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Inhibition of the alternative pathway (AP) of complement by
saliva fromAnophelesmosquitoes facilitates feeding by blocking
production of the anaphylatoxins C3a and C5a, which activate
mast cells leading to plasma extravasation, pain, and itching.We
have previously shown that albicin, a member of the SG7 protein
family from An. Albimanus, blocks the AP by binding to and
inhibiting the function of the C3 convertase, C3bBb. Here we
show that SG7.AF, the albicin homolog fromAn. freeborni, has a
similar potency to albicin but is more active in the presence of
properdin, a plasma protein that acts to stabilize C3bBb.
Conversely, albicin is highly active in the absence or presence of
properdin. Albicin and SG7.AF stabilize the C3bBb complex in a
form that accumulates on surface plasmon resonance (SPR)
surfaces coated with properdin, but SG7.AF binds with lower
affinity than albicin. Albicin induces oligomerization of the
complex in solution, suggesting that it is oligomerization that
leads to stabilization on SPR surfaces. Anophensin, the albicin
ortholog fromAn. stephensi, is only weakly active as an inhibitor
of the AP, suggesting that the SG7 family may play a different
functional role in this species and other species of the subgenus
Cellia, containing the major malaria vectors in Africa and Asia.
Crystal structures of albicin and SG7.AF reveal a novel four-helix
bundle arrangement that is stabilized by anN-terminal hydrogen
bonding network. These structures provide insight into the SG7
family and related mosquito salivary proteins including the
platelet-inhibitory 30 kDa family.

Feeding by mosquitoes and other hematophagous arthro-
pods elicits host responses aimed at preventing blood loss and
controlling microbial infection (1). Ultimately, these host re-
sponses can affect the transmission of parasites and viruses by
limiting feeding success. Pertinent host responses to feeding
include activation of the hemostatic system (coagulation
cascade, vasoconstrictive mechanisms, and platelet activation)
as well as immediate inflammatory/antimicrobial responses
(activation of mast cells and the complement system). Salivary
antihemostatic factors have been well characterized and
include inhibitors of coagulation proteases, apyrases, dis-
integrins, and scavengers of procoagulant small molecules
(2–5). Known anti-inflammatory mediators consist mainly of
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binders of biogenic amines and leukotrienes, peptides, and
protease inhibitors (6–9). Inhibitors of the complement system
have also been identified from mosquitoes, ticks, sand flies,
and triatomine bugs suggesting that activated complement in
the blood meal is deleterious to feeding and the digestion of
blood (10–16). The complement system is a proteolytic
cascade that is rapidly induced by microbial infection or tissue
damage leading to opsonization of microbes, synthesis of
microbicidal membrane attack complexes, and production of
proinflammatory anaphylatoxins. These processes lead to the
phagocytosis of invading pathogens, lysis of pathogen mem-
branes, and induction of antimicrobial inflammatory re-
sponses. Arthropod-produced complement inhibitors attack
various points in the classical (CP), lectin (LP), alternative
(AP), and common pathways of the complement cascade.
These pathways of complement activation are initiated
differently but result in the conversion of the plasma protein
C3 to its activated form, C3b, by proteolytic convertase com-
plexes (17). Newly formed C3b reacts with nucleophilic groups
by means of its labile thioester moiety and becomes covalently
linked at the microbial surface. Once attached, it binds with a
serine protease zymogen, factor B, which is then cleaved by a
second serine protease, factor D to form a complex known as
the alternative C3 convertase, C3bBb, which itself cleaves C3
to form C3b. At this point, the complement response is
enormously amplified as each C3bBb complex produces many
C3b molecules, each with the potential of binding to a mi-
crobial surface and forming a new alternative convertase
complex. Downstream steps of the common pathway of
complement include the activation of C5, a key component of
the membrane attack complex, by the C5 convertase, which
also requires C3b and thus depends on amplification of the
alternative convertase (17). The plasma protein properdin is
essential for normal C3bBb function as it acts as a pattern
recognition molecule for binding of the convertase complex to
microbial surfaces and stabilizes covalently bound C3bBb,
greatly extending its active lifetime (18, 19). Salivary inhibitors
from ixodid ticks are effective complement inhibitors that
function by scavenging properdin, thereby preventing its
binding with convertase complexes (20, 21).

Natural inhibitors of the complement pathway and their
mechanisms of inhibition are of continuing interest. Several
diseases, including age-related macular degeneration (AMD),
atypical hemolytic uremic syndrome (aHUS), and paroxysmal
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Figure 1. Inhibition of AP activation by mosquito-derived inhibitors as measured by erythrocyte lysis: A, inhibition of AP-mediated hemolysis of
rabbit erythrocytes by SG7.AF (circles) and albicin (squares) in NHS (diluted 1:20). B, inhibition of AP-mediated hemolysis of rabbit erythrocytes by albicin in
NHS (diluted 1:20, circles) and PDS (diluted 1:2, triangles). C, inhibition of AP-mediated hemolysis of rabbit erythrocytes by SG7.AF in NHS (squares) and PDS
(triangles).
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nocturnal hemoglobinuria (PNH) occur as a result of unreg-
ulated complement activation, and drugs targeting the com-
plement pathway are currently being studied or are in use for
their treatment (22, 23). Previously, we isolated albicin, a
member of the salivary SG7 protein family from females of the
malaria mosquito An. albimanus, which inhibits activation of
the AP in human serum as measured by lysis of rabbit eryth-
rocytes, blocks the cleavage of C3 and factor B in serum, and
binds specifically to the C3bBb complex (14). On surface
plasmon resonance (SPR) surfaces of properdin, albicin sta-
bilizes binding of the complex but also prevents C3 cleavage by
reconstituted solution phase C3bBb in the absence of pro-
perdin (14). It does not directly inhibit the enzymatic activity
of factor D, nor does it block the cleavage of factor B. Salivary
gland extracts of a second Anopheles species, An. freeborni,
also inhibit the activation of complement in serum (14). In this
study, we describe the structures of albicin and its orthologs
SG7.AF (from An. freeborni) and anophensin (from An. ste-
phensi), characterize the binding and mechanism of AP inhi-
bition by these inhibitors, and determine a role for properdin
in modulating the inhibitory activity of SG7.AF. We also
demonstrate that while the SG7 protein family is distributed
throughout the species of Anopheles, not all variants possess
strong anti-AP activity.
Results

SG7.AF blocks activation of the AP

Complement activation canbequantifiedbyobserving the lysis
of rabbit erythrocytes when incubated with human serum. These
cells consistently activate the AP in human serum and are
considered as surrogates for foreign cells encountered during
infection in vivo. Albicin was previously shown to prevent acti-
vationof theAP in the lysis assayusinghuman serum.Theprotein
was equally effective in normal human (NHS) and properdin-
depleted (PDS) serum indicating that properdin is not involved
in its inhibitorymechanism (Fig. 1,A–B).Weperformed the same
assays with recombinant SG7.AF fromAn. freeborni and found it
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to block erythrocyte lysis effectively in NHS but less potently in
PDS (Fig. 1, A and C). The IC50 value for SG7.AF was similar to
that of albicin inNHSbut increasedby sixfold inPDS suggesting a
role for properdin in its mechanism of action (Fig. 1, B–C).
Identically to albicin, SG7.AF showed no ability to inhibit the CP
(Fig. S1A). The fact that SG7.AF remained inhibitory, albeit less
so, in the absence of properdin indicates that it does not function
simply as a scavenger of properdin, but rather is made more
potent in its anti-C3bBb activity by properdin.

Mechanistic differences between properdin-independent
and -dependent SG7 inhibitors were probed by comparison
of SG7.AF with albicin in a variety of additional assays. In
supernatants of erythrocyte lysis assay preparations, the
cleavage of C3, as measured by the appearance of its cleavage
product C3a on western blots, was inhibited in the presence of
SG7.AF as was the cleavage of factor B, indicating that SG7.AF
interferes with the production of the alternative C3 convertase
and prevents amplification of complement activation in a
manner similar to albicin (Fig. 2). Like albicin, SG7.AF pre-
vents C3b, factor B, and properdin deposition from serum
onto agarose-coated plates, which are considered to mimic the
foreign surfaces activating complement in vivo by supporting
covalent linkage of C3b through hydroxyl groups on agarose
(16). This verifies that SG7.AF blocks AP activation at the
point of the C3bBb complex or before (Fig. 3, A–C). No sig-
nificant binding of individual protein components of the AP to
plate bound SG7.AF was observed when measured by ELISA,
suggesting that the inhibitor binds to the assembled complex
rather than a single protein (Fig. S1B). Additionally, SG7.AF
did not induce dissociation of immobilized C3bBb complexes
preassembled on agarose plates, while addition of factor H
causes release of factor B and properdin (Fig. 3, D–F). This
demonstrates that, like albicin, SG7.AF does not disrupt the
integrity of the complex in the manner of factor H/factor I or
other endogenous complement regulators. SG7.AF did inhibit
the enzymatic activity of reconstituted C3bBb complexes in
solution as measured by the appearance of C3a after incuba-
tion of C3 with preassembled C3bBb, but was less potent than



Figure 2. Evaluation of factor B activation and C3bBb activity in NHS in the presence of SG7.AF: 5 μl of the supernatant from the AP-mediated
hemolysis assay in the presence of inhibitors was collected at 0, 30, and 60 min. Proteins were separated on a 10% NuPage gel and transferred to
nitrocellulose membranes. A, NHS C3bBb activity was evaluated for C3a release using anti-C3a (1:10,000). A C3 degradation product that appears after
heating SDS-PAGE samples is labeled C3*. B, activation of factor B (B) was evaluated by the formation of factor Ba (Ba) and factor Bb (Bb) using anti-factor B
(1:10,000).
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albicin, which completely blocks the appearance of C3a on
western blots (Fig. 4A). Like albicin, SG7.AF did not block the
activation of factor B by factor D (conversion of C3bB to
C3bBb) demonstrating that it targets the C3bBb complex
directly, rather than inhibiting the serine protease responsible
for its activation (Fig. 4B). Together, these data suggest that
SG7.AF acts similarly to albicin in that it inhibits the catalytic
activity of the C3bBb complex by directly interacting with it.
However, it is more potent in the presence of properdin than
in its absence.

Albicin and SG7.AF enhance accumulation of C3bBb on
properdin SPR surfaces

In addition to its role in stabilizing the binding of C3b with
factor B and Bb, properdin binds to cell surfaces and acts as a
matrix for assembly of the C3bBb complex (19). Properdin-
coated SPR surfaces mimic this condition and support the
assembly of C3bB and C3bBb in a similar manner (24). We
have shown previously that albicin enhances rather than
blocks the accumulation of C3bBb on immobilized properdin
suggesting that the inhibitory mechanism involves a
strengthening of the interaction of the complex with the sur-
face. When injected along with C3b, factor B, and factor D,
SG7.AF and albicin both cause an enhanced accumulation of
C3bBb on the surface, but SG7.AF was required at higher
concentrations, indicating a lower-affinity binding interaction
for this inhibitor (Fig. 5A). SG7.AF alone, C3bB, C3bB-
SG7.AF, and C3b-SG7.AF showed little or no interaction
with the surface (Fig. S2). The large increase in accumulation
of C3bBb on the surface observed in the presence of inhibitors
suggests a substantial increase in the overall affinity of the
inhibited C3bBb complex for the properdin surface relative to
C3bBb alone.

Dissociation of the complex from the surface exhibited
biphasic kinetics with the overall dissociation of the SG7.AF-
bound complex being substantially more rapid than the
albicin-bound complex (Fig. 5E–F). The dissociation data at
inhibitor concentrations of 1 μM were fit to a double expo-
nential decay function. The fast phase for release of both the
SG7.AF- and albicin-bound complexes exhibited a rate con-
stant of 0.02 s−1, but with proportional amplitudes of 0.8 for
SG7.AF-bound and 0.2 for albicin-bound complexes indicating
that the albicin-bound complex was present mainly as a stable,
slow-dissociating form while the SG7.AF complex was present
mainly as a rapidly dissociating form. The slow phase rate
constant for both SG7.AF and albicin complexes was 0.003 s−1.
When albicin was injected after deposition of C3bBb-SG7.AF
on the chip surface, the dissociation rate for the complex
was reduced to a value similar to that of the bound C3bBb-
albicin complex indicating that SG7.AF and albicin are
rapidly exchanged in properdin-bound C3bBb and that in-
hibitor binding regulates the decay rate (Fig. 5F). If 1:1:1
stoichiometry is assumed for C3b, factor Bb, and SG7.AF in
the bound complex, C3b would account for 70% of the com-
plex mass. The species dissociating in the fast phase (80% of
the complex mass) must therefore contain C3b and is most
likely the entire monomeric C3bBb complex being released
from the properdin surface after dissociation of the inhibitor.

Chromatographic analysis of the albicin-bound C3bBb
complex.

The increased accumulation of the albicin–C3bBb complex
on properdin SPR surfaces suggested that the inhibitor may
induce oligomerization in the manner of the staphylococcal
complement inhibitor SCIN, whose binding results in dimer-
ization of C3bBb (25). We assessed the oligomeric state of the
albicin-inhibited complex observed in SPR experiments using
gel filtration chromatography after coincubation of C3b, factor
B, and factor D in the presence and absence of albicin and
nickel ion, which is known to enhance the binding of C3b with
factor B (25). Albicin markedly reduced the retention volume
for complex elution, indicating an increased molecular mass
for the inhibited complex beyond that attributable to addition
of the inhibitor alone (Fig. 6A). Based on chromatographic
data from a series of standards, the complex has a molecular
weight 360 kDa, while the calculated mass of the dimeric
complex is 499 kDa, suggesting a C3bBb–albicin dimer is
present that partially dissociates during chromatography
J. Biol. Chem. (2021) 296 100083 3



Figure 3. Deposition and displacement of C3b, factor Bb, and properdin in the presence of SG7.AF: Agarose-coated plates were incubated with NHS
(20%) and different concentrations of SG7.AF at 37 �C for 30 min and probed with (A) anti-C3 (1:5000), (B) anti-factor B (1:200), or (C) anti-properdin (1:200).
Each experiment was run twice and replicated three times in each run. The data were normalized to the zero concentration value and the points represent
means ± standard deviation. For displacement assays, plates were incubated with NHS (20%) for 30 min at 37 �C followed by incubation with SG7.AF (800
nM) or factor H (10 μg) for 30 min at 37 �C and probed with (D) anti-C3 (1:5000), (E) anti-factor B (1:200), or (F) anti-properdin (1:200). Wells treated with
serum not containing SG7.AF were used as positive control, and wells probed in the absence of both serum and SG7.AF were used as negative control. Each
experiment was run twice and replicated three times in each run. The data were normalized to the buffer value, and the bars represent the mean ± standard
deviation. The lack of effect of factor H on C3b dissociation is consistent with covalent attachment to the agarose surface.
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(Fig. 6A, Fig. S3). Nevertheless, the monomeric C3bBb com-
plex (250 kDa) formed in the absence of albicin appeared near
its predicted elution volume and showed distinct separation
from the inhibited complex (Fig. 6A). Examination of chro-
matographic fractions by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) also showed
albicin to be present along with C3b and factor Bb in the
fractions corresponding to the UV absorbance peak of the
inhibited complex (Fig. 6B, Fig. S3).
The crystal structures of albicin and SG7.AF

The structure of albicin consists of a bundle of four α helices
stabilized by two disulfide bonds (Fig. 7A, Table 1). Helix α1
extends from the N-terminus to Thr 14 and is followed by a
section of random coil that extends to Lys 22. Helix α2 extends
4 J. Biol. Chem. (2021) 296 100083
from Ser 23 to Gly 47, and the loop linking α2 and α3 extends
from Tyr 48 to Ser 55 followed by α3 extending from Ser 23 to
Gly 47 (Fig. 7A). The loop connecting helices α3 and α4 ex-
tends from Ser 78 to Ser 88, with α4 extending from Val 89 to
the C-terminus. The two disulfide bonds link α3 and α4 with
Cys 58 forming a disulfide with Cys 113 and Cys 81 linking
with Cys 91. The N-terminal amino group of albicin partici-
pates in numerous intramolecular electrostatic interactions
that appear to be important in stabilizing the overall structure,
including three hydrogen bonds with residues forming the
turn linking α2 and α3 (Fig. 8). The carbonyl groups of Val 45,
Gly 46, and Tyr 48 form hydrogen bonds with the N-terminal
amino group as does ND1 of the imidazole group of His 4 in
α1. These interactions may be important for the positioning of
the helical elements and stabilization of the helical bundle.
Structural searches using DALI (26) reveal similar structural



Figure 4. Effect of SG7.AF and albicin on the activity of reconstituted C3bBb and the activation of C3bB by factor D. A, C3bBb was formed in vitro by
incubation of C3b (200 nM), factor B (100 nM), and factor D (50 nM) at room temperature for 2 min followed by addition of EDTA (5 mM). The resulting
C3bBb complex was incubated with C3 (0, 100, or 200 nM) in the presence of SG7.AF or albicin (2 μM) for 20 min at room temperature, separated on a 10%
NuPAGE gel, and transferred to a nitrocellulose membrane. C3bBb activity was evaluated by the formation of C3a using anti-C3a (1:10,000). A C3
degradation product that appears after heating SDS-PAGE samples is labeled C3*. B, C3b (200 nM), factor B (100 nM), and factor D (50 nM) were incubated in
the presence or absence of SG7.AF or albicin (2 μM) for 0, 20, and 40 min at 37 �C. Proteins were separated on a 10% NuPAGE gel and transferred to a
nitrocellulose membrane. Cleavage of factor B (B) into factor Ba (Ba) and Bb was evaluated using anti-factor B (1:10,000).

Figure 5. Effect of SG7.AF and albicin on C3bBb assembly on a SPR surface of immobilized properdin (5000 RU). A–E, C3b (20 μg/ml), factor B (FB, 20
μg/ml), and factor D (FD, 2 μg/ml) were injected in the absence or presence of different concentrations of SG7.AF or albicin at a buffer flow rate of 30 μl/min
for 2 min. F, exchange of albicin and SG7.AF in C3bBb bound on a properdin surface. Albicin was injected for 60 s (beginning at arrow) during the
dissociation phase following assembly of the properdin-bound SG7.AF-C3bBb complex. Concentrations of SG7.AF and albicin were 1 μM. The plots are
representative of results from two properdin surfaces.
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arrangements in other proteins, especially as portions of larger
molecules. The level of amino acid identity in these structures
is very low (≤10 % amino acid identity), suggesting that the
simple antiparallel four-helix bundle may have evolved inde-
pendently in the SG7 group.

The backbone structure of SG7.AF is very similar to that of
albicin (RMSD = 0.51 Å), with the lengths of the helices and
positions of the cysteine residues being essentially the same
(Fig. 7B, Table 1). SG7.AF also contains an N-terminal
structure identical to that of albicin where the amino group is
stabilized by means of the same hydrogen bonding network. At
the amino acid level, all are approximately 50% identical, and
the identical residues are distributed throughout the four he-
lical elements (Fig. S4). Interestingly, the structure shows
similarities in its size and dimensions with SCIN, the staphy-
lococcal inhibitor that also causes dimerization of the C3bBb
complex (25, 27). The SCIN family structure consists of a
bundle of three antiparallel α helices with a long dimension of
J. Biol. Chem. (2021) 296 100083 5



Figure 6. Gel filtration chromatography of the albicin C3bBb complex. A, C3b, factor B, and factor D were incubated in the presence (solid line) or
absence (dotted line) of albicin for 15 min at room temperature in HBS containing 5 mM NiCl2. The component molar ratio was 1:2:1:5 C3b: factor B: factor D:
albicin. The mixture was passed through a Superdex 200 10/300 column, and the absorbance was measured at 280 nm. Marks above the chromatogram are
the positions of molecular weight standards: 1 = thyroglobulin (669 kDa), 2 = ferritin (440 kDa), 3 = C3b (176 kDa), 4 = aldolase (158 kDa), 5 = conalbumin
(75 kDa), 6 = ovalbumin (44 kDa). B, the fractions were analyzed by SDS-PAGE and visualized by silver staining. Bar above the gel represents the retention
volume of the fractions in the chromatogram of panel A.

Figure 7. Crystal structures of albicin and SG7.AF. A, Ribbon diagram of albicin with the left and right panels being related by rotation of approximately
90� around the axis shown. Alpha helical elements are labeled α1-α4 and the N- and C-termini are indicated. Cysteine residues are shown in stick rep-
resentation with sulfur colored in yellow. The two disulfide bonds are labeled DS1 and DS2. B, structure of SG7.AF with the two panels showing views
comparable to those in panel A.
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�41 Å and an orthogonal short dimension of �14 Å, while the
four-helix bundle of albicin has dimensions of 50 and 21 Å.
SCIN recognizes two binding sites on C3b that are used to link
monomers into a symmetrical dimeric structure. Each SCIN
binds one site on each monomer simultaneously, and two
SCIN molecules act to form the dimeric structure. SPR and
chromatographic evidence suggest that a similar mechanism of
action for albicin is possible, but details of these interactions
remain to be shown.
Anophensin, an SG7 ortholog from An. stephensi

Salivary gland extracts from species of the Anopheles subge-
nus Cellia are known to possess considerably less AP inhibitory
activity than An. albimanus (subgenus Nyssorynchus) or An.
freeborni (subgenus Anopheles) extracts despite the fact that
all investigated species contain SG7 orthologs (14, 28).
Anophensin, the albicin ortholog from An. stephensi, has been
shown to inhibit the contact pathway of coagulation through
binding with factor XIIa and high-molecular-weight
6 J. Biol. Chem. (2021) 296 100083
kininogen (29). We evaluated the AP inhibitory activity of re-
combinant anophensin in the erythrocyte lysis assay and found
it to be much less potent than albicin or SG7.AF with an IC50

value of approximately 350 nM inNHS and 6 μM in PDS (Fig. 9,
A–B). At a concentration of 1 μM, the protein also did not
detectably stabilize assembly of C3bBb on a properdin SPR
surface as do albicin and SG7.AF (Fig. 9C). Nevertheless, the
high sequence identity and nearly identical chromatographic
characteristics of the recombinant protein suggested a close
structural similarity to albicin and SG7 (Fig. S4).

We obtained crystals of a variant of anophensin containing
three additional amino acids at its N-terminus. This variant
exhibits a reduced retention volume in gel filtration chroma-
tography suggesting oligomerization (Fig. S5). Molecular
replacement, using albicin as a search model, did not produce
an obvious solution suggesting that the structures of the two
proteins differed significantly. The structure was then deter-
mined experimentally using a selenomethionine derivative and
found to be significantly rearranged in that helix α1 is moved
away from the rest of the helical bundle and forms part of a



Table 1
Data collection, phasing and refinement statistics for albicin, SG7.AF,
and anophensin (Anoph)

Crystal Albicin SG7.AF Anoph-Se Anoph

Resolution (Å) 52–1.55 41–1.4 50–2.7 82–2.31
Beamline 22-ID 22-ID 22-ID 22-ID
Wavelength (Å) 0.9184 1.0000 0.9791 1.0000
Completeness
(total/high-
resolution shell)

96.3/53.0 99.2/88.6 99.8/99.0 100/100

Average redundancy
(total/high-
resolution shell)

11.1/3.6 12.9/4.5 3.5/3.7 7.9/6.9

Rmerge (total/high-
resolution shell, %)

7.8/44.9 5.1/22.2 6.9/22.7 5.9/57.7

CC1/2 (total/high-
resolution shell)

99.8/84.2 99.9/95.2 99.9/99.0 99.7/95.1

I/sigI (total/high-
resolution shell)

19.1/2.8 31.4/5.3 14.0/9.8 19.4/4.1

Observed reflections 757,079 425,154 94,980 142,373
Unique reflections 67,109 32,895 11,471 18,055
Space group P21212 P41212 P21212 P21212
Unit cell dimensions (Å)
A 56.68 85.98 67.64 67.28
B 137.68 85.98 82.14 82.36
C 61.14 46.08 71.35 71.73

α, β, γ (�) 90 90 90 90
No. of Se/Br sites 8 16
FOM (Phenix autosol) 0.39
Contrast (ShelxE) 0.44
Refinement
Total non-H protein
atoms

2832 1013 2824

Total non-H solvent
atoms

429 212

RMS deviations
Bond lengths (Å) 0.006 0.005 0.007
Bond angles (�) 0.806 0.838 0.86

Mean B factors (Å2)
Protein 19.0 17.4 61.8
Solvent 26.5 31.9
Bromide 34.4

MolProbity analysis
Ramachandran plot
(favored/allowed, %)

97.7/99.4 98.3/100 95.0/100

Clashscore 0.88 4.3 4.1
Rotamer outliers (%) 0.0 0.87 1.4

Coordinate error ML
(Å, Phenix)

0.16 0.14 0.34

Rcryst/Rfree 0.18/0.20 0.18/0.19 0.23/0.26

Figure 8. N-terminal hydrogen bonding network of albicin and SG7.AF.
Ribbon diagram of albicin with N-terminal hydrogen bonding network
shown in stick representation. Side chains are shown in green with nitrogen
shown in blue and oxygen in red. Hydrogen bonds are shown as red dashed
lines. Helical elements and residues participating in hydrogen bonds are
labeled.
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single extended alpha helical structure running from the
N-terminus to the C-terminal end of α2 (Fig. 9D, Table 1).
This presumably occurs due to loss of the stabilizing effect of
the N-terminal hydrogen bonding network described above as
a result of lengthening of the peptide and changing the posi-
tion of the free N-terminal amino group. In the crystal, ano-
phensin occurs as a symmetrical dimer in a domain-swapped
arrangement where a number of the amino acid interactions in
albicin between α1 and the rest of the bundle are retained but
are now intermolecular. The extended coil region linking α1
and α2 also becomes helical, creating several new intermo-
lecular interactions that may stabilize a dimeric form of the
protein in solution (Fig. 9F). Dimerization in solution may
account for the decreased gel filtration retention volume and
reduced activity of this variant (Fig. S5).

The structural changes observed in this lengthened ano-
phensin could also be relevant with regard to the SG7-like
mosquito salivary protein group known as the 30 kDa anti-
gens represented by the anopheline antiplatelet protein
(AAPP) from An. stephensi and aegyptin from Ae. aegypti
(30, 31). These contain a C-terminal region homologous to the
SG7 proteins and a long, low-complexity N-terminal sequence
of at least 104 residues that is predicted to have an intrinsically
disordered structure. They prevent platelet activation by
binding to exposed collagen at the feeding site, thereby
blocking interaction with platelet receptors. The active portion
of AAPP is contained in the C-terminal, SG7-like region, with
the N-terminal low-complexity sequence apparently being
dispensable for interaction with collagen (32). A published
crystal structure of the C-terminal part of active region of
AAPP corresponding to α3 and α4 of SG7 proteins shows a
similar hairpin arrangement and the same disulfide bonding
pattern as albicin. The structure does not contain the region
homologous to α1 and α2 that is essential for activity.
Nevertheless, the anophensin structure with its extended N-
terminus suggests that the α1-α2 region of the 30 kDa family
might be unable to form the N-terminal hydrogen bonding
network seen in albicin and SG7.AF and possibly assume a
partially unfolded structure that could be relevant for the
interaction with collagen.

Discussion

Various lines of evidence show that complement activation
is deleterious to feeding and the digestion of blood by
mosquitoes. Complement is activated within minutes in the
midgut, but damage to tissue is mitigated by the presence of
anticomplement factors. An. gambiae binds host factor H
through specific receptors on the gut surface, leading to
inactivation of complement in the blood meal and protection
of digestive tissues (33). Salivary inhibitors may also assist in
J. Biol. Chem. (2021) 296 100083 7



Figure 9. Crystal structure and anti-AP activity of anophensin. A, inhibition of AP activation in NHS by albicin (squares) and anophensin (circles) as
measured by hemolysis of rabbit erythrocytes. B, inhibition of AP activation in NHS (open circles) or PDS (squares) by anophensin. C, comparison of
accumulation of C3bBb on properdin surfaces in the presence of SG7 as measured by SPR. The concentration of the convertase components was 56.8 nM
C3b, 107.5 nM factor B (FB), 41.7 nM factor D (FD), and the inhibitor concentrations were 1 μM (ANOPH = anophensin). D, structure of the domain-swapped
dimer form of anophensin extended in length by three amino acids. The right and left models are related by rotation of approximately 90� around the axis
shown. The two chains are colored magenta and green. The helical elements are labeled, and cysteine residues are shown in stick representation with sulfur
shown in yellow. E, monomer of anophensin extended by three amino acids. F, Dimer of anophensin (magenta) superimposed with the monomeric albicin
model (yellow) to highlight domain swapping.
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this process since a significant proportion of the secreted saliva
is ingested along with blood. However, the presence of in-
hibitors in saliva makes it more likely that they act primarily to
facilitate the ingestion of blood. At the host feeding site,
complement products modulate wound-induced inflammatory
responses in the skin that hinder blood intake and elicit host
defensive behaviors. The anaphylatoxins C3a and C5a pro-
duced by cleavage of C3 and C5 are potent proinflammatory
molecules that induce immediate responses relevant to mos-
quito feeding (34–36). Injection of C3a and C5a into the skin
produces wheal and flare reactions that appear quickly enough
to affect feeding (36). Plasma extravasation, swelling, itching,
and pain associated with this reaction may interfere with the
8 J. Biol. Chem. (2021) 296 100083
physical process of taking blood and cause the host to react to
the presence of the insect. Much of this effect is mediated
through activation and degranulation of mast cells. C5a is
more potent than C3a as a skin mast cell agonist, but both are
quite active (34), and blockade of complement activation at the
alternative C3 convertase would eliminate production of both.
Local trauma caused by piercing of the skin with the mosquito
mouthparts may be sufficient to stimulate complement acti-
vation since apoptotic cells and the contents of damaged cells
are known to be activators of the AP. To combat these de-
fenses, Anopheles mosquitoes produce inhibitors belonging to
the SG7 protein family that block complement at the alter-
native C3 convertase, C3bBb. Early recognition of this central



Figure 10. Mechanistic models for inhibition of the C3bBb complex. A, SG7.AF binding to C3bBb assembled on an immobilized properdin SPR surface.
Two C3bBb complexes (left) bound to immobilized properdin assemble as a dimer linked by SG7.AF (two molecules are assumed, but only one is visible).
The dimeric complex is bound to two properdin molecules. After dissociation of SG7.AF (center), monomeric C3bBb is bound to properdin at only one site
and dissociates from the surface (right). B, inhibited C3bBb dimers covalently linked to the erythrocyte membrane are stabilized by properdin (left). Bound
properdin maintains the dimeric structure (center) allowing rebinding of inhibitor. C, in the absence of properdin, the dimeric structure forms (left) are less
stable and more mobile (center) reducing the affinity for the inhibitor and allowing activation. C3bBb becomes catalytically active after dissociation of the
inhibitor.
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complex apparently allows blockade of the pathway with the
small amount of protein present in saliva that is diluted into a
much larger volume of blood.

Here we examined the functions of SG7.AF and albicin, two
inhibitors of the alternative C3 convertase found in the saliva
of female Anopheles mosquitoes. The two proteins are very
similar in structure and mechanism of action, but SG7.AF
binds C3bBb with lower affinity than albicin and is more active
in the presence of properdin than in its absence. Properdin
acts as a pattern recognition molecule serving as a substrate
for complex assembly as well as a stabilizing factor for cova-
lently attached C3bB and C3bBb (Fig. 10). It binds to the outer
surfaces of cells and promotes noncovalent binding of C3b and
binding of additional C3b molecules through polyvalent in-
teractions (19) (Fig. 10). Covalently bound C3bB and C3bBb
complexes are also stabilized by properdin, which increases the
apparent affinity of factor B (and Bb) interaction and lengthens
the active lifetime of C3bBb by up to a factor of 10 (18)
(Fig. 10). C3bB and C3bBb also bind properdin in solution
where its stabilizing effects are similar to those seen with
surface-bound complexes (37). It has been suggested that
binding of C3bBb to properdin-coated SPR surfaces is analo-
gous to the noncovalent association of C3bBb to properdin
bound at the surfaces of cells (24).

We found that individual C3bBb components, including
properdin, do not bind SG7.AF immobilized on ELISA plates,
but the inhibitor promotes a synergistic accumulation of
C3bBb assembled on immobilized properdin SPR surfaces,
reflecting an increase in the affinity of the inhibited complex
for the surface. Here and previously, we have also shown that
albicin produces a similar effect (14). Furthermore, gel filtra-
tion analysis shows that albicin induces formation of an
J. Biol. Chem. (2021) 296 100083 9
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oligomeric C3bBb complex containing bound inhibitor. Olig-
omerization could explain the increased affinity for properdin
surfaces as simply being due to an increase in the number of
properdin interaction sites (Fig. 10). The crystal structure of
C3bBb in complex with SCIN, a staphylococcal AP inhibitor,
contains a dimer having twofold symmetry held together by
two SCIN molecules, which make bridging contacts between
the C3bBb monomers (25). An analogous structure for C3bBb
inhibited by albicin and SG7.AF would have two times the
number of contacts with the properdin surface as the mono-
mer, explaining the enhanced interaction with the properdin
surface.

Recruitment of solution-phase C3b by properdin bound to
covalently linked C3b on microbial surfaces may help to orient
C3bBb complexes in inhibited oligomers, potentially explain-
ing its importance in SG7.AF binding. These may be eventually
linked to the surface covalently as shown in Figure 10 or
remain associated only through properdin binding. Properdin
is known to form trimers and tetramers that interact with
more than one complement complex simultaneously (37),
possibly facilitating oligomerization. However, albicin inhibits
erythrocyte lysis effectively in the presence or absence of
properdin showing that albicin-inhibited complexes can orient
appropriately to form oligomers on cell surfaces in the absence
of properdin. Additionally, albicin does not enhance binding of
C3b or C3bB to properdin SPR surfaces suggesting that it does
not promote oligomerization of C3b before activation of the
mature convertase (14). It seems more likely that rather than
helping to orient C3b, C3bB, or C3bBb during assembly of the
inhibited oligomeric complex, properdin may compensate for
the lower affinity of SG7.AF by further stabilizing the inhibited
complex after assembly (Fig. 10). Without properdin, C3bBb
monomers may have more freedom to move into catalytically
active orientations, while properdin binding may slow down
this process by making the structure more rigid (Fig. 10).

Although the SG7 salivary protein family is distributed
throughout the genus Anopheles, potent salivary anticomple-
ment activity is more phylogenetically restricted (28). In the
subgenus Nyssorynchus, we find that albicin from An. albi-
manus inhibits activation of the AP by binding the C3bBb
complex. Extracts from a second Nyssorynchus species, An.
aquasalis, have also been found to contain inhibitors of the AP
that are not yet confirmed to be albicin homologs (38). Here
we also show that An. freeborni (subgenus Anopheles) contains
SG7.AF, which inhibits the AP in a manner similar to that of
albicin and that anophensin from An. stephensi is a far weaker
inhibitor of the AP than albicin or SG7.AF. The latter obser-
vation indicates that a functional divergence within the genus
has occurred as is suggested by the activity of anophensin
against proteases of the contact pathway of coagulation. SG7
family members are quite similar to one another structurally,
but amino acid sequence divergence suggests that specific side
chain interactions are key determinants for the observed dif-
ferences in target affinity. However, the alternative structure of
the extended form of anophensin implies that large changes in
backbone conformation may allow additional functional
diversification in the 30 kDa family.
10 J. Biol. Chem. (2021) 296 100083
Experimental Procedures

Purified proteins and sera

Human C3, C3b, C3a, factor B, factor D, properdin, NHS,
PDS, polyclonal rabbit antihuman C3a, goat antihuman factor
B, goat antihuman properdin, goat antihuman factor D,
and goat antihuman C3 were obtained from Complement
Technologies.

Expression of recombinant proteins

Optimized synthetic cDNAs encoding albicin, SG7.AF, and
anophensin having signal sequences replaced by an ATG
initiation codon were inserted into the pET-17b expression
vector, which was used to transform BL-21(DE3)pLysS E. coli.
After culturing and induction, inclusion bodies were prepared
by previously established methods (2). After solubilization in 6
M guanidine HCl, 20 mM Tris pH 8.0, the proteins were
refolded by dilution into a buffer containing 300 mM arginine,
20 mM Tris-HCl pH 8, 2 mM cystamine pH 8.0. After con-
centration, the proteins were purified by a combination of gel
filtration chromatography on Sephacryl S-100, ion exchange
chromatography on Q-Sepharose, and hydrophobic interac-
tion chromatography on Phenyl Sepharose. Following purifi-
cation, SG7 proteins were stored in 20 mM Tris-HCl, 300 mM
NaCl pH 8. Gel filtration on Superdex 75 indicated that the
proteins were in the monomeric state (Fig. S5). A variant of
anophensin with the N-terminus extended by the retention of
three amino acids from the signal peptide was produced in
same manner as wild-type anophensin (Fig. S4). A selenome-
thionine derivative of this protein was produced in the auxo-
trophic E. coli cell line B834(DE3)pLysS using the SelenoMet
media system (Molecular Dimensions), refolded, and purified
as described above.

Assay of AP-mediated hemolysis of rabbit erythrocytes.

The hemolysis of rabbit erythrocytes in the presence of
human serum was used to evaluate the inhibition of the AP by
albicin, SG7.AF, and anophensin. Rabbit erythrocytes (Com-
plement Technologies) were washed three times with five
volumes of Mg-EGTA solution (1 mM HEPES, 30 mM NaCl,
10 mM EGTA, 7 mM MgCl2, 3% glucose, 0.02% gelatin pH
7.4). After centrifugation (600g, 10 min, 4 �C), the cell con-
centration was adjusted to 1 × 108/ml. Assays were carried out
in microcentrifuge tubes containing 25 μl NHS or PDS diluted
1:2 or 1:20 in Mg-EGTA solution, 25 μl of washed rabbit
erythrocytes, and 12.5 μl of different concentrations of albicin
or SG7.AF diluted in phosphate-buffered saline (PBS). Samples
were incubated at 37 �C for 30 min in the presence of NHS or
40 min when PDS was used, followed by addition of 250 μl of
ice-cold PBS. Samples were briefly centrifuged (1000 rpm, 3 s,
4 �C), and 200 μl of the supernatant was transferred to an
ELISA plate and read at 415 nm. The possibility of inhibition
of the CP was also measured by hemolysis assays. In this case,
Ab-sensitized sheep erythrocytes (Complement Technologies)
were used, and the assays were conducted as described pre-
viously (14). Data analysis was carried out as follows: the
measurement of negative controls (erythrocytes incubated in
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the absence of serum and SG7.AF) was subtracted from all
data points, and hemolysis inhibition was determined by the
ratio of erythrocytes incubated with serum and SG7.AF by the
positive control (erythrocytes incubated with serum only). AP
experiments were carried out in triplicate using three inde-
pendent preparations of erythrocytes and CP experiments in
duplicate.

Evaluation of factor B and C3 cleavage in erythrocyte lysis
supernatants

AP-mediated hemolysis assays were performed as
described above, using 1:20 diluted NHS and 40 nM of
SG7.AF. Tubes were incubated at 37 �C for 0, 30, or 60 min,
and 5 μl of the supernatant was collected and separated in a
10% NuPAGE gel. Separated proteins were transferred to a
nitrocellulose membrane and blocked for 1 h at room tem-
perature with 10% nonfat dry milk in 0.05% tween 20 in PBS
(PBS-T). After blocking, the membrane was washed three
times with PBS-T and incubated 16 h at room temperature
with rabbit antihuman C3a or goat antihuman factor B
(1:10,000) diluted in PBS-T containing 1% BSA. After incu-
bation, the membrane was washed with PBS-T and incubated
for 1 h at room temperature with antigoat or anti-rabbit IgG
diluted 1:7500 in PBS-T. Detection was carried out by the
addition of the Super Signal West Pico PLUS substrate
(Pierce, Thermo Fisher) and exposed using an iBrightFL1000
(Thermo Fisher). Purified C3a or factor Bb (15 ng) was used
as positive control.

Inhibition of C3bBb activity and factor B activation

C3bBb was assembled by incubating 200 nM human C3b,
100 nM factor B, and 50 nM factor D in 0.01 M HEPES, 0.15 M
NaCl pH 7.4 containing 2 mM MgCl2 (HBS/MgCl2) for 2 min.
After addition of 5 mM EDTA, C3 was added at concentra-
tions of 0, 100, and 200 nM along with albicin or SG7.AF at
concentrations of 2 μM. The mixture was then incubated at
room temperature for 20 min and stopped by adding 5x
NuPAGE sample buffer to the reaction mixture. C3 cleavage
was evaluated by western blot after SDS-PAGE performed
under reducing conditions, using rabbit antihuman C3a for
detection.

Inhibition of factor B activation was evaluated by incubating
200 nM C3b, 100 nM factor B, and 50 nM factor D in the
presence of 2 μM of SG7.AF or albicin in HBS/MgCl2 for 0, 20,
or 40 min at 37 �C. The reaction products were detected by
western blotting as described above using antihuman factor B
as the primary antibody.

Deposition and displacement of complement components
from agarose-coated plates

ELISA plates (Corning) were filled with 100 μl of 0.1%
agarose solution and incubated at 37 �C until completely dry.
NHS (20%) in HMEBN buffer (5 mM HEPES, 7 mMMgCl2, 10
mM EGTA, 5 mg/ml BSA, and 140 mM NaCl, pH 7.4) with
different concentrations of SG7.AF was incubated at 37 �C for
30 min, washed three times with PBS-T, and incubated with
anti-C3 (1:5000), anti–factor B (1:200) or antiproperdin (1:200)
in PBS-T for 1 h at 37 �C. After three more washes with
PBS-T, wells were treated with antigoat IgG conjugated with
peroxidase (Sigma) diluted 1:5000 in PBS-T for 1 h at 37 �C.
Wells were washed three more times, and 100 μl of the pNPP
substrate (Sigma) was added and the plate incubated at 37 �C
for 30 min. Finally, the plate was read at 405 nm. The
displacement assay was carried out in a similar fashion, in
which NHS (20%) was incubated in the absence of SG7.AF for
30 min at 37 �C followed by incubation with 0.8 μM SG7.AF
for 30 min at 37 �C. Data analysis was carried out as follows:
the measurement of negative controls (wells treated with
buffer only) was subtracted from all data points, and
deposition inhibition was determined by the ratio of wells
treated with NHS and SG7.AF by the positive control (well
treated with NHS only). All experiments were carried out in
duplicate.

Surface plasmon resonance

The assays were performed on a Biacore T100 instrument
(GE Healthcare). Properdin at a concentration 20 μg/ml in
10 mM sodium acetate, pH 5.0 was immobilized on a CM5
sensor chip (GE Healthcare) to a level of 5000 RU using the
amine-coupling method. To evaluate the effect of SG7.AF on
C3bBb stabilization, purified C3b (20 μg/ml), factor B (20 μg/
ml), and factor D (2 μg/ml) in HBS/MgCl2 were injected at
30 μl/min for 120 s in the absence or presence of different
concentrations of purified recombinant SG7.AF or albicin.
Surface regeneration was carried out with 10 mM glycine pH
2.5 for 10 s.

Analysis of inhibitor-bound C3bBb complexes by gel filtration
chromatography

Complexes of C3bBb containing albicin were prepared by
mixing C3b, factor B, factor D, and recombinant albicin in an
approximate molar ratio of 1:2:1:5 in HBS/MgCl2. After 15
min of incubation at room temperature, the mixture was
separated by gel filtration chromatography on a Superdex 200
(10/300) column equilibrated with HBS/MgCl2. After elution,
fractions were analyzed by silver staining of SDS-PAGE gels
run under reducing conditions.

Crystallization of albicin, SG7.AF and anophensin

Albicin, SG7.AF, and anophensin were crystallized using the
hanging drop vapor diffusion method at 25 �C. Albicin at a
stock concentration of 10 mg/ml was crystallized from 10% to
20% PEG 3350, 0.2 M NH4F at pH 7, and SG7.AF was crys-
tallized from 1.8 M (NH4)2SO4 from pH 7 to 9 containing 0.1
M HEPES (pH 7), 0.1 M Tris HCl (pH 8), and 0.1 M Bicine (pH
9). Lengthened anophensin and its selenomethionine deriva-
tive, at a concentration of 12 mg/ml, were crystallized from 5%
to 7.5% PEG 10,000, 0.1 M Tris pH 8.5. Albicin crystals were
prepared for data collection by flash cooling in liquid nitrogen
after soaking briefly in a cryopreservative solution of 20% PEG
3350, 0.5 M NH4Br, 10% glycerol at pH 7. SG7.AF crystals
were prepared for flash cooling after soaking in a
J. Biol. Chem. (2021) 296 100083 11
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cryopreservative of 3.7 M (NH4)2SO4 at pH 9. Anophensin
crystals were soaked in a cryopreservative of 20% PEG 10,000,
0.1 M Tris pH 8.5, 15% glycerol.

Data collection and structure solution

Diffraction data were collected at beamline 22-ID of the
Southeast Regional Collaborative Access Team (SER-CAT) at
the Advanced Photon Source, Argonne National Laboratory
(Table 1). Images were processed using XDS/XSCALE and
HKL2000 (39, 40). Albicin was crystallized in the space group
P21212 with three monomers contained in the asymmetric
unit. The structure of albicin was solved using single anoma-
lous diffraction (SAD) methods with data collected from
NH4Br-soaked crystals and processed with Shelx C, D, and E
(41). The initial model was built with Buccaneer and
completed using cycles of manual rebuilding with Coot and
refinement using Phenix with a TLS model applied (42–44).
The quality of the structure was evaluated using MolProbity
(45). SG7.AF was crystallized in the space group P41212 with a
single monomer in the asymmetric unit. The structure was
determined by molecular replacement with Phaser (46), using
the albicin monomer as a search model, and then refined using
Phenix as above. Anophensin containing an N-terminal
extension of three residues was crystallized in the space group
P21212 with three monomers in the asymmetric unit. The
structure of anophensin was determined using SAD methods
in Phenix Autosol (42) with diffraction data from the seleno-
methionine derivative. The structure was built manually in
Coot and refined using Phenix with a TLS model applied.

Data availability

Coordinates and structure factors for albicin, SG7.AF, and
anophensin were submitted to the wwPDB with the accession
codes 6XKE, 6XL7, and 6XMB, respectively. Any data not
contained in the article are available from the authors.
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