48). In a further
study, it was shown that SPICE also possesses significantly
higher CP C3 convertase decay-accelerating activity (25). Be-
cause SPICE and VCP vary in only 11 amino acid residues, the
functional differences between these two molecules can be
attributed to these amino acids. Although previous studies
characterized the functional activities of SPICE (25, 43, 48)
and looked into the domains responsible for the enhanced
activity of SPICE (48), no efforts have yet been made to char-
acterize the role of each of the 11 amino acid differences in
C3b and C4b inactivation (C3b and C4b cofactor activities)
and CP C3 convertase decay-accelerating activity. Our objec-
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FIG. 8. Inhibition of human and dog complement by SPICE, VCP,
and the tetra- and pentamutants of VCP. Inhibition of human (A) and
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E108K, and E120K), and pentamutant (H98Y, S103Y, E108K, E120K,
and S193L) of VCP was studied my measuring their effect on the
alternative pathway-mediated lysis of rabbit erythrocytes (Eg).

tive here was to decipher the role of these nonvariant residues
of SPICE in enhancing its activity to inactivate human C3b and
C4b and the decay of CP C3 convertase.

We expressed the molecularly engineered SPICE, VCP, and
single-point and multiresidue mutants of VCP by using a bac-
terial expression system and verified them for proper refolding
(Fig. 1). Our data on human C3b inactivation by SPICE and
VCP showed that SPICE is 90-fold more potent than VCP
(Fig. 2 and Table 1). Analysis of C3b cofactor activities of the
various mutants showed that H98Y, S103Y, E108K, and
E120K possess significantly greater activity compared to VCP
(Table 1). These results point out that only 4 of the 11 residues
are primarily responsible for the robust C3b inactivation by
SPICE. It is interesting that all of these residues are located
within the CCP 2 domain of SPICE. This conclusion is also
favored by an earlier report, which showed that substitution of
CCP 2 domain of SPICE in VCP resulted in 48-fold enhance-
ment in cofactor activity against human C3b (48).

Our data on the C4b cofactor activity demonstrated that
SPICE is 5.4-fold more efficient than VCP in inactivating hu-
man C4b, and analysis of the various single-point mutants
showed that the H98Y, S103Y, E108K, E120K, and S193L
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mutations led to a significant gain in C4b cofactor activity
compared to VCP (Fig. 3 and Table 1). Since none of the
single-point mutants possessed activities similar to SPICE, we
also generated a tetramutant (H98Y, S103Y, E108K, and
E120K) and a pentamutant (H98Y, S103Y, E108K, E120K,
and S193L) of VCP and measured their cofactor activities
against C3b and C4b to verify whether concurrent substitution
of these residues is enough to achieve full activity. The data
presented in Fig. 6 show that the substitution of just four
residues (H98Y, S103Y, E108K and E120K) in VCP is enough
to achieve an activity equivalent to SPICE. It should be noted
that these residues are harbored in the CCP 2 domain. Thus, it
seems that the CCP 2 domain in SPICE plays a predominant
role in enhancing its C3b and C4b cofactor activities.

It is thus clear that Y98, Y103, K108, and K120 are primarily
responsible for the increase in cofactor activities of SPICE
(Fig. 6). In order to examine whether similar residues are
conserved in position in other complement regulators, we
aligned the sequence of SPICE with various other viral and
human complement regulators. We observed that a positively
charged amino acid at a position comparable to K120, but not
K108, of SPICE is conserved in complement regulators of
herpesvirus saimiri (HVS CCPH; R118), herpesvirus ateline
(R118), rhesus rhadinovirus 17577 (RCP-1; K421), comple-
ment receptor 1 (CR1, CD35; K566 and K1466), and mem-
brane cofactor protein (MCP, CD46; K119). Among these
proteins, the importance of the charged residue has been dem-
onstrated by us in HVS CCPH (50) and others in CR1 (20) and
MCP (24). We noticed that the mutation of R118 to Ala in
HVS CCPH resulted in a 50-fold decrease in C3b cofactor
activity and a 12-fold decrease in C4b cofactor activity, whereas
the mutation of K566 (in CCP 9) to Glu in CR1 nearly abro-
gated the C3b and C4b cofactor activities. The mutation of
K119 to Ala in MCP, however, resulted in a moderate decrease
in C4b cofactor activity. These data suggest that the positive
charge at position comparable to K120 of SPICE plays a par-
amount role in the cofactor activities of both viral and human
complement regulators. While looking at the conservation of
Y/F residues at positions comparable to Y98 and/or Y103 of
SPICE, we noticed that these are conserved in Kaposica
(Kaposi’s sarcoma-associated herpesvirus complement regula-
tor; F102 and Y108), MCP (Y98), and C4b-binding protein
(F97). A single-point mutation in MCP showed that substitu-
tion of Y98 to Ala substantially reduced its C4b cofactor ac-
tivity (24); the importance of conserved Y/F in Kaposica and
C4b-binding protein has not been studied. Thus, it seems that
both viral and human complement regulators use a common
mechanism to enhance their innate ability to inactivate C3b
and C4b.

According to a prevailing model (52), the process of C3b and
C4b inactivation entails two steps: (i) binding of the comple-
ment regulator (viral or human) to complement proteins C3b
or C4b and (ii) interaction of factor I with C3b or C4b and the
complement regulator. Since the single-point mutants HI8Y,
$103Y, E108K, E120K, and S193L displayed a significant in-
crease in cofactor activity, we examined whether these muta-
tions also resulted in an enhancement in binding to human C3b
and C4b. Point mutations that enhanced the C3b cofactor
activity (H98Y, S103Y, E108K, and E120K) showed a moder-
ate increase in C3b binding, but mutations that resulted in a
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gain in C4b cofactor activity (H98Y, S103Y, E108K, E120K,
and S193L) did not correlate with C4b binding (Fig. 5 and
Table 1). Similarly, binding of the tetra- and pentamutants to
C3b and C4b did not correlate well with their cofactor activities
(Fig. 6 and 7). We therefore suggest that the increased cofactor
activities of these mutants are likely due to their better inter-
action with factor I. Earlier mutational studies of MCP (1, 24),
CR1 (20), C4BP (6), Kaposica (26, 34), and HVS-CCPH (50)
have also indicated that binding and cofactor activities are not
always parallel.

Because previously Liszewski, et al. (25) showed that SPICE
is 10-fold more potent than VCP in decaying the CP C3 con-
vertase, we also looked into the decay-accelerating activities of
SPICE and the mutants to identify the residues responsible for
this increase. Our data, however, showed only a twofold in-
crease in CP decay-accelerating activity of SPICE compared to
VCP (Fig. 4 and Table 1). To rule out whether minor differ-
ences in the assays between our study and the previous study
were responsible for this difference we performed the assays
again according to the method utilized by Liszewski et al. (25),
but even then we detected only a twofold difference (data not
shown). Whether the variation in our data and the previous
data is due to difference in the expression systems utilized (E.
coli versus mammalian cells) is not clear and requires further
investigation. However, the contribution of glycosylation to
these differences can be ruled out since both SPICE and VCP
lack putative glycosylation sites. Examination of CP decay-
accelerating activities of the single-amino-acid substitution
mutants exhibited activities comparable to that of VCP, except
for the K236Q mutant, which showed threefold increase in
activity. The present data gain some support from our previous
observation in HVS CCPH, with which we had demonstrated
that mutation of R118 to Ala drastically reduced the C3b and
C4b cofactor activities but not the decay-accelerating activities
(50). Based on these data we suggest that the amino acid
differences in SPICE compared to VCP result only in the
enhancement of its cofactor activities and not of its decay-
accelerating activity.

Earlier, Rosengard et al. (43) demonstrated that SPICE and
VCP exhibited a preference for complement from different
species. For example, SPICE showed a preference for human
complement, whereas VCP showed a preference for dog com-
plement. We therefore looked into the influence of the amino
acid variations in SPICE on species specificity. We tested the
tetra- and the pentamutants for the inhibition of human and
dog complement and compared their activities to that of
SPICE and VCP. Both mutants behaved in a manner similar to
SPICE by inhibiting human complement more preferentially
than dog complement (Fig. 8). The inhibitory activity of both
mutants against human complement was comparable to that of
SPICE (Fig. 8A), suggesting that just four residues (Y98,
Y103, K108, and K120) are enough to provide human speci-
ficity to SPICE.

In summary, our data suggest that the increased effective-
ness of SPICE against human complement compared to VCP
is mainly due to its increased ability to inactivate C3b and C4b
and that Y98, Y103, K108, and K120 are the hot spots within
SPICE that are largely responsible for imparting this robust
activity to the molecule. It has been argued earlier that because
complement effectively neutralizes poxviruses (14, 55), target-
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ing SPICE could form an alternative strategy to control variola
virus infections (43). Our data suggest that for designing such
therapeutics, targeting the CCP2 domain of SPICE would be
fundamental since residues that enhance its activity reside
within CCP2 domain.
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