IWAAOINeIeA @ ORIGINAL ARTICLE

Studies on the interactions between C-reactive protein and

complement proteins

Adrienn Biré,! Zita Rovo,! Diana
Papp,1 Laszl6 Cervenak,? Lilian
Varga,1 George Fiist,l’2 Nicole M.
Thielens,” Gérard J. Arlaud® and
Zoltan Prohészka'?

'3rd Department of Medicine, Semmelweis
University, Budapest, Hungary, *Research
Group of Metabolism and Atherosclerosis,
Hungarian Academy of Sciences, Budapest,
Hungary, and *Institut de Biologie Structurale
Jean Pierre Ebel, Grenoble, France

doi:10.1111/j.1365-2567.2007.02535.x
Received 15 August 2006; revised 3 October
2006; accepted 10 November 2006.
Correspondence: Dr A. Biro, H-1125
Budapest, Katvolgyi st. 4. Hungary.

Email: adrienn_biro@yahoo.com

Senior authors: George Fiist,

email: fustge@kut.sote.hu and

Gérard J. Arlaud,

email: arlaud@ibs.fr

Introduction

Summary

Several studies have investigated the interactions between C-reactive pro-
tein (CRP) and various complement proteins but none of them took into
consideration the different structural forms of CRP. The aim of our study
was to investigate whether the different antigenic forms of CRP are able
to bind Clgq, to trigger activation of the Cl complex and to study the
ability of the various CRP forms to bind complement factor H (FH) and
C4b-binding protein (C4BP). Interactions between various CRP forms
and complement proteins were analysed in enzyme-linked immunosorbent
assay and surface plasmon resonance tests and activation of the C1 com-
plex was followed in a reconstituted system using purified Clq, Clr and
Cls in the presence of CI-INH. Native, ligand-unbound CRP activated
the classical pathway weakly. After binding to phosphocholine, native
CRP bound Clq and significantly activated C1. Native CRP complexed to
phosphocholine did not bind the complement regulatory proteins FH and
C4BP. After disruption of the pentameric structure of CRP, as achieved
by urea-treatment or by site-directed mutagenesis, Clq binding and Cl
activation further increased and the ability of CRP to bind complement
regulatory proteins was revealed. Clq binds to CRP through its globular
head domain. The binding sites on CRP for FH and C4BP seemed to be
different from that of Clq. In conclusion, in parallel with the increase in
the Cl-activating ability of different CRP structural variants, the affinity
for complement regulatory proteins also increased, providing the biologi-
cal basis for limitation of excess complement activation.

Keywords: complement; inflammation; C-reactive protein; factor H; C4b-
binding protein

Native CRP can undergo subunit dissociation into indi-
vidual monomeric units, for example upon association

The classical acute-phase reactant C-reactive protein
(CRP) is a pentameric, disc-shaped serum protein.' Its
basic features are the control of inflammation, the stimu-
lation of clearance of damaged cell and tissue compo-
nents, and the initiation of repair functions.> CRP shows
calcium-dependent affinity for phosphate monoesters,
such as phosphatidylcholine, but several other ligands
of CRP have been characterized, including damaged cell
membranes, small ribonucleoprotein particles, apoptotic
cells and fibronectin.’

with negatively charged lipid monolayers.* This modified
form of CRP can be produced in vitro by urea chelation,
acid treatment, heating or direct immobilization of native
CRP onto polystyrene.” This modified form of CRP
(mCRP) has reduced solubility and exhibits different elec-
trophoretic characteristics as the result of a decrease of iso-
electric point (pI) from 6-4 to 5-4.° The structural changes
releasing CRP subunits from the pentamer are correlated
with expression of a new antigenic reactivity and forma-
tion of neo-epitopes.” The forms of CRP expressing

Abbreviations: C1q GR, globular head regions of C1q; C4BP, C4b-binding protein; CRP, C-reactive protein; FH, factor H; IgG,
immunoglobulin G; mCRP, modified form of CRP; nCRP, native CRP; PC-KLH, phosphatidylcholine conjugated to keyhole-
limpet haemocyanin; r-mCRP, recombinant form of modified CRP; RU, resonance unit; SPR, surface plasmon resonance.
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neo-epitopes are preferentially capable of activating
platelets, polymorphonuclear leucocytes, and monocytes
in vitro,® bind various forms of lipoproteins’ and contri-
bute to complement activation.'

CRP activates the classical pathway of complement when
bound to appropriate ligands."' Activation of the comple-
ment system by CRP was first demonstrated by Kaplan and
Volanakis,'* who reported that addition of pneumococcal
C polysaccharide to acute-phase serum caused complement
depletion and that this process required the presence of
both CRP and Clq. Subsequently, C1q was shown to bind
to and agglutinate CRP-coated surfaces."” Later, various
assays were used to analyse the interaction between Clq
and CRP and investigate the mechanism of complement
activation.'®'” CRP-mediated complement activation is
initiated by the binding of one molecule of Clq to two
adjacent CRP molecules bound to a ligand."® Unlike
ligand-bound native CRP, mCRP was shown to be unable
to induce depletion of haemolytic complement activity.”
CRP efficiently activates the early components of the classi-
cal pathway (C1, C4, C2) but generates little C5-C9 con-
sumption.'” Surface-bound CRP decreases the alternative
complement pathway C3-convertase and C5-convertase
activities, inhibits the alternative amplification loop and
reduces deposition of C3b and lysis by the lectin path-
way.'™?° An important observation to understand the
complex biological role of CRP-induced complement
activation was the description of a direct binding of the
complement regulatory proteins factor H (FH)*' and C4b-
binding protein (C4BP)'"> to CRP. These inhibitory effects
result from an increased binding of complement regulatory
protein FH to CRP-coated surfaces.”” Jarva et al.*' pro-
posed that the function of CRP was to target functionally
active FH to injured self tissues. Furthermore, a strong
interaction between CRP and the complement regulator
C4BP was recently shown, to limit complement activation
on CRP." Another mechanism through which CRP may
limit complement activation is that it up-regulates endo-
thelial cell expression of three complement inhibitory
factors (decay accelerating factor, membrane-cofactor
protein and protectin).>® Interaction between injured and
apoptotic tissues and CRP thus seems to be pivotal in
preventing excess complement activation and limiting
inflammation by inducing and orchestrating regulatory
processes.

Although several studies have aimed at investigating the
interactions between CRP and various complement pro-
teins, none of these studies took into consideration the
different structural forms of CRP. The aim of the present
study was therefore to investigate whether the different
antigenic forms of CRP are able to bind Clq, to trigger
activation of the C1 complex and to locate the Clq site(s)
responsible for CRP binding. In addition, we have investi-
gated the ability of the various CRP forms to bind com-
plement FH and C4BP.
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Materials and methods

C-reactive protein and its modified forms

The native, pentameric form of CRP (nCRP) purified
from human plasma was purchased from Sigma (St Louis,
MO). The modified form of CRP (designated urea-
mCRP) was prepared from the native, pentameric prepar-
ation by incubation in 8 M urea for 1 hr at 37° followed
by extensive dialysis overnight at 4° against 25 mwm Tris—
HCl (pH 8:3). A recombinant form of modified CRP
(r-mCRP) with both its Cys36 and Cys97 residues
mutated to alanines and with an added N-terminal form-
ylmethionine residue was expressed in Escherichia coli and
was isolated from inclusion bodies to >95% purity (kind
gift from L. A. Potempa, ImmTech Inc, Vernon Hills, IL).
To enhance its solubility, r-mCRP was acylated with citra-
conic anhydride. The resulting CRP species is termed
Cr-mCRP.**

Complement proteins

The Clq subunit of C1 was purified from human plasma
as described previously.*® Tsolation of the Cls-Clr-Clr-
Cls tetramer was performed as described previously.””®
The concentrations of purified Clq and Cls-Clr-Clr-Cls
were determined spectrophotometrically using values of
absorbance (1%, 1 cm) at 280 nm (A,g,) of 6-8 and 13-5,
and MW values of 459 300 and 330 000, respectively.

The fragments corresponding to the globular head
regions of Clq (Clq GR) were generated by treatment of
Clq with Clostridium histolyticum collagenase (C0255;
Sigma) (Clq : collagenase ratio, 15 : 1, w/w) for 16 hr at
37° in 250 mM NaCl, 5 mm CaCl,, 50 mm Tris—HCI
(pH 7-4), and purification was achieved by high-pressure
gel filtration chromatography on a TSK-G2000 SW col-
umn (LKB, Rockville, MD). The purified GR were quanti-
fied by using an A,go (1%, 1 cm) value of 7-0 and a MW
of 48 000. The homogeneity of the purified proteins and
fragments was assessed by sodium dodecyl sulphate—poly-
acrylamide gel electrophoresis (SDS-PAGE) under redu-
cing and non-reducing conditions.

Complement FH purified from human plasma was pur-
chased from Quidel (San Diego, CA) and C4BP purified
from human plasma was obtained from Hyphen BioMed
(Neuville sur Oise, France).

Antibodies and other reagents

Rabbit anti-CRP polyclonal antibody A0073 was obtained
from DAKO, Glostrup, Denmark; anti-CRP monoclonal
antibody CRP-8, C-1688 was supplied by Sigma; goat
anti-human FH A229 was obtained from Quidel; and
sheep anti-human C4BP PC026 was from The Binding
Site, Birmingham, UK. The following secondary antibod-
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ies were used: monoclonal anti-goat/sheep immunoglob-
ulin G (IgG)-peroxidase conjugate (A9452, Sigma), goat
anti-mouse IgG—peroxidase conjugate (1030-05, Southern
Biotech, Birmingham, AL). The anti-CRP monoclonal
antibody panel [clones I-15-1D6 (Isotype: IgG2a, x),
1-26-8D8 (IgGl, x), 1I-15-2C10 (IgG2a, %), III-26-8C10
(IgG1, x), IV-13-3H12 (IgGl, x), IV-26-9C9 (IgGl, x),
and IV-13-12D7 (IgG2a, «)], the phosphatidylcholine
conjugated to keyhole-lympet haemocyanin (PC-KLH)
were produced as described previously’ and were kindly
provided by L. A. Potempa (ImmTech Inc.). Immobilized
p-aminophenyl-phosphorylcholine coupled to Sepharose
(PC-Sepharose) was purchased from Pierce (Rockford,
IL).

Real-time surface plasmon resonance spectroscopy
and data evaluation

Surface plasmon resonance analysis of the interaction
between CRP and Clq was performed using a BIAcore
3000 instrument. The running buffer for protein immo-
bilization was 145 mm NaCl, 5 mm ethylenediaminetetra-
acetic acid (EDTA), 10 mm HEPES, pH 7-4. Proteins were
diluted to 40-50 pg/ml in 10 mm sodium acetate, pH 5-0
(Clq), 10 mm sodium acetate, pH 4-0 (bovine serum
albumin (BSA), CRP) or 10 mm sodium formate, pH 3-0
(mCRP) and immobilized onto the carboxymethylated
dextran surface of a CM5 sensor chip (BIAcore AB) using
the amine coupling chemistry according to the manufac-
turer’s instructions. Binding of nCRP, Cr-mCRP was
measured over immobilized Clq. Binding of Clq and of
Clq GR was measured over immobilized nCRP and Cr-
mCRP. As controls, all binding tests were also performed
over a surface with immobilized BSA (7400 RU) to serve
as blank sensorgrams for substraction of the bulk refract-
ive index background. Regeneration of the surfaces was
achieved by injection of 5 pl 2-M guanidine-HCI. Sensor-
grams were analysed with the BIAEvaLUATION 3-1 software
(BIAcore AB). The association and dissociation constants
were determined by global fitting of the data using the
1:1 Langmuir binding model (A + B <> AB). Dissoci-
ation constants (Kp) were calculated from the ratio of the
dissociation and association rate constants (k.g/kyy,). Sur-
face plasmon resonance analyses of the interactions
between CRP and C4BP were carried out using a BIAcore
X apparatus. Immobilization was performed using 0-01 m
HEPES pH 7-4, 0-15 M NaCl, 3 mm EDTA, 0-005% v/v
surfactant P20, as flow buffer and a flow rate of 10 pl/
min. C4BP was diluted to 50 pg/ml in 10 mMm sodium
acetate, pH 4-0 and immobilized onto a CM5 sensor chip
(BIAcore AB) using the amine coupling chemistry (BIA-
core AB amine coupling kit) according to the manufac-
turer’s instructions. Binding of native and modified CRP
to C4BP was tested by injecting nCRP or Cr-mCRP to a
C4BP-coupled chip and over a surface with immobilized

42

BSA (4845 RU) to serve as blank. Regeneration of the
surfaces was achieved by injection of 5 pul 5 mm NaOH.
Data were fitted as described above.

C1 activation assay

C1 activation assays were performed as described previ-
ously.®*° Briefly, the Cl complex (0-25 um) was
reconstituted from equimolar amounts of Clq and Cls-
Cl1r-Clr-Cls, and incubated in 50 mm triethanolamine—
HCI, 145 mMm NaCl, 1 mm CaCl, (pH 7-4) in the presence
of 100 pg/ml nCRP, nCRP + PC-Sepharose, u-mCRP or
Cr-mCRP for 90 min at 37° in the presence of 1 um Cl
inhibitor. The reaction mixtures were submitted to SDS—
PAGE analysis under reducing conditions using 10%
acrylamide gels. The bands corresponding to Cls were
revealed by Western blot analysis using a rabbit polyclonal
antibody after electrotransfer to a nitrocellulose mem-
brane. Membranes were scanned using a Shimadzu model
CS 9000 gel scanner (Tokyo, Japan) and C1 activation
was determined from the amounts of the A and B chains
of activated Cls relative to that of the proenzyme.

Binding and competitive inhibition assays using
enzyme-liked immunosorbent assay

Enzyme-liked immunosorbent assay (ELISA) plates (Gre-
iner Bio-One GmbH, Frickenhausen, Germany Cat. No.
655101) were coated with Clq, the various forms of CRP,
or PC-KLH in 0-1 M bicarbonate buffer overnight at 4°.
After washing with phosphate-buffered saline (137 mm
sodium chloride, 2-7 mMm potassium chloride, 100 mm
Na,HPO,, and 2 mm KH,PO,; pH 7-4) containing 0-05%
Tween-20, plates were incubated with different CRP or
complement preparations in Tris-buffered saline (TBS;
154 mm sodium chloride, 25 mm TRIS, pH 7-4) contain-
ing 0-5% (w/v) gelatin, 5 mm CaCl, and 0-05% (w/w)
Tween-20 for 1 hr at room temperature. Proteins fixed to
the plate were detected with polyclonal or monoclonal
antibodies followed by incubation with horseradish per-
oxidase-conjugated secondary antibodies in TBS (pH 7-4)
containing 0-5% (w/v) gelatin and 5 mm calcium, 0-05%
(w/w) Tween-20 (each for 1 hr at room temperature). In
experiments where Clq was coated onto the plate, 1 M
NaCl was added to the buffer to avoid non-specific bind-
ing of immunoglobulins. The substrates used were hydro-
gen peroxide and o-phenylene-diamine (Sigma), the
optical density was measured at A = 490 nm (reference at
A = 620 nm) and the mean values from two to four par-
allel measurements was calculated.

For competitive inhibition experiments of the CRP-Clq
interactions, CRP preparations were preincubated with the
different competitors (Clq or Clq GR) in TBS (pH 7-4)
containing 0-5% (w/v) gelatin and 5 mm calcium and 0-5%
(w/v) Tween-20 for 30 min at room temperature.
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Statistical analysis

Data are given as means of parallel measurements with
standard deviations. Binding characteristics of different
proteins were compared by the analysis of variance
method. A P-value <0-05 was considered as significant.
GrapHPAD Prism 3-0 (www.graphpad.com) was used for
data presentation and statistical analysis.

Results

C-reactive protein undergoes structural changes
upon immobilization

Native CRP circulating in plasma has a disc-shaped form
made up from five non-covalently linked identical sub-
units. Upon interaction with its ligands CRP displays
a modified structure. However, various treatments fre-
quently used for in vitro model experiments also modify
the structure of the pentameric disc of CRP. Therefore we
studied whether direct fixation or adsorption to artificial
surfaces, such as coating to a polystyrene ELISA plate or
chemical cross-linking to a BIAcore sensor chip, elicits
structural modifications of CRP resulting in the emer-
gence of neo-epitopes. Experiments providing support for
such modifications are presented in Fig. 1. Thus, direct
coating of native CRP (Fig. 1a) to ELISA plates was
found to unmask the neo-epitopes recognized by mCRP-
specific monoclonal antibodies (3H12, 9C9, 12D7, 8C10,
CRP-8). In contrast, indirect coating, through polyclonal
anti-CRP antibodies, did not alter the native conforma-
tion because in this case the immobilized CRP molecule
retained its reactivity only towards the nCRP-specific
monoclonal antibodies (1D6, 8D8, 2C10). In contrast
with these observations, the monomeric Cr-mCRP mole-
cule produced by site-directed mutagenesis, which is
unable to form pentamers, was not reactive with nCRP-
specific antibodies, but was recognized by virtually all
mCRP-specific antibodies (except 8C10), independently
of the method of coating (Fig. 1b).

Further analyses were performed by surface plasmon
resonance spectroscopy. As shown in Fig. 1(c), native
CRP covalently cross-linked to the surface of a BIAcore
sensor chip also reacted with an mCRP-specific antibody
(CRP-8), but lost its reactivity towards an antibody speci-
fic for the native conformation (1D6).

Modified CRP but not native CRP interacts
with immobilized Clq

The ability of nCRP and Cr-mCRP to bind to Clq was
studied using surface plasmon resonance spectroscopy,
using immobilized Clq and CRPs as soluble ligands. At a
concentration of 100 nv, Cr-mCRP readily bound to
immobilized Clq. In contrast, no interaction was detected

© 2007 Blackwell Publishing Ltd, Immunology, 121, 40-50
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Figure 1. Structural modification of C-reactive protein upon immo-
bilization. Polystyrene ELISA plates were coated either directly (at
2 pg/ml, black bars) or indirectly [through anti-CRP polyclonal anti-
bodies (1:1000) at 2 pg/ml, open bars] with different C-reactive
protein preparations: (a) native CRP; (b) recombinant, modified
CRP. A set of anti-CRP monoclonal antibodies (1DH, 8D8, 2C10,
3H12 at 0-1 pg/ml; 3G12, 9C9 at 0-2 pug/ml; 12D7 at 0-9 pg/ml; and
8C10 at 1-6 pg/ml) was used to detect structural modifications. Each
value is the mean *+ SD of two parallel experiments. (c) Binding of
1D6 and CRP8 anti-CRP antibodies to immobilized native CRP was
performed in 0-01 m HEPES, 0-15 M NaCl, 0-67 mm CaCl,, 0-005%
v/v surfactant P20, pH 7-4 at a flow rate of 20 pl/min.

under the same conditions using nCRP (Fig. 2a). Non-
specific binding to the matrix was eliminated by subtract-
ing the signal obtained on a control surface saturated
with BSA.

To determine the kinetic parameters of the interaction
between Clq and Cr-mCRP, sensorgrams were recorded
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Figure 2. Analysis by surface plasmon resonance spectroscopy of the
interaction of native CRP and modified CRP with immobilized Clgq.
Sensorchips were coated with Clq (17 400 RU) as described in the
Materials and methods. (a) Sixty microlitres of nCRP or Cr-mCRP
(100 nm) was injected in the running buffer (PBS containing 0-005%
surfactant P20) at a flow rate of 20 pl/min. Resonance units are indi-
cated as a function of time. (b) Dose—response analysis of the bind-
ing of Cr-mCRP to immobilized Clq. Representative sensorgrams
(after background subtraction) illustrating the binding of Cr-mCRP
at varying concentrations (bottom to top curves: 2, 5, 7-5, 10,
20 nMm) to immobilized Clq.

at varying Cr-mCRP concentrations. Figure 2(b) shows
the association and dissociation curves of binding experi-
ments performed at five different concentrations of
Cr-mCRP (2-20 nm). The values of k., k. and of the
resulting apparent equilibrium dissociation constant Kp
were measured and are listed in Table 1. A Kp value of
0-28 nM was determined, arising from a very low kog
value (6-1 X 107> per second) indicative of a very stable
interaction between immobilized Clq and soluble
Cr-mCRP.

Similar results were obtained by ELISA experiments in
which Clq was coated to the plate and binding of native
CRP and its modified forms (urea-mCRP and Cr-mCRP)
was tested (Fig. 3a). Both Cr-mCRP and urea-mCRP
bound reproducibly (P < 0-0001) and in a dose-depend-
ent manner to immobilized Clq. In contrast, no signifi-

Table 1. Kinetic and dissociation constants for the interaction of
native and recombinant modified CRP with immobilized Clq
(17 400 RU) as determined by surface plasmon resonance

kon koff KD Rmax

(/M second) (/second) (nm) (RU)
nCRP 1 1 _1 1
Cr-mCRP 22 x10° 6:1x107° 0-28 675

"Not applicable because of lack of binding.
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Figure 3. (a) Binding of different CRP preparations to immobilized
Clq in ELISA. Clq (2 pg/ml) was coated onto ELISA plates and
incubated with different CRP preparations at varying concentrations.
The extent of CRP binding to immobilized Clq was measured by
reaction with polyclonal anti-CRP antibodies (1 : 1000) and is
expressed as ODygq values. (b) Binding of Clq to ligand-complexed
nCRP. ELISA plates were coated with PC-KLH and native CRP was
added at increasing concentrations. In the next step varying Clq
concentrations were added and the amount of bound Clq was meas-
ured by specific antibodies. PC-KLH and uncoated wells were used
as controls. The data shown represent the means + SD of two
experiments.

cant interaction was observed using the native CRP
preparation. In other experiments, ELISA plates were coa-
ted with PC-KLH, nCRP was added at increasing concen-
trations, and then Clq binding was measured (Fig. 3b).
As illustrated in Fig. 3(b), Cl1q bound to nCRP complexed
to PC-KLH in a dose-dependent fashion, indicating that
the sites recognized by C1q become available under these
conditions. It should be emphasized that PC-KLH itself
was recognized by Clq to some extent, because significant
binding occurred when nCRP was omitted.

As illustrated in Fig. 4(a), the interaction between
Cr-mCRP and Clq coated to an ELISA plate could be
inhibited in a dose-dependent manner by Clq added in
solution, and significant inhibition was observed at Clq
concentrations of 5 and 10 pg/ml (P < 0-0001). Binding
of Cr-mCRP to immobilized Clq could also be signifi-
cantly inhibited by Clq GR at 1 pg/ml (P = 0-0003) and
5 pug/ml (P < 0-0001) (Fig. 4b), indicating an interaction
between Cr-mCRP and Clq GR in the fluid phase.

© 2007 Blackwell Publishing Ltd, Immunology, 121, 40-50
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Figure 4. Competitive inhibition of the binding of Cr-mCRP to
immobilized Clq by soluble Clq (a) or its globular regions (GR)
(b). Clq (2 pg/ml) was coated onto ELISA plates and incubated with
Cr-mCRP at varying concentrations. Before addition to the plate,
Cr-mCRP was incubated with Clq (a) or Clq GR (b) at varying
concentrations. The extent of Cr-mCRP binding to immobilized Clq
was measured by polyclonal anti-CRP antibodies (1 : 1000) and is
indicated as OD values. The data shown represent the means + SD
of three experiments.

Clq and Clq GR interact with immobilized nCRP
and mCRP

Further analysis by surface plasmon resonance spectro-
scopy of the interaction between Clq and CRP was car-
ried out in the reverse configuration, ie using Clq or Clq
GR in the fluid phase and either nCRP or Cr-mCRP as
immobilized ligands. Both Clq and its GR fragment
bound to immobilized nCRP and Cr-mCRP. The kinetic
parameters of the interactions were determined by record-
ing sensorgrams at different Clq and Clq GR concentra-
tions and data were evaluated by global fitting as
described in the Materials and methods. The values of the
association (k,,) and dissociation (k) rate constants and
of the resulting apparent equilibrium constant K, are lis-
ted in Table 2. The binding constants for the interaction
of Clq with either native or modified CRP were of the
same order, with Kp values in the nanomolar range in
both cases.

© 2007 Blackwell Publishing Ltd, Immunology, 121, 40-50
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Table 2. Kinetic and dissociation constants for the interaction of
Clq and C1q-GR with immobilized native CRP or modified CRP as
determined by surface plasmon resonance

kon koff KD Rmax
(/M second) (/second) (nm) (RU)
Immobilized nCRP (4300 RU)
Clq 7-4 x 10° 1-1x107° 145 119
C1g-GR 3.5 x 10° 2:4 %1077 680 103
Immobilized Cr-mCRP (5500 RU)
Clq 1-5 x 10° 2:9%x107° 195 291
C1g-GR 5.1 x 10* 16 x 107° 316 310

Binding of Clq and of Clq GR was measured over 4300 and
5500 RU of immobilized nCRP and Cr-mCRP, at a flow rate of
20 pl/min, in 145 mm NaCl, 2 mm CaCl,, 50 mm triethanolamine—
HCI containing 0-005% surfactant P20.

Compared to Clq, the Kp values determined for Clq
GR were much higher, particularly for the interaction
with immobilized nCRP, where the Kp increased from
1-45 to 680 nM. For both nCRP and Cr-mCRP, the
increase in Kp, resulted essentially from an increase in kg,
the k¢ values remaining practically unchanged (Table 2).

Activation of the C1 complex by CRP

To test the ability of the various CRP species to trigger
activation of the classical complement pathway, C1 activa-
tion assays were performed in vitro using purified Cl in
the presence of excess Cl inhibitor as described in the
Materials and methods. Native CRP purified from human
plasma only induced weak activation (9%). In contrast,
incubation of Cl in the presence of urea-mCRP, PC-
Sepharose complexed nCRP, or recombinant modified
CRP led to significant activation, with activation levels of
20%, 24% and 48%, respectively (Table 3).

Interaction of various CRP forms with complement
regulatory proteins

We next investigated the interactions of FH and C4BP
with various structural forms of CRP. For this purpose,
ELISA plates were coated either directly or indirectly
(through PC-KLH) with native or modified CRP and

Table 3. C1 activation by different CRP forms

Activation %

nCRP (100 pg/ml) 9:3%
uCRP (100 pg/ml) 20-4%
nCRP (100 pg/ml) + PC-Sepharose' 23-9%
Cr-mCRP (100 pg/ml) 47-6%

'"No significant C1 activation was observed using PC-Sepharose alone
as a control.
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Figure 5. Binding of various CRP forms to human complement FH.
(a) ELISA plates were coated directly with Cr-mCRP or urea-mCRP,
or indirectly (through PC-KLH) with native CRP at 2 pg/ml concen-
tration. Uncoated wells and wells coated with PC-KLH only were
used as controls. Increasing amounts of purified human FH
were added and detected by anti-FH antibodies. (b) ELISA plates
were coated with human complement FH (2 pg/ml) and incubated
with either nCRP or Cr-mCRP (10 pg/ml). Monoclonal antibodies
specific for the native (1D6) or modified (9C9 and CRP-8) CRP
conformation were used to determine the amounts of CRP bound to
the plate. The data shown represent the means + SD of two experi-
ments.

then FH was added. As shown in Fig. 5(a), FH bound
readily and in a dose-dependent manner to both Cr-
mCRP and urea-mCRP, but no significant binding to
native CRP complexed to PC-KLH was observed. Like-
wise, C4BP bound to modified forms of CRP but not to
nCRP complexed to PC-KLH (Fig. 6a). Native CRP, when
coated directly to ELISA plates and resulting in structural
modification (Fig. 1) bound C4BP (Fig. 6a). When ELISA
plates were coated with FH (Fig. 5b) or C4BP (Fig. 6b)
Cr-mCRP bound to these complement regulatory pro-
teins, but native CRP did not. These observations were
corroborated by surface plasmon resonance analyses, indi-
cating that Cr-mCRP bound to immobilized C4BP in a
dose-dependent manner (Fig. 7). In contrast, no interac-
tion was observed using native CRP. Table 4 shows the
kinetic parameters of the interaction between C4BP and
Cr-mCRP, which were determined by recording sensor-
grams at different protein concentrations. The Kp value is
in the nanomolar range, indicating high affinity.
Cross-competition experiments were carried out to test
whether the binding sites for C1q and complement regu-
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Figure 6. Binding of various CRP forms to human CD binding
protein (C4BP). (a) ELISA plates were coated directly with nCRP,
Cr-mCRP, urea-mCRP or with nCRP complexed to PC-KLH at
2 ug/ml concentration. PC-KLH-coated wells and uncoated wells
were used as controls. Increasing amounts of purified human C4BP
were added and detected by anti-C4BP antibodies. (b) ELISA plates
were coated with human C4BP (2 pg/ml) and incubated with either
nCRP or Cr-mCRP (10 pg/ml). Monoclonal antibodies specific of
the native (1D6) or modified (9C9 and CRP-8) CRP conformation
were used to determine the amounts of CRP bound to the plate.
The data shown represent the means + SD of two experiments.

latory proteins FH and C4BP overlap on CRP. For this
purpose, ELISA plates were coated with Cr-mCRP, first
incubated with Clq and then with increasing concentra-
tions of FH (Fig. 8a) or C4BP (Fig. 8b). As shown in
Fig. 8, preincubation of immobilized Cr-mCRP with Clq
had no significant effect on subsequent binding of FH or
C4BP, indicating that the binding sites for these proteins
on CRP do not overlap with those of Clq.

Discussion

In the present study, we have systematically tested the
various forms of CRP for their interaction with Clq, their
Cl-activating ability and their binding to two comple-
ment regulatory proteins, FH and C4BP. We provide evi-
dence that CRP chemically cross-linked to a sensor chip
surface undergoes structural changes resulting in the
appearance of neo-epitopes and the formation of new
ligand-binding sites. Furthermore, our observation on the
structural modification of CRP coated to ELISA plates is
in complete agreement with Potempa et al.® These forms
are therefore different from the native, pentameric state
but have nevertheless been frequently used as native CRP

© 2007 Blackwell Publishing Ltd, Immunology, 121, 40-50
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Figure 7. Analysis by surface plasmon resonance spectroscopy of the interaction between native CRP or modified CRP and immobilized C4BP.
Sensor chips were coated with C4BP (5230 RU) as described in the Materials and methods. Sixty microlitres of nCRP (100 nm), or Cr-mCRP
(25-200 nm) were injected in the running buffer (0-01 m HEPES, 0-15 m NaCl, 0-67 mm CaCl,, 0-005% v/v surfactant P20, pH 7-4) at a flow rate

of 20 pl/min. Resonance units are indicated as a function of time.

Table 4. Kinetic and dissociation constants for the interaction of
native CRP or modified CRP with immobilized C4BP (5230 RU) as
determined by surface plasmon resonance

kon koff KD Rmax

(/M second) (/second) (nm) (RU)
nCRP _l _1 _1 _l
Cr-mCRP 8-9 x 10* 53x107* 5.87 100

'Not applicable because of the lack of binding.

preparations in previous experiments, without taking into
account these structural modifications. As documented
here, native CRP in solution does not bind to surface-
coated Clq and only activates the C1 complex to a very
small extent. In contrast, when complexed to its ligand
phosphocholine, native CRP binds Clq and significantly
activates Cl. Interestingly, native CRP complexed to
phosphocholine does not bind complement regulatory
proteins FH and C4BP. After disruption of the pentamer-
ic structure of CRP as achieved by urea-treatment or by
site-directed mutagenesis, Clq binding and Cl1 activation
further increase and the ability of CRP to bind comple-
ment regulatory proteins is revealed. In this respect, our
results fully agree with the report by Sjoberg et al.'®
underlying the importance of surface-immobilized forms
of CRP in inducing complement regulation. Similar struc-
tural modifications unmasking the binding sites for Clq,
FH and C4BP take place in vitro after coating or chemical
linkage of native CRP on a surface.

Based on these observations, it is essential to differenti-
ate between the different forms of CRP when testing the
various biological activities of this protein. After tissue
damage during the acute-phase reaction, the serum con-
centration of native, pentameric CRP increases while the
monomeric tissue form of CRP may also appear. Indeed,
mCRP has been shown to be present in the kidneys of

© 2007 Blackwell Publishing Ltd, Immunology, 121, 40-50
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Figure 8. Mapping of the binding sites for Clq, FH and C4BP on
CRP by competitive ELISA experiments. ELISA plates coated with
Cr-mCRP (2 pg/ml) were incubated with Clq and then allowed to
interact with complement regulatory proteins FH and C4BP. Binding
was detected by specific antibodies and secondary antibodies as des-
cribed in the Materials and methods. The observed differences were
not statistically significant. The data shown represent the means +
SD of three experiments.

diabetic patients in tubular localization®* and in athero-
sclerotic plaques in colocalization with complement pro-
teins.”>*®> Once CRP becomes surface-bound to its ligands
the binding site for Clq opens on the disc, resulting in
activation of the classical complement pathway. This
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structural form does not display neo-epitopes and bind-
ing sites for complement regulatory proteins. In contrast,
after disruption of the pentameric disc and appearance of
neo-epitopes in the tissues the molecule readily activates
C1 and also acquires the ability to bind complement reg-
ulatory molecules. As known from the studies of Gianna-
kis et al>* and Ji et al.!® the result of these processes is
the activation of the classical pathway up to the C3 clea-
vage stage, without significant activation of the terminal
lytic pathway. The results obtained in different animal
models, such as coronary ligation® or cerebral isch-
aemia,”® show that the size of the lesions increases sub-
stantially with increasing CRP levels, indicating that the
balance between stimulation and control of complement
activation by CRP is very sensitive. This may be explained
by the fact, that serum concentrations of CRP may raise
100-fold to 500-fold during the acute-phase reaction,
whereas those of FH and C4BP only raise by 33-100%"’
resulting in depletion of complement regulation and
emergence of dysbalance.

With respect to the precise mechanism of the C1q—CRP
interaction, our results support the view of McGrath
et al.'* because the globular head region of Clq was also
shown by us to be the interaction site for CRP. In the same
way, the results of our CI activation assays indicate a grad-
ual increase in the extent of C1 activation when fluid-phase
CRP, ligand-bound CRP or monomeric CRP was used as
the Cl1 activator. Most probably, concomitantly with the
structural modification of CRP, the shape of the Clq bind-
ing sites also changed, resulting in a higher affinity interac-
tion with Clq and hence a more efficient C1 activation.

The binding site(s) for FH and C4BP appear(s) to be
different from that for C1q on CRP. We used a competi-
tion assay where the proteins were added in sequential
order to mimic the in vivo situation. In this assay, CRP
was first incubated with various amounts of Clq (the
complement activation step) and thereafter with the FH
or C4BP (the regulatory step). In this assay Clq was not
able to inhibit binding of FH or C4BP to CRP which,
with regard to C4BP, is in agreement with Sjoberg et al.'”
As for the interaction of CRP with FH, Jarva et al. located
the Ca®"-dependent binding sites to SCR7 and SCR8-
SCR11 on FH.?! These sites are in close vicinity on the
elongated FH molecule, making it likely that after struc-
tural rearrangement of the pentameric CRP on the
injured membranes one FH molecule may bind to two
monomeric CRP units.

CRP was previously found to colocalize with classical
pathway components on the surface of infarcted myocar-
dium®® and in liver and kidney infarction sites in a
patient who died from multiple complications after chole-
cystectomy.” Likewise, complement proteins colocalize
with monomeric CRP in atherosclerotic lesions.”® The
results of Oksjoki et al. indicate that in early lesions
(American Heart Association types II and III), FH is
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found in the superficial proteoglycan-rich layer in associ-
ation with numerous macrophages and C3d, whereas
C5b-9 is found deeper in the intima, where FH is virtu-
ally absent.*® Taken together, these data strongly support
the hypothesis that once complement activation is
induced at sites of cellular damage, CRP might actively
promote inflammation and further complement activation
if a dysbalance between complement activation and regu-
lation exists. It is therefore essential to understand better
the nature of the interaction of CRP with its many lig-
ands and with complement proteins. Further clinical
studies are therefore necessary to analyse why the activity
of complement regulatory proteins decreases in acute and
chronic inflammatory states rendering CRP a proinflam-
matory, complement-activating molecule.

In conclusion, in this study we report on two novel
observations. First, different structural forms of CRP
induce the activation of a classical complement pathway
through Clq. Second, regulation of both classical and
alternative pathways by modified CRP is achieved by the
binding of soluble regulatory proteins. Finally, in parallel
with the increase in the Cl-activating ability of different
CRP structural variants the affinity for complement regu-
latory proteins also increases, providing the biological
basis for limitation of excess complement activation. This
dual role of CRP in the regulation of the extent of
inflammation after tissue damage makes CRP a keystone
molecule in maintenance and repair processes under
pathological circumstances.
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