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The crystal structure of the zymogen catalytic
domain of complement protease C1r reveals that a
disruptive mechanical stress is required to trigger

activation of the C1 complex
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Clr is the modular serine protease (SP) that mediates
autolytic activation of C1, the macromolecular com-
plex that triggers the classical pathway of comple-
ment. The crystal structure of a mutated, proenzyme
form of the catalytic domain of human Clr, compris-
ing the first and second complement control protein
modules (CCP1, CCP2) and the SP domain has been
solved and refined to 2.9 A resolution. The domain
associates as a homodimer with an elongated head-to-
tail structure featuring a central opening and involv-
ing interactions between the CCP1 module of one
monomer and the SP domain of its counterpart.
Consequently, the catalytic site of one monomer and
the cleavage site of the other are located at opposite
ends of the dimer. The structure reveals unusual fea-
tures in the SP domain and provides strong support
for the hypothesis that Clr activation in C1 is trig-
gered by a mechanical stress caused by target recogni-
tion that disrupts the CCP1-SP interfaces and allows
formation of transient states involving important con-
formational changes.
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Introduction

Complement is a major element of antimicrobial host
defense, through its ability to recognize pathogens and
limit infection in the early phase after exposure to micro-
organisms. It is also recognized that complement orientates
and stimulates the subsequent adaptive immune response
(Fearon and Locksley, 1996; Hoffmann et al., 1999).
Paradoxically, due to either uncontrolled activity or
adventitious recognition of antigens from self, complement
activation may also be involved in various pathologies,
including Alzheimer’s disease (Rogers et al., 1992) and
prion diseases (Klein et al., 2001; Mabbott et al., 2001).
The classical pathway of complement is triggered by C1,
a 790 kDa multimolecular complex comprising a recog-
nition subunit C1q and two modular serine proteases (SPs),
Clr and Cls, that are associated into a C1s—C1r—C1r-Cls
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tetramer in a Ca*-dependent manner (Cooper, 1985;
Arlaud et al., 1998). Clq is a hexamer of heterotrimers
with N-terminal collagen-like fibers ending in C-terminal
globular domains, and has the overall shape of a bunch of
tulips (Kishore and Reid, 2000). Binding of the Clq
subunit through its globular regions to a target pathogen
triggers activation of the C1 complex, a two-step mech-
anism involving: (i) autolytic activation of Clr through
cleavage of its Arg446-Ile447 bond; and then (ii) Clr-
mediated activation of Cls through cleavage of its
Arg426-11e427 bond. Once activated, C1s will specifically
cleave C4 and C2, the CI substrates, and thereby initiate a
series of proteolytic reactions resulting in diverse bio-
logical activities aimed at providing a first line of defense
against infection.

Clr is a modular protease that comprises, starting from
the N-terminal end, a CUB module (Bork and Beckmann,
1993), an epidermal growth factor (EGF)-like module, a
second CUB module, two contiguous complement control
protein (CCP) modules (Reid et al., 1986) and a
chymotrypsin-like SP domain (Journet and Tosi, 1986;
Leytus et al., 1986; Arlaud et al., 1987a). This type of
modular architecture is shared by Cls, and by the mannan-
binding lectin (MBL)-associated SPs (MASPs), a family
of enzymes that, as established in the case of MASP-2,
trigger complement activation through the MBL pathway
(Sato et al., 1994; Thiel et al., 1997; Thielens et al., 2001).
It is well established that Clr is composed of two
functionally distinct regions (Arlaud et al., 1998): (i) the
N-terminal CUB1-EGF interaction domain, which medi-
ates the Ca?*-dependent association between Clr and Cls
within the Cls—Clr—Clr—Cls tetramer (Thielens er al.,
1999), and is also involved in the interaction between the
tetramer and the collagen-like region of C1q (Arlaud et al.,
1998); and (ii) the C-terminal CCP1-CCP2-SP catalytic
domain, which associates as a non-covalent homodimer
forming the core of the C1s—C1r—C1r—Cls tetramer and
mediates the autolytic activation of Clr and the subsequent
proteolytic cleavage of Cls (Villiers et al., 1985; Arlaud
et al., 1986; Weiss et al., 1986; Lacroix et al., 1997).

Based on the above information, low-resolution models
of the C1 complex have been proposed (Schumaker et al.,
1986; Weiss et al., 1986; Arlaud et al., 1987b), in which
the Cls—Clr—Clr—Cls tetramer folds into a compact
‘figure of eight’ shaped conformation that allows contact
between the catalytic regions of Clr and Cls, and hence
accounts for the two-step activation process of ClI.
Resolution of the crystal structure of the catalytic domain
of Cls has provided a solid structural basis for the
understanding of its substrate specificity and of its
proteolytic function within the C1 complex (Gaboriaud
et al., 2000). However, no equivalent information is
currently available on either the molecular mechanisms
that allow Clr to successively activate itself, and then to
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cleave Cls, or the nature of the conformational signal that
triggers Clr activation when C1 binds to a target. Here, we
describe the three-dimensional structure of a recombinant
mutated proenzyme form of the CCP1-CCP2-SP segment
of Clr and elaborate on the complex mechanisms involved
in Clr activation.

Results and discussion

We have determined the three-dimensional structure of the
catalytic domain of human Clr, comprising residues
280-688, which encompass the CCP1 and CCP2 modules
and the C-terminal chymotrypsin-like SP domain. The
segment was expressed in a baculovirus/insect cells
system and stabilized in the proenzyme form by means
of a mutation at the cleavage site (Arg446—Gln). The
structure was solved by molecular replacement and refined
at 2.9 A resolution (see Materials and methods). The final
Ryork and Ry factors are 0.242 and 0.292, respectively,
and the stereochemistry of the model is of good quality
(Table I).

Table I. Refinement statistics for the mutated proenzyme structure

Resolution range (A) 12-2.9
No. of unique reflections 27 235
anrk (%) 24.2
Rfrcc (%) 292
No. of protein residues (A/B) 369/367
Average B-factor (A?%) 57

No. of carbohydrate residues 8
No. of water molecules 18
R.m.s.d. bond length (A) 0.015
R.m.s.d. bond angle (°) 1.9

A

cleavage
site

A dimeric head-to-tail assembly

In agreement with previous observations (Villiers et al.,
1985; Arlaud et al., 1986; Weiss et al., 1986; Lacroix et al.,
1997), the catalytic domain of Clr associates as a
homodimer (Figure 1). The two molecules interact in a
head-to-tail fashion involving contacts between the CCP1
module of one monomer and the SP domain of the other,
the resulting assembly displaying a pseudo 2-fold sym-
metry. The overall structure is 116 A long, and 56 A wide
at its widest point. The most striking feature is a large
opening, with estimated dimensions of 30 X 13 A, found
in the center of the dimer (Figure 1B). This opening could
not be filled, even partially, by disordered oligosaccharide
chains, because the two glycosylation sites of the SP
domain lie elsewhere, one in an outer region of the
structure (Asn497) and the other close to the interface with
CCP1 (Asn564). Another remarkable feature of the
assembly is the location of the SP catalytic sites at either
end of the dimer, facing away from the central opening.
The N-terminal end of each CCP1-CCP2-SP fragment,
which normally connects to the CUBI-EGF-CUB2
interaction domain in intact Clr, also lies at each extremity
of the structure. The mutated GInd446-Ile447 stretch,
corresponding to the original Arg446-Ile447 cleavage site
of each monomer, is located in a lcoop that protrudes from
opposite corners of the dimer, ~92 A away from the catalytic
Ser637 of the other monomer. Each monomer has a slightly
twisted overall shape and, as a result, when seen edge-on,
the dimer exhibits a butterfly-like shape (Figure 1C) that is
reminiscent of electron microscopy pictures of the corres-
ponding Clr fragment (Weiss et al., 1986).

Structure of the SP domain

The core of the SP domain of Clr has the typical fold of
chymotrypsin-like SPs, with two six-stranded [-barrels
connected by three trans-segments and a C-terminal

cleavage
site

Fig. 1. Homodimeric structure of the CCP1-CCP2-SP Clr catalytic domain. (A) Overall view of the structure of the zymogen. CCP1 modules are in
green, CCP2 modules in blue and SP domains in magenta (molecule A) or red (molecule B). The residues at the catalytic sites (a.s.) and at the
cleavage sites are shown, as are the residues Asn497 and Asn564, which bear oligosaccharide chains, and the residues I1e356 and Lys357 at the
CCP1-CCP2 interface. N, Ng and C,, Cp indicate the N- and C-terminal ends of molecules A and B. Dots represent disordered segments.

(B and C) Space-filling representations of the bottom and side views of the structure. (D) Electron density map of the activated domain at

4 A resolution. The map was contoured at the 16 level and smoothed by solvent flattening (see Materials and methods).
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Fig. 2. Three-dimensional structure of the CCP2—SP region of Clr and
comparison with the homologous region of Cls: (A) stereoview;

(B) detailed representation of the structures. The structures of Clr (red)
and Cls (green) are superimposed. The loops in the SP domains are
labeled according to Perona and Craik (1997), and the B-strands in the
CCP module are numbered from B1 to B6. In the Clr structure, the
His485(57) and Ser637(195) residues of the catalytic triad, the mutated
GlIn446(15)-T1e447(16) cleavage site, and Asp631(189) are shown with
ball and sticks. The asterisk indicates the position of I1e423(16) in Cls
after activation. Dots represent disordered segments. In the SP domain
of Cls, only surface loops differing from the common core are shown
for the sake of clarity.

a-helix (Figure 2). Many of the surface loops of Clr differ
in length and in conformation relative to the other SPs of
known three-dimensional structure (see Table II;
Figure 3A). The two major insertions occur in loops 3
and B, at opposite sides of the catalytic site entrance
(Figure 2). A striking characteristic of the Clr SP domain
is that loop E has an o-helical structure (Figure 2). This
loop, usually involved in Ca?* binding, has never been
observed in such a conformation in any of the SPs of
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known structure. This helix largely contributes to the SP
domain—CCP1 module interaction involved in the assem-
bly of the dimer (see below).

As expected because of the mutation at the cleavage
site, the Clr structure exhibits key structural features
typical of the zymogen conformation. In the crystal,
the activation site 444(13)-448(17) segment (Clr
numbering, followed by the chymotrypsinogen num-
bering in brackets) interacts mainly with exposed
hydrophobic residues of neighboring molecules. These
contacts are quite different in molecules A and B of
the asymmetric unit and the segment exhibits two
different conformations in these molecules. In the same
way, I1e447(16) adopts two opposite orientations, with
a distance of 7 A between the corresponding C,
positions when the two molecules are superimposed
(Figure 1). The SP domain of Clr has many flexible
surface segments, which display high temperature
factors after the crystallographic refinement. Some
simply lack matching electron density and could not
be traced (Table II). This has been observed in other
zymogen structures, including chymotrypsinogen (Freer
et al., 1970; Wang et al., 1985), trypsinogen (Bode
et al., 1978), prethrombin-2 (Malkowski et al., 1997),
profactor D (Jing et al., 1999) and plasminogen (Wang
et al., 2000). When compared with the activated
conformation of Cls (Figure 2), major structural
differences are located in loops 1, 2 and D, which
form the ‘activation domain’ of SPs and undergo
conformational changes upon activation. Among the
ordered residues in this domain, Asp636(194) occupies
the same position as in chymotrypsinogen. Stabilization
of the carboxyl group of Asp636(194) occurs through
interaction with main-chain N atoms. Consequently, as
in prethrombin-2 and tissue plasminogen activator
(Vijayalakshmi et al., 1994), Clr does not show the
‘zymogen triad’ [Ser(32), His(40), Asp(194)] typical of
the chymotrypsin family. A further characteristic of
the Clr zymogen conformation is that residues
635(193)-637(195) exhibit a distorted oxyanion hole
configuration that, when compared with other zymo-
gens, is closest to that of chymotrypsinogen.

A specific feature of Clr is that Asp631(189), the well-
established determinant of trypsin-like cleavage specifi-
city, is exposed at the surface of the protein, at the position
commonly occupied by residue Glyl8 in active serine
proteases (Figure 2). Thus, access of the cleaved
N-terminal 11e447(16)-I1e448(17) dipeptide to its binding
pocket would not be possible without displacing this
residue. This orientation of Asp189 in Clr arises from its
location in an insertion with an unusual local 3¢ helix
conformation (Table II; Figure 2). Consequently, it differs
very significantly from those in other zymogens, with
distances between C,s and Ogls of 3.6 and 7.3 A,
respectively, compared with trypsinogen, and of 2.5 and
5.3 A, respectively, compared with prethrombin-2, which
is the closest structure to Clr in this respect.

The SP domain bears two N-linked oligosaccharides,
and the structurally better defined chain is that linked to
Asn497 of SPg, where two N-acetyl-glucosamines, with a
fucose attached to the proximal one, and a mannose were
built into a well-defined electron density.
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Table II. Structural compari

son of the Clr SP domain with homologous X-ray structures

(A) Overall structure

Chymotrypsinogen Cls Prethrombin-2  Plasminogen
Global rm.s.d. (A)no. Ca  1.38/190 1.06/190 1.26/203 1.37/185
PDB code 2cga lelv Imkw 1ddj

(B) Surface segments of the Clr SP domain significantly different (D >1.5 A) from the homologous segments of other SP domains?

Clr numbering

Chymotrypsin numbering Loop label® High B-factors Disordered segments

Type of variation

More similar to:

438-449 5-18 act. pept.© 443-445 variable
465-469 34-42 A deletion Cls
488-502 60-65 B 490-495 493-494 insertion prethrombin-2
510-517 75-82 E same length
530-535 95-97 C 531-538 insertion
563-570 125-132 variable
580, 586587 142, 151-152 D 586-587 581-585 deletion
599-616 164-175 3 604 605-617 insertion Cls
626-635 185-192 1 insertion
644-650 202 647 insertion prethrombin-2
660-666 216-222 2 659-664 deletion Cls
a0ther SP domains: Cls, chymotrypsin, trypsin, prethrombin-2, factor D, plasminogen.
Loop labels as defined by Perona and Craik (1997), and used in Figure 2.
cActivation peptide.
435 440 450 460 470 480 490
A Clr CGKPVNPV--EQRQRIIGGQKAKMGNFPWQVFTNIHGR--GGGALLGDRWILTAAHTLYPKEHEAQSNAS
Cls CGVPREPF--EEKQRIIGGSDADIKNFPWQVFFDNPW---AGGALINEYWVLTAAHVVEG=————=— NRE
Chym CGVPATQPVLSGLSRIVNGEEAVPGSWPWOVSLODKTGFRCGGSLINENWVVTAARCGVTT-~~====~ ]

500 510 520 530 540 550 560
Clr LDVFLGHTNVEELMKL—-GNHPIRRVSVHPDYRQ----DESYNFEGDIALLELENSVTLGPNLLPICLPD

Cls PTMYVGSTSVQTSRLAKSKMLTPEHVFIHPGWKLLEPVEGRTNFDNDIALVRLKDPVKMGPTVSPICLPG
Chym DVVVAG%FDQGSSS—E%%QKLKIAKVE%NSKYN ——————— SLTIN%EITLLKLSE%ASFSQTV%%XCLPS
7

570 580 590 600 610 620
Clr NDT--FYDLGLMGYVSGFGVMEEK---IAHDLRFVRLPVANPQACENWLRGKNRMD----VFSQNMFCAG
Cls TSSDYNLMDGDLGLISGWGRTEKRD--RAVRLKAARLPVAPLRKCKEVKVEKPTADAEAYVFTPNMICAG
Chym ASD--DFAAGTTCVTTGWGLTRYTNANTPDRLOQASLPLLSNTNCKKYWGT-——-—————— KIKDAMICAG
130 140 150 160 170 180

630, 640 630 660 670 680
Clr HPSLKQDACQGDSGGVFAVRDPNT-DRWVATGIVSWGIGCSRG--YGFYTKVLNYVDWIKKEMEEED
Cls GEKG-MDSCKGDSGGAFAVQDPNDKTKFYAAGLVSWGPQCGT---YGLYTRVKNYVDWIMKTMQENSTPRED
Chym ASGV--SSCMGDSGGPLVCKKN---GAWTLVGIVSWGSSTCSTSTPGVYARVTALVNWVQQTLAAN
190 200 210 220 230 240

B Bl Hyp V B2 B3 B4 B5 B6
290 300 ### 310 320 330 o *33{0 *350

Clr_1 TKCPQPKTLDEFTIIQNL--QPQYQFRDYFIATCKQGYQLIEG---NQVLESFTAVCODDGTWHRAM-—-—— PRCKI

Clr 2 KDCGQPRNL-PNGDFRYTTTMGVNTYKARIQYYCHEPYYKMOTRAGSRESEQGVYTCTAQGIWKNEQKGEKIPRCLP
- 360 370 380 390 400 410 420 430

Cls_2 LDCGIPESI-ENGKVEDP---ESTLFGSVIRYTCEEPYYYMEN-————— GGGGEYHCAGNGSWVNEVLGPELPKCVP

CR2_2 SSCPEPIVP--GGYKIRG--STPYRHGDSVTFACKTNFSMNG--————=—— NKSVWCQANNMWGP - - -~TRLPTCVS

* ok kk ok * kK

Fig. 3. Structural alignments of (A) the SP domains of Clr, Cls and chymotrypsinogen, and (B) the CCP modules of Clr, Cls and complement
receptor 2. The residue numberings of Clr and chymotrypsinogen are shown in (A). In (B), the residues with a -strand conformation are underlined,
and the strand numbering is indicated above. The residues involved in the major CCP1-SP interaction in Clr, and in the interaction between the CCP2
module of CR2 and its C3d ligand, are indicated by asterisks. The residues involved in the additional interaction observed only at the CCP1,—SPg

interface are indicated by a ‘#. Hyp_V, hypervariable loop.

The CCP2 module and its interface with the

SP domain

Both Clr CCP modules show a fold comparable to that
described for other modules of this type, consisting of six
B-strands enveloping a compact hydrophobic core. The N-
and C-termini lie at opposite ends of the long axis of the
modules, and the B-strands are approximately aligned with
this axis (Figure 1). The Clr CCP2 module has a structure
very close to that of its counterpart in Cls, with a root
mean square deviation (r.m.s.d.), based on 69 C,, positions,
of only 0.74 A (Figure 2). This value is significantly lower
than the r.m.s.d. of 1.06 A, based on 42 residues, obtained
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when comparing Clr CCP2 with the contiguous CCP1
module. The CCP2 module of Clr exhibits the unusual
large insertion between strands B5 and B6 previously
observed in Cls (Gaboriaud et al., 2000) (Figures 2 and 3).
The only important differences between the two CCP2
modules are two insertions: (i) residues 373-376 in the
so-called ‘hypervariable loop’ (Wiles et al., 1997) con-
necting B1 to B2; and (ii) residues 398—407 in the loop
between B3 and B4.

As shown in Figure 2, the orientation of the CCP2
module with respect to the SP domain in Clr is remarkably
similar to the one previously observed in Cls (Gaboriaud
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Fig. 4. Structure at the CCP1,—SPg interface. (A) Surface
representation illustrating shape complementarity between SPy (left)
and CCP1, (right). CCP14 was shifted and rotated to the right for
clarity. Areas involved in the major interaction common to both
CCP1-SP interfaces are shown in red (SPg) and dark green (CCP14).
The areas involved in the additional interaction observed only at the
CCP1,-SPg interface are colored yellow (SPg) and blue (CCP14).
(B) Overall structure of the assembly between SPg (red) and CCP14
(green). (C) Stereoview of the CCP1,—SPy interface. Only the major
interaction is shown for clarity. The hydrogen bonding network at the
interface is depicted by dotted lines. Strand B4 and the N-terminal
part of strand B2 are not shown in ribbon representation for the sake
of clarity.

et al., 2000), with an r.m.s.d. of 1.2 A between the two
CCP2-SP structures. Similarly, the interface shows inter-
actions within a proline- and tyrosine-rich framework
involving the same residues as in Cls, except for His390

Structure of human C1r catalytic domain

and Lys395, which replace Cls Glu372 and Tyr377. The
mean buried surface at the CCP2-SP interface in Clr is
700 A2, close to the value of 756 A2 determined for Cls.
The remarkable similarity of the CCP2—SP assemblies in
Clr and Cl1s provides strong support to the hypothesis that
all members of the CCP-SP family exhibit a homologous
rigid module—domain assembly (Gaboriaud et al., 1998).

The CCP1 module and its interface with CCP2

A particular feature of the CCP1 module is the different
conformation of the insertion between B3 and B4 (residues
328-337), which is slightly shorter than its counterpart in
CCP2, but is better defined, probably because it partici-
pates in the interaction with the SP domain (Figure 3). The
307-310 CCP1 segment in the hypervariable loop between
B1 and B2 has a conformation close to the corresponding
18-21 segment of the N-terminal CCP module of
B,-glycoprotein I (Bouma ef al., 1999). The preceding
residues 305-307 participate in the interaction with the SP
domain only in molecule A (Figure 3).

The CCP1-CCP2 module pair shows an extended,
approximately linear conformation, that is virtually iden-
tical in molecules A and B, with a distance of 57 A
between the S, positions of Cys292 and Cys430 in both
cases, at opposite ends of the structure. Compared with
known structures of CCP module pairs, the conformation
in Clr is closer to that observed at the interface between
domains II and IIT in B,-glycoprotein I (Bouma et al.,
1999). The linker region between the last cysteine of CCP1
and the first cysteine of CCP2 contains four residues that
form an extension of the -strand B6 of CCP1 (Figure 1),
as also observed at the interfaces between CCP modules
II-1IT and M-IV of B,-glycoprotein I. The linker region
stabilizes the CCP1-CCP2 interface by establishing sev-
eral van der Waals contacts (Ile356) and hydrogen bonds
(Lys357) with residues of both modules. The CCP1-CCP2
interface buries 469 A2 of accessible surface (5% of the
surface of each module), a value comparable to those
determined for other CCP module pairs with an extended
conformation (Bouma et al., 1999; Murthy et al., 2001).

Structure of the CCP1 module-SP

domain interfaces

The CCP1-SP interfaces show extensive shape comple-
mentarity (Figure 4A), with total buried surfaces of
1457 A? between CCP1, and SPg, and 1175 A? between
CCPlg and SP,. The latter value is similar to the 1154 A2
(as measured by the same method) buried by the
interaction between the CCP2 module of complement
receptor 2 (CR2) and its C3d ligand (Szakonyi et al.,
2001). Both CCP1-SP interfaces share a common, major
interaction framework, consisting of five hydrogen bonds
and numerous van der Waals contacts. Most of these
interactions involve residues from strands B2 and B4 in
CCP1, and residues within or after helix E in the SP
domain (Figures 3 and 4C). The additional interactions
specific to the more extensive CCP1,—SPg interface
consist of three hydrogen bonds and several van der
Waals contacts. These interactions are mediated by
residues 305-307 in the hypervariable loop of CCPI14
and by the distal N-acetyl glucosamine and the fucose of
the oligosaccharide chain attached to Asn497, on the SPy
domain (Figures 3 and 4A). The additional contacts thus
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Fig. 5. Functional implications of the dimeric structure of the Clr catalytic domain in the context of the C1 complex. (A) Resting head-to-tail
configuration of the Clr catalytic domain. Arrows illustrate the triggering stress required to achieve the transient conformational state needed for
activation of an SP domain by its counterpart (B). (C and D) The Clr catalytic domain in the context of the C1 complex: (C) bottom and (D) side

views of a macroscopic model of C1 (modified from Arlaud et al., 1987b).

involve a region of the CCP1 5, module homologous to that
involved in the CR2-C3d interaction (Szakonyi et al.,
2001), but the major CCP1-SP interaction common to
both monomers is mediated by different areas of CCP1
(Figure 3). A further difference is that hydrogen bonds at
the CCP1-SP interfaces in Clr involve both side-chain
and main-chain atoms, whereas the CR2-C3d interaction
shows extensive use of main-chain contacts.

Functional implications of the C1r catalytic
domain structure
Several lines of evidence indicate that the crystal structure
of the Clr catalytic domain determined here is physio-
logically relevant: (i) it is well established from various
techniques, including electron microscopy (Villiers et al.,
1985; Weiss et al., 1986) and sedimentation velocity
analysis (Lacroix et al., 2001) that this domain associates
as a homodimer; (ii) chemical cross-linking studies
(Arlaud et al., 1986; Lacroix et al., 1997) are consistent
with a head-to-tail configuration of the dimer; (iii) deletion
of the CCP1 module prevents dimer formation (Lacroix
et al., 2001); and (iv) the structure of the activated Clr
catalytic domain solved at 4 A resolution (Figure 1D) also
exhibits a dimeric head-to-tail configuration stabilized
through CCP1-SP interactions, very similar to that of the
proenzyme species. This is despite the fact that the space
group, and hence the packing, is different in the two
structures. Therefore, it is most likely that the structure
determined here corresponds to a resting, thermodynami-
cally stable conformation of the Clr catalytic domain, and
that activation does not influence the dimer configuration.
From a functional point of view, the most intriguing
feature of this head-to-tail structure is that the catalytic site
of one monomer and the activation site of the other lie at
opposite ends of the dimer, ~92 A away from each other
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(Figure 1A). This configuration does not allow Clr self-
activation, because this process requires cleavage of the
susceptible Arg446-Ile447 bond of each monomer by the
catalytic residue Ser637 of its counterpart (Lacroix et al.,
2001). It follows from this requirement that Clr activation
within the C1 complex must take place through transient
conformational states, in which the SP, domain will
cleave SPg, and vice versa (Figure 5). Both conforma-
tional states require a close interaction between the SPp
and SPy domains, and this can only be achieved after
disruption of the CCP1 module-SP domain interactions.
We propose that this disruption is triggered by a mech-
anical stress that is transmitted from Clq to Clr when Cl1
binds to an activating surface. This hypothesis is based
on the following: (i) each CCP1-CCP2-SP domain of
Clr connects with the N-terminal CUB-EGF inter-
action domain, which itself is bound to the homo-
logous CUB-EGF domain of Cls, the resulting
CUB-EGF heterodimer being attached to the Clq
collagen ‘arms’ (Figure 5) (Strang et al., 1982; Busby
and Ingham, 1990; Thielens er al., 1999); (ii) Clq
possesses a semi-flexible hinge at the point where the six
collagen arms join to the central portion of the molecule
(Figure 5) (Schumaker et al., 1981; Poon et al., 1983); and
(iii) the minimal complex required to achieve Clr
activation is that formed in the presence of calcium ions
from the association between intact C1q and Clr, and the
Cl1s CUB-EGF fragment (Thielens et al., 1994; Tsai et al.,
1997). Thus, binding of C1 to a target through multivalent
binding of the Clq ‘heads’ to an irregular pattern of
binding sites may be expected to increase the angle
between the spreading arms of C1q and the central bundle,
generating a tension that is transmitted to the catalytic
domain of Clr and results in the dissociation of its dimeric
structure. Whether the amplitude of the movement of the



Table III. Data collection and processing statistics for the mutated
proenzyme and active forms

Proenzyme Active

Native 1 Native 2
Unit cell parameters (A) a =993 a =101.78

b=101.8 b =101.78

) c=1224 ¢ =461.57

Wavelength (A) 0.931 1.03
Resolution (A) 2.9 4.0
Redundancy 5.1 (4.5 4.0 (2.4
Completeness (%) 99.8 (99.8)2 97.8 (92.6)*
I/o(D) 11.0 (2.2)2 8.57 (4.45)2
Ry (%0)° 5.6 (34)2 12.7 (19.5)*

“Numbers in parentheses correspond to the highest resolution shell:
3.06-2.9 A for native 1 and 4.2-4.0 A for native 2.

®Reym = ZII — <I>IZI, where the summation is over all symmetry
equivalent reflections.

Clq arms is consistent with the significant distance (~46 A)
to be covered by each SP domain to find its target site is
difficult to determine, since we lack information about the
region of the Clq arms where Clr attaches. On the other
hand, it should be emphasized that the approaching of the
two SP domains may be greatly facilitated by flexibility at
inter-domain junctions. In particular, owing to the known
ability of CCP module pairs to adopt different orientations
(Wiles et al., 1997), the CCP1-CCP2 interface may adopt
a different conformation after disruption of the stabilizing
CCP1-SP interaction. At any rate, the large opening
occurring in the central part of the dimer is a key structural
feature, as it provides room for the conformational
changes required for the activation process (Figure 5). It
is known that C1 undergoes slow activation in vitro in the
absence of activator, a process that is prevented when C1
inhibitor is present (Ziccardi, 1982). It may be hypothe-
sized that this so-called ‘spontaneous activation’ arises
from the intrinsic ability of the Cl1q arms to undergo slow
motion about the semi-flexible hinge in the collagen-like
region. When C1 binds to an activator, this ‘tick over’
mechanism would be greatly amplified, and also escape
the control of C1 inhibitor, hence the much higher
efficiency of the activator-mediated process. A physiolo-
gically relevant feature of the disruptive mechanism
described above is that, due to the resting head-to-tail
configuration of its catalytic domain, efficient Clr self-
activation is subject to the recognition of a target by the C1
complex, which represents an efficient means of control-
ling the potentially harmful activities of complement.

A further implication of the head-to-tail structure
revealed in this study deals with the control of ClI
proteolytic activity by C1 inhibitor. This member of the
serpin (serine protease inhibitor) family reacts with the
Cls and Clr active sites in the activated C1 complex,
resulting in the dissociation of the Cls—Clr—Clr—Cls
tetramer from Clq as C1 inhibitor—-C1s—C1r—C1 inhibitor
complexes (Sim ef al., 1979; Ziccardi and Cooper, 1979).
The first crystallographic structure of a serpin—protease
assembly, the ol-antitrypsin—trypsin complex, has been
solved recently, indicating that the interaction between the
two molecules induces disorder in ~37% of the trypsin
structure (Huntington et al., 2000). A comparative analysis
reveals that the segments of the C1r SP domain involved in
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the CCP1-SP interface correspond to areas of trypsin that
become disordered upon reaction with ol-antitrypsin.
Therefore, it may be hypothesized that the ability of C1
inhibitor to dissociate the Cls—Clr—Clr—Cls tetramer
arises from the fact that it induces disorder in the region of
the Clr SP domain that is involved in the CCP1-SP
interaction, and thereby leads to irreversible disruption of
the CIr—Clr interface. Thus, the rather peculiar dimeric
structure of the Clr catalytic domain reported here
provides a basis for the understanding of both the
activation of the C1 complex and the control of its activity.

Materials and methods

Protein expression and purification

The wild-type and mutated recombinant fragments spanning the first and
second CCP modules and the SP domain of Clr were expressed using a
baculovirus/insect cells system and purified as described elsewhere
(Lacroix et al., 2001). The proteins comprise the human Clr segment
Gly280-Asp688 preceded by an Asp-His sequence added at the
N-terminus due to introduction of a restriction site at the 5" end of the
cDNA, and contain either the wild-type sequence or a mutation
(Arg446—Gln) at the activation site. Briefly, recombinant baculoviruses
were generated using the Bac-to-Bac system (Life Technologies, Inc.)
and used to infect High Five™ insect cells in serum-free medium. The
recombinant proteins were isolated from the cell culture supernatant by
anion-exchange chromatography on a Q-Sepharose-Fast Flow column
followed by hydrophobic interaction chromatography on a TSK-Phenyl
column.

Crystallization and data collection

Pooled fractions of the proenzyme CCP1-CCP2-SP Clr fragment were
concentrated to 2—6 mg/ml in a solution containing 145 mM NaCl and
50 mM triethanolamine-hydrochloride buffer pH 7.4. Crystals were
obtained at 20°C by the hanging drop vapor diffusion method by mixing
equal volumes of the protein solution and of a reservoir solution
composed of 1.5 M ammonium sulfate and 100 mM TAPS pH 8.5. A
native data set was measured to a resolution of 2.9 A on the ID14-EH3
synchrotron beamline at the ESRF, Grenoble, from a crystal of the
proenzyme Clr fragment cooled to 100 K. Indexing using the MOSFLM
software (Leslie, 1992) indicated that the crystal was orthorhombic, with
a space group P2,2,2;. The data were scaled and reduced using the CCP4
suite (CCP4, 1994). Details are given in Table III. Crystals of the
activated wild-type Clr fragment were obtained by the same method and
used to collect two native data sets at the ESRF beamlines BM30 and
BM14, at 6 and 4 A resolution, respectively. The crystals belonged to the
hexagonal space group P6, and data were reduced using the XDS package
(Kabsch, 1993). Details are given in Table III.

Structure determination

Space group assignments were confirmed by molecular replacement
searches using AMoRe (Navaza, 1994). The activated CCP2-SP
fragment of Cls (Gaboriaud et al., 2000) was used as a search model
to solve the structure of the mutated, proenzyme CCP1-CCP2-SP Clr
fragment. This procedure resulted in a contrasted solution with a
correlation value of 0.31 and an R-factor of 0.478 for the two molecules in
the asymmetric unit, for data between 15 and 4 A resolution. The refined
proenzyme Clr CCP1-CCP2-SP monomeric structure was then used as a
search model to solve the structure of the activated form. A unique,
strongly contrasted solution was found, with a final correlation value of
0.47 and an R-factor of 0.454 for the two molecules in the asymmetric
unit, for data between 15 and 4 A resolution. The solvent content of this
crystal form is slightly greater than 80%. A step of rigid body refinement
using CNS (Briinger et al., 1998) was then applied, with final R-factor and
Riree values of 0.39 and 0.42, respectively. The phases were then
improved using the procedure of solvent flipping combined with density
truncation, as recommended in the CNS tutorial.

Structure refinement and analysis

The initial model of the proenzyme Clr fragment was corrected with the
computer graphics program O (Jones et al., 1991) using (2F, — F.)
electron density Fourier maps calculated from the molecular replacement
solution. The C1r CCP1 module, absent from the C1s search model, could
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be built into well-defined matching electron density. Model building was
alternated with crystallographic refinement using CNS (Briinger ez al.,
1998). All reflections from 12 to 2.9 A resolution, except for the 5%
reflections for the Ry, calculation (Briinger, 1992), were used during
refinement.

The stereochemistry of the structure was assessed with PROCHECK
(Laskowski et al., 1993). Details and statistics of the final refined model
are presented in Table I. The atomic coordinates set of the proenzyme Clr
fragment has been deposited in the Protein Data Bank (PDB), with
accession code 1gpz.

The detailed analysis of the interfaces between the CCP modules and
the SP domain was carried out using HBPLUS (McDonald and Thornton,
1994) and LIGPLOT (Wallace et al., 1995). The surface areas were
calculated with NACCESS (Hubbard and Thornton, 1993). Figures were
generated with several combined uses of MOLSCRIPT (Kraulis, 1991),
BOBSCRIPT, GRASP (Nicholls et al., 1991) and Raster3D (Merritt and
Bacon, 1997). The coordinates of known SP and CCP structures were
taken from the PDB (Bernstein et al., 1977).

Quality of the model

The final refined model of the proenzyme Clr fragment comprises
residues 290-685 in the two molecules of the asymmetric unit. Some
flexible surface loops exhibit locally significantly different conformations
in these molecules. Distances >2.5 A are found for residues 296, 306, 422,
444447, 565-568, 580 and 586. Besides these local difgerences, the two
models are very similar, with an r.m.s. distance of 0.69 A for 340 residue
pairs. The following segments display highly flexible or disordered
conformations and could not be fully modeled into matching electron
density: 280-289, 399-405, 493-497, 581-585, 606—616 and 686—688 in
molecule A; and 280-289, 399-407, 493-494, 581-585, 605-617 and
686—688 in molecule B. A zero occupancy was set to atoms lacking a
clean matching electron density in the 3mF, — 2F. map at a 16 level in
the following zones: 420423, 442-446, 530-538 and 601-605 in
molecule A; and 331-332, 421-422, 491-492, 532-536, 629-630 and
659-665 in molecule B. These ill-defined segments show the high
intrinsic flexibility of some surface loops and are consistent with the high
average B-factor value of the model (Table I). Of the 736 amino acid
residues comprised in the Clr structure, >99% are in the favorable or
additionally allowed regions in the Ramachandran plot. Only His588 is in
the generously allowed region in molecule A. Six additional residues are
found in this region in molecule B (Thr297, Leu307, Ser496, Phe537,
Asp589, Lys629). Eight carbohydrate residues are defined in the
structure, including two N-acetyl-glucosamines, a fucose and a mannose
(Asn497 of SPg), two N-acetyl-glucosamines and a fucose (Asn564 of
SP,), and one N-acetyl-glucosamine (Asn564 in SPg).
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