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ABSTRACT: C4b-binding protein (C4BP) is a multimeric serum protein that is a potent regulator of the
classical and lectin complement pathways. The binding site for C4b has been localized to complement
control protein (CCP) domains—1 of the C4BPa-chain and, in particular, to a cluster of positively
charged amino acids predicted to be at the interface between CCP 1 and CCP 2. To determine the regions
of C4b contributing to C4BP binding, we have examined via surface plasmon resonance technology the
binding of the C4c and C4dg subfragments of C4b to C4BP. At half-physiologic ionic strength, specific
and saturable binding was observed for both C4c and C4dg. C4c exhibited much greater ionic strength
sensitivity in its binding than did C4dg. Analysis of the effect on binding of the subfragments to various
C4b-binding-defective C4BP mutants, together with cross-competition experiments, suggests that the
subsites in C4BP for C4c and C4dg are adjacent, but distinct. Additionally, we observed synergy in subsite
filling such that the presence of C4dg enhanced the extent of C4c binding over its basal level, and vice
versa. The enhanced binding of C4c in the presence of C4dg was not due to an increase in affinity but
rather reflected a 23-fold increase in the number of sites capable of binding C4c. This suggests the
existence of a conformational equilibrium between high- and low-affinity states in the C4c binding subsite
within each C4BP subunit, an equilibrium which is shifted in favor of the high-affinity state by the filling

of the C4dg subsite.

The C3 convertase stages of the classical/lectin andaccelerating factor (DAF), membrane cofactor protein (MCP),
alternative pathways of complement activation are the key and complement receptors 1 and 2 (CR1 and CR2). With
points of amplification and effector function initiation in the the exception of CR2, which does not function as a
complement system. Due to the potential for harm to host complement inhibitor, these proteins bind to the C4b or C3b
tissue, the complement system is stringently and redundantlysubunits of the classical (C4b2a) and alternative (C3bBb)
regulated at these stages of complement activation. Inpathway C3 convertases and mediate their regulatory func-
humans, regulation is mediated by a family of proteins tionality by one or more of the following mechanisms: (1)
encoded in the RCA(regulators of complement activation) accelerated dissociation of the C4b- or C3b-associated serine
locus on chromosome 1 (see reffor a review of RCA proteases C2a and Bb, respectively; (2) inhibition of the
protein structure and function). The family includes the binding of intact C2 or factor B to C4b or C3b, respectively,
soluble serum proteins factor H (fH) and C4b-binding protein thereby inhibiting the formation of new C3 convertases; and
(C4BP) and the host cell membrane-anchored proteins decay{3) acting as a cofactor for the cleavages mediated by factor
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members of the RCA family, the protein is comprised of demonstrated 16—17). fH, which consists of 20 CCP
multiple copies of an approximately 60-residue motif alter- domains, appears to have three distinct C3b binding sites
natively referred to as CCP (complement control protein) or (18, 19. The first, consisting of CCP-14, binds only intact
SCR (short consensus repeat) domains. These domains hav€3b (19), and these domains can on their own fully regulate
a commorps-sheet framework that is stabilized by a pair of a fluid phase alternative pathway C3 converta2@—2).
absolutely conserved disulfide bonds. Tflesheets are  Regulation of a surface-bound alternative pathway C3
organized into layers forming a hydrophobic core but also convertase requires the additional two C3b binding sites and
have exposed loops of variable lengf).(C4BP is unique  their partially overlapping polyanion binding site23].
among the RCA proteins in being a polymer and therefore Whereas C3b binding site 2, which has been broadly
intrinsically multivalent. Specifically, the major human localized to CCP 815, can directly bind the C3c subfrag-
plasma isoform is comprised of seven identicathains, ment, C3b binding site 3, comprised of CCP-1H, has
each containing eight CCP domains, and @rghain, which the complementary subfragment specificity of being able to
contains three CCP domain8)( Each class of chain has a directly bind to the C3d regiorlL@). For CR2, whereas there
C-terminal extension that mediates formation of a disulfide- is agreement that C3d(g) on its own can mediate a strong
linked, spider-like, polymer. ThB-chain is dispensable for  interaction 24—26), there is some controversy about whether
both C4b-binding function and polymerization, and indeed the respective binding affinities for CR2 of C3dg and iC3Db,
functionally active recombinant human C4BP consists only the latter containing both C3c and C3dg, &8627) or are
of six a-chains ). Although eacha-chain possesses an not (28) essentially equivalent. However, using surface
independent C4b-binding site, ultracentrifugation studies plasmon resonance (SPR) as the detection technique, a weak
suggest that at physiologic ionic strength maximally four C4b binding interaction between C3c and CR2 has been directly
molecules can be bound to any given C4BP molecule, likely observed 29). VCP represents an interesting case in that it
due to steric constraint8). Domain deletion analyses of binds both C3b and C4b at sites on VCP that are sufficiently
the C4BP a-chain have revealed that CCP-3 is the overlapping that the prebinding of one ligand precludes the
minimal unit for expression of the regulatory functionality simultaneous binding of the other ligan@80f. However,
of the intact molecule?). Like most RCA protein family ~ when the respective “c” and “dg” region subfragments were
member interactions with their ligands, that between C4BP examined, it appeared that the binding was principally
and C4b is sensitive to ionic strength, suggesting an importantmediated by one of the two subfragments but that it was
role for ionic interactionsq, 9). A model of the structure of ~ C3dg in the case of C3b binding and C4c in the case of C4b
the C4BPa-chain domains was built on the basis of the binding (30). For C4BP, an analytical ultracentrifugation
NMR coordinates of a pair of fH domain(@). A prominent study suggested a very weak interaction with C4c and none
feature of this model was a cluster of positively charged with C4dg 8). However, the experimental setup would have
residues at the CCP-ICCP 2 interface that included R39, made it difficult to detect weak binding to C4dg. By contrast,
K63, R64, and H67. Subsequent site-directed mutagenesisSPR technology allows one to detect fairly weak interactions
work confirmed the involvement of this positive patch in that require higher concentrations of fluid phase ligand than
C4b binding and C4BP functionalit® (11, 12). C4BP also would have been practical in the earlier analytical ultracen-
binds polyanions such as heparin, and in fact, heparin bindingtrifugation experiments. In this study we have examined by
is inhibitory to C4b binding 9). Consistent with this, the  SPR technology the binding of the C4c and C4dg subfrag-
positively charged patch of residues shown to be important ments, as well as the parent C4b molecule, to both
for C4b binding appears to be a major contact point for recombinant wild-type C4BP and to the C4b-binding-
heparin, as well as other polyanions such as DALQ). defective mutants referred to above. The major finding of
The structure of CCP-12 of the C4BRu-chain was recently  the study is that not only can binding of each subfragment
solved by NMR, and it was found that the positively charged be directly observed to seemingly adjacent, yet distinct
groups critical for binding of heparin, DNA, and C4b form subsites but that there is an apparent synergy in the filling
a discontinuous surface extending over both moduldys ( of the subsites. Specifically, our data suggest the existence
This implied that a binding-associated intermodular rotation within each C4BP subunit of a conformational equilibrium
would be required to bring all of the residues identified between a high-affinity and a much lower affinity conforma-
through mutagenesis to the same face of the molecule.tion in the C4c binding subsite, an equilibrium which is
Indeed, evidence for such a reorientation was inferred from shifted in favor of the high-affinity state by the filling of
NMR chemical shift perturbation experiments using a peptide the C4dg subsite.
derived from streptococcal M-protein that binds to a site
overlapping the one for C4HL.4). EXPERIMENTAL PROCEDURES

For some of the RCA proteins, and their viral homologues,  Purified Proteins Recombinant wild-type C4BP, consist-
the contributions of the C3c/C4c and C3d(g)/C4d(g) frag- ing of a disulfide-linked hexamer of C4BR-chains, its
ments to the binding are known. For example, binding of monomeric CCP 48 derivative, the single domain deletion
C3c and C4c, but not C3d or C4dgp CR1 has been mutants spanning CCP 1 through CCP 4 of polymeric C4BP,

and the C4BP polymer single or combination point mutants

2 By analogy with the C3 fragment nomenclature, we refer to the fl R39Q, R64Q, R66Q, R64Q/R66Q, R39Q/RE4Q/R66Q, K63Q,
cleavage-delimited C4d fragment as C4dg to indicate that it contains H67Q, K126Q/K128Q, and F144S/F149S were expressed
an NH-terminal 45-residue “g” segment and to distinguish it from the  and immunoaffinity purified as described previousF 9,
structurally definech—a6 C4d molecule visible in the X-ray crystal 11, 31). Native human C4 of mixed isotype was purified
structure 87). The latter corresponds in length to the C3d proteolytic ’ i,
limit fragment of the physiologic C3dg fragment generated as a result from 50-100 mL quantities of human plasma by the method
of fl-mediated cleavages. of Dodds @2). C4 was treated with 1% (w/w) purified G1
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(Advanced Research Technologies, San Diego, CA), and thesurfactant was added to all samples to a concentration of
resulting C4b was subsequently purified on a Mono Q HR 0.01% (v/v) prior to their use. Proteins were immobilized
5/5 FPLC column (Amersham Pharmacaia, Baie D'Urfe on CMS5 biosensor chips (Biacore) using the amine coupling
Quebec, Canada) using gradient conditions that allow thekit from Biacore according to the activation protocol of the
separation of C4b monomer from spontaneously formed manufacturer and with the control flow cell being subjected
disulfide-linked C4b dimerX7, 33). fl (34) and C4BP 85) to activation and deactivation without added protein. Im-
were purified from human plasma as described previously. mobilizations of C4BP and its variants, or the C4 fragments,
C4c was obtained by digestion of C4b with fl (1:30 w/w) in  were done at protein concentrations of-2 ug/mL in 10
the presence of plasma-derived C4BP (1:50 w/w) for 18 h mM sodium acetate, pH 4.5, at a flow rate ofu&/min.
at 37°C. C4c was then separated from C4dg by purification Typically, a flow of 10-20uL gave an immobilized protein
on Mono Q FPLC, as previously describet7). Prior to level of 4006-6000 RU. In all SPR experiments, the net
their use in SPR experiments, in order to remove any RU values displayed have been corrected for nonspecific
oligomeric material present, C4b and C4c were further binding of analyte to the carboxylated dextran surface of the
purified by FPLC gel filtration using a Superose 6 HR 10/ chip, and for bulk effects due to the presence of high
30 column (Amersham Pharmacaia) equilibrated with 10 mM concentrations of protein in some analytes, by subtracting
HEPES, 75 or 150 mM NacCl, and 3 mM EDTA, pH 7.2. from the experimental sensorgram the sensorgram derived
A C3 preparation that had been purified from human from the sham activatecdeactivated control channel that
plasma 86) was found to have undergone proteolytic is connected in series to the experimental channel.
degradation to the C3b stage upon long-term storage. This SPR Equilibrium Binding Measurementd/ild-type or
material was used for subsequent conversion to C3c andmutant C4BP variants were immobilized on CM5 biosensor
C3dg by overnight digestion at room temperature with fl chips as described above, and C4 fragments at various
(1:100 w/w) and soluble CR1 (1:50 w/w, a kind gift from  concentrations were employed as analytes. Injections of C4dg
Avant Immunotherapeutics Inc., Needham, MA). The diges- and C4c analyte solutions were at a flow rate of20min
tion mixture was separated on a Mono Q HR 5/5 FPLC for 1 min, followed by 2 min of buffer flow for dissociation.
column using previously described gradient conditidi®.(  Because of the longer time required to reach a steady-state
Prior to use in SPR experiments, C3c was further purified plateau than was the case for C4c or C4dg, the binding of
by gel filtration on a Superdex 200 HR 10/30 FPLC column intact C4b was measured using a flow rate i 3min, with
(Amersham Pharmacaia) equilibrated with 10 mM HEPES, analyte injections of 10 min, followed by 2 min of buffer
75 mM NaCl, and 3 mM EDTA, pH 7.2. flow for dissociation. For all analytes employed, the bio-
Recombinant C4dg of the C4B isotype was expressed in sensor chip surface was regeneratedaitl min pulse of 2
Escherichia col(37) and purified according to the modified M NaCl. The steady-state (or pseudo-steady-state) plateau
procedure described previously7. Prior to use in SPR  region RU signal change data were analyzed according to a
experiments, C4dg was further purified by FPLC gel filtration one-site Langmuir binding model (eq 1) using MacCurvefit
using a Superdex 200 10/30 column equilibrated with 10 v.1.5.5 nonlinear regression software (Kevin Raner Software,
mM HEPES, 75 or 150 mM NaCl, and 3 mM EDTA, pH 7.  Victoria, Australia):
Recombinant C3dg C1010A was expresseH.icoliand
purified as previously describe®&) except that, in place ARU,  Janalyte]
of DEAE-Sephacel, the first chromatographic step employed ARU = K+ lanalvie] (1)
a column of CM-Sepharose Fast Flow (Amersham Phar- p T [analyte]
macaia) equilibrated with 10 mM sodium acetate, 20 mM - o ) _
NaCl, and 1 mM EDTA pH 5.5. Following extensive The equilibrium b|r_1d|ng data were alsq displayed in Scat-
washing, the column was step eluted with the same buffer chard form according to eq 2, but the lines drawn through
containing 0.4 M NaCl. Prior to use in SPR experiments, the data points were determined by insertion of kheand
C3dg was subjected to gel filtration as described above for RUmaxvalues determined in the nonlinear fit procedure into

C4dg. eq 2
The purity of all protein preparations was assessed by
SDS-PAGE. The concentrations of C3 and C4 fragments _ARU _ _
: ) ) AARU, ., — KA,ARU (2)
were determined spectrophotometrically at 280 nm using as [analyte]

extinction coefficients (1%, 1 cm) 8.2 for C4b and C4c, 13.6
for C4dg, 9.7 for C3b and C3c, and 12.6 for C3dg. The In a variation of the above-described equilibrium binding
concentrations of the recombinant C4BP proteins were experiments for C4c and C4dg to biosensor chip-immobilized
determined from amino acid composition analys8s ( recombinant wild-type C4BP, or its monomeric derivative
Surface Plasmon Resonance Measureme®ER mea- CCP 1-8, binding curves were also obtained using variable
surements were performed primarily on a Biacore X instru- concentrations of C4c in the presence of a constant concen-
ment, with some experiments being done on a Biacore 3000tration of C4dg in the analyte (1 mg/mL, 28/) or variable
instrument (Biacore, Piscataway, NJ) when it was desirable concentrations of C4dg in the presence of a constant
to be able to have three experimental flow cells in series concentration of C4c (54g/mL, 0.36uM) in the analyte.
with the control flow cell. The experiments were conducted The respective concentrations of the nonvaried component
at 25°C in HEPES-buffered saline [L0 mM HEPES, 3 mM of the analyte mixtures corresponded to midrange response
EDTA, 0.01% (v/v) surfactant P-20 (Biacore), pH 7.2] points of binding curves obtained with C4dg and C4c on
containing either 75 mM NaCl (half-physiologic ionic their own. In each case, the net signal change due to the
strength) or 150 mM NacCl (physiologic ionic strength). P-20 varied analyte protein was obtained after subtraction of the
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sensorgram of the nonvaried component of the analyte on
its own using the BlAevaluation 3.0 software (Biacore).

SPR Competition ExperimentRecombinant wild-type
C4BP at a fixed concentration (typically 4@/mL, corre-
sponding to 0.6tM subunit sites) was injected over biosensor
chip channels coupled with either C4dg or C4c. The C4BP
was injected either on its own or after premixing with a
potential fluid phase competitor of the binding such as C4dg,
C4c, C4b, or C3dg. The analyte flow rate was@0min,
the injection phase was for 1 min, and the protein competition
experiments were all carried out in half-physiologic ionic
strength buffer.

C4BP Mutant Scan SPR Experimebising a CM5 chip
mounted in a Biacore 3000 instrument, C4b, C4c, and C4dg
were immobilized as described above onto separate flow
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channels, with flow channel 1 serving as the sham activated Figure 1: SDS-PAGE (9% gel) of the C4 fragments used in the
deactivated control for nonspecific binding. Recombinant SPR experiments. The fragments were analyzed under both reducing
wild-type and mutant polymeric C4BP, each at a concentra- and nonreducing conditions, as indicated. The constituent chains
tion of 10ug/mL, were injected at a flow rate of 20./min of C4b and C4c are indicated, except for thé6 kDao4 fragment

for 1 min over é” four flow channels that were connected of C4c which is not resolved from the dye front on this percentage

in series, followed Y a 1 min buffer flow dissociation phase. el
The experiments with each recombinant C4BP were per- molecule, were readily obtained at half-physiologic ionic
formed at both physiologic and half-physiologic ionic  gyrength. Although the kinetics of binding, especially for the
strength 'CC')ndI'tIOI’\S. .The chlp surfaces were regeneratedease of C4b as the analyte, would have been very complex
between injections wita 1 min pulse 62 M NaCl. The net 5 analyze because there are clearly fast and slow components
signal change at the end of the injection phase was taken ag, poth the association and dissociation phases of the
a measure of relative binding strength, with all results being sensorgrams, the sensorgrams all approached an equilibrium
normalized to the RU change obtained at each of the o gate by the end of the injection phase. A plot of the RU
ionic strength conditions for recombinant wild-type C4BP. | 4,65 from the pseudoequilibrium plateaus of the respective
Inhibition of C4BP Binding to C4 Fragments with Hep-  pjle-up sensorgrams (Figure 2, panels @) versus analyte
arin. Various concentrations of heparin (Sigma-Aldrich, St. concentration yielded saturation-type binding curves in each
Louis MO) were preincubated with 10g/mL wild-type  case that were reasonably well fit by a Langmuir binding
recombinant C4BP prior to injection over the above- model for a single class of binding site (Figure 2, panels
described biosensor chip coupled on separate channels witlh ) |t can further be seen from the Scatchard transforma-
C4b, C4c, and C4dg. The experiment was conducted at bothijons of the data (Figure 2, panels-@ that, for the case of
half-physiologic and physiologic ionic strengths, with the photh C4p and C4dg, the binding data conformed quite well
heparin concentration range varying between—GQ ug/ to what would be expected for a single, noncooperative, class
mL and 0.5-10 mg/mL, respectively, for the two buffer o hinding site. Keeping in mind that the hexameric C4BP
conditions. The net signal change at the end of the 1 min i |ikely to be covalently tethered to the biosensor chip by
injection phase was taken as a measure of relative blndlngomy one or two of its subunits and that such covalent

strength, with all results being expressed as a percentage Ofq, hjing, as well as proximity to the carboxylated dextran
the RU change obtained in the absence of heparin in theg tace "may affect the intrinsic affinity of a subunit for its

analyte. partner protein, the derivelp values in each case (see
Figure 2 insets in panels-EF and Table 1) no doubt reflect
RESULTS AND DISCUSSION an average among the subunits. Nevertheless, the spread in

C4BP Binds both the C4c and C4dg Subfragments of C4b affinities must be narrow enough that separate classes of
As the extent of interaction between C4BP and C4b was binding sites are not readily apparent. With C4c as the
known to increase at low ionic strengtB, ), our initial analyte, we fairly consistently saw some deviation from
surface plasmon resonance experiments aimed at determiningingle class of site behavior on the Scatchard transformations
whether the C4c and C4dg subfragments of C4b bind to of the data (Figure 2H). Although the quality of the fit was
C4BP were carried out at half-physiologic ionic strength. always improved by invoking a two classes of binding site
To this end, wild-type C4BP was coupled to a CM-5 model, there were usually not enough data points within the
biosensor chip, and sensorgrams were obtained using increconcentration range required by at least one of the classes
mental concentrations of C4b, C4c, and C4dg as analytes.of binding site, and consequently very large error estimates
In each case, the analyte protein had been exchanged intdor the parameters, to justify acceptance of the fit parameters
the SPR running buffer, and separated from any minor derived using a two-site model. As discussed further below,
oligomeric species formed upon storage, by size exclusionthe heterogeneity in binding behavior of C4c is likely real,
chromatography within 24 h of its use. A representative but for the purpose of comparing binding parameters between
SDS-PAGE analysis of the fragments employed for our SPR mutant and wild-type C4BP molecules, or the reproducibility
experiments is shown in Figure 1. As can be seen in Figure among replicate experiments, the fit parameters of the single
2, binding data for the subfragments, as well as the parentclass binding site model have been reported in Table 1.
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FicurRe 2: SPR analysis of the interaction of C4b, C4c, and C4dg with biosensor-coupled wild-type C4BP. Sensorgram overlay plots of net
RU change above that of the control channel when analyte solutions of varying concentrations of C4b (panel A), C4c (panel B), and C4dg
(panel C) were flowed over a biosensor channel coupled witb00 RU of recombinant wild-type C4BP. The analyte concentrations
corresponding to each set of sensorgrams are indicated to their right in descending order of concentration. Whereas the C4b injections were
for 600 s at a flow rate of mL/min before the changeover to buffer flow, those of C4c and C4dg were for 60 s at a flow rate:bfr2i.

The experiments were all conducted in half-physiologic ionic strength HEPES buffer. ParieldiEplay the steady-state plateau level RU
changes due to specific binding for the individual sensorgrams as a function of analyte concentration for C4b, C4c, and C4dg, respectively.
The binding curves were fit by nonlinear regression according to the equation for a single class of binding site (eq 1, Experimental Procedures).
The values oKp and RU,.« for these single representative experiments are given in the respective panels, with means and standard deviations
of replicate experiments being presented in Table 1. Panelstw the binding data in Scatchard form for C4b, C4c, and C4dg, respectively.

The lines drawn represent the insertion into eq 2 of Experimental Procedures of vallkasdod RU,.x determined from the nonlinear

fit procedure used in panels—£F.

Given that 4500 RU of C4BP were initially coupled to lonic Strength Dependence of the Bindiifghen binding
the biosensor chip, the mean RyJ(resonance units change to a C4BP-coupled biosensor chip was analyzed at physi-
at saturating concentrations of analyte) value for C4b binding ologic ionic strength, saturation-type curves were obtainable
of 1253 represents10% of the theoretical maximum based for C4b and C4dg, which were well described by the
upon every 70 kDa subunit of C4BP binding one C4b Langmuir binding isotherm for a single class of binding site
molecule (190 kDa). Even for this level of accessible C4b- (Figure 3). For C4c, however, using analyte concentrations
binding sites on the chip, based on the relative molecular up to 1uM, only the early pseudolinear portion of the binding
masses of monomeric C4b and C4c160 kDa), the curve was obtained and was therefore not suitable for
expected Rl for C4c should be~990. Thus, the mean  quantitative analysis (data not shown). The ionic strength
RUmax Value of 209 observed when C4c was used as the dependence of the interaction between C4b and C4BP is seen
analyte represents20% of the expected value. The mean in Figure 3A, there being av45% decrease in both affinity
affinity of C4c for these binding sites was Q:®1, which is and RUax in going from half-physiologic to physiologic
only 2—3-fold weaker than was observed with intact C4b ionic strength (Table 1). The significantly higher R4/
(0.07uM Kp; see Table 1). By contrast, the relatively weakly observed at the lower ionic strength may reflect the previ-
binding C4dg fragment (meaKp of 53 uM) displays a ously reported increase in stoichiometry from 4 to 6 C4b
RUnax Of 678, more than twice the value of 266 predicted per C4BP molecule that was deduced from analytical
from the relative molecular masses of C4dg (40.4 kDA) vs ultracentrifugation experiments carried out at physiologic and
C4b. This is likely due to the much smaller C4dg fragment half-physiologic ionic strengths8]. In contrast to the ionic
having greater access to C4BP subunits on the chip thanstrength sensitivity of the interactions of C4BP with C4b
would be the case for either intact C4b or C4c. and C4c, the binding curves obtained using C4dg as the



Binding of C4b Subfragments to C4BP Biochemistry, Vol. 45, No. 27, 2008383

Table 1: Binding Parameters Determined from SPR Measurements for the Interaction of Wild-Type and Selected Mutant C4BP Molecules with
C4b, C4c, and C4dg

[NaCl] in no. of
ligand coupled RU coupled analyte buffer, M analyte Kp, uM RUmax expts
C4BP WT 4500 0.075 C4b 0.G% 0.04 1253+ 99 3
4500 0.075 C4c 0.20.1 209+ 27 3
4500 0.075 C4dg 53 12 678+ 78 4
C4BP WT 5700 0.075 C4b 0.15 1005 1
5700 0.15 C4b 0.27 568 1
5700 0.075 C4dg 79 699 1
5700 0.15 C4dg 113 874 1
C4BP H67Q 5200 0.075 Cidb 0.450.19 96+ 8 3
5200 0.075 C4ac unmeasurable 3
5200 0.075 C4dg 88.F 19.2 261+ 33 3
C4BP F144S/F149S 4200 0.075 C4b 0.09 740 1
0.075 C4c 0.14 419 1
0.075 C4dg 94 495 1
C4BP R66Q 5200 0.075 C4b 0.11 1169 1
0.075 C4c 0.28 224 1
0.075 C4dg 46 777 1

a2 The number of separate experiments used in determining means and standard deviakgrenfbiR Uy is indicated in the last column. In
all experiments, including those shown for which replicates are not presented, the error estimates of the nonlinear fit of the data were consistently
<20% for each of the two fitted parameters.

A strengthened. A further indication that the binding of C4c
900 o to C4BP was more sensitive to ionic strength conditions than
800 was either C4dg or the intact C4b molecule came from an
700 experiment in which intact hexameric C4BP was used as
600 the analyte at a single concentration of 46/mL, and
500 binding to biosensor surfaces coupled with C4b, C4c, and
400 C4dg was assessed at both half-physiologic and physiologic
300 ionic strength. On the C4c channel the binding at physiologic
200 ¢ 150 mM NaCl ionic strength was>100-fold lower than that at half-
100 O 75mMNaCl physiologic ionic strength (3 vs 380 RU). By contrast, on
‘ : the C4dg channel, the binding at the higher ionic strength
0 02 04 06 08 1 was~3-fold less than that at half-physiologic ionic strength

(C4b] (uM) (580 vs 1800 RU). Binding to the C4b channel under these
B multipoint attachment conditions was approximately the same
at both ionic strengths (1700 RU).

Assessment of the Specificity of the Binding Interactions
with the C4b SubfragmentSespite not being of the expected
magnitude with respect to Rld, the interaction observed
between C4c and C4BP was not unanticipated, based upon
indications of it in the earlier solution studg)( Since the
® 150 mM NaCl relatively weak interaction with C4dg was novel, it was
100 O 75mM NaCl important to perform additional specificity controls. To this
end, C4dg was coupled to the biosensor chip, and the
3 % 2o % 150 5o hexavalent recombinant v_vild—type _C4BP was employed_ as

[C4dg] (M) the analyte. We hypothesized that if the binding interaction
Ficure 3: lonic strength dependence of the binding of C4b and between C4BP and Cé_ldg was SpeCIfIC, thep p.remcubatlon
C4dg to wild-type C4BP. SPR analyses as described in Figure 1 0f the analyte C4BP with C4dg prior to flowing it over the
were carried out to monitor the steady-state plateau levels of binding C4dg-coupled chip should inhibit analyte binding. As can
e e oo st S aTo0 A 00 Soen In Figure 4A, wheteas inection of CA5P at a
in physiologic (closec}/ Eircles) and inphalf-physiologic (o%en circles) concentran_o n of 4249/r_nL (~0.6uM sites) over the CAdg-
ionic strength HEPES buffer. The binding curves were fit by coupled chip gave a signal change~e2100 RU at the end
nonlinear regression according to the equation for a single class ofof the 60 s injection phase, the same concentration of C4BP
binding site (eq 1, Experimental Procedures). The valueKfor preincubated with C4dg at 1 mg/mL (281) decreased the
and RUhax are reported in Table 1. maximal signal change te600 at the end of the injection
ligand were quite similar at physiologic and half-physiologic phase. Intermediate concentrations of C4dg as the fluid phase
ionic strength (Figure 3B, Table 1). This observation does competitor gave rise to a dose-dependent inhibition response
not preclude an ionic component to the binding of C4dg to (data not shown). As an additional control to show that the
C4BP as it may reflect the net result of two opposing effects, inhibition seen was not due to overcorrections for the large
namely, the ionic interactions being weakened in going from bulk effect signal changes in both the experimental and
75 to 150 mM NacCl but the hydrophobic interactions being control channels brought about by using protein concentra-
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4000 manner and over a concentration range commensurate with
3s00] A C4BP + 68 ug/mi Cdc its higher intrinsic affinity for C4BP relative to C4dg (data
S 3000 not shown).
[ I .
< 2500 C4EP alone We next asked _w_hether the C4c_ and C_4dg binding sites
2 000 overlap by determining whethe_r p_re_mcubatlon of C4BP with
2 C4c (68ug/mL, 0.45u4M) would inhibit the binding of C4BP
g 1500 C4BP + 1mg/ml C3dg to the C4dg-coupled biosensor chip. Far from inhibiting the
T 1000 '/C4BP+1mg/ml Cadg binding, it can be seen in Figure 4A that the preincubation
500 Cac alone, 68 pg/mi step with C4c resulted in anl.7-fold increase~1400 RU
0 v change) in binding signal at the end of the injection phase.
0 20 40 60 80 100 That this was not due to a direct binding of C4c to the C4dg-
Time (s) coupled chip was demonstrated through a control injection
3000 of 68 ug/mL C4c alone over the chip. As seen in Figure
B 4A, this gave rise to a very small increase in net signd{
5 2500 RU). The enhancement in C4BP binding to the C4dg-coupled
o« 2000 chip by C4c was dose-dependent and showed characteristics
2 }C4BP+C4C of a saturation curve if the enhancement in RU over the basal
§_ 1500 113 C4BP binding seen at the end of the injection phase was
2 1000 CaBPalone 567 np plotted as a function of C4c concentration (Figure 4B,C).
o 283 M No quantitative analysis of Figure 4C was undertaken
500 7.1 M because, first, the values plotted do not represent an
equilibrium binding level and, second, multivalent C4BP
0 0 50 100 150 binding to a surface array of C4dg would not be expected
Time (s) to follow any simple binding model.

5 1000 The above data suggest that C4c is being carried along
o c with C4BP when the latter binds to the C4dg-coupled chip.
So 800 One possibility to be considered is that C4c binds predomi-
‘gg nantly to C4BP subunits that do not bind to the biosensor
oo 600 chip-associated C4dg molecules. If this were the case,
29 400 however, the dissociation phase kinetics should initially be
087'0 rapid, similar to what was observed in Figure 2B when C4c
e % 200 was the analyte being flowed over a C4BP-coupled biosensor

g chip. Dissociation should then level off into a slow kinetic

0% 20 40 60 80 100 120 phase at an RU level corresponding to that for C4BP by itself,
C4c Concentration, nM which dissociates very slowly due to its multivalent attach-

FIGURE 4: Effect of preincubation with potential fluid phase Mentto C4dg on the biosensor chip. Instead, relatively slow
competing ligands on the ability of recombinant wild-type C4BP  dissociation kinetics were observed throughout, thus negating
to bind to a C4dg-coupled biosensor chip. (A) SPR sensorgramsthe unoccupied subunit possibility for the RU enhancement
monitoring the binding of 42.g/mL recombinant wild-type C4BP  gpserved in the presence of C4c. An alternative explanation

to a biosensor chip bearing5000 RU of C4dg in the absence and R ; :
presence of the indicated concentrations of fluid phase C4dg, C3dg is that the CAc and C4dg binding sites are adjacent, but

and Cc. Cc, at the same concentration as in the preincubationnonoverlapping, and that they act synergistically if both sites
experiment, was also injected in the absence of C4BP. Analyte are filled at the same time. Whether through induced
injection was for 60 s at 2BL/min before switching to buffer flow.  conformational effects on the binding interface or otherwise,

At" exﬁ’ﬁrimggtéswgr% carr(ig;i gut in the ha'f'ﬁhys.io'o%;f i%“ic coligation of the adjacent C4c and C4dg sites results in
streng uffer. ensorgrams showing the dose- I : : I
dependent enhancement in the binding of C4BP.@2nL, or 0.6 enhanced binding of C4c. The relatively slow dissociation

uM subunit sites) to the C4dg surface as a function of C4c Phase of the C4c-dependent enhancement in signal could
concentration premixed with the C4BP analyte. The concentrations have a number of origins, ranging from an enhancement in

of C4c in the analyte are indicated in descending order to the right the affinity of C4c for its subsite when the C4dg subsite is
of the series of sensorgrams. (C) The change in RU values at thegjmitaneously occupied to the more trivial explanation that
end of the injection phase minus the signal due to C4BP binding Cac is stericallV i ded f di iating f it bsit
alone is plotted as a function of the C4c concentration in the analyte. C IS sterically Impeded Irom dissociating from Its subsite
due to the cage-like nature of the multivalent binding of
tions in excess of 1 mg/mL, the standard 4®/mL C4BP subunits to C4dg on the biosensor chip. These issues
concentration of C4BP was preincubated with 1 mg/mL will be addressed further in experiments presented below in
C3dg, a fragment of very similar molecular weight to C4dg which C4BP is coupled to the biosensor chip and C4c and
and having the same fold but different surface charge C4dg are used as coanalytes. However, before leaving the
distribution @7). This resulted in a response curve that was issue of competitive ligands, the sensorgrams presented in
nearly indistinguishable from that of C4BP alone (Figure Figure 5 indicate that when C4c is the entity coupled to the
4A). On one hand, this showed that the bulk effect signal chip, the binding of C4BP can be inhibited by preincubation
changes were being accurately corrected for, and on the othewith C4c, C4dg, and C4b. In a control experiment, C3dg
hand, it indicated that C3dg had no measurable binding preincubated with C4BP at the same concentration used for
affinity for C4BP. Finally, binding of C4BP to the C4dg- inhibition by C4dg did not affect the binding of C4BP to
coupled chip was inhibited by intact C4b in a dose-dependentC4c (Figure 5). The fact that C4dg can inhibit the binding
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1400 Py— for this experiment, as well as their Scatchard transforma-

tions, are shown in panels E and F of Figure 6, respectively.
It can be seen that in this case, after subtracting out the signal
due to C4c binding on its own, the primary effect of having
C4c present is to increase the apparent affinity of C4dg
binding by approximately 8-fold, while having a very
minimal effect on the maximal number of C4dg binding sites
(see also Table 2).

Coupling of intact hexavalent C4BP to the biosensor chip,
followed by flowing monovalent analyte over it, as was done
for the experiments depicted in Figure 6, should have resulted
in an intrinsic affinity situation, despite the multivalent nature
0 20 20 60 80 100 120 of C4BP. Formally, however, one cannot exclude the

Time (s) possibility of intersubunit allosteric cooperativity accounting
Ficure 5: Effect of preincubation with potential fluid phase for the synergistic effects of C4c and C4dg subsite filling
competing ligands on the ability of recombinant wild-type C4BP  that we have observed. For this reason, experiments similar
to bi”db}ga?] tCVC'”C(;COU2'?4?8?2{2‘;%Eywéﬁig?;i?eﬁogsgpg%g‘ of to those described above were performed using a biosensor
recom - - . . .
coupled biosensotryghip\(4700 RU) alone orJin the presence of chip Fo _Wh'Ch we had coupled almonomerlc form of ¢4BP
the indicated concentrations of C4c, C4dg, C3dg, or C4b. Analyte CONSISting of CCP %8 but lacking the COOH-terminal
injection was for 60 s at 20L/min before switching to buffer flow. polymerization segment. As is readily apparent in Figure 7
All experiments were carried out in the half-physiologic ionic (panels A and B), the presence of a constant amount of C4dg
strength HEPES buffer. (25 uM) still resulted in a substantial enhancement in the

) N number of C4c binding sites at saturation when C4c was

of C4BP to a C4c chip, whereas C4c cannot inhibit C4BP w5 \aried analyte, with little change in affinity (see also
binding to a C4dg chip, suggests that the order of subsite rap|e 2). Similarly, when C4dg was the varied analyte, the
occupancy may determine the outcome. presence of a constant concentration of C4c (Qu86)

Synergy of C4c and C4dg Binding to C4BPo better  increased the affinity of binding, without substantial effect
determine whether there was synergy between the C4dg anthn the maximal number of binding sites for C4dg (Figure
C4c subsites, the experimental design needed to be changedC D: see also Table 2). Thus the observed C4dg/C4c
to avoid the complicating effects of multivalent attachment synergies of binding are autonomous to a single C4BP
to the ligand on the biosensor surface. The test systemsypunit. Finally, shown in Figure 7 are the results of
involved coupling C4BP to the CM5 chip and then compar- additional specificity controls in which the C4c and C4dg
ing the binding curves derived from the steady-state plateautitrations were respectively carried out in the presence of 25
regions when C4c alone was the analyte versus the same,M C3dg (in place of 25:M C4dg) and 0.36:M C3c (in
range of C4c analyte concentrations that had been premixedplace of 0.36:M C4c), as the nonvaried analytes. It can be
with a constant concentration of C4dg. The signal increase seen that the resultant binding curves, and binding parameters
due to C4dg binding on its own would then be subtracted (Table 2), were nearly identical to those obtained for C4c
from the plateau values resulting from injection of the various and C4dg on their own.

C4c/C4dg mixtures. Panels A and B of Figure 6 respectively  c4c and C4dg Share Some Common Contact Residues
display on the same scale the sensorgrams from a series ofyithin the Positiely Charged Cluster at the CCP-LCCP
identical C4c analyte concentrations injected over the same2 |nterface We wished to determine the effect, if any, on
C4BP-coupled chip, either in the presence of 1 mg/mL C4dg c4b subfragment binding to a series of mutant C4BP
(25 uM) or alone. The sensorgram generated by the 1 mg/ molecules that had previously been found to be defective to
mL C4dg on its own is also shown (Figure 6A). The varying degrees with respect to their C4b-binding, decay
enhancement in C4c binding is readily apparent even in theseacceleration, and ftcofactor activities 9, 11, 12, 31). The
primary data. Shown in Figure 6C are the corresponding series included both single and combination mutations to
steady-state plateau-derived C4c binding curves in which thegjutamine within a cluster of basic residues (R39, K63, R64,
signal change due to C4dg binding has been subtracted fronre6) at the interface between CCP 1 and CCP 2 in the
the data. The simplifying assumption made here is that the homology-modeled structure of the C4BRchain. We also
signal change reflecting C4dg binding is constant, but there tested several additional point mutants within CCP 2 (H67)
is some experimental evidence for this given below (Figure and CCP 3 (K126, K128, F144, F149) and single domain
6E,F). The data sets in Figure 6C have each been fit to ageletion mutants covering CCPs-4. As all of the mutants
single class binding site model, and they are also shown ashad previously been shown to form disulfide-liked multimers
Scatchard transformations in Figure 6D. As is readily Comparab|e to those of recombinant W||d_type C4BP, the
apparent from the near parallel nature of the lines of the experimental design involved flowing the variant forms of
Scatchard plots, the presence of C4dg has a minimal effectc4Bp at a constant concentration of A@/mL over flow

on the affinity of C4c binding to C4BP but increases the channels coupled with C4b, C4c, or C4dg. Since in these
number of sites having this affinity by3-fold (see also  experiments a steady-state plateau level is not reached within
Table 2). the 60 s injection period due to the complex kinetics of

The reciprocal experiment was also performed in which multivalent binding (see Figures 4A,B and 5 for examples
C4dg was the varied analyte and C4c was held constant atof this), we have taken the RU change at the end of the
a concentration of 0.36M. The direct binding isotherm fits  injection phase as a rough measure of the relative binding
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800 0.60 uM C4c + 25 uM C4dg 800 0.60 uM C4c
700 0.45 UM Céc + 25 M C4dg __ 700 0.45 uM Cdc

0.30 uM Céc + 25 uM C4dg 3 0.30 uM C4c
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Ficure 6: Synergy of C4c and C4dg binding to wild-type C4BP. SPR sensorgram overlays of variable analyte concentrations of C4c
(indicated in descending order to the right of the sensorgrams) binding to immobilized recombinant wild-type C4BP (4500 RU) either on
its own (panel B) or when the analyte C4c was premixed wittt®BC4dg (panel A). The signal change due to28 C4dg on its own

is indicated (dashed trace, panel A). The experiment was carried out in half-physiologic ionic strength HEPES buffer. Panel C depicts the
direct binding curves derived from the steady-state plateau data in panel B (open circles) and from panel A after subtraction of the signal
change due to C4dg on its own (closed circles). The same data in Scatchard transformation form are shown in panel D. The data were
analyzed according to the one class of site binding model (eq 1, Experimental Procedures), and as before, the lines on the Scatchard plots
are drawn according to the parameters derived from the nonlinear fit of the data. Panels E (direct binding) and F (Scatchard transformation)
represent data obtained on the same chip from an experiment in which the concentration of C4dg in the analyte was varied in the absence
(closed circles) or presence (open circles) of a fixed concentration g03®f C4c. The signal change due to C4c binding on its own has

been subtracted in the latter case. Hieand RUn .« values from these experiments are reported in Table 2.

activities of the mutant forms of C4BP to C4b and its shown as very little binding to C4c was seen even for the
constituent subfragments. The binding activities from one wild-type protein at physiologic ionic strength. The physi-
such mutant scan experiment, normalized in each case toologic ionic strength data on the C4b channel (Figure 8A)
wild-type activity, are shown in Figure 8. In this experiment, permit comparisons for this series of mutants to earlier
C4h, C4c, and C4dg were coupled to separate channels orELISA plate-based binding data in the literature 9, 11).

the same biosensor chip and therefore were exposed toConsistent with the earlier data, deletion of any of CCP
exactly the same concentration of any given analyte. The domains 13, as well as mutations involving most of the
experiment was conducted at both physiologic and half- basic residues at the modeled CCPOCP 2 interface, or
physiologic ionic strength; however, in the case of the C4c on the same face of CCP 2, had a deleterious effect on
channel, only the half-physiologic ionic strength data are binding that was generally more apparent at physiologic ionic
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Table 2: Effect of the Presence of the Complementary C4b Subfragment on the SPR-Determined Binding Parameters for the Interaction of C4c
and C4dg with Wild-Type C4BP or CCP-B Monomer

nonvaried analyte/

ligand coupled RU coupled concnuM varied analyte Kp, uM RUmax affinity? RUmad
C4BP WT 4500 C4c 0.16 214

4500 C4dg/25 C4c 0.18 692 0.9 3.2
C4BP WT 4500 C4dg 67 750

4500 C4c/0.36 C4dg 8.3 680 8.1 0.9
C4BP CCP £8 2400 C4c 0.28 79

2400 C4dg/25 C4c 0.49 210 0.6 2.7

2400 C3dg/25 C4c 0.36 94 0.8 1.2
C4BP CCP %8 2400 C4dg 72 238

2400 C4c/0.36 C4dg 20 212 3.6 0.9

2400 C3c/0.25 C4dg 80 254 0.9 1.1

@ Relative to the basal level in the presence of nonvaried analyte.
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Ficure 7: Synergy of C4c and C4dg binding to the CCP8lderivative of C4BP. Similar to the experiments depicted in Figure 6, variable
concentrations of C4c were injected over a biosensor chip bearing 2400 RU of the -€CRdnomer version of C4BP in the absence
(closed circles) or presence of 284 C4dg (open circles) or 2aM C3dg (open squares). Direct steady-state plateau-derived binding
curves, after subtraction of signal due to the nonvaried analyte on its own, are depicted in panel A and as Scatchard transformations in
panel B. Panels C (direct binding) and D (Scatchard transformation) represent data obtained on the same chip from an experiment in which
the concentration of C4dg in the analyte was varied in the absence (closed circles) or presence (open circles) of a fixed concentration (0.36
uM) of C4c or C3c (open squares). The signal change due to C4c binding on its own has been subtracted; C3c on its own gave no signal
change. The&Kp and RU,.« values from these experiments are reported in Table 2. The experiments were carried out in half-physiologic
ionic strength HEPES buffer.
strength than at half-physiologic ionic strength. Of the domain, both of which had previously been shown to display
domain deletion mutants, the one lacking CCP 2 is the mostnormal, or even slightly enhanced, C4b binding but severely
severely compromised, consistent with the fact that residuesimpaired fl-cofactor activity 81).
K63, R64, and H67, all of which as point mutants show  The results obtained for the series of mutants flowed over
defective binding to C4b in our surface plasmon resonancethe C4c and C4dg channels are shown in panels B and C of
experiments at physiologic ionic strength (Figure 8A), are Figure 8, respectively. In general, most of the mutants that
located in CCP 2. The CCP 4 domain deletion, as well as showed defective binding to C4b at physiologic ionic strength
the R66Q single residue mutation, was without effect on C4b showed a substantially greater level of defect in binding to
binding (Figure 8A), similar to what had been reported both C4c and C4dg, even at half-physiologic ionic strength.
previously {, 12). The same was true for double residue One notable exception to this generality was the H67Q
mutants K126Q/K128Q and F144S/F149S of the CCP 3 mutant, which showed less than 10% of wild-type binding

oﬁ
(Net C4dg Bound(RU)/[C4dg]) x 10-7, M-1
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% Wild Type Binding Activity % Wild Type Binding Activity

% Wild Type Binding Activity

Ficure 8: Relative binding activity of a series of amino acid
substitution, and CCP domain deletion, mutants of C4BP to
immobilized C4b, C4dg, or C4c. The data were collected on a
Biacore 3000 instrument in which recombinant wild-type or mutant
C4BP polymers, all at a concentration of 26/mL, were injected
over a sham activateeeactivated control channel connected in
series with channels bearing C455900 RU, panel A), C4dg
(~7100 RU, panel B), or C4e+5000 RU, panel C). The net signal
change at the end of the 60 s, 20/min injection phase for the
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activity to C4c but near wild-type binding to C4dg at half-
physiologic ionic strength and70% of wild-type binding

at the more stringent physiologic ionic strength condition.
Binding of mutants R66Q, K126Q/K128Q, and F144SF149S,
which showed no binding defect to C4b, was at, or just
slightly below, wild-type levels in binding to C4dg at either
ionic strength. ThACCP 4 variant, which displayed wild-
type behavior in its C4b binding, displayee2-fold dimin-
ished binding to the C4dg-coupled chip. For binding to the
C4c-coupled chip, the R66Q mutant showed a 2-fold defect
in this and other repeat experiments. Similarly, th2—3-

fold defect seen for the C4c binding activity of thA&CP 4
variant was a consistent finding, as was the somewhat
enhanced binding of the F144S/F149S variant.

Because of its differential effect on C4c vs C4dg binding,
the H67Q C4BP mutant was subjected to a more complete
binding analysis in which it was the entity coupled to the
biosensor chip, and binding curves were acquired using C4b,
C4c, and C4dg as analytes, all at half-physiologic ionic
strength. With C4b as the analyte, the extent of the defect
in binding observed was much greater when measured under
these intrinsic affinity conditions than in the avidity binding
situation of the mutant scan series depicted in Figure 8.
Specifically, relative to wild-type behavior, C4BP H67Q
exhibited an~6-fold decrease in affinity and ar13-fold
decrease in Rl (Table 1), suggesting that most of the
potential binding sites have an affinity that was too low to
measure. Even at the highest concentration of C4c employed
(1.1 uM), binding to C4BP H67Q was unmeasurable,
confirming the large defect seen in the mutant scan experi-
ment. With C4dg as the analyte, however, consistent with
the results of the mutant scan series, the effect of the H67Q
mutation was quite modest, leading to less than a 2-fold
decrease in affinity and a slightly more than 2-fold decrease
in RUnmax (Table 1). The F144S/F149S mutant of C4BP was
also analyzed in detail in this experimental format, primarily
to ascertain the veracity of the enhanced binding to C4c that
was seen in the mutant scan experiment (Figure 8). As can
be seen in Table 1, whereas g value for C4c binding is
indistinguishable from wild type, the Rl value is about
twice that of wild type, suggesting that this mutation actually
favors formation of a C4c-capable binding site. However, it
does not seem to translate into an effect that is seen when
the binding of C4b is analyzed as the latter displays a wild-
type-like Kp and its maximal binding to C4BP F144S/F149S
(740 RU) is actually somewhat lower than expected for the
number of RU units coupled. Binding of C4dg to this mutant
is at most marginally less than expected for wild-type
behavior (Table 1). Finally, the wild-type-like behavior of
the R66Q C4BP mutant seen in the mutant scan experiment
(Figure 8) was confirmed in the intrinsic affinity experimental
format by the similarity of both th&p and RU,. values
for each of C4b, C4c, and C4dg to those determined for their
respective binding to wild-type C4BP (Table 1).

Collectively, the data suggest that most of the positively
charged residues at the CCP-QCP 2 interface that have

wild-type protein was defined as 100% binding, and the results previously been implicated in mediating binding of C4b are
with all mutants were expressed as a percentage of wild-type recognizing a negative patch formed by a surface where the

activity. Solid bars represent experiments conducted in half-
physiologic ionic strength HEPES buffer, and hatched bars represent
experiments conducted in physiologic ionic strength HEPES bulffer.

C4dg domain abuts the larger C4c fragment. In the structure
of CABP -2 (14), H67 is somewhat distal to the positive

Binding to C4c was not measurable at physiologic ionic strength cluster at the interface of CCP 1 and CCP 2, but still within
for even wild-type C4BP.

CCP 2, and since this mutation affects C4b and C4c, but
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A of C4BP with heparin was inhibitory to the binding of C4BP
to C4b, C4c, and C4dg. At this ionic strength, the inhibition
—+— C4dg (1422 Max RU) curves for both the parent molecule and the subfragments
15:5 233174“’:\2:?:&) were fairly similar, with midpoints in the range of 6-8.7
ug/mL of heparin. Figure 9B shows that, at physiologic ionic
strength, a heparin concentratione®.8 mg/mL is required
to inhibit 50% binding to the C4dg channel, whereas for the
C4b channel, a 5-fold higher concentration of heparin was
1 10 required to achieve the same degree of binding inhibition.
[Heparin] (ug/ml) That a higher concentration of heparin should be required
B for inhibition of C4BP binding to C4b is consistent with the
stronger affinity of C4BP for C4b than for C4dg. However,
80 the more striking observation is the 3 orders of magnitude
60 difference in the concentration ranges of heparin required
to inhibit the protein-protein interactions at physiologic vs
half-physiologic ionic strength. This clearly demonstrates that
the ionic strength dependence of the C4Bleparin interac-
o — C4b (1400 Max RU) . tion is much greater than that for the interaction of C4BP
0.1 1 10 with either C4b or C4dg. This is in turn consistent with ionic
[Heparin] (mg/mi) forces being the dominant contributor to the free energy of
FIGURE 9: Inhibition of wild-type C4BP binding to C4b and its  binding of the sulfated oligosaccharide heparin to C4BP,
subfragments by heparin. Wild-type C4BP at AQ/mL was whereas for C4BP’s binding to protein ligands, ionic forces,

preincubated with varying concentrations of heparin before being ; ; ;
injected over a biosensor chip mounted in a Biacore 3000 and while clearly being very important, are one among several

bearing C4b (triangles), C4c (squares), and C4dg (diamonds).forces that contribute to the binding energy.
Results are expressed as the percentage of the maximal respons,
at the end of the injection phase in the absence of heparin. TheeONCLUSDNS

gﬁ?fi???rfevlvis) g?\gd“ﬁti?oilg bigtir; gii'fé§2¥13i?t!°€&%;?”gc asr:re‘T“B‘;J)th The main finding of our study is that not only do the C4c
The siggal change dleoe )t/o binging to each cghannel in tﬁe absenceand C4dg subf.rag'ments of C4b each contribute sufficiently
of heparin is indicated in the insets. to the overall binding of the parent molecule to C4BP to be
individually measurable but there is a synergistic effect on

not C4dg binding, it implies a contact point for H67 in C4c  binding when the subfragments are present together. Mecha-
away from a C4dg/C4c interface surface. Similarly, the nistically, the effect of C4c on C4dg binding appears to be
selective enhancement in C4c binding seen for the F144S/through an increase in the binding affinity of C4dg for its
F149S variant of C4BP implies contacts in C4c away from binding site in C4BP (Figures 6E,F and 7C,D, Table 2). Since
the C4dg/C4c interface. The wild-type-like behavior of the we have observed a weak direct interaction between C4c
R66Q mutant, for not only the parent C4b molecule but also and C4dg (Figure 4A), part of the increase in C4dg’s
both subfragments, implies that the guanido side chain of apparent binding affinity to a subunit simultaneously oc-
this residue is likely pointing away from the binding surface. cupied by C4c could be due to the availability of the C4c

Heparin Affects the Binding of both C4c and C4dg to contact surface. However, this cannot be the explanation for
C4BP. Previous results have shown that the interaction sitesthe effect of C4dg on C4c’s binding behavior, where the
in C4BP for C4b and for the polyanion heparin are affinity of binding remains essentially unchanged, but based
overlapping 9, 10, 39). Indeed, not only are they competitive on the change in apparent R, there is an~3-fold increase
ligands but both deletion of CCP 2 and mutation of the in apparent site number (Table 2). Since in our treatment of
positively charged residues modeled to the CCRCCP 2 the data we had already corrected for any RU change due to
interface severely compromise the binding of both C4b and independent C4dg binding to C4BP, if the increase inRU
heparin 7, 9). In view of the fact that mutation of the basic from the analysis of binding curves, such as the ones in
residues within the CCP -ACCP 2 interface adversely Figures 6C and 7A, was solely due to C4dg binding directly
affected the binding of both C4c and C4dg, one would predict to every C4c molecule that was bound to C4BP in the
that heparin should also inhibit C4BP’s binding to the C4b absence of C4dg, the fold increase in Rlshould simply
subfragments. To test the prediction, as well as to determinereflect the ratio of the sum of the molecular masses of C4c
the concentration dependence of any heparin inhibition of plus C4dg, divided by that of C4c alone, specificalt.3-
binding observed, wild-type C4BP at a concentration of 10 fold. Since the Rl increase was substantially greater than
ug/mL was preincubated with variable concentrations of 1.3-fold, it becomes necessary to interpret this change as
heparin before injection over channels on a single biosensorreflecting binding of C4c to sites, which in the absence of
chip that had been coupled with C4b, C4c, and C4dg, C4dg binding, would remain unoccupied. The simplest
respectively. The experiments were preformed at both half- explanation is that there exists an equilibrium between a high-
physiologic and at physiologic ionic strength, although in affinity C4c-binding conformation and a much lower affinity
the case of the latter, the level of binding of C4BP to the conformation. Indeed, we have consistently observed that
C4c channel, even in the absence of heparin, was too low tothe greatest deviation from single class binding site behavior
provide an adequate experimental window in which to for immobilized C4BP occurred when C4c was the analyte.
monitor the effect of heparin preincubation. As can be seen We propose that C4dg binding shifts the conformational
in Figure 9A, at half-physiologic ionic strength, preincubation equilibrium to the one having a higher affinity for C4c. A
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Ficure 10: Model for the synergies observed in C4BP subsite binding. Panel A: Within the context of the C4b molecule, the thioester
domain/C4d portion of C4dg has a domain interface with a yet to be identified C4c subdomain [denoted MG“x”, as per the C3 structure
nomenclature47)] that mediates a major contact to C4BP. Panel B: The primary binding site in C4BP is comprised of residues at the
interface of CCP 1 and CCP 2. Within a C4BP subunit, these domains are depicted as existing as an equilibrium mixture of two conformational
states [ andll ) that differ predominantly in their intermodular orientations and, thus, in the alignment of residues at the interface between
the domains. In the absence of ligand, the equilibrium strongly favors conformafinmte relative size of arrows), but only conformation
Il has a fully formed C4c binding subsite. Panel C: For the case corresponding to experiments in which C4dg and C4c were present at the
same time, but as separate molecular entities, the first encounter is with C4dg, which either stabilizes conftrrogtibrit binds to
conformationl, induces through some additional contacts formed a shift in the equilibrium to confornati@dc can now bind to a
greater number of sites than would have been present in the absence of C4dg. The reestablishment of the relatively small domain interface
between C4dg and C4c would enhance the affinity of the binding interaction of C4dg to C4BP; however, given the much larger buried
surface area depicted for the contact with C4c, this additional domain interface contact with C4dg has a negligible effect on the overall
affinity governing C4c binding. If C4c is not immediately available to bind to the C4dg-liganded conforntiatioonformational species
Il may form, which is refractory to C4c binding. This species is invoked to explain the observation in Figure 5 that prebinding of C4dg
to C4BP renders the latter refractory to binding to a C4c-coupled biosensor chip. However, in the physiologically relevant situation, i.e.,
the ligand is C4b, the relevant contacting surfaces in C4dg and C4c for C4BP would be present within the same molecular entity. Assuming
the same general mechanism for ordered subsite filling in which the initial encounter complex was with the C4dg moiety, the C4c subsite
would be immediately filled and little, if any, of conformational spedigéswould form.
cartoon depiction of our model to explain the synergistic energy comes from contacts with the C4c portion of the
binding behavior of the C4b subfragments to subsites in a molecule (represented by its large contact surface in the
C4BP monomeric subunit is presented in Figure 10. It is cartoon model, Figure 10C), prior, or at least simultaneous,
elaborated upon further below, as well as in the figure legend. encounter with C4dg induces, or stabilizes, the adjacent C4c

As recently reviewed40), there are numerous examples subsite in the binding-competent conformation and therefore
in the structural literature where there are significant con- increases its equilibrium concentration (Figure 10C). This
formational differences between unliganded and liganded in turn suggests that the contact regions within C4BP should
proteins. Although many of these cases are ascribed tobe deformable and may explain how divergent ligands such
“induced fit"-type conformational changes in a binding site as C4b, heparin7( 42), DNA (13), and microbial binding
after an initial contact with the ligand, a subset of the cases partners of C4BP such as the M-proteins of group A
conform with there being a “preequilibrium” in which the  Streptococcug12) or the filamentous hemagglutinin from
protein exists in two distinct conformational states, only one Bordetella pertusu$43) can bind to overlapping, although
of which is capable of binding a particular ligand and is not identical binding sites in C4BP.
therefore the only one seen in a cocrystal of the protein and The identification of residues comprising the CCPACP
ligand. A case in point is the IgE monoclonal antibody Spe7 2 interface as contributing to both the C4c and C4dg subsites
whose combining site has been visualized in two very (Figure 8B,C) suggests that the conformational change should
different conformations4), flat and funnel-shaped, deter- be in this area. A number of structural studies on CCP-
mined mainly by the conformational isomerization of the containing proteins have shown that the segments joining
Vy CDR3 and VCDR3 loops of the combining site. The adjacent CCP domains are quite flexible and that this in turn
conformation having the relatively flat combining site is the results in an ensemble of interdomain tilt and twist angles
only one seen in complex with a macromolecular protein being adopted44, 45). Additionally, a recent NMR study
antigen. By contrast, the conformation with a funnel-shaped that examined the backbone dynamics of CCP 16 of CR1,
combining site is the only one seen in complex with a small which is the middle domain of the C3b binding site, found
hapten. It is inferred that the preexisting equilibrium is shifted that the segments identified through site-directed mutagenesis
from one combining site conformer to the other by complex as contributing to the binding of C3b were also among the
formation with the appropriate ligand. Returning to the case most mobile in the domain and, conversely, that a face of
of the C4BP binding site for C4b, while it is clear from the the domain known not to be involved in C3b binding was
relative affinities of C4c and C4dg that the major binding quite rigid @6). The same study found that with the first
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CCP domain of MCP, there was also a correlation between REFERENCES

conformational flexibility observed and segments identified
through mutagenesis as contributing to the binding of either
C4b or measles virus hemagglutinin protein to MCP. Finally,
the very recently obtained structure of CCP2lof the C4BP
a-chain provides compelling evidence for conformational
flexibility being a component of ligand binding by C4BP
(14). First, the structure shows that in order for all of the
residues implicated by mutageneisis as being essential for
C4b binding to be brought into juxtaposition, a twist between
the modules is required. Second, the binding to CER 1

of a 45-residue dimeric peptide from the Nkerminus of
streptococcal M-protein, a ligand whose binding site partially
overlaps that of C4b, induces large chemical shift changes
in several peaks of thtH—1°N HSQC spectrum that arise
from residues localized to the intermodular area. The authors
argue that ligand-induced intermodular conformational move-
ments most readily explain the observed spectral changes.

To date, the C4d fragment is the only part of C4 for which
there is a high-resolution structur@7j. Very recently,
however, an X-ray crystal structure for the entire C3
molecule has been published7], and it is reasonable to
surmise, based on pairwise sequence identities in the 27
30% range, that C3, C4, and C5 will have similar overall
domain architectures. A space-filling model of the native C3
molecule shows that there is quite a large area where the
C3d domain interacts with several of the constituent domains
of C3c and one assumes that the same would hold true for
the apposition of C4d and C4c. The involvement of the basic
residues at the CCP-2 interface of C4BP in the interaction
with both the C4dg and C4c subfragments, as indicated by
the compromised interactions of the isolated subfragments
with several C4BP mutants having a decreased net positive
charge in this area, suggests that somewhere along the
interface between C4c and C4d there should be a surface of
significant negative charge that interacts with the identified
basic residues in CCP 1 and CCP 2. However, as discussed |
by Jannsen et al4¢) in the context of the native C3 structure
and its comparison to that of C3c, several domains of the
a-chain undergo major orientation changes, some of which
must occur at the C3b stage. Although lack of knowledge
on the orientation ofa-chain domains at the C3b stage
precludes the usefulness of sequence alignment-based ho-
mology modeling of C4 to identify the C4c domains involved
in binding C4BP by simply looking for a negatively charged
patch that forms a continuous surface with C4d, the
knowledge of the domain boundaries from the C3 structure
should enable candidate C4c domains such as MG2, MG6,
MG7, or MG8 to be expressed and individually tested for
their potential interaction with wild-type and mutant forms
of C4BP.
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