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Factor B is a zymogen that carries the catalytic site of the
complement alternative pathway C3 convertase. During conver-
tase assembly, factor B associates with C3b and Mg>* forming a
pro-convertase C3bB(Mg?>*) that is cleaved at a single factor B
site by factor D. In free factor B, a pair of salt bridges binds the
Arg®**side chain to Glu**® and to Glu>"’, forming a double latch
structure that sequesters the scissile bond (between Arg>** and
Lys?3°) and minimizes its unproductive cleavage. It is unknown
how the double latch is released in the pro-convertase. Here, we
introduce single amino acid substitutions into factor B that pre-
clude one or both of the Arg>3* salt bridges, and we examine
their impact on several different pro-convertase complexes. Our
results indicate that loss of the Arg®**-Glu**® salt bridge par-
tially stabilizes C3bB(Mg>"). Loss of the Arg**-Glu®*” salt
bridge has lesser effects. We propose that when factor B first
associates with C3b, it bears two intact Arg?** salt bridges. The
complex rapidly dissociates unless the Arg***-Glu**® salt bridge
is released whereupon conformational changes occur that acti-
vate the metal ion-dependent adhesion site and partially stabi-
lize the complex. The remaining salt bridge is then released,
exposing the scissile bond and permitting factor D cleavage.

The complement system plays major roles in innate and
adaptive immunity. Complement marks microbial pathogens
for opsonization and clearance or for lysis and plays a key role in
the identification and removal of damaged tissue and other
potentially dangerous biological debris (1). It modulates the
antibody repertoire (2, 3), and it plays a pivotal role in the nor-
mal activity of regulatory T cells (4). Complement activity is
also critical in the pathogenesis of many diseases and injury
states (5). Therapeutic agents designed to inhibit harmful com-
plement activity have begun to emerge in the clinical environ-
ment (6).

Complement is activated by three pathways: the classical
pathway, the lectin pathway, and the alternative pathway (AP)?
(1, 7). Each pathway directs the assembly of the C3 convertases,
serine proteases that cleave the abundant plasma protein C3 to
form C3b, an opsonin that marks potential targets for clearance
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and/or lysis, and C3a, a potent anaphylactic agent that pro-
motes multiple inflammatory reactions. The AP also serves to
amplify the activity of all three pathways, promoting a rapid and
robust response. Fluid phase and membrane-bound comple-
ment regulators protect host tissues from complement-medi-
ated damage (8).

Factor B is a single chain glycoprotein, composed of an ami-
no-terminal region of three complement control protein
domains, a 40-amino acid linker region, a single von Willebrand
factor type A domain (VWA), and a carboxyl-terminal serine
protease domain (see Fig. 14) (9). Factor B binds to C3b in the
presence of Mg>*, forming a transient complex (¢, ~5 s) (10,
11) that is cleaved by factor D at a single site in the linker region
to generate the AP C3 convertase, C3bBb(Mg> ") (t, ~90's) (12,
13). During this process a metal ion-dependent adhesion site
(MIDAS) is formed at the apex of the VWA domain and medi-
ates Mg”" -dependent C3b binding, and an exosite is formed at
the VW A-serine protease domain interface and mediates factor
D binding (14).

In free factor B, a pair of salt bridges connects the Arg=>* side
chain to Glu®*” of the linker region and Glu**® of the VWA
domain in a “locked” conformation (Fig. 1, B and C) (15). The
salt bridges sequester the scissile bond (between Arg*** and
Lys***) and prevent unproductive cleavage of factor B by circu-
lating serine proteases (16). It is not known how the double
latch structure is opened to permit factor D cleavage of the
scissile bond in the short lived C3bB(Mg**) complex.

Here, we characterize the properties of factor B mutations
that preclude one or both of the Arg®** salt bridges. We exam-
ine their effects on the assembly and stability of the pro-con-
vertase C3bB(Mg>"). Our analyses indicate that the release of
the Arg** salt bridges partially stabilizes the C3bB(Mg>™)
complex and that this effect is due predominantly to loss of the
Arg?**-Glu™® bond. This result was greatly diminished in the
case of CVFB(Mg®"), a pro-convertase that incorporates the
C3b homolog cobra venom factor (CVF) in place of C3b and is
100-fold less sensitive to factor D than is C3bB(Mg>™") (17). It
was also absent in the case of C3bB(Ni*"), a pro-convertase in
which the salt bridges are spontaneously released. From our
observations we propose a specific order of molecular events
that accounts for the release of the Arg®** salt bridges, forma-
tion of the MIDAS and factor D exosite, and the cleavage of the
scissile bond by factor D during the assembly of the AP
convertase.

234

EXPERIMENTAL PROCEDURES

Materials—Purified native complement proteins (human
C3b, CVF, factor B, factor D) and antibody-sensitized sheep
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TABLE 1
Analyses of pro-convertase complexes
All kinetic analyses were performed using a two-state conformational change model.

Analyte Bound ligand Ko Koger K, Kono Koges Error
mtsT! 5! M st st

Recombinant fB* C3b 1.8 10° 0.135 7.3 1078 111072 2.8 1073 0.23
E446V C3b 1.0 10° 0.016 1.6 107% 44 1073 4.5 107 0.90
E207A C3b 1.9 10° 0.090 4.6 1078 54 1073 7.2 1073 0.84
Recombinant fB CVF 0.8 10° 0.038 46 1078 1.8 1073 33 10°° 0.83
E446V CVF 0.7 10° 0.020 29 107° 29 1073 2.7 107° 0.74
Plasma fB This investigation C3b 7.9 10* 0.111 1.4 107° 4.7 1073 62 1073 2.9
Plasma fB (Ref. 10) C3b 1.4 10* 0.12 8.5 10°° 5.5 1073 1.8 107 4.2
Plasma fB (Ref. 11) C3b 2.9 10* 0.11 3.8 107° 111072 2.6 1073 2.9
Plasma fD C3bB° 1.9 10° 0.11 5.6 1077 7.6 1073 1.0 107 2.3

“ The disparity in K, between plasma fB and recombinant {B is due predominantly to the difference in their k,,,; values (K, = kg /kon1)- This could be the result of differen-
tial glycosylation and/or greater homogeneity of the recombinant protein versus the plasma protein. Importantly, the conclusions of this study are critically dependent on
k , values, and the kg, values obtained for recombinant fB and plasma {B are in agreement and consistent with the published values (above). Thus, the differences in k,,;
between plasma fB and recombinant {B, while of note, do not affect the major findings of this study.

? Error determined by alternative method.
€ C3bB(Mg>") complex incorporating the factor BP?°4G: N260D, 233AAA mytation.

erythrocytes were obtained from CompTech, Tyler, TX. N-Hy-
droxysuccinimide, EDAC, and ethanolamine solutions were
purchased from GE Healthcare and stored at —20 °C.

Production of Factor B Mutants—Recombinant factor B pro-
teins were produced with a previously described factor BcDNA
cloned in pSG5 (Stratagene, La Jolla, CA) expression vector
(18). Mutations were introduced into the cDNA sequence by
the QuikChange site-directed mutagenesis method (Strat-
agene). Some multiple mutations were constructed using pre-
viously reported single and double mutations. Human 293T
kidney cells were transfected in serum-free medium utilizing
Opti-MEM (Invitrogen catalog no. 31985-070) supplemented
with 4 mwm L-glutamine. Cell supernatants were collected,
treated with benzamidine-Sepharose (Amersham Biosciences
catalog no. 17-5123-10) to remove nonspecific proteases, and
dialyzed and stored in phosphate buffer (11 mm Na,HPO,, 1.8
mM NaH,PO,, pH 7.4) supplemented with 25 mm NaClL

Recombinant factor B was quantitated by ELISA with mouse
anti-human Ba mAb (Quidel, San Diego, CA) for capture and
goat anti-human factor B polyclonal antibody (catalog no.
80264; Diasorin, Stillwater, MN) for detection. Recombinant
proteins were quantified by ELISA and examined by Western
blotting. A factor B-dependent hemolysis assay (18) was used to
determine complement activity. We have numbered the factor
B residues based on the amino acid sequence of the mature
protein (9). The D254G mutation has also been referred to as
D279G based on the inclusion of the N-terminal signal
sequence (19).

Surface Plasmon Resonance Analysis—Surface plasmon res-
onance (SPR) methodology was conducted with a BIAcore 2000
instrument using the manufacturer’s software package (BIA-
core, Piscataway, NJ). CM5 sensor chips (BIAcore catalog no.
BR-1000-14) were used throughout with Mg>*-HEPES run-
ning buffer (filtered and degassed 10 mm HEPES, 150 mm NaCl,
2 mMm MgCl,, 0.005% Tween 20, pH 7.4). In some cases MgCl,
was replaced with 2 mm NiCl,, 2 mm MnCl,, or 3mMm EDTA. All
experiments were carried out at 25 °C.

Biosensor flow paths were activated with a fresh 1:1 mixture
of 0.05 M N-hydroxysuccinimide and 0.2 M EDAC injected at 5
wl/min for 7 min. C3b ligand was then covalently attached to
the activated surface: C3b or CVF was dissolved in 10 mwm cit-
rate buffer, pH 4.8, at 10 ug/ml and injected in the experimental
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flow path, at 10 ul/min for 90 s to 3 min. The flow path was then
“blocked” by treatment with 1 m ethanolamine, pH 8.5, at 5
pl/min for 7 min. A reference flow path was produced as above
but without C3b in the citrate buffer.

Various combinations of native or mutant factor B or native
factor D in running buffer were injected at 30 ul/min for vary-
ing times using the KINJECT command. Changes in response
units, indicative of changes in mass bound to the biosensor
surface, were expressed as the difference between the ligand-
treated and reference flow paths. Mutant factor B cell superna-
tant preparations were dialyzed with running buffer before use.
Residual C3bB and CVEB complexes were dissociated with
EDTA HEPES buffer. Kinetic analyses were performed using
the Biaevaluation software package. Kinetic analysis of native
plasma-derived factor B yielded a two-state conformational
change model similar to those obtained by Harris et al. (10) and
by Rooijakkers e al. (11) (Table 1).

RESULTS

Impact of the Arg®>* Salt Bridges on C3bB(Mg"*) Pro-conver-
tase Complexes—The factor B Arg®** salt bridges protect the
scissile bond and so must be broken to permit factor D cleavage
(Fig. 1C). In this study we used site-directed mutagenesis to
generate factor B proteins that lack either one or both salt
bridges to characterize the C3bB complexes that form without
them. Mutations were introduced in a previously described fac-
tor B cDNA, and recombinant proteins were produced by tran-
sient transfection of human 293T kidney cells. Recombinant
proteins were quantified by ELISA and examined further by
Western blot analysis (see “Experimental Procedures”).

We first examined mutations that replace the Arg*** residue,
thus precluding both protective salt bridges and also altering
the factor D cleavage site, producing hemolytically inactive pro-
teins. Purified C3b was bound to a biosensor surface and sub-
sequently treated in the presence of Mg®* with a factor B single
amino acid substitution, R234A. As shown in Fig. 24, R234A
increased C3b binding up to 10-fold compared with wild-type
native and recombinant factor B. The resulting C3bB(Mg>")
complexes rapidly dissociated in the presence of EDTA (data
not shown), characteristic of wild-type C3bB(Mg>™") but not of
C3bBb(Mg**) (10, 20). Greater than 5-fold increases in C3b
binding were observed with the single amino acid substitution
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Scissile bond (Factor D cleavage site)
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FIGURE 1. Factor B structure. A, scissile bond lying between the linker region and the VWA domain in the factor B primary sequence (9). CCP, complement

control protein repeat. B, factor B three-dimensional structure (15). C, scissile bond sequestered by salt bridges that bind the Arg

234 207

side chain to Glu*®” and

Glu**®(15). D, factor BVWA apex with its cation-free MIDAS (15). £, C3bBb VWA apex with MIDAS occupied with Mg? " thatis coordinated by five conserved VWA
side chains plus the carboxyl terminus of C3b (11). The coordination residues are shown as stick figures. Coordinates of factor B and of C3bBb stabilized by the
staphylococcal complement inhibitor SCIN were obtained from the Protein Data Bank, accession numbers 20K5 and 2WIN, respectively. Molecular structures

are illustrated using the PyMOL Molecular Graphics System (42).

R234N and with ***AAA, a substitution that replaces three
amino acids at the cleavage site (K233A/R234A/K235A) (19)
(Fig. 2B).

We next examined the effects of amino acid substitutions
which preclude one Arg>** salt bridge at a time. Two mutations
were selected: E207A (removing the side chain joining Arg**to
the linker region) and E446V (removing the side chain joining
Arg®**to the VWA domain) (see Fig. 1C). Both mutant proteins
were hemolytically active and in that respect not statistically
different from the wild-type recombinant protein (E446V, 67 =
10% of wild type; E207A, 104 £ 30% of wild type; n = 5).

Using the SPR methodology, we compared the C3b binding
activity of E207A and of E446V with the R234A substitution
and with wild-type factor B. The E446V mutation resulted in
accentuated Mg”>*-dependent C3b binding similar to the
R234A substitution (Fig. 2C). The effect was much less promi-
nent in the case of E207A. Further insight was obtained through
a detailed kinetic analysis of the two mutants and their wild-
type recombinant parent (Fig. 3 and Table 1). Interaction of all
three proteins with the C3b ligand in the presence of Mg>" best
conformed to a two-state conformational change model, as
reported previously by Harris et al. for factor B derived from
human plasma (10). Wild-type recombinant factor B had the
lowest affinity for C3b (K, = 73 nm), E207A somewhat greater
affinity for C3b (K, = 46 nm), and E446V had the greatest
affinity for C3b (K, = 16 nm). These differences in affinity were
mainly due to differences in C3bB stability: C3bB complex that
incorporated recombinant wild-type factor B was least stable
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(k g, = 0.1355™'; 11, ~5 5), those that incorporated E207A were
about 50% more stable than wild type (k g, = 0.090 s~ ; £, ~8
s), and those that incorporated E446V were 8-fold more stable
than wild type (kg = 0.016 s~ '; £, ~43 s).

Previous studies by Forneris et al. have established that in the
pro-convertase complex, an essential factor D-binding site
(exosite), is formed between the VWA and serine protease
domains when the two factor B Arg?** salt bridges are released
(14). The exosite can be readily detected by SPR analysis if the
factor B D254G/N260D double gain-of-function mutation is
used to stabilize C3bB(Mg®*) on the biosensor and factor D
cleavage is inhibited (14). We combined the D254G/N260D
factor B mutations with the ***AAA mutation that precludes
both salt bridges and confers factor D resistance. We pretreated
C3b that had been bound to a biosensor surface with the
mutant factor B protein in the presence of Mg>", forming a
stable C3bB(Mg>*) complex (Fig. 44). We then treated the
resulting C3bB(Mg>") complexes with various concentrations
of factor D. Factor D bound readily to the C3bB(Mg>") com-
plexes (Fig. 4 and Table 1). We conclude that whether the
Arg?** salt bridges are released during convertase assembly or
precluded by mutation, a functional factor D exosite can form.

Rodriguez de Cordoba and his collaborators have examined
C3bB complexes using single particle electron microscopy
(EM) (21, 22). Two C3bB complexes were chosen for their anal-
ysis based on added stability: C3B***S(Mg>"), incorporating
the factor B D254G gain-of-function mutation (19), and
C3B(Ni*") (23). Two C3bB conformations in apparent equilib-

JOURNAL OF BIOLOGICAL CHEMISTRY 35727



C3b Binding Promotes Access to Factor B Scissile Bond

A- 200

0 100 200

0
0 100 200
C. 200
150 1
5 100 A
(14 50 -
0
0 100 200

Time (sec)

FIGURE 2. Assembly and dissociation of C3bB(Mg**) on a C3b-coated bio-
sensor surface. A, C3b (1860 response units (RU)) was covalently attached to
a biosensor surface and treated for 90 s (indicated by the bar above the pro-
files) with 5 wg/ml wild-type plasma-derived native factor B, recombinant
factor B, or factor BR234A in Mg?* HEPES buffer followed by buffer alone. The
resulting profiles were aligned at t = 0. The peak of the R234A profile repre-
sents complexes formed with 17% of the surface-bound C3b. Residual C3bB
complexes were dissociated with EDTA HEPES buffer between factor B treat-
ments. B, C3b-coated biosensor surface in A was treated as above with 5
ng/ml factor B R234N, factor B 233AAA, and recombinant factor B. C, C3b
(2890 response units) was covalently attached to a biosensor surface and
treated for 60 s with 2 pg/ml factor BR234A, factor B E446V, factor B E207A, or
wild-type recombinant factor B followed by buffer alone. The resulting pro-
files were aligned at t = 0. The peak of the R234A profile represents com-
plexes formed with 12% of the surface-bound C3b.

rium were described: a “closed” conformation in which the
Arg®** salt bridges are intact and an “open” conformation in
which the Arg®** salt bridges are released. In the case of
C3BP**G(Mg>"), 35% of the complexes were in the closed con-
formation (22). In contrast, in the case of C3bB(Ni>"), only 2%
of the complexes were closed (21). From these observations we
expected that the introduction of either the R234A or E446V
mutation with the D234G mutation would increase factor B
affinity for C3b by promoting open conformations at the
expense of closed conformations. To test this prediction we
constructed a series of double mutants: R234A/D254@G, E446V/
D254G, and E207A/D254G. We then compared the double
mutants with the D254G parent (Fig. 54). The double R234A
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FIGURE 3. Kinetic analysis of C3bB(Mg?*) assembly and dissociation on a
C3b-coated biosensor surface. C3b (2890 response units (RU)) was cova-
lently attached to a biosensor surface and treated for 60 s with various con-
centrations of recombinant factor B (A), factor B E446V (B), or factor B E207A
(C)in Mg?* HEPES buffer followed by buffer alone. The resulting profiles were
subjected to kinetic analysis using a two-state conformational change model
(10) and the BlAevaluation software. The thin black lines represent the original
data profiles, and the thick gray lines represent the global best fit (see calcu-
lated kinetic constants in Table 1).

E207A

RU
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and E446V mutations resulted in higher affinity for C3b, con-
sistent with our view. However, we did not expect that R234A
or E446V would increase the affinity of factor B for C3b in the
presence of Ni*" because the EM study shows that C3bB(Ni*")
complexes are nearly all open conformations already. Consist-
ent with this prediction, the E446V diminished C3b binding
slightly in the presence of Ni** (compare Fig. 5, B and C).
Impact of the Arg”>* Salt Bridges on CVF-Factor B Pro-con-
vertase Complexes—CVF is a C3b homolog that forms an active
C3 convertase in concert with factor B, factor D, and divalent
cation, CVFBb(Mg>") (17). CVF is known to bind to factor B
with higher affinity than C3b and to produce a highly stable
active CVFBb(Mg>") complex (¢, ~7 h) (24). The crystal struc-
ture of factor B in complex with CVF, CVFB(Mg”), isregarded
as a model for the C3bB closed form because both Arg>** salt
bridges remain in place (17). We therefore examined effects of
the salt bridge mutants on CVFB(Mg>") formation. Parallel
biosensor flow paths were coated with C3b and CVF, respec-
tively, and treated with the E446V and E207A single mutants
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FIGURE 4. Interaction of factor D with stable surface-bound C3bB(Mg>*).
A., C3b (8514 response units (RU)) was covalently attached to a biosensor
surface and treated for 300 s with 2 ug/ml factor B D254G/N260D/233AAA in
Mg?* HEPES buffer followed by buffer alone. Complexes were then treated
for 60 s with different concentrations of factor D (indicated by the bars below
the profile). The profile indicates stable C3bB complexes formed with 29% of
the surface-bound C3b and the maximum C3bBD complexes formed with
44% of the surface-bound C3bB. B, profiles in A of factor D interactions with
C3bB were aligned at t = 0 and subjected to kinetic analysis using a two-state
conformational change model (10) and the BlAevaluation software. The thin
black lines represent the original data profiles, and the thick gray lines repre-
sent the global best fit (see calculated kinetic constants in Table 1).

and wild-type factor B. Data were analyzed with the two-state
conformational change model. The E446V mutant had a mod-
est effect on CVF affinity whereas E207A was similar to wild-
type factor B (Fig. 6). Further analysis indicated a K, for CVF/
E446V of 29 nM, k g, of 0.020 s, and #, of ~35 s, versus K,
CVF/wild-type factor B of 46 nMm, kg, of 0.038 s~ ', and ¢, of
~18 s (Table 1). In short, whereas loss of the Arg***-Glu** salt
bridge resulted in a 5-fold increase in C3b affinity and an 8-fold
increase in C3bB(Mg>") half-life, it resulted in a <2-fold
increase in CVF affinity and CVFB(Mg>*) half-life.
Pro-convertase Complexes Incorporating Mn?" —C3bBb-
(Mg*") complexes (£, ~90s) (12, 13) are more stable than their
C3bB(Mg?*) precursors (¢, ~5s; (10, 14). Because the MIDAS
is at the center of the C3b:Bb interface, we explored the possi-
bility that the MIDAS structure change during this transition
from a low affinity form to a high affinity form. In the case of the
integrins, wherein low affinity and high affinity MIDAS struc-
tures have been shown, physiologically relevant low affinity
MIDAS structures were first observed with the nonphysiologi-
cal cation Mn®" (25). Following that lead, we examined the
interaction of C3b and wild-type plasma-derived factor B in the
presence of Mn>". We found that Mn>" can mediate the for-
mation of C3bB (Fig. 7A). Interestingly, treatment of
C3bB(Mn>") complexes with factor D leads to rapid dissocia-
tion of the complex without producing a stable C3bBb product
(Fig. 7B). Dissociation required cleavage of the scissile bond:
C3bB(Mn>") complexes that incorporate the R234A mutation
(and therefore lack the scissile bond) were insensitive to factor
D (Fig. 7C). The simplest interpretation of these results is that
Mn?" can stabilize C3bB in a form that is susceptible to factor
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FIGURE 5. Assembly and dissociation of C3bB complexes on a C3b-coated
biosensor surface. A, C3b (5942 response units (RU)) was covalently attached
to a biosensor surface and treated for 90 s with 10 wg/ml wild-type recombi-
nantfactor B, factor B D254G, factor B E446V/D254G, or factor BE207A/D254G
in Mg?" HEPES buffer followed by buffer alone. The resulting profiles were
aligned at t = 0. The peak of the E446V/D254G profile represents complexes
formed with 44% of the surface-bound C3b. B, C3b (7205 response units) was
covalently attached to a biosensor surface and treated for 90 s with 1 ug/ml
wild-type recombinant factor B or factor B E446V in Ni** HEPES buffer fol-
lowed by buffer alone. The peak of the E446V profile represents complexes
formed with 10% of the surface-bound C3b. The resulting profiles were
aligned at t = 0. C, the C3b-coated biosensor shown in A was treated for 90 s
with 1 ug/mlwild-type recombinant factor B or factor B E446V as above butin
Mg?* HEPES buffer.

D cleavage, but Mn®" cannot stabilize the C3bBb complex that
is produced once cleavage has occurred.

DISCUSSION

Although the complement system plays many roles in host
defense, it is also a major contributor to harmful inflammatory
conditions (26). The AP in particular has been implicated in
numerous disease and injury states (5) including age-related
macular degeneration (27-31), atypical hemolytic uremic ane-
mia (32—35), rheumatoid arthritis (36), abdominal aortic aneu-
rysms (37), and ischemic reperfusion injury (38). The C3 con-
vertases, C3bBb(Mg®") and its properdin-stabilized form
C3bBbP(Mg>"), are the key enzymes in AP activation and
amplification of all of the activation pathways. Strategies
designed for the clinical inhibition of the complement AP have
focused on the AP components C3b, properdin, factor B, and
factor D (6, 39). The detailed characterization of AP C3 conver-
tase assembly has begun to reveal unique pro-convertase struc-
tures that could serve as novel AP-specific therapeutic targets
(14,17).
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FIGURE 6. Assembly and dissociation of CVFB(Mg>*) on a CVF-coated bio-
sensor surface. A, CVF (4637 response units (RU)) was covalently attached to
a biosensor surface and treated for 60 s (indicated by the bar above the pro-
files) in succession with 1 ug/ml wild-type recombinant factor B, factor B
E446V, or factor B E207A in Mg? ™ HEPES buffer followed by buffer alone. The
peak of the wild-type recombinant factor B profile represents complexes
formed with 4% of the surface-bound CVF. The resulting profiles were aligned
att = 0. B and C, CVF (4637 response units) was covalently attached to a
biosensor surface (above). At t = 0, the biosensor surface was treated for 60 s
(indicated by the bar above the profiles) with various concentrations of
recombinant factor B (B) or factor B E446V (C) in Mg®" HEPES buffer followed
by buffer alone. The resulting profiles were aligned at t = 0 and subjected to
kinetic analysis using a two-state conformational change model (10) and the
BlAevaluation software. The thin black lines represent the original data pro-
files, and the thick gray lines represent the global best fit (see values of the
resulting kinetic constants in Table 1).

The factor B scissile bond is sequestered by salt bridges that
connect the Arg®** side chain to the linker region and to the
VWA domain. We have found that factor B mutations that lack
the Arg?**-Glu™*® salt bridge attain a 5-10-fold increase of
Mg>"-dependent C3b binding relative to wild-type factor B due
primarily to greater complex stability. From these results we
hypothesize that in free factor B and in the initial C3bB associ-
ation, the Arg®**-Glu**® salt bridge constrains the VWA
domain to low affinity conformations. When the Arg>**-Glu**
salt bridge is broken through thermal effects or precluded
through mutagenesis, the a7-helix gains conformational free-
dom that permits the realignment of the VWA domain and
activation of the MIDAS, resulting in a higher affinity associa-
tion of factor B with C3b. Lesser binding effects were seen with
a substitution that precludes only the Arg***-Glu®®” salt bridge.
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FIGURE 7. Assembly and dissociation of C3bB(Mn?*) and C3bBb(Mn>*)
on a C3b-coated biosensor surface. A, C3b (6747 response units (RU)) was
covalently attached to a biosensor surface and treated for 60 s in succession
with 1, 2, 5, and 10 ug/ml wild-type native factor B in Mn?* HEPES buffer
followed by buffer alone. Residual complexes were dissociated with EDTA
HEPES buffer (indicated by the second bar). The resulting profiles were
aligned at t = 0. The maximum peak of the C3bB(Mn?>") profiles represents
complexes formed with 27% of the surface-bound C3b. B, the C3b-biosensor
surface in A was treated for 60 s with 10 ug/ml wild-type native factor B in
Mn?" HEPES buffer followed by buffer alone. At ~200 s the biosensor surface
was treated for 60 s with 1.0 ug/ml factor D, 0.1 ug/ml factor D, or Mn®*
HEPES buffer alone. The resulting profiles were aligned at t = 0. C, the C3b
biosensor surface in A was treated was treated for 90 s with 1 pg/ml factor B
R234AV in Mn?* HEPES buffer followed by buffer alone. At ~300 s the bio-
sensor surface was treated for 60 s with 1.0 ug/ml factor D. At ~600 s the
biosensor surface was treated for 60 s with EDTA HEPES buffer.

This finding suggests that although this second salt bridge
needs to be broken to permit factor D cleavage, its release
results in a much smaller increase in complex stability. Harris et
al. (10) have provided kinetic evidence that nascent
C3bB(Mg**) can undergo conformational change resulting in a
complex with greater stability (see also Ref. 17). The increase in
stability they observed could be primarily due to the breakage of
one or both Arg”** salt bridges via thermal effects and the sub-
sequent activation of the MIDAS.

Although free factor B is not cleaved by factor D, it can be
cleaved by other trypsin-like serine proteases such as plasmin
(16). The double latch structure formed by the Arg** salt
bridges serves to minimize such unproductive activity. Our
findings suggest how the double latch is opened during assem-
bly of the C3 convertase. We make the simplifying assumption
that releases of the two salt bridges are independent and rapidly
reversible events, each driven by thermal effects. Therefore, in
free factor B, the probability that both latches are open (and the
scissile bond is vulnerable to protease activity) is very low. How-
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ever, in the pro-convertase, stabilization of the pro-convertase
with one latch open would provide a greater time window for
the second latch to open and expose the scissile bond. Thus, we
propose that when factor B first associates with C3b, it bears
two intact Arg>** salt bridges. The complex rapidly dissociates
unless the Arg®**-Glu**® salt bridge is released whereupon con-
formational changes occur that activate the MIDAS and par-
tially stabilize the complex. The remaining salt bridge is then
released, exposing the scissile bond and permitting factor D
cleavage.

In contrast to C3bB(Mg>"), we found that the assembly of
CVFB(Mg>") complexes was much less affected by the Arg>**
salt bridge mutations. The high resolution structural model of
CVFB(Mg>") indicates that the MIDAS can be activated even
while the Arg®** salt bridges are in place (17), and so by that
accounting, the absence or release of the salt bridges would not
have a substantial impact on the stability of the CVFB(Mg>")
complex. The mechanism we propose to facilitate cleavage of
factor B in C3bB(Mg>") would not function fully in CVF-
B(Mg>"). Consistent with this view, CVFB(Mg>") is a relatively
poor factor D substrate compared with C3bB(Mg>*): factor D
cleaves CVF B 100-fold slower than it cleaves C3bB (17). Thus,
although CVF and C3b are regarded as homologous in struc-
ture (17), they differ in at least one key dynamic aspect. This
difference could bear on the functional roles of C3bBb versus
CVEBb. C3bBb(Mg>™) is a protective unit whose assembly and
function must be rapid and robust to defend against harmful
entities, reaching maximum activity in a few minutes, yet rela-
tively unstable and sensitive to negative regulators to achieve a
safe reaction end point. In contrast, CVFBb(Mg>") is highly
stable (24) and appears to function to deplete host complement
resulting in potentially lethal effects including weakness,
hemolysis, and shock.

The VWA domain is a versatile structure found in dozens of
cell surface receptors and soluble proteins (40). In several mem-
bers of the integrin family, a VWA domain (referred to in the
integrins as an I domain) undergoes conformational changes
that drive signal transmission across the plasma membrane
(41). In that case, critical allosteric changes are coupled to the
transition of the MIDAS from a low ligand binding affinity
state, in which the divalent cation is coordinated by five con-
served amino acids side chains at the apex of the domain, to a
high affinity state similar to the C3 convertase, in which the
same five coordinating residues are joined by an amino acid
residue derived from the ligand (Fig. 1E) (11). The x-ray crys-
tallographic studies of the C3 pro-convertase complexes CVE-
B(Mg>"), C3bB(Ni*"), and C3bBD(Mg>") have provided sim-
ilar high affinity models of the MIDAS (14, 17). However, unlike
the C3 convertase model that was derived with wild-type factor
B, the three pro-convertase models were derived with the factor
B double gain-of-function mutation D254G/N260D, a muta-
tion that eliminates the glycan moiety at Asn**°, removes the
Asp®** side chain from the MIDAS, and promotes C3bB stabil-
ity (19). Thus, whether the high affinity MIDAS structure seen
with the double gain-of-function mutant also mediates wild-
type pro-convertase is not known. We propose that the wild-
type pro-convertase complex C3bB(Mg>*) can harbor an inter-
mediate MIDAS structure of lesser affinity, possibly lacking the
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ligand coordination residue (25). This would better account for
the increase in complex stability that accompanies the transi-
tion from pro-convertase to convertase even with the loss of
binding interactions between C3b and the Ba region (10,14).
We show here that Mn>" stabilizes C3bB in a form that is sus-
ceptible to factor D cleavage but cannot sustain the C3bBb
complex once factor D cleavage occurs (Fig. 7). It is possible
that Mn®" mediates a low affinity form of the MIDAS that
cannot sustain the C3bBb complex. A high resolution model of
C3bB(Mn>") could be informative in this regard.

The complement pro-convertases represent an example in
which important molecular events are regulated by complex
conformational changes. Moreover, they are a promising
source of potential therapeutic targets that could be used to
address the numerous AP-dependent disease and injury states.
Although great progress has been made to delineate the molec-
ular underpinnings of convertase assembly and activity, key
aspects remain to be clarified. Our results provide new insight
into the dynamics of the scissile bond, the VWA domain, and
the MIDAS that occur when the Arg®** salt bridges are
released.
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