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Recently it has been shown that kaposica, an immune evasion protein of Kaposi’s sarcoma-associated
herpesvirus, inactivates complement by acting on C3-convertases by accelerating their decay as well as by
acting as a cofactor in factor I-mediated inactivation of their subunits C3b and C4b. Here, we have mapped the
functional domains of kaposica. We show that SCRs 1 and 2 (SCRs 1-2) and 1-4 are essential for the classical
and alternative pathway C3-convertase decay-accelerating activity (DAA), respectively, while the SCRs 2-3 are
required for factor I cofactor activity (CFA) for C3b and C4b. SCR 3 and SCRs 1 and 4, however, contribute
to optimal classical pathway DAA and C3b CFA, respectively. Binding data show that SCRs 1-4 and SCRs 1-2
are the smallest structural units required for measuring detectable binding to C3b and C4b, respectively. The
heparin-binding site maps to SCR 1.

The complement system is an essential arm of innate immu-
nity, providing the first line of defense against a repertoire of
invading microorganisms, including viruses (6, 20). Invasion by
viral predators leads to activation of the complement system in
a cascade-dependent manner via three activation pathways,
classical, alternative, and lectin, and results in efficient elimi-
nation of viruses as a consequence of opsonization, phagocy-
tosis, and lysis (3, 13). Since viruses solely depend on their host
for survival and propagation, coevolution of viruses along with
their host has led to the development of various mechanisms to
evade the host complement attack. Viruses known to subvert
the complement system include the poxviruses, herpesviruses,
retroviruses, paramyxoviruses, and picornaviruses (1, 7, 14, 27).

Kaposi’s sarcoma-associated herpesvirus (KSHV) or human
herpesvirus 8 (HHV-8) is the most recently discovered human
tumor virus belonging to the gammaherpesvirus family. KSHV
DNA has been found in all the epidemiological forms of Ka-
posi’s sarcoma and has thus been implicated in the pathogen-
esis of Kaposi’s sarcoma. It is also associated with two lympho-
proliferative disorders, body cavity-based B-cell lymphoma, or
primary effusion lymphoma, and a subset of multicentric
Castleman’s disease (16, 18). The KSHV genome and its en-
coded gene products have been identified in vivo in human B
cells, macrophages, endothelial cells, epithelial cells, and ker-
atinocytes (26). Sequencing of the KSHV genome revealed the
presence of 80 complete open reading frames (ORFs) encoded
within it, with several of them having significant homology to
human cellular genes captured during virus evolution (23). The
sequence of ORF 4 was strikingly similar to the human com-
plement control proteins belonging to the regulators of com-
plement activation (RCA) family (16, 23). The members of this

family are characterized by the presence of conserved elemen-
tal units termed the complement control protein domain
(CCP) or short consensus repeat (SCR). Each SCR is com-
posed of �60 amino acids with four invariant cysteines linked
by two disulfide bonds, an invariant tryptophan, and highly
conserved prolines, glycines, and other hydrophobic residues,
which together fold into a bead-like structure. Multiple SCRs
are separated by linkers of 2 to 7 residues, giving the proteins
a “beads-on-a-string”-like appearance. The RCA proteins reg-
ulate complement by two different mechanisms: (i) by acceler-
ating the irreversible dissociation of the C3-convertases and
(ii) by serving as cofactors for the serine protease factor I-me-
diated cleavage of C3b and C4b (the subunits of C3-converta-
ses) (9, 21, 25).

The KSHV ORF 4 (1,650 bp) encodes a protein that con-
tains four extracellular SCRs followed by a dicysteine motif, a
serine/threonine (S/T)-rich region, and a transmembrane re-
gion. The molecule contains three potential N-linked and sev-
eral O-linked carbohydrate sites (Fig. 1). Analysis of posttran-
scriptional processing of ORF 4 suggested that, in addition to
the unspliced mRNA, two spliced transcripts are produced.
Both of them contain the transmembrane region; however,
they lack either the S/T region or the dicysteine motif and the
S/T region (31). In our previous study, we have expressed the
soluble form of this protein (SCRs 1-4 without other regions)
using the Pichia expression system and assigned a function to
this protein (19). The purified KSHV ORF 4 protein (molec-
ular mass, 56,000 Da) inhibited human complement-mediated
lysis of erythrocytes, blocked cell surface deposition of C3b,
and served as a cofactor for factor I-mediated inactivation of
C3b and C4b. Based on its function, the protein was named as
kaposica (the Kaposi’s sarcoma-associated herpesvirus inhibi-
tor of complement activation) (19). In a parallel study, another
group has shown that apart from factor I cofactor activity
(CFA), this protein also possesses considerable decay-acceler-
ating activity (DAA) for the classical C3-convertase (C4b,2a),
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but poor DAA for the alternative pathway C3-convertase
(C3b,Bb) (30).

Since kaposica inhibits complement and provides a mecha-
nism by which KSHV can subvert complement attack by the
host, identification of its structural determinants important in
its function would not only help in elucidating the complement
regulatory mechanisms of kaposica, but would also lead to the
identification of the target regions for future drug develop-
ment. To identify the functional domains of kaposica, we have
generated a series of deletion mutants and expressed them
using the Pichia expression system. Importantly, we did not
add the His tag which is normally added to aid purification,
since addition of a His stretch might add a charge on the
protein if the pKa of His is altered upon binding and may
influence its activity. In brief, the recombinant kaposica con-
structs comprising SCRs 1–3, 2–4, 1–2, 2–3, and 3–4 were
constructed from the full-length kaposica clone (19) by PCR
amplification (primer combinations shown in the legend) and
cloned into the yeast expression vector pPICZ� (Invitrogen,
Carlsbad, Calif.) at the EcoRI and XbaI sites downstream of
the AOX1 methanol-inducible promoter. After sequencing the
clones for their authenticity, each of the mutants was inte-

grated into the Pichia genome as per the manufacturer’s in-
struction (Pichia expression kit, version F; Invitrogen).

The mutant proteins were expressed and concentrated from
the culture supernatants by ultrafiltration followed by ammo-
nium sulfate precipitation (80%) and purified as given below.
Kaposica mutants 1–2 and 1–3 were allowed to bind to hepa-
rin-agarose column (Sigma, St. Louis, Mo.) in 10 mM sodium
phosphate buffer pH 7.4 and eluted using 500 mM NaCl in the
above buffer. Mutants 2–3, 3–4, and 2–4, however, failed to
bind to the heparin-agarose column and thus were purified
using DEAE Sephacel (Sigma) in 10 mM sodium phosphate
(pH 7.4). The proteins were eluted using a linear salt gradient
from 0 to 250 mM. Based on the pI of the mutant proteins,
they were subjected to further purification either on a Mono S
or a Mono Q column (Pharmacia, Uppsala, Sweden). Kaposica
1–2 was purified using a Mono S column in 5 mM sodium
acetate buffer (pH 4.0), and the protein was eluted by a linear
salt gradient of 0 to 1 M. The other mutants (kaposica 1–3, 2–4,
2–3, and 3–4) were purified on a Mono Q column in 20 mM
Tris (pH 8.0) and eluted using a linear salt gradient of 0 to 500
mM. The purified proteins ran as single bands on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

FIG. 1. SDS-PAGE and sequence analysis of the purified kaposica mutants. (Left) Schematic representation of the structure of kaposica. It
contains four N-terminal SCRs followed by a dicysteine motif, a serine/threonine (S/T) region, and a transmembrane (TM) region. The predicted
N-linked and O-linked carbohydrate sites are indicated with balloons and O-CHO, respectively. The predicted O-linked carbohydrate sites within
SCRs 1-4 are not marked. The putative heparin-binding sites with a characteristic motif of K/RXK/R (28) are indicated with arrows. Our data
shows that the heparin-binding site is located in SCR 1. Kaposica mutants were cloned in P. pastoris and purified as described. The purified mutants
were run on an 11% SDS-PAGE gel under reducing conditions and stained with Coomassie blue. Lane 1, molecular mass (MW) markers; lane
2, kaposica; lane 3, SCR 1-3; lane 4, SCR 2-4; lane 5, SCR 1-2; lane 6, SCR 2-3; and lane 7, SCR 3-4. For amplification of the respective deletion
mutants, the following sequence-specific primers were used: SCR 1-3, AS-9 (5� GGAATTCAAGTGTTCCCAAAAAACCTTAATTGG 3�) and
AS-15 (5� GCTCTAGATTAGCCTGCGAGTTCACAGGTTGG 3�); SCR 2-4, AS-17 (5� GGAATTCTGTCCAAACCCAGGTGAAATAC 3�) and
AS-10 (5� GCTCTAGATTACAAAACACACTTAGGAAGTGG 3�); SCR 1-2, AS-9 and AS-16 (5� GCTCTAGATTACTTTTCTTTTTCACAAA
AAGGAGG 3�); and SCR 2-3, AS-17 and AS-15, and SCR 3-4, AS-18 (5�GGAATTCTGTCACAGACCGAAAATCGAAAATG 3�) and AS-10.
The primers incorporated restriction sites EcoRI and XbaI (italicized) in the forward and the reverse orientations, respectively, and a stop codon
(indicated in bold) in the reverse orientation primers. (Right) Amino acid sequences of kaposica mutants were determined by mass spectrometry.
Bold amino acid residues indicate the residues that are added at the N terminus due to cloning. The underlined sequences on the figure indicate
the sequences determined by mass spectrometry. The apparent molecular masses were determined by running the mutants on SDS-PAGE.
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PAGE) (Fig. 1). To confirm the identity of the mutants, they
were subjected to sequencing by mass spectrometry as previ-
ously described (11) at the Biomolecular Research Facility,
University of Virginia, Charlottesville. The amino acid se-
quences of the expressed mutants were consistent with the
predicted sequences confirming the identity of mutants (Fig.
1). The purified mutants were also verified for proper folding
using size exclusion chromatography (Superose 12; Pharma-
cia). All the mutants ran as a monodisperse population (data
not shown). These data along with preservation of various
functions in mutants, which require different SCRs (described
below), suggest that mutants have maintained proper confor-
mation. The molecular masses of kaposica and the mutants
1-3, 2-4, 1-2, 2-3, and 3-4 on size exclusion chromatography
were 120,000 Da, 71,000 Da, 56,000 Da, 46,000 Da, 42,000 Da,
and 23,000 Da, suggesting that kaposica as well as its mutants
except SCR 3-4, exist as dimers. The physiologic importance of
dimerization in kaposica is not clear at present.

Previously, we have shown that like vaccinia virus comple-
ment control protein (VCP), kaposica also binds to heparin
(19). From our purification data, it is clear that only SCR 1-3
and SCR 1-2 mutants retained the heparin-binding activity.
Since the SCR 2-4 mutant did not bind to heparin, we conclude
that the heparin-binding site is located in SCR 1 of kaposica.
We have also verified these data by performing binding of
purified kaposica mutants to heparin-agarose (data not
shown). It is well known that interaction of human comple-
ment regulator factor H with heparin is important for regula-
tion of the alternative pathway (17). Whether the heparin-
binding site present on SCR 1 of kaposica plays any role in
complement regulation is not known at present.

It is now clear that kaposica inactivates C3-convertases by
acting as a cofactor in factor I-mediated inactivation of C3b
and C4b, as well as by accelerating decay of the classical path-
way (C4b,2a) and, to a limited extent, the alternative pathway

(C3b,Bb) C3-convertases into their subunits (19, 30). The data
presented in Fig. 2 and 3 show that SCRs 2-3 is the minimum
region of kaposica required for factor I cofactor activity for
C3b and C4b. Further, these data indicate that the presence of
SCRs 1 and 4 are essential for providing optimal cofactor
activity against C3b (Fig. 2). Previous data on mapping of the
functional domains of human RCA proteins (factor H, mem-
brane cofactor protein, complement receptor 1 and C4b-bind-
ing protein) suggested that a minimum of three SCRs are
necessary for factor I cofactor activities for C3b and/or C4b (4,
8, 9). Hence kaposica is the first example where factor I co-
factor activity is conferred by only two SCRs.

The effect of kaposica and its mutants on decay of the
classical pathway (CP) C3-convertase was assessed by forming
C4b,2a on sheep erythrocytes (15, 22). The data depicted in
Fig. 4 shows that the CP DAA resides in SCRs 1-2 but SCR 3
also contributes to the optimal function. This data is consistent
with the previous data on the requirement of multiple SCRs
for CP DAA of human RCA proteins; in the case of decay-
accelerating factor, it has been shown that SCRs 2-3 are re-
quired for CP DAA (5) while in complement receptor 1, SCRs
1-3 contribute to CP DAA (12).

In comparison to human complement regulators, kaposica is
a poor regulator of the alternative pathway C3-convertase
C3b,Bb. Earlier, it was shown that it is at least 1,000-fold less
active compared to human factor H and decay-accelerating
factor (30). In the present study, we have compared alternative
pathway DAA of kaposica with human factor H by forming
C3-convertase on rabbit erythrocytes (15, 24). At 10 �M and
50 �M concentrations, kaposica caused 10.5% � 2.5% and
80.1% � 9.9% decay of the AP C3 convertase relative to the
spontaneous decay in buffer (Fig. 5). The decay by factor H was
39.7% � 4.9% at 0.01 �M and 94.7% � 2.0% at a 0.1 �M
concentration, indicating that kaposica is about 1,500-fold less
active compared to factor H. Further, when kaposica mutants

FIG. 2. Analysis of factor I cofactor activity of kaposica and its mutants for complement protein C3b. Cofactor activity was determined by
incubating C3b (2.5 �g) with kaposica (2 �g) or mutants (2 �g) and factor I (150 ng) in 15 �l of 10 mM sodium phosphate, pH 7.4, containing
145 mM NaCl at 37°C for the indicated time period. Cleavage products were visualized by running the samples on 10% SDS-PAGE gels and
staining with Coomassie blue. During C3b cleavage, the ��-chain is cleaved into N-terminal 68-kDa and C-terminal 43-kDa fragments; appearance
of these fragments indicates the generation of iC3b (inactive C3b).
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were tested for DAA of AP convertase, none showed any
activity even at 50 �M (Fig. 5), indicating thereby that all four
SCRs contribute to alternative pathway DAA.

Even though ligand binding is a prerequisite for CFA and
DAA, a large body of evidence indicates that ligand binding
does not always correlate well with cofactor and decay activi-
ties (9). From the data presented above, it is clear that SCRs
1-2 and 1-4 are the minimum regions required for the CP DAA
and AP DAA, respectively, while SCRs 2-3 are enough to
confer CFA for C3b and C4b. In order to determine whether
DAA and CFA of various mutants correlate with binding to

C3b and C4b, we performed a quantitative analysis of binding
of kaposica and its mutants to C3b and C4b using the surface
plasmon resonance assay (Fig. 6). In this assay, C3b and C4b
were oriented on a streptavidin chip by labeling their free -SH
groups with biotin (2). This setup mimicked the physiological
orientation of these proteins and also allowed accurate deter-
mination of the binding constants (2). Our data showed that
like VCP-C3b/C4b interactions (2), interactions of kaposica
with C3b and C4b also followed a simple 1:1 binding model
(Fig. 6). It is important to point out here that, though kaposica
ran as a dimer on size exclusion chromatography, it showed 1:1

FIG. 3. Analysis of factor I cofactor activity of kaposica and its mutants for complement protein C4b. Cofactor activity was determined by
incubating C4b (3.2 �g) with kaposica (2 �g) or mutants (2 �g) and factor I (150 ng) in 15 �l of 10 mM sodium phosphate, pH 7.4, containing
145 mM NaCl at 37°C for the indicated time period. Cleavage products were visualized by running the samples on 10% SDS-PAGE and staining
with Coomassie blue. During C4b cleavage, the ��-chain is cleaved into N-terminal 27-kDa, C-terminal 16-kDa (not visualized on the gel), and
central C4d fragments; these cleavages result in inactivation of C4b and generation of C4c and C4d.

FIG. 4. Classical pathway decay-accelerating activity of kaposica and its mutants. The classical pathway (CP) C3-convertase C4b,2a was formed
on antibody-coated sheep erythrocytes, using purified C1, C4, and C2 (Calbiochem) (15, 22). The cells coated with C4b,2a were incubated with
increasing concentrations of kaposica or its mutants at 22°C for 5 min, and the remaining C3-convertase activity was assayed by incubating the cells
with guinea pig sera diluted 1:100 in dextrose gelatin Veronal buffer, pH 7.4, containing 40 mM EDTA. The data were normalized by setting 100%
C3-convertase activity to be equal to the average activity in the absence of inhibitor (kaposica or its mutants).
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interaction. It is possible that a binding site for C3b/C4b on one
of the molecules is unavailable for binding due to sterically
hindered access to the site. Interestingly, when deletion mu-
tants were allowed to flow over the sensor chip, none of the
deletion mutants showed binding to C3b and only SCR 1-2 and
1-3 mutants showed binding to C4b (Fig. 6). Thus, the require-
ment of all the four SCRs for AP DAA could be explained on
the basis of binding data to C3b. Further analysis of binding of
mutants to C4b showed that the SCR 1-3 mutant which showed
comparable CP DAA to kaposica displayed similar affinity for
C4b (Table 1), and the SCR 1-2 mutant which showed a 61-
fold decrease in CP DAA showed a dramatic (263-fold) de-
crease in affinity for C4b. The data on CFA, however, did not
correlate with binding data; the SCR 2-3 mutant which dis-
played CFA against both C3b and C4b showed no detectable
binding either to C3b or to C4b. A prevailing model of factor
I-mediated inactivation of C3b and C4b suggests that this pro-
cess involves two steps: (i) recognition of C3b/C4b by the
cofactor and (ii) interaction of factor I with C3b/C4b and the
cofactor (29). Since the SCR 2-3 mutant did not show detect-
able binding either to C3b or to C4b, it is likely that the

interaction of SCRs 2-3 with C3b/C4b is very weak and binding
of factor I to C3b/C4b and SCRs 2-3 stabilizes this interaction.

In summary, our data clearly show that different SCRs of
kaposica are important for its various functional activities. It is
pertinent to point out here that although KSHV encodes a
small complement regulatory protein (composed of four
SCRs) compared to human regulators (composed of 4 to 59
SCRs), it possesses at least three out of four C3-convertase
regulatory activities of the host RCA proteins. The human
RCA proteins that have all these activities are complement
receptor 1 and C4b-binding protein, which are 30 and 59 SCR-
containing proteins, respectively. Thus, the small size of ka-
posica reflects the limited size of the KSHV genome, but this
does not limit its activities. Gammaherpesvirus 68 (�HV-68), a
murine gammaherpesvirus, also encodes a four-SCR-contain-
ing protein similar to kaposica and regulates complement at
the C3-convertase level. In an elegant in vivo study, it has been
shown that �HV-68 RCA-C3 interactions are important for
acute as well as persistent viral infection (10). Given the fact
that kaposica inactivates complement by acting on the C3-
convertases and the in vivo data on �HV-68 (10), it is likely

FIG. 5. Alternative pathway decay-accelerating activity of kaposica and its mutants. The alternative pathway (AP) C3-convertase C3b,Bb was
formed on rabbit erythrocytes, using purified C3, factor B, and factor D in the presence of NiCl2 (15, 22). The cells coated with C3b,Bb were
incubated with increasing concentrations of kaposica or its mutants at 37°C for 10 min, and the remaining C3-convertase activity was assayed by
incubating the cells with human sera diluted 1:5 in gelatin Veronal buffer, pH 7.4, containing 20 mM EDTA. Factor H was used as a positive
control. The data were normalized by setting 100% C3-convertase activity to be equal to the average activity in the absence of inhibitor (kaposica
or its mutants).

TABLE 1. Kinetic and affinity data for the interactions of kaposica with C3b and C4b and SCR 1-3 and SCR 1-2 mutants with C4bd

Ligand Analyte kd(1/s)/ka(1/Ms) SE (kd/ka) KD
a (�M) �2

C3b Kaposica 0.679/(1.49 	 105) 0.0355/(8.27 	 103) 4.56a 2.01
C3b Kaposica NAc NA 4.43b 0.0747
C4b Kaposica 0.371/(2.11 	 106) (4.40 	 10
3)/(2.71 	 104) 0.176a 0.773
C4b Kaposica NA NA 0.174b 0.269
C4b SCR 1-3 0.334/(2.47 	 106) 0.0139/(1.11 	 105) 0.135a 2.26
C4b SCR 1-3 NA NA 0.147b 0.197
C4b SCR 1-2 0.413/(8.93 	 103) 0.0355/(1.04 	 103) 46.3a 0.251
C4b SCR 1-2 NA NA 46.6b 0.0585

a Data were calculated by global fitting to a 1:1 Langmuir binding model (BIAevaluation 4.1).
b Data were calculated by steady-state analysis (BIAevaluation 4.1).
c NA, not applicable.
d ka, association rate consistant; kd, dissociation rate constant; KD, equilibrium rate constant; SE, standard error.
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that kaposica may play a similar role during KSHV infections.
Further delineation of the control points in kaposica and tar-
geting them may provide an alternative way to control KSHV
infections.
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