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Regulation of complement activation by pathogens and the host are critical for survival. Using two highly related orthopoxvirus
proteins, the vaccinia and variola (smallpox) virus complement control proteins, which differ by only 11 aa, but differ 1000-fold
in their ability to regulate complement activation, we investigated the role of electrostatic potential in predicting functional
activity. Electrostatic modeling of the two proteins predicted that altering the vaccinia virus protein to contain the amino acids
present in the second short consensus repeat domain of the smallpox protein would result in a vaccinia virus protein with increased
complement regulatory activity. Mutagenesis of the vaccinia virus protein confirmed that changing the electrostatic potential of
specific regions of the molecule influences its activity and identifies critical residues that result in enhanced function as measured
by binding to C3b, inhibition of the alternative pathway of complement activation, and cofactor activity. In addition, we also
demonstrate that despite the enhanced activity of the variola virus protein, its cofactor activity in the factor I-mediated degra-
dation of C3b does not result in the cleavage of the �� chain of C3b between residues 954–955. Our data have important
implications in our understanding of how regulators of complement activation interact with complement, the regulation of the
innate immune system, and the rational design of potent complement inhibitors that might be used as therapeutic agents. The
Journal of Immunology, 2005, 174: 2143–2151.

M embers of the family of regulators of complement ac-
tivation (RCA)3 are critical proteins that help prevent
complement-mediated damage to the host (1). These

proteins contain multiple structural and functional domains known
as short consensus repeats (SCRs). These SCR domains are �60-
to 70-aa in length and contain highly conserved cysteines that form
two intramolecular disulfide bonds within an SCR (2, 3). Members
of this family, like factor H, complement receptor 1 (CR1), mem-
brane cofactor protein, decay accelerating factor protein, and C4-
binding protein (C4bp), have 4–30 SCRs that tightly control the
balance between the activated and the nonactivated forms of C3.

Insights into how these RCA proteins interact with complement
can be attained by studying SCR-containing proteins encoded by
simpler organisms. Viruses have developed several strategies to
defend against the host complement-mediated attack (4–6). Or-
thopoxviruses encode a secreted protein that has four SCR do-
mains with significant homology to members of the RCA (7). The

most studied orthopoxvirus complement binding protein is the vac-
cinia virus complement control protein (VCP). This 263-aa protein
shares 38% homology to the first half of C4bp and 35 and 31%
with membrane cofactor protein and decay accelerating factor pro-
tein, respectively (8). VCP is secreted by vaccinia virus-infected
cells, inhibits complement activation, and is a virulence factor (9,
10). VCP prevents the activation of the classical and alternative
pathway C3 convertases and accelerates their decay (11–14). Fur-
thermore, it inhibits complement activation by binding to C3b/C4b
and acts as a cofactor in the factor I-mediated enzymatic inacti-
vation of C3b/C4b (11–15). The structure of VCP has been solved
by nuclear magnetic resonance spectroscopy and protein crystal-
lography (16–20). Recently, the VCP homologue present in vari-
ola virus, the causative organism of smallpox, was expressed and
studied (21). The variola homologue, named smallpox inhibitor of
complement enzymes (SPICE), differs from VCP by only 11 aa
residues. All of the amino acid differences are distributed along
SCR-2, -3, and -4. Rosengard et al. (21) showed that SPICE pos-
sesses factor I cofactor activity for inactivating C3b and C4b and
demonstrated that SPICE is �100-fold more potent than VCP at
inactivating C3b and 6-fold more efficient at inactivating C4b.

Here we propose and experimentally test a model based on the
electrostatic predictions of the interaction of two viral proteins
with C3b; the predictions illustrate how certain residue changes
result in enhanced activity of SPICE. We also demonstrate that
despite this enhanced activity, SPICE cofactor activity in the factor
I-mediated degradation of C3b does not result in the cleavage of
the �� chain of C3b between residues 954–955.

Materials and Methods
Cloning of VCP and site-directed mutagenesis

Recombinant and mutated forms of VCP were expressed using the Esch-
erichia coli pQE30 expression system (Qiagen). The PCR oligonucleotide
primers used to amplify the 732-bp DNA fragment of the C3L ORF of the
vaccinia virus (strain WR) (22) that encodes the naturally secreted portion
of VCP were 5�-AATGGATCCTGCTGTACTATTCCGTCACGA-3� (the
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BamHI site is underlined) and 5�-GGCAAGCTTTCAGCGTACACATTT-
TGGAAGTTC-3� (the HindIII site is underlined and the stop codon is in
boldface). The product generated after 30 cycles of 95°C for 1 min, 56°C
for 1 min, and 72°C for 1 min was gel purified, digested with BamHI and
HindIII, and ligated into the similarly cut pQE30 plasmid. The DNA se-
quence was confirmed by sequencing.

For the generation of a panel of mutated VCPs, the nucleotide sequence of
VCP was mutated using the QuikChange Multi Site-Directed Mutagenesis kit
(Stratagene). The positions (Fig. 1A) that were changed are the following:
CAA77CAT, CAT98TAT, TCT103TAT, GAA108AAA, GAG120AAG,
TCC131TTG, GAG144AAT, GAT178AAT, TCA193TTA, AAG214ACG,
and AAG236CAG (the first codon represents the nucleotide triplet on VCP;
the number identifies the position of the amino acid; and the second triplet
corresponds to the sequence of SPICE). The DNA sequences of the mutated
plasmids were confirmed twice by sequencing of both strands. As shown in
Fig. 1B, the proteins VCP-SPICE2, VCP-SPICE3, and VCP-SPICE4 have the
parental sequence of VCP and the indicated SCR representing the SPICE
sequence. For example, the protein VCP-SPICE2 comprises SCR-1, -3, and -4
of VCP and SCR-2 of SPICE. Mutants containing only single- or double-
residue mutations are represented by the amino acid name, number, and amino
acid substitution (Fig. 1B).

Expression and purification of recombinant proteins

The DNA plasmids were used to transform M15 competent cells and a
single colony was inoculated in 5 ml of SOB medium (0.5% yeast extract,
2.0% tryptone, 10 mM NaCl, 2.5 mM KCI, and 10 mM MgCl2). This
overnight culture was then inoculated into 1 liter of SOB medium, incu-
bated at 37°C, and grown to OD600 0.6–0.9. Protein expression was then
induced by adding 1 mM isopropylthio-�-D-galactoside and allowing fur-
ther incubation for 4 additional hours. The cell pellets were stored at
�70°C or they were processed for purification immediately.

The purification of the recombinant proteins was performed following
standard procedures (23). Briefly, frozen cell pellets were washed twice
with 50 mM Tris/50 mM NaCl/1 mM EDTA/0.1 mM PMSF, pH 8.0, and
then sonicated with 10 pulses of 10 s each. The samples were centrifuged,
and the pellets containing inclusion bodies were washed three times with
the aforementioned buffer. The pellets were solubilized by suspending
them in buffer comprised of 0.2 M Tris/8 M urea/0.05 M 2-ME/1 mM
EDTA, pH 8.5, and left static for 1 h at room temperature. Following the
solubilization of the inclusion bodies, SP-Sepharose FF (Pharmacia), equil-
ibrated in the same buffer, was added and incubated for 1 h with rotation.
This material was then packed into a column, washed with the aforemen-
tioned buffer, and the proteins were eluted with high concentrations of salt.
To achieve proper folding of the recombinant proteins (23), the protein was
rapidly diluted into buffer containing 0.02 M ethanolamine/1 mM EDTA/
0.5 mM oxidized glutathione/reduced glutathione and left static at 4°C for
2–3 days. The solution was then concentrated using a 10-kDa molecular
mass cut off membrane and the protein purified using a Hi-Trap heparin
column (Amersham Biosciences) (19). At the end of the purification pro-
cedures, the protein was dialyzed against PBS, pH 7.4, and the purity of the
proteins was assessed by SDS-PAGE and mass spectrometry.

Circular dichroism (CD)

CD measurements were performed using a Jasco 810 spectropolarimeter
with a cylindrical quartz cell with a path length of 0.01 cm. Measurements
were taken at 25°C in 10 mM phosphate buffer, pH 7.0, using 0.2 mg/ml
protein concentration for VCP, 0.4 mg/ml for SPICE, 0.04 mg/ml for VCP-
E108K/E120K, and 0.65 mg/ml for VCP-SPICE2. All the data were sub-
tracted against the background data using the spectral analysis software.

Factor I cofactor activity of VCP mutants

The cleavage of human C3b by factor I in the presence of VCP and VCP-
SPICE mutants, was performed in 10 mM phosphate buffer, pH 7.4, con-
taining 150 mM NaCl. Specifically, 500 ng of C3b were mixed with 300 ng
of VCP or its mutants and 10 ng of factor I in a total volume of 20 �l. The
samples were incubated at 37°C and at different time points samples were
mixed with loading buffer containing mercaptoethanol, boiled for 5 min,
and subjected to electrophoresis on a 9% SDS-PAGE gel. The proteins
were transferred to a polyvinylidene difluoride membrane, blocked with
10% milk in PBS for 1 h at 25°C, and then probed with rabbit polyclonal
anti-C3b (diluted 1/5000 in 10% milk-PBS containing 0.005% Tween 20)
for 1 h at 25°C. This anti-C3b Ab recognizes all C3b breakdown products
including C3dg. After the membrane was washed twice for 15 min in
PBS-0.005% Tween 20, the degradation products of C3b were detected
with HRP-conjugated goat anti-rabbit Ab for 30 min at 25°C, and bands
were visualized by chemiluminescence according to the manufacturer’s
instructions.

Inhibition of classical pathway complement activation by VCP
or its mutants

The ability of VCP and its mutants to modulate complement activation
through the classical pathway was evaluated using an ELISA-based assay.
Ninety-six-well ELISA plates were coated with 50 �l of 1% chicken OVA
in PBS for 2 h at room temperature. After coating, wells were blocked with
200 �l of 1% BSA/PBS. To form an immunocomplex on the plate, poly-
clonal anti-chicken OVA Ab was added to the wells at a final concentration
of 1/1000. Following a 1-h incubation, VCP or its mutants were serial
diluted in GVB�� and added to each well. GVB�� was gelatin veronal-
buffered saline (GVB; veronal-buffered saline, pH 7.4, 5 mM barbital, 145
mM NaCl, 0.1% gelatin) containing 0.5 mM MgCl2 and 0.15 mM CaCl2.
Then a 1/80 dilution of human plasma (collected in 50 �g/ml lipirudin) in
the same buffer was added to the wells and the mixture was incubated at
room temperature for 1 h. Detection of C3b bound in wells was performed
using a 1/1000 dilution of anti-human C3 HRP-conjugated Ab (ICN Cap-
pel). After washes with PBS containing 0.005% Tween 20, color was de-
veloped by adding ABTS peroxidase substrate, and OD was measured at
405 nm. The percent inhibition was plotted against the protein concentra-
tion and the resulting data set was fit to a logistic dose-response function
using Origin 7.0 software (OriginLab Corporation). IC50 values were ob-
tained from the fit parameters that achieved the lowest �2 value.

Inhibition of alternative pathway complement activation by VCP
or its mutants

The ability of VCP and its mutants to modulate the alternative pathway
complement activation was similarly evaluated using an ELISA-based as-
say that used LPS as the complement activator (24). Ninety-six-well
ELISA plates were coated with 40 �g/ml LPS from Salmonella typhosa in
PBS for 2 h at room temperature. After coating, wells were blocked with
200 �l of 1% BSA for 1 h, and VCP or its mutants were serial diluted in
GVB-MgEGTA (GVB containing 0.1 M MgCl2 and 0.1 M EGTA) and
added to the wells. Human serum in the same buffer at a final concentration
of 1/10 was then added to each well and incubated for 1 h. To detect C3b
bound to the wells, a 1/1000 dilution of anti-human C3 HRP-conjugated
Ab (ICN Cappel) was used. After washes with PBS containing 0.005%
Tween 20, color was developed by adding ABTS peroxidase substrate, and
OD was measured at 405 nm. IC50 values were obtained as described
above.

Direct binding of VCP and its mutants to C3b

The relative binding of VCP and the various VCP-mutants to C3b was
determined by surface plasmon resonance (15, 25). The BIAcore was only
used to determine the relative binding of various VCP mutants to C3b and
not to determine the kinetics of their interactions. All the experiments were
performed using the biosensor BIAcore X (BIAcore). The experiments
were performed at 25°C in PBS containing 0.05% Tween 20 (pH 7.4) at
physiological ionic strength (150 mM NaCl). To orient ligand onto the
chip, C3b was biotinylated at a specific residue as previously described
(25) and then immobilized on a streptavidin chip (Sensor Chip SA; BIA-
core) to a reading of 2040 resonance response units on flow cell-2 (Fc2).
Flow cell-1 (Fc1) was used as a blank control. The binding was measured
at 10 �l/min. A baseline was established, and then 50 nM of analyte (VCP
or VCP-mutants) was injected and the association was followed for 120–
300 s. The relative binding of the proteins to immobilized C3b was mon-
itored by observing the binding response of analyte throughout the exper-
iment. Regeneration was achieved by injecting 20 �l of 1 M NaCl.
Biosensor data for the control Fc1 were subtracted from those obtained for
the immobilized protein. BIAevaluation 3.0 (BIAcore) software was used
to analyze the binding data.

Electrostatic calculations

Computational modeling was performed using the program Swiss-Pdb-
Viewer (26). The Protein Data Bank (PDB; Ref. 27) structure of VCP with
PDB code 1g40 (19) was used as the template for our calculations. The
structure 1g40 comprises a dimer. For our calculations, monomer 2 (chain
B) was removed and monomer 1 (chain A) was retained. Theoretical mu-
tations and calculations of electrostatic potentials were performed with
Swiss-PdbViewer (26). After each theoretical mutation, 20 steps of steep-
est descent energy minimization was performed in vacuo, using the GRO-
MOS96 force field implementation of Swiss-PdbViewer. Simple Cou-
lomb’s Law with single dielectric constant of 80 and without partial
charges was used to calculate electrostatic potentials. The protein pH was
considered to be 7.0, with lysine and arginine residues being positively
charged and aspartic acid and glutamic acid residues being negatively
charged.
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Results
Expression and characterization of VCP and SPICE

VCP differs from SPICE by 11 aa that vary in their acidic-basic
and hydrophobic-polar nature (Fig. 1A). We introduced these 11 aa
changes into VCP and expressed both VCP and the resulting
SPICE using an E. coli expression system. VCP and SPICE ran as
a single band on a reducing SDS gel with the SPICE protein mi-
grating slightly faster (Fig. 2B). On Western blot, the bacterial
produced VCP ran identical to VCP produced by vaccinia virus-
infected cells (data not shown). To further characterize the recom-
binant proteins, mass spectrometric analysis was performed (Fig.
2A). As indicated in the figure, VCP and SPICE appeared with
exact molecular weights of 28.247 kDa and 28.158 kDa, respec-
tively. Because the proteins were produced in bacteria and required
refolding to form the proper intramolecular disulfide bonds present
in SCR domains, we examined the protein structure by CD spec-
troscopy. We found that the CD spectrum obtained for the E. coli-
produced VCP was similar to the one published using the VCP
expressed in yeast (17). Also, the secondary structure composition
calculated using the CDSSTR algorithm of the DICHROWEB
software (28, 29) agrees with the secondary structure composition
calculated from the crystal structure. These findings provide as-
surance that the proteins assumed native conformation were cor-
rect following the refolding procedure. Fig. 2C shows the second-
ary structure composition calculated from deconvoluting the CD
spectra obtained for VCP and SPICE (as well as VCP-SPICE2 and
VCP-E108K/E120K). Interestingly, VCP and SPICE showed sim-
ilar secondary structure compositions suggesting that both proteins
have similar topology. In addition, the minimal changes observed
in the secondary structure compositions observed upon single- and
double-point mutations indicate that the secondary structure of
VCP remains unchanged following these mutations.

Binding of VCP and SPICE to C3b and inhibition of
complement activation

To compare the binding of VCP and SPICE with C3b, surface
plasmon resonance (SPR) experiments were conducted. Biotinyl-
ated C3b was immobilized in an orientation-specific fashion on an
SA chip (25), and then recombinant proteins at a concentration of
50 nM were passed through at 10 �l/min. As shown in Fig. 3A,
SPICE had 25-times higher binding to C3b than VCP.

To dissect the specific involvement of VCP and SPICE at in-
hibiting different complement activation pathways, we performed
assays that analyzed classical and alternative pathways of comple-
ment activation. We determined that the concentration of VCP and
SPICE required to inhibit 50% of the classical pathway activity
(IC50) was 416 nM and 5 nM, respectively (Fig. 3B). Thus, SPICE
was �75-times more active than VCP at inhibiting the classical
pathway. In contrast, SPICE inhibited the alternative pathway with
an IC50 value of 1.0 nM and VCP inhibited the alternative pathway
with an IC50 of 1026 nM. This indicates that SPICE is �1000-
times more potent as an inhibitor of the alternative pathway than
VCP. These results support and extend the prior work that showed
increased activity of SPICE vs VCP (21). Also as shown previ-
ously (11, 21, 30), VCP appears to be more active at inhibiting the
classical pathway than inhibiting the alternative pathway. In con-
trast, SPICE is �5-times more active inhibiting the alternative
pathway than inhibiting the classical pathway.

SPICE and VCP were evaluated for their potency as cofactors in
the factor I-mediated degradation of C3b. As shown in Fig. 3C, the
two proteins follow different kinetics of C3b cleavage. Within 5
min of incubation in the presence of SPICE, the �� chain of human
C3b was completely cleaved to a 43-kDa fragment, indicating the
cleavage of C3b in two positions at 1320–1321 and 1303–1304.
The factor I-mediated cleavage of C3b in the presence of VCP was
much slower. The �� chain disappeared only after 240 min of
incubation. Importantly, longer incubation times in the presence of
SPICE did not result in the appearance of the 41-kDa C3dg frag-
ment of the �� chain. Therefore, in contrast to previous observa-
tions (21), there is no indication that SPICE can support the cleav-
age of �� chain on C3b at position 954–955.

Electrostatic modeling

Although the charge of individual residues have been implicated in
the function of RCA proteins (31), we performed electrostatic
modeling of VCP and SPICE to test the hypothesis that residue
changes could have global affects that could explain the orders of
magnitude difference in activity between the two highly related
proteins. To test this possibility we used a three-dimensional crys-
tallographic structure of VCP (19) to calculate electrostatic poten-
tials (31). Fig. 4 shows the isoelectrostatic contour surfaces for
VCP and for modeled structures of SPICE and several mutants.
Isopotential contour surfaces are shown for positive charges (in
blue) and for negative charges (in red). The orientation of the
structures is identical in all panels, and the electrostatic calcula-
tions were performed in an identical manner. Fig. 4 shows that
SCR-1 predominantly is charged positively in both VCP and
SPICE, with SPICE possessing a stronger positive electrostatic
potential. In VCP, the interface between SCR-2 and SCR-3 has
strong negative electrostatic potential, which is nearly eliminated
in SPICE. In both VCP and SPICE, SCR-4 has similar electrostatic
character where positive and negative potentials nearly cancel out.
Based on these observations and the higher inhibitory activity of
SPICE compared with VCP, we formed and subsequently tested
the following hypotheses: 1) increase of the positive electrostatic
potential of SCR-1 produces increased activity, 2) reduction (or

FIGURE 1. Residue differences between VCP and SPICE. A, Ribbon
representation of the modeled structure of SPICE with stick representation
of the 11 mutations of SPICE relative to VCP. The structure of SPICE was
modeled using chain A of the VCP structure with PDB code 1g40. The
SCR modules and the mutations are marked in the figure. B, VCP-mutants
expressed in E. coli. The first letter represents the VCP amino acid; the
number indicates the amino acid position; and the second letter indicates
the SPICE amino acid.
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elimination) of the negative electrostatic potential of SCR-2/
SCR-3 produces increased activity, or 3) both of the above. Indeed,
hypotheses 1 and 2 are related, because decrease of the negative
character of SCR-2/SCR-3 is responsible for increase of the pos-
itive character of SCR-1, owed to less charge cancellation. To test
our hypotheses, we calculated the electrostatic potentials of a se-
ries of mutants (Fig. 4) and then constructed experimental mutants
summarized in Fig. 1B.

Mapping of the SCRs of SPICE involved in the enhanced
interaction of SPICE with C3b

To test whether the electrostatic models predicted the residues re-
sponsible for the overall higher activity of SPICE compared with
VCP, we first tested mutants containing various combinations of
altered SCRs (Fig. 5). Because SPICE and VCP-SPICE2 had sim-
ilar electrostatic potentials (Fig. 4), we predicted that they would
have similar activities when compared with each other and higher
activities when compared with the other single SCR substitutions.
We evaluated the direct binding of the different proteins to C3b
using SPR (Fig. 5A) and found VCP-SPICE2 binding to C3b was
similar to that of SPICE. The kinetics of this binding was different
from the binding of SPICE. VCP-SPICE2 has a slower association
and dissociation rates compared with SPICE. In contrast, the pro-
teins VCP-SPICE3 and VCP-SPICE4 bound to C3b with 6- and
5-times higher binding than VCP, respectively. We also modeled
simultaneous substitutions of two SCRs and found that VCP-
SPICE2–3 had similar electrostatic profile for SCR-1 and the in-
terface of SCR-2/SCR-3 and similar activity to SPICE (Figs. 4 and
5 and data not shown).

All of the proteins were evaluated for their ability to inhibit the
alternative pathway of complement activation (Fig. 5B). The
amount of protein needed to inhibit the 50% of complement acti-
vation (IC50) was 15, 424, and 279 nM for the proteins VCP-
SPICE2, VCP-SPICE3, and VCP-SPICE4, respectively. All of the
proteins appear to have lower activity than SPICE with relative
ratios ranging from 5 to 140. The IC50 value of the mutant con-
taining two SPICE SCRs (VCP-SPICE2–3) was 4 nM, similar to
SPICE, suggesting that the eight mutations on these two SCRs are
sufficient to make VCP as active as SPICE.

To measure the cofactor activity of the proteins, C3b degrada-
tion experiments were conducted in the presence of factor I. VCP-
SPICE2 and VCP-SPICE4 showed a similar cleavage pattern as
SPICE (Fig. 5C). The �� chain of C3b is cleaved within 5 min of
incubation and the degradation products of 46 and 43 kDa appear
on Western blot. Factor I/VCP-SPICE3-mediated degradation of
C3b followed a slower degradation rate, resulting in the disappear-
ance of �� chain only after 20 min of incubation.

The electrostatic models of VCP-SPICE2 and VCP-SPICE2–3
have SCR-1 modules with similar electrostatic potential (Fig. 4),
while the strength of the negative electrostatic potential of their
SCR-2/SCR-3 modules follows the order SPICE � VCP-SPICE2–
3 � VCP-SPICE2. This is the order of binding and inhibitory
activity, from higher to lower, we found (Fig. 5, A and B). VCP-
SPICE2–3 has similar electrostatic potential at the SCR-2/SCR-3
interface as SPICE, but slightly different from VCP-SPICE2. In
both VCP-SPICE2 and VCP-SPICE2–3 there is change in opposite
charge cancellation between SCR-1 and SCR-2/SCR-3, resulting
from the mutations in SCR-2 (Fig. 4). But, in the case of VCP-
SPICE2–3 there is further change in charge cancellation, as seen
by the enhanced positive charge of SCR-4, resulting from the mu-
tations in SCR-3 (Fig. 4). This double cancellation makes the elec-
trostatic potential of the SCR-2/SCR-3 interface of VCP-
SPICE2–3 similar to that of SPICE.

Thus, we have formed a correlation between the reduction of the
negative character of SCR-2/SCR-3 inhibitory activity. Reduction
of the negative character occurs by the mutations of acidic amino
acids in SCR-2 and SCR-3. From the remaining mutants, VCP-
SPICE3 and VCP-SPICE4 more closely resemble VCP, but with
variations in the positive character of SCR-1 and negative charac-
ter of SCR-2/SCR-3. These three proteins show similar binding
and inhibitory activities (Fig. 5, A and B).

Mapping of the complement modulating activity of VCP in
SCR-2 by single-point mutations

Of all the SPICE single SCR domain substitutions, we found that
the substitution of the SPICE SCR-2 in VCP resulted in a protein
with an electrostatic profile most similar to SPICE and with the

FIGURE 2. Biochemical charac-
terization of VCP and SPICE. A,
Mass spectrometric analysis of VCP
(left panel) and SPICE (right panel)
B, Coomassie-stained 10% SDS-
PAGE gel showing VCP and SPICE
under reducing conditions. Numbers
on the left indicate the molecular mass
in kilodaltons of mass markers. C, CD
analysis of the proteins. Secondary
structure composition calculated by
deconvoluting the spectra using the
CDSSTR algorithm, which is a part of
the web based CD analysis tool DI-
CHROWEB (28, 29).
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most enhanced activity when compared with VCP. We thus gen-
erated single-amino-acid-point mutations in VCP (Fig. 1B) to cor-
relate the electrostatic models of each amino acid substitution and
the actual activity of the mutated protein. SPR experiments with
the various proteins (Fig. 6A) showed a substantial increase of the
C3b-binding for all the individual mutations that are present in
SPICE SCR-2—S103Y, Q77H, H98Y, E108K and E120K—when
compared with VCP. Each of these individual mutations in VCP had
approximately the same binding to C3b. We then assessed each
individual point mutation for its ability to inhibit the alternative
pathway of complement activation (Fig. 6B). All the proteins ap-
peared to have a considerable increase in their complement modulat-
ing activity when compared with VCP. VCP-E120K had an IC50

value of 15 nM, almost 87-times lower than VCP. VCP-H98Y had an
IC50 of 48 nM (28-times lower than VCP); VCP-S103Y had an IC50

of 56 nM (24-times lower than VCP); VCP-E108K had an IC50 of 79
nM (17-times lower than VCP); and VCP-Q77H an IC50 of 122 nM
(11-times lower than VCP). This further suggested the direct involve-
ment of SCR-2 into the increased activity of SPICE.

Examination of the electrostatic potentials of the single muta-
tions present in the SCR-2 module of SPICE (Fig. 4) predicted that
mutants VCP-E108K and VCP-E120K would have the greatest

activity. This was the case of the binding abilities and inhibitory
activities of VCP-E108K and VCP-E120K as shown in Fig. 6.
Because of the setup of our calculations, it is expected that VCP
and VCP-Q77H, VCP-H98Y, and VCP-S103Y have identical
electrostatic potentials. This is because in our Coulombic calcula-
tions, histidine and tyrosine have always been treated as neutral at
pH 7 (see Materials and Methods). This is based on the assumption
that the pKa values of histidine and tyrosine are similar to their
model pKa values of free amino acids in solution: 6.3 and 9.6,
respectively. However, this may not be the case in reality, and
calculations to predict apparent pKa values for each ionizable res-
idue of VCP, followed by more rigorous electrostatic calculations
using the predicted pKa values may be needed. This calculation
detail may explain the small increase in binding and inhibitory
activities for VCP-Q77H, VCP-H98Y, and VCP-S103Y compared
with VCP (Fig. 6).

Mapping of the inhibitory activity of SPICE by mutations at
only positions E108K/E120K on VCP

Based on the electrostatic potential of the various amino acid
changes in SPICE (Fig. 4), we predicted that a double mutation
(E108K and E120K) introduced into VCP would be the minimal

FIGURE 3. Complement modulating activity of
VCP and SPICE. A, Binding of SPICE and VCP to hu-
man C3b by SPR. SPR experiments were conducted
using an SA chip where biotinylated C3b was immobi-
lized. Solutions of SPICE and VCP (each 50 nM) were
passed through with a flow of 10 �l/min. After injection
of the protein (360 s), SPR was followed for an addi-
tional 200 s. The response during the time is expressed
in resonance response units (RU). B, Inhibition of com-
plement activation. The deposition of human C3b in the
presence of various amounts of SPICE and VCP on an
immunocomplex (classical pathway) or on LPS (alter-
native pathway) was detected using a polyclonal anti-
C3b Ab. The results are expressed as the percent inhi-
bition of complement activation. The solid lines
indicate the classical pathway, and the dashed lines in-
dicate the alternative pathway. C, Factor I cofactor ac-
tivity of VCP and SPICE. VCP and SPICE (300 ng)
were incubated with C3b (500 ng) in the presence of
factor I (fI, 10 ng). Samples were collected at indicated
time points and were subjected to Western blot analysis.
For the detection of the degradation products of C3b, a
polyclonal anti-C3b Ab was used. The appearance of
the 46 kDa and the 43 kDa indicate the generation of the
iC3b1 and iC3b2, respectively.
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amino acid substitutions required on VCP to bring its activity close
to the activity of SPICE. Thus, we expressed and evaluated the
activity of the VCP-E108K/E120K. For the analysis of the binding
of this molecule to C3b, SPR experiments were performed (Fig.
7A). As shown, VCP-E108K/E120K had about the same binding to
C3b as VCP-SPICE2 suggesting the importance of these two po-
sitions for the binding of SPICE to C3b.

The activity of SPICE, VCP-E108K/E120K, and VCP-SPICE2
was tested for the ability to inhibit the alternative pathway of com-
plement activation. VCP-E108K/E120K had an IC50 value of 3
nM; SPICE had an IC50 value of 3 nM; and VCP-SPICE2 had an
IC50 value of 15 nM. These results underscore the critical role of

amino acid residues E108 and E120 have in regulating the activity
of VCP and confirm the electrostatic predications.

Examination of the electrostatic potentials of SPICE, VCP-
E108K/E120K, and VCP-SPICE2 (Fig. 4) shows subtle differences
in the strength of the negative electrostatic potential of SCR-2/
SCR-3, in the order SPICE � VCP-E108K/E120K � VCP-
SPICE2. This order correlates well with the order of binding (Fig.
7A) and is in excellent agreement with the order of inhibitory
activity.

To evaluate the factor I cofactor activity of VCP-E108K/E120K
we studied C3b degradation. The protein, in the presence of factor
I, completely cleaved the �� chain of C3b within 5 min, indicating
a C3b degradation rate similar to SPICE (Fig. 7B). This again
establishes the finding of the increased activity of VCP-E108K/
E120K and supports the electrostatic model of enhancement of
complement regulatory activity of SCR-containing proteins.

Discussion
Our data demonstrate how the 11 residues that differ between
SPICE and VCP result in such enhanced function. In our study, we
expressed VCP, mutated versions of VCP, and SPICE using a
prokaryotic E. coli system. Such an approach, which includes a
protein-refolding step, has been successful for the expression of
functional SCR-containing proteins (23). The characterization of
our purified proteins indicated that they were folded correctly, and
functional assays indicated that they had complement regulatory
activity. We found that SPICE was 1000-times and 75-times more
active then VCP at inhibiting the alternative and the classical path-
ways of complement activation, respectively. Therefore, we fo-
cused our work on investigating the effect of the mutated proteins
on the alternative pathway of complement activation. Like the
prior study with baculovirus expressed SPICE (21), we too found
significant differences with the cofactor activity between VCP and
SPICE. SPICE helped mediate a much faster rate of degradation of
C3b. However, as opposed to the previous report that SPICE could
support the cleavage of C3b at residues 954–955, which results in
the generation of the fragment C3dg (21), we found products that
would only result from two cleavages of the �� chain of C3b at
1320–1321 and 1303–1304. This is an important finding because
it supports current dogma that only CR1 has an efficient cofactor
activity that leads to the cleavage of C3b at position 954–955
resulting in the formation of C3dg (32, 33). Similar to this prior
report that SPICE, along with factor I, could mediate the formation
of C3dg (21), the complement control protein encoded by the Ka-
posi’s sarcoma-associated herpesvirus had at first been reported to
mediate the formation of a C3d-product (34). However, recently
the same group showed that this viral protein only acted as the
cofactor in the formation of iC3b (35). This indicates an important
difference in the cofactor activity of CR1 compared with all other
SCR-containing complement regulatory proteins. We believe that
the prior work with the viral complement regulatory proteins that
showed formation of C3b cleavage products beyond the second
cleavage were due to enhanced susceptibility of iC3b2 to nonspe-
cific proteases that may have been present in the reaction mix.
Because SPICE is not glycosylated, we do not think the differences
we found were due to the fact that our protein was produced in
bacteria, while the prior study expressed SPICE in baculovirus.

The three-orders-of-magnitude increase in the complement reg-
ulatory activity of SPICE when compared with VCP permitted the
systematic study of the domains and amino acid changes that con-
tributed to this enhanced activity predicted by electrostatic mod-
eling. Although the amino acid sequence of SCR-1 was identical
between VCP and SPICE, SCR-2 contained five residue changes
and SCR-3 and -4 each had three residue differences. The crystal

FIGURE 4. Iso-potential contour surfaces for native VCP and several
theoretical mutants of VCP including SPICE. Blue and red denote pos-
itive and negative electrostatic potential, respectively. The structure of
VCP with PDB Code 1g40 (19) was used to construct the structures of
SPICE and theoretical mutants. The coordinates of all mutants were fit
to the coordinates of native VCP using the backbone C� atoms. The
orientation of the structures and the electrostatic potential calculations
were performed using the same parameters for all panels. Modeling was
performed using the program Swiss-PdbViewer (26).
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structure of VCP has been previously solved (19) and showed that
each of the four SCR modules fold into a compact 6- to 8-stranded
�-structure. All of the amino acid substitutions that convert VCP
to SPICE appear to be on the surface of the molecule (21). The
presence of these amino acid substitutions on the molecular sur-
face was an indication that they do not substantially alter the fold-
ing of the protein, for which the amino acids of the predominantly
hydrophobic protein core are responsible. This was also demon-
strated experimentally because the CD spectra (Fig. 2C) of VCP
and SPICE were similar, indicating similar conformations of the
proteins.

We hypothesized that the differences in the activity observed
could be due to the changes in electrostatic potentials of the pro-
teins. Indeed, our electrostatic modeling of VCP and SPICE (Fig.
4) showed that the VCP electrostatic potential appears to be pos-
itive around SCR-1 and negative around the linker area of SCR-2
and SCR-3. In contrast, SPICE appears to have more positive
charge around SCR-1 and less negative charge in the SCR-2/
SCR-3 linker (Fig. 4). Thus, our data and these electrostatic ob-
servations suggest a Coulombic-type interaction between VCP/
SPICE and C3b. That is, recognition between VCP or SPICE and
C3b occurs through long-range electrostatic attraction. This hy-
pothesis was supported by the modeling of the electrostatic poten-
tials and activity of VCP, SPICE, VCP-SPICE2, VCP-SPICE3,
VCP-SPICE4, VCP-SPICE2–3, VCP-E108K, and VCP-E120K.

We found that substituting the combination of SCR-2 and
SCR-3 from SPICE in VCP (VCP-SPICE2–3) had C3b-binding,
alternative pathway-regulatory activity, and cofactor activity
nearly identical to SPICE. Examination of the electrostatic poten-
tial of VCP-SPICE2–3 suggested that reduction of negative charge
by mutations of acidic amino acids in SCR-2 and SCR-3 resulted
in enhanced positive electrostatic potential not only in SCR-1 but
also in SCR-2. Although other combinations of SCR substitutions
enhanced activity when compared with VCP, they were not as
active as the SCR 2–3 substitution (data not shown). The most
dramatic single SCR substitution was with SPICE SCR-2 (VCP-
SPICE2). This protein was 148-times more active at regulation
than VCP, and only 5-fold less active than SPICE. VCP-SPICE3
and VCP-SPICE4 showed 5.2- and 7.8-fold higher activity,

respectively, than VCP at inhibiting the alternative pathway
activation.

In general, binding experiments of the mutated proteins with
C3b showed increased binding to the ligand that correlated with

FIGURE 5. Mapping of SPICE
SCRs involved in the enhanced inter-
action of SPICE with C3b. A, Binding
of VCP-SPICE mutants to immobi-
lized C3b. The experiment was con-
ducted as described in Fig. 3A. B, In-
hibition of alternative pathway by
VCP-SPICE variants. The experiment
was conducted as described in Fig.
3B. C, factor I (fI) cofactor activity of
VCP-SPICE mutants. Recombinant
proteins were incubated with C3b in
the presence of fI and analyzed as de-
scribed in Fig. 3C.

FIGURE 6. Mapping of the activity of SPICE by single mutations in
SCR-2. A, Analysis of the binding of VCP-SPICE variants to immobilized
C3b. The letters and numbers above each arrow represent the individual
residue changes in VCP summarized in Fig. 1B. The experiment was con-
ducted as it is described in Fig. 3A. B, Inhibition of alternative pathway
complement activation by VCP-SPICE mutants. The experiment was con-
ducted as described previously in Fig. 3B.
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the observed inhibition of the alternative pathway. For example,
VCP-SPICE2, the most active protein with a single SCR substi-
tution, bound C3b with similar level of binding as seen with
SPICE, although the kinetics of C3b binding was different from
SPICE (Fig. 5A). Cofactor experiments conducted in the presence
of VCP-SPICE2, VCP-SPICE3 and VCP-SPICE4 recombinant
proteins showed clearly that amino acid substitutions on SCR-2
and SCR-4 on VCP increase the rate of C3b cleavage dramatically.
Interestingly, VCP-SPICE4 appeared to have less binding ability
to C3b than VCP-SPICE3, yet its inhibition of alternative pathway
and its cofactor activity was significantly higher. This is somewhat
similar to what has been described for C4bp (36) (and CR1 (37)).
The cofactor activity and the binding site of C4bp to C3b can be
localized to different sites on the molecule, meaning that these two
activities are separable. Based on our studies of VCP containing
various SPICE SCRs, we believe that this is also the case for this
viral complement regulatory protein. The C3b binding activity of
SPICE mainly involves residues located in SCR-2 and SCR-3
while the factor I cofactor activity involves residues situated in
SCR-2 and SCR-4.

Because SCR-2 appeared to be the most important SCR for
these activities, we next examined the individual amino acids in-
volved in SPICE-C3b interaction and activity within SCR-2 by
making individual residue changes. We expressed the single-ami-
no-acid substitutions in SCR-2 (Q77H, H98Y, S103Y, E108K, or
E120K) and evaluated this panel of proteins for their C3b-binding
and their ability to inhibit complement activation through the al-
ternative pathway. All five proteins with single-residue substitu-
tions showed 10-times higher binding to C3b than VCP. Each mu-
tated protein had 11- to 87-fold enhanced inhibition of the
alternative pathway than VCP. The activity we found correlated
with the predictions formed by electrostatic modeling. It had sim-
ilar activity with SPICE at inhibiting the alternative pathway. The
amount needed for this inhibition was only 3-times less than
SPICE.

Based on predictions from the electrostatic calculations of VCP,
we made a double residue substitution in VCP SCR-2 (E108K and

E120K), which had generated a similar electrostatic profile con-
tained in SPICE (Fig. 4). We predicted that a protein with these
two residue changes would display many of the same properties
that the 11 residue changes contained in SPICE. The recombinant
VCP-E108K/E120K mutant resulted in a protein with increased
complement regulatory activity. It had similar activity with SPICE
at inhibiting the alternative pathway activation. The amount
needed for this inhibition was only 3-times less than SPICE. It also
had cofactor activity similar to SPICE.

It appears that electrostatic interactions are a property of other
RCAs containing SCRs. Earlier studies have shown that the recogni-
tion between C3d and CR2(SCR-1/SCR-2) is electrostatic in nature
involving macrodipoles through the volumes of C3d and CR2(SCR-
1/SCR-2) (31). A two-step association model was proposed for
C3d-CR2(SCR-1/SCR-2). The first step involved long-range electro-
static interactions, while the second step involved local structural
rearrangements to achieve shape and physico-chemical complemen-
tarity and to facilitate docking (31). The shape complementarity
involved local van der Waals interactions. The physico-chemical
complementarity involved local hydrophobic interactions and local
electrostatic interactions in the form of hydrogen bonds and salt
bridges.

Our data demonstrate how the 11 residue differences between
SPICE and VCP result in such enhanced function. The multilog10

increase in the complement regulatory activity of SPICE when
compared with VCP permitted the systematic study of the domains
and amino acid changes that contributed to this enhanced activity
predicted by electrostatic modeling. Our data validates an electro-
static model of interaction between SCR-containing proteins and
C3b. That is, a predominantly negative C3b and a predominantly
positive VCP variant favor their electrostatically driven recogni-
tion and enhance their association. Increase in the positive charge
of VCP variants occurs by mutations of acidic amino acids, which
reduce the negative character of the electrostatic potential at the
vicinity of SCR-2 and SCR-3 and enhance the positive character of
the electrostatic potential at SCR-1 and SCR-4. This model has
important implications in both our understanding of how RCA
interact with C3b and the rational design of potent complement
inhibitors that might be used as therapeutic agents (38, 39).
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