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Mass Spectrometry Analysis of the Oligomeric C1g Protein Reveals the B Chain as
the Target of Trypsin Cleavage and Interaction with Fucoidan
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ABSTRACT. C1q is a subunit of the C1 complex that triggers activation of the complement classical pathway
through recognition and binding of immune complexes. C1q also binds to nonimmune ligands such as
the sulfated polysaccharide fucoidan, a potent anticomplementary agent. C1q was submitted for the first
time to mass spectrometry analysis, yielding insights into its assembly and its interaction with fucoidan.
The MALDI-TOF mass spectrometry techniqgue on membrane allowed partial preservation of noncovalent
interactions, allowing precise analysis of its substructure and estimation of the C1q molecular weight at
459520-461883, with an average mass of 460798 \gl~. The disulfide-linked A-B and C-C dimers as

well as the noncovalent structural unit (A-B:C)-(C:B-A) were detected, providing experimental support
to the C1q model based on covalent and noncovalent associations of six heterotrimers. Trypsin treatment
of native Clq led to proteolysis of the B chain only, at a single cleavage sité%Atgcated in the
globular region. Unlike DNA, fucoidan protected Clq from trypsin cleavage, indicating that this
polysaccharide binds to the B moiety of the globular head. Given the involvement of the C1q globular
heads in the recognition of IgG, this interaction may account for the observed anticomplementary activity
of fucoidan.

Algal fucoidan exhibits a potent inhibitory activity against Clq is a multimeric glycoprotein comprising 18 chains
the human complement system. This property is of major of three different types, A, B, and C (21226 residues).
interest given the involvement of complement in numerous These chains form three C-C and six A-B disulfide-bonded
pathological processes and the strong demand for efficientdimers, which assemble into six identical heterotrimeric (A-
anticomplementary molecule®)( Unraveling the mechanism  B:C) subunits through noncovalent association (A-B:C)-(C:
of action of a bioactive polysaccharide such as fucoidan B-A). This hexameric structure appears in electron micros-
requires a fine knowledge of its carbohydrate structure andcopy as a bouquet of six flowers and exhibits unique
of its binding to the target protein. Much effort has been structural features. It consists of a short N-terminal region
made during the past years to elucidate the structure of(3—9 residues) containing the interchain (A-B and C-C)
fucoidan @). The widely studied fucoidan from the brown disulfide bonds, prolonged by a triple-helical collagen-like
algaAscophyllum nodosumas a—4)-a-L-Fug-(1—3)-a- region (CLR? about 81 residues) which forms a “stalk” and
L-Fug-(1—4)-a-L-Fug-(1—3)-a-L-Fug(1l— backbone with then diverges into six individuals “stems”, each terminating
a sulfate group mainly on the C2 position of the fucosyl units in & C-terminal heterotrimeric globular “head” (GR, about
(3, 4). Much less is known about its mechanism of interaction 135 residues)g, 7) (Figure 1A).
with its ligands. We have recently reported tAatnodosum Clq mediates binding of the C1 complex to antigen
fucoidan inhibits the first steps of the complement cascade antibody complexes and thereby triggers complement activa-

through specific interactions with target proteins, particularly tion (7). Interaction with immune complexes involves the
Clq 6). globular region of C1q & 9) as recently detailed in a
structural model derived from the X-ray structure of the C1q
: - globular headX0). This region also mediates direct binding
Un:\xer;'ssifgvé’\f/':y"\vlzsl S}I‘EPSF;%';?% bF)e/ éh?s?ﬁé’gli’eéhﬁ) ?h“é% ;gdfotrhe of apoptotic cells, giving C1qg a major role in the clearance
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of human C1q. (A) Model showing the different structural domains and
functional sites of C1q. (B) Representation of the association between the A, B, and C chains leading to formation of the six ABC heterotrimeric

triple helices of C1qg. The sequence responsible for the kink of the collagen-like region is shown.

tion of the tetramer occurs when C1 binds to immune

Quentin Fallavier, France). Tryps#EDTA and sequencing

complexes and is thought to involve conformational changes grade trypsin from bovine pancreas were purchased from

in C1r allowed by the flexibility of the hinge region of the
CLR (12). The CLR has also been reported to bind a variety

Roche (Mannheim, Germany). Other chemicals and reagents
were obtained from commercial sources at the highest level

of nonimmune substances, leading to either activation or of purity available. All buffers were prepared using ultrapure

inhibition of C1 (13). Thus, binding of Clqg to C-reactive
protein (L4), serum amyloid proteinlG), or DNA (16) has

an activating effect, whereas interaction with sulfated gly-
cosaminoglycansly—19), the proteoglycan dermatan sulfate
decorin @0), or chondroitin 4-sulfate results in inhibition of
the classical pathway2().

We have recently shown that fucoidan binds C1q as well
and its isolated collagen-like region in such a way that it
prevents their interaction with the C1r moiety of C1s-C1r-
C1r-Cls @2), yielding a functionally altered C1 complex
with a decreased ability to cleave proteins C2 and 84 (
The aim of this study was to obtain further insights into the

water (milliQ, Millipore) and degassed by filtration before
use.

MALDI-TOF Mass Spectrometry of C14nalyses were
carried out on a Voyager DE-STR mass spectrometer
(Applied Biosystems, Boston, MA) using two matrix solu-
tions: (i) 60 ug/uL DHB (2,5-dihydroxybenzoic acid) in
methanol and (ii) 1&g/uL SA (sinapinic acid) in 30/70 (v/

v) acetonitrile/1% formic acid. Native C1qg (1 mg/mL, 15
mM sodium phosphate, pH 7.2, containing 135 mM NaCl
and 40% glycerol) was diluted 5-fold in 20 mM ammonium
acetate, pH 5.5, prior to being mixed with the matrix
solutions, whereas trypsin-treated C1q was directly mixed

fucoidan binding site(s) of the C1lg molecule. On the basis with the matrix solutions. When mentioned, native or trypsin-
of the observations that C1 assembly involves basic residuesreated C1q was reduced by dilution, 5- and 2.5-fold,

of the CLR @3) and that fucoidan protects lysine and
arginine residues of C1qg from their chemical modification

respectively, in 10 mM ammonium acetate, pH 5.5, contain-
ing 1% p-mercaptoethanol, and boiled for 5 min. The

(5), C1qg was submitted to trypsin proteolysis in the presence solutions were loaded on the plate using the dried droplet

or absence of fucoidan. In addition to providing the first

method 6). Typically, mass spectra were obtained in the

analysis of Clg by mass spectrometry, this study yields positive linear mode, under an acceleration voltage of 25

evidence that the B chain moiety of the globular head is
involved in the interaction with fucoidan and underscores
the particular role of Ar§f?in the charge pattern recognition
property of C1q.

EXPERIMENTAL PROCEDURES

Materials 2,5-Dihydroxybenzoic acid (DHB)y-cyano-
4-hydroxycinnamic acid (HCCA), and sinapinic acid (SA),
were purchased from Sigma-Aldrich (Saint-Quentin Fallavier,

kV, a grid voltage of 90%, and a delay time of 1000 ns. The
laser power [indicated as arbitrary units (au)] was 4000 au
with the DHB matrix and 4500 au with the SA matrix.

Membrane-Assisted MALDI Analysis of N&tiClq A
polyester membrane was fixed on a membrane plate (Applied
Biosystems, Paris, France) using a conductive double-face
adhesive (Radiospares, Beauvais, France). Undiluted native
Clq (5uL) was loaded directly on the polyester membrane.
The whole system was incubated #bh at room temerature

France). Complement protein C1q was purchased from VWR under moisture to avoid evaporation. After reperfusion of
(Fontenay-sous-Bois, France). Fucoidan from the brown algathe residual solution, LL of the SA matrix was loaded,

A. nodosuni8000 gmol™, sulfate content 30% (w/w)] was
purified as described previoush24), and its molecular

weight was determined by high-performance size exclusion

chromatography using heparin standar@5).( Double-
stranded DNA from salmon testes (type lll), acrylamide-
bisacrylamide (30% solution), Coomassie Brilliant Blue R,

and-mercaptoethanol were purchased from Sigma (Saint-

and the resultant solution was allowed to crystallize. Under
these conditions, the laser power was 4200 au.

Trypsin Digestion of C1lqC1lq (5ug) and trypsin (0.5
1g) were mixed with or without xg of polyanion fucoidan
or DNA in 15 ulL of the digestion buffer (200 mM
NH4HCO;, 0.5 mM CaC4, pH 8.0) and incubated fal h at
37 °C. The 1/10 (w/w) enzyme/protein ratio was required
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to achieve proteolytic cleavage of C1q. Higher amounts of A B "I
the digest were prepared for MALDI-TOF-MS analysis by
incubating 20ug of C1qg with 2ug of trypsin in 30uL of 9 A e ——
the digestion buffer overnight at 3TC. : c — i
SDS-PAGE AnalysisC1qg was analyzed using a 13% :
polyacrylamide gel after heat denaturationfrmercapto- AB —
ethanol £7) to detect the three chains, A, B, and C. Protein <€ —
bands were detected using Coomassie Blue staining. For = B fragment — =

analysis of the disulfide-bonded dimers A-B and C-C, C1q ggure2: SDS-PAGE analysis of C1q. (A) Analysis of C1q under
was treated under nonreducing conditions, and electrophorenonreducing conditions. (B) Analysis under reducing conditions.
sis was carried out in a 7.5% acrylamide gel according to Lanes: 1, C1q (%g); 2, Clq (519) digested with trypsin (0.5
the method of Reid and Porte2§). ug); 3—7, C1q (5ug) digested with trypsin (0.Bg) in the presence
In-Gel Digestion of Clgln-gel digestion of the three 0f 0.1, 05, 1, 2, and &g of fucoidan, respectively.
chains, A, B, and C, was performed by excision of the spectrometer using a collision energy between 15 and 40
corresponding three discrete bands from the Coomassie BlueeV. MS/MS sequence information was used to reconstruct
stained gel. After destaining in 5% acetic acid and 30% peptide sequences manually. All peptide sequences were
ethanol, the gel pieces were rinsed twice alternatively with checked using BLAST (http://www.ncbi.nlm.nih.gov/blast)
400 uL of 20 mM NH4HCO; pH 8.0, and with 40QuL of to confirm protein identification.
50% acetonitrile under gentle agitation (20 min each)
followed by a final wash with water. The gel pieces were RESULTS
then freeze-dried and either stored-&20 °C or rehydrated Electrophoretic Analysis of CL§DS-PAGE analysis of
in 30 uL of 20 mM NH4HCO;, pH 8.0, containing 1@g of nonreduced C1q revealed two protein bands of apparent
sequencing grade trypsin. After digestion of the samples for molecular weights 55000 and 50000 corresponding to the
5 h at 37°C, the supernatant was collected, and the gel piecesdisulfide-bonded A-B and C-C dimers (Figure 2A), whereas
were washed with 2@L of 1% formic acid for 10 min at reduction yielded three bands of molecular weights 31000,
room temperature under gentle agitation. The formic acid 29700, and 26100, corresponding to the A, B, and C chains
supernatant was collected, and a last washing step with 30 (Figure 2B). Enzymatic deglycosylation of Clq using a
40 uL of acetonitrile was performed for 10 min. All  combination of peptideN-glycosidase F an@-glycosidase
supernatants were pooled and evaporated and were themlecreased the molecular weight of the A chain to a value
dissolved in 1QuL of 1% formic acid and desalted on C18 close to that of the B chain (data not shown), in agreement
Zip-Tip (Millipore) according to the manufacturer’s instruc-  with the location of an N-linked carbohydrate in the A chain

tions. Elution of the peptides was performed withul of (29). To confirm identification of the A, B, and C chains,
acetonitrile/1% formic acid (50/50 v/v), followed by A the corresponding bands were digested in gel with trypsin,
of acetonitrile/1% formic acid (80/20 v/v). and the resulting fragments were analyzed by MALDI mass

MALDI-TOF Mass Spectrometry of the Clq Tryptic spectrometry, as well as by nanospray-Q-TOF sequencing
Digest The tryptic digest (0.51 uL) was mixed with 1 for some of the peptides. From peptide mapping, a sequence
equiv of the HCCA or SA matrix. Calibration was based coverage of approximately 25% was obtained for each chain,
on peptides resulting from trypsin autolytic cleavage. Typi- with high scores. Fragmentation of some peptides from each
cally, mass spectra were obtained in the positive reflector band by nanospray-Q-TOF allowed partial reconstitution of
mode under an acceleration voltage of 20 kV, a grid voltage their primary sequences and unambiguous identification of
of 75%, and a delay time of 225 ns. The laser power was A as the upper band, B as the middle band, and C as the
2900 au with the HCCA matrix and 3100 au with the SA lower band (Table 1).
matrix. Identification of peptides was achieved using the Fucoidan Preents Trypsin Clesage of Natie Clg.
“MS-fit” module of the Protein Prospector program (http:// Native Clg was incubated with trypsin at a 1/10 (w/w)
prospector.ucsf.edu/ucsfhtml4.0/msfit.htm), by matching enzyme/protein ratio fo4 h at 37°C. Unexpectedly, SDS
monoisotopic peptide masses in the SWISSPROT data-PAGE analysis of the reaction mixture under reducing
base, and using the “peptide mapping” module of the conditions revealed that a single band, corresponding to the
Profound program (http://129.85.19.192/profound_bin/ B chain, was modified (Figure 2B). Preliminary experiments
WebProFound.exe), by matching monoisotopic peptide masseshowed that its intensity decreased when the amount of
in the NCBI database. Mass tolerance was fixed at 40 ppmtrypsin was increased. SB®AGE analysis also indicated
in both protein searches. The protein molecular weight was that B chain consumption was concomitant with the appear-
considered to be25% of the value determined by SBS ance of a new band of molecular weight approximately 12000
PAGE analysis. Alkylation of cysteine by acrylamide was (Figure 2B). Neither the A chain nor the C chain was cleaved,
allowed as well as one missed cleavage. indicating selective action of trypsin on the B chain. In

NanoESI-Q-TOF Mass Spectrometry of the C1q Tryptic agreement with these results, SBISAGE analysis under
Digest Tandem mass spectrometry was carried out on anonreducing conditions showed that only the band corre-
Q-STAR hybrid mass spectrometer (Applied Biosystems). sponding to the A-B dimer decreased, the C-C dimer being
The tryptic digest, diluted with an equal volume of methanol, unaffected (data not shown). Control experiments in which
was introduced into a glass capillary (Protana, Odense,Clq was treated with a reducing agent before addition of
Denmark) for nanoelectrospray ionization. Each multicharged trypsin led to complete digestion of the three chains,
ion, recalculated from MALDI-MS data, was submitted to indicating that selective cleavage of the B chain was
fragmentation in the collision cell of the Q-TOF mass conformation-dependent.
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Table 1: Identification of the A, B, and C Polypeptide Chains from Their 1D In-Gel Digestion by Trypsin and Mass Spectrometry Analysis

identification scores from MALDI-TOF mass fingerprint

no. of protein profound protein prospector sequencing of peptides by nanoESI-Q-TOF
gel matched coverage estdZ MOWSE n/z value of sequenced peptide and  protein
band peptides (%) probability  scoré scord precursor ion charge state identity
upped 6 24 1 1.88 6.20x 10 419.9 DQPRAFSAIR?" Clg-A
middle 7 26 1 2.39 3.12x< 10° 796.4 LEQGENVFLQATDK 2* Clg-B
621.9 FDHVITNMNNNYEPR 3*
383.2 IAFSATR 2*
lower 5 2% 1 2.20 3.28x 10 643.3 FNAVLTN PQGDYDTSP" Clg-C
629.3 TNQ/NSGGVLLR 2+
542.8 FGBVFTVTR?"
12000 band 4 20 0.98 0.64 8.7 10° 796.4 LEQGHEVFLQATDK 2+ Clg-B
621.9 FDHVTNMNNNYEPR 3*

a|dentification performed at 40 ppm, with one missed cleavage allowed, using SA as rhidertification performed at 40 ppm, with no
missed cleavage allowed, using HCCA as mafri®cores obtained from the Profound program (http://129.85.19.192/profound_bin/WebProFound.exe).
The estimated score ascertains the identity of the protein when estimated1.65 with a probability of 1¢ Scores obtained from the MS-fit
module of the Protein Prospector program (http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm). The higher the MOWSE score, the betticatiendenti

¢The identified sequence of the fragmented peptide is in bold type.
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47410
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801¢ (A-B:C)-(C:B-A)?*
23820 26550
=
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e (A-B:C)-(C:B-A) [(A-B:C)-(C:B-A)] Ciq+
= 0 151660
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Ficure 3: Membrane-assisted MALDI-TOF mass spectrum of native C1q. The polyester membrane was fixed on a membrane plate with
a conductive double-face adhesive. Undiluted native Clgl(pwas loaded. After incubation fo4 h and reperfusion of the residual
solution, 1uL of the SA matrix was deposed as described under Experimental Procedures. The laser intensity was 4200 au. Insert: high
mass range of the spectrum smoothed by 301 points (identical mass scale).

In a second set of experiments, tryptic cleavage of C1q MALDI-TOF mass spectrum of native C1q exhibited several
was performed in the presence of two of the known C1q peaks in the high molecular weight range, with a species at
ligands, DNA or fucoidanZ?). Incubation of C1q with an ~ m/z 457700 corresponding to the whole protein (Figure 3),
amount of trypsin allowing complete consumption of the B indicating that the noncovalent interactions between the A,
chain, in the presence of increasing amounts of fucoidan, B, and C chains were partially retained under the experi-

revealed that fucoidan protected the chain B from trypsin

mental conditions use@®p). Likewise, an (A-B:C)-(C:A-B)

cleavage in a dose-dependent manner (Figure 2B). Likewise,species, atm/z 151660 and am/z 75550 for its doubly
SDS-PAGE analysis under nonreducing conditions showed charged ion, corresponding to the so-called structural unit
that the A-B dimer was protected from cleavage by fucoidan (28), was observed on the mass spectrum. Trace amounts of

(not shown). A control experiment carried out with BSA as

a species corresponding to a noncovalent dimer of this

a protein substrate using the same 1/10 (w/w) enzyme/proteinstructural unit were also seen iz 314240. The peak at

ratio showed that the proteolytic activity of trypsin was not
inhibited by fucoidan. In contrast, DNA was unable to
prevent tryptic cleavage of the B chain, even at high
concentration (1 mg/mL).

MALDI-TOF Mass Spectrometry of Cllglass spectrom-
etry analysis was employed to obtain further insights into

m/z 229760 was assigned to the doubly charged ion of the
whole C1g complex, considering that a species comprising
one and a half structural units is unlikely to form. Non-
covalent association of one A-B dimer with one C-C dimer
was also observed at'z 99214. Finally, the mass spectrum
exhibited large peaks am/z 52410 and 47410, likely

the interaction between fucoidan and C1q. Native C1q was corresponding to A-B and C-C dimers, respectively. How-

first analyzed by MALDI-TOF MS using two different
matrices, 2,5-dihydroxybenzoic acid (DHB) and sinapinic
acid (SA). SA is known to be well adapted for high molecular
weight determinations>50000) 0), whereas DHB gives
better accuracy in the lower molecular weight rangé).(

In an initial attempt to detect the whole C1q molecule, the

ever, due to the altered signal/noise ratio in this range, further
analysis of the low molecular weight species was achieved
using a DHB matrix.

This enabled us to detect both disulfide-bonded A-B and
C-C dimers atm/z 53312 and 48156, respectively (Figure
4), in a good agreement with the values determined by-SDS

SA matrix was added to the protein loaded beforehand on aPAGE analysis under nonreducing conditions. The A, B, and

polyester membrane in order to withdraw glycerol from the
protein solution (see Experimental Procedured)).(The

C monomers were also detectednalz 27635, 25683, and
24111, respectively. The peakratz 24111 assigned to the
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Ficure 4: MALDI-TOF mass spectra of C1q in DHB. The spot of native C1q was prepared using the dried droplet method by mixing 1
uL of native Clq diluted 5-fold in 10 mM ammonium acetate, pH 5.5, withL1of a 60 ug/uL DHB solution in methanol. The laser
intensity was 4000 au. Insert: MALDI-TOF mass spectrum recorded for reduced C1q under the same conditions. The brace points out

random noncovalent associations of two polypeptide chains: AA, AB, AC, BB, BC, and CC.
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Ficure 5: MALDI-TOF mass spectra of trypsin-treated C1q. (A) Analysis under nonreducing conditions. (B) Analysis in the presence of
fp-mercaptoethanol. Spectra were acquired using a DHB matrix. The laser intensity was 4000 au. T corresponds to the trypsin peak.

C chain may also correspond to the doubly charged ion of their n/z values yielded a mass value of 53081, consistent
the C-C dimer, whereas the small peak at 26640 likely with that of the A-B dimer (53340). Taken together, these
corresponds to the doubly charged ion of the A-B dimer. observations were fully consistent with the hypothesis that
Interestingly, in addition to the expected A, B, and C chains, the two new species atVz 13347 and 39734 arose from
analysis of reduced C1q revealed a series of very weak peaksleavage of the A-B dimer.
aroundm/z 50000 (Figure 4, insert). These peaks appear to  On the basis of our SDSPAGE analysis it was assumed
have a distribution that could be assigned to all possible that the new peak atVz 13347 was a fragment from the B
combinations between A, B, and C, suggesting trace amountchain. As this mass is about half that of the B chain, we
formation of random associations. focused on the amino acid sequence in the middle part of
MS Analysis of the C1q Tryptic DigeSthe MALDI-TOF the B chain. This area contains several potential cleavage
mass spectrum of trypsin-treated C1q was strikingly different sites for trypsin, with in particular five neighboring arginine
from that of the native protein (Figure 5A). Thus, a major residues, Ar¢f%, Argi%8 Argl®, Arg'4 and Ard?°. Among
peak atm/z 13347 and an additional peakraiz 39734, not these residues, only AR and Arg? can yield C-terminal
present in untreated C1q, were observed. The summation ofcleavage fragments with calculated masses (13412 and
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13256, respectively) consistent with the peaknat 13347. . Table 2: Experimentai/z and Theoretical Molecular Weight
Indeed, both of these fragments were probably formed sincevajues of the Species Constituting C1q
detailed analysis of the mass spectrum (Figure 5A, insert)

. difference
revealed two components, a major one ratz 13347 between
corresponding to cleavage at A*§and a minor one atvz av exptl mol wt+ SD calcd  calcd and exptl
13489 corresponding to cleavage at BfgBoth cleavages species  (no. of measurements) mol wt* values (%)
are expected to yield complementary fragments from the C 24119+ 196 (1 =5) 23718 1.7
N-terminal side of the cleavage site. Few peaks of low B 25680+ 257 (= 4) 25327 1.4
intensity are observed in a mass range compatible with these A_ i%‘i‘éi ‘112513 g - g; %Zgz 2'(1)
fragments. Among them, only the peaknalz 12162 (Figure A-B 53021+ 529 (1 = 3) 53063 01
5A, insert) has a mass value in accordance with that of the (ABC), 153659+ 1746 (=3) 153560 0.1
N-terminal fragment Gh-Arg'® (calculated value= 12098). Clq fgfgggﬂt pag7 328228 é-g
Moreover, addition of its mass value to that of the A chain 460977+ 5238 460680 01

accounts for the species awz 39734, consistent with . _
formation of a truncated dimer between the A chain and this _ ° Values calculated from the amino acid sequence and known
N-terminal fragment from the B chain. Indeed, this fragment posttranslational modifications3g, 37—39). b Molecular weight cal-

. . . T b culated from the doubly charged ion of C1q observed on the spectrum
contains the Cysresidue involved in the disulfide bond to  in Figure 3.c Molecular weight calculated from the average experi-
the A chain, and it can be assumed that they remain mental mass values of the A-B and C-C dimérlolecular weight

covalently linked to the A chain after trypsin cleavage. calculated from the average experimental mass values of the (ABC)

. . . structural unit.
To confirm these hypotheses, MS analysis of trypsin-

treated C1qg was carried out in the presencg-afercapto- ] ) ] ]
ethanol (Figure 5B). Under these reducing conditions, the values calculated fro_m their amino acid content and their
A-B and C-C dimers, as well as the peakvaz 39734, were ~ Feported posttranslational modificatiorl( 37, 3g).

not observed. This latter observation was fully consistent with ~ Our MALDI-MS analyses also provide strong experimen-
the hypothesis that trypsin cleavage of the B chain yields @l évidence that the polypeptide chains of C1q are organized
N-terminal fragments that remain attached to the A chain in disulfide-linked A-B and C-C dimers and for the occur-
through a disulfide bond. Analysis under reducing conditions "€nce of a noncovalently linked structural unit (A-B:C)-(C:
also led to a strong decrease of the peakvat13347, with ~ B-A), in full agreement with the model originally proposed

Argl® released from the A chain upon the reduction covalent and noncovalent complexes in a high molecular
treatment (calculated mass12098). This fragment encom- ~ Weight range, as exemplified by the dimeric form of the
passes the collagen-like region of the B chain, which is structural unit and by the intact C1q molecule observgd at
known to be resistant to trypsin cleava@3) Conversely, m/z457700. A molec_ular weight of 45952_0 was determined
the observed strong decrease of the B chain specieézat  from the corresponding doubly charged iomalz 229760,
13347 likely results from an increased susceptibility of this in good agreement with the theoretical molecular weight of
fragment to trypsin cleavage under reducing conditions, due 460680 based on amino acid sequence and carbohydrate
to its high content in Arg and Lys residues. In the same way, content 89). Indeed, the value determined for intact C1q is
the trypsin peak observed a¥z 23548 under nonreducing I|k_ely to be misestimated due to _the broadness of the p_eak
conditions (Figure 5A) was lacking under reducing condi- (Figure 3) and the lack of appropriate standard for calibration

tions, likely due to autoproteolysis. in this high molecular weight range. On the other hand, the
estimate derived from the mass values of the individual A,
DISCUSSION B, and C chains is probably also incorrect because the error

on each measurement is multiplied by six. We therefore

This study describes the first mass spectrometry analysischose to take into account three different molecular weight
of peptides generated by in-gel digestion of the three chainsestimates, deduced from the mass values of the A-B and C-C
of human Clq, providing unambiguous experimental evi- dimers, the (A-B:C)-(C:B-A) structural unit, and the doubly
dence that these chains migrate in the order A, B, C whencharged ion of Clq (Table 2). These values range from
separated by SDSPAGE. The three polypeptide chains are 459520 to 461883, with an average mass of 460793, very
similar in length, and therefore their differential electro- close to the theoretical value (460680). Altogether, our MS
phoretic behavior arises in part from their respective analyses fully support the hexameric model proposed for C1q
carbohydrate content. At least 80% of the hydroxylysine by Reid and co-workers30).
residues of the collagen-like region carry an O-linked We have previously shown that Clq is a target protein
glucosylgalactosyl disaccharid@4). In addition, residue  for fucoidan 6) and that formation of a Cgfucoidan
Asnt?* of the A chain carries an N-linked biantennary complex may account for the anticomplementary activity of
oligosaccharide, and therefore the A chain is the most heavily this polysaccharide. Because C1q is a charge pattern recogni-
glycosylated 29, 35, 36). The MALDI-MS analysis of the  tion molecule, it is assumed that interaction with its ligands
peptide overlapping Adff showed a mass increment of 2350 mainly involves ionic interactions. Consistent with this
g-mol~! (data not shown), in agreement with the structure hypothesis, binding to fucoidan was found to involve basic
previously reported for this oligosaccharid9). Indeed, as  residues of C1g¥5). With a view to locate these residues
listed in Table 2, the experimental mass values determinedwithin the C1q molecule, we have used trypsin cleavage in
for each chain by mass spectrometry are very close to thethe presence or absence of fucoidan. Whereas the three C1q
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chains, in the reduced state, were each fully sensitive to effect was not observed with other sulfated polysaccharides
trypsin proteolysis, unexpectedly, only the B chain was such as dextran sulfate, dermatan sulfate, and several

cleaved when native C1q was submitted to trypsin treatment,
indicating that this highly specific cleavage requires structural
integrity of the C1lq molecule and/or recognition of a
conformational site within the B chain. Mass spectrometry
analyses allowed us to identify a C-terminal fragmemntat
13347 and the corresponding N-terminal fragment disulfide-
linked to the A chain, thereby providing clear evidence that
trypsin cleavage mainly occurs at Af§ in the globular
region of the B chain. The X-ray structure of the Clq
globular domain has been solveti0], indicating that the

chondroitin sulfates (data not shown), pointing out that this
property is specific of fucoidan. On the other hand, we have
provided evidence that fucoidan prevents interaction between
Clq and Clr and thereby inhibits assembly of the C1
complex B, 22). Given the estimated distance in Clq
between a globular domain and the C1r binding site
(approximately 50 A), it is unlikely that a single molecule
of the low molecular weight fucoidan studied here could bind
to both sites simultaneously. The most likely hypothesis is
therefore that C1q binds fucoidan at two different sites, one

outer surface of module B presents several exposed basidn the globular domain and the other in the stem, in the

residues, including Afg% Argt®, Arg'%, Arg Arg'?®, and
Arg%3 Chemical modification and site-directed mutagenesis
experiments have highlighted the involvement of Afgnd
Arg*?%in the binding of 1I9G 9, 40), but none of these studies
have considered the implication of A Nevertheless, the
X-ray structure of the C1lq globular domaitQj and the
hydrophilicity profile of its B module §) both indicate that
this latter residue is one of the most exposed to the solvent.
In addition, the X-ray structure shows that AtYyhas its
guanidino group pointing outside the core of the protein,
making this residue accessible and therefore available to
trypsin cleavage. Compared to AP Arg!'* appears to be
less exposed to the surface, which may explain the lack of
cleavage at this position. This may also apply to the other
Arg and Lys residues present on the surface of module B,
of which the side chain is possibly not fully accessible to
the trypsin active site. On the other hand, the lack of cleavage
in the A and C modules of the globular domain may arise
from their particular surface propertiekdf and/or from other
characteristics linked to the overall C1q architecture. Thus,
the fact that, unlike module B, modules A and C are likely
positioned inside the C1q moleculé2 may limit their
accessibility to trypsin. In the same way, the biantennary
oligosaccharide attached to the A module likely causes steric
hindrance.

Several studies have provided evidence that the B moiety
of the C1q globular domain is involved in the recognition
of immunoglobulins and nonimmune ligands such as the
bacterial porin OmpK36, the salivary agglutinin, and the
B-amyloid peptide 10, 41, 42). To check the effect of trypsin
cleavage on the binding properties of Clq, trypsin-treated
Clq was tested for its hemolytic activity and for its 19G
binding capacity. Trypsin cleavage abolished C1q ability to
interact with human 1gG, as measured by surface plasmon

resonance spectroscopy, and also decreased C1qg hemolytic

activity (data not shown). Although it may be hypothesized
that trypsin cleavage disrupts the overall C1q structure, this
appears unlikely since cleavage at Rfgdoes not lead to
subsequent proteolysis. A plausible explanation is therefore
that cleavage at Af§° alters the fine structural organization
of the neighboring area, underscoring the key role of this
region of the B module in the recognition of IgG.

Using affinity electrophoresis and single molecule fluo-
rescence microscopy, we have shown previously that fu-
coidan binds to C1g5[ 22). The present study demonstrates
that interaction with fucoidan specifically prevents C1q from
proteolytic cleavage by trypsin, implying that fucoidan binds
the globular head of C1q, at a site close to the!®gypsin
cleavage site. It should be emphasized that this protective

vicinity of the interaction site with C1s-C1r-C1r-C1s. If this
hypothesis is correct, fucoidan would interfere with both the
binding of C1q to IgG and the assembly of C1 and, hence,
would represent a very efficient tool to inhibit complement
at the first step of its activation. Such a characteristic is
undoubtedly of great value in terms of therapeutic applica-
tion. A glycosaminoglycan chondroitin 4-sulfate proteoglycan
secreted by the human B lymphocytes has been proposed to
act as a physiological inhibitor of C1q through the inhibition
of C1 assembly 43). The question arises whether this
endogen-sulfated polysaccharide also interferes with 1gG
binding through interaction with the C1q globular head.

It is noteworthy that DNA, another polyanion, was not
found to prevent C1q from trypsin cleavage. This result is
consistent with the lack of DNA binding to the globular
domain as observed by single molecule fluorescence mi-
croscopy 22). Several other studies in the literature provide
support to a preferential binding of DNA to the collagen-
like domain of C1q 16, 44, 45). Since DNA binding to C1q
triggers C1 activation46), it may be hypothesized that this
involves a mechanism different from the one proposed for
ligands such as 1gG that interact with the globular head.
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