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b Institute of Enzymology, Biological Research Center, Hungarian Academy of Sciences, Karolina út 29, Budapest H-1113, Hungary
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bstract

C1r is a modular serine protease which is the autoactivating component of the C1 complex of the classical pathway of the complement system. We
ave determined the first crystal structure of the entire active catalytic region of human C1r. This fragment contains the C-terminal serine protease
SP) domain and the preceding two complement control protein (CCP) modules. The activated CCP1–CCP2–SP fragment makes up a dimer in a
ead-to-tail fashion similarly to the previously characterized zymogen. The present structure shows an increased number of stabilizing interactions.
oreover, in the crystal lattice there is an enzyme–product relationship between the C1r molecules of neighboring dimers. This enzyme–product

omplex exhibits the crucial S1–P1 salt bridge between Asp631 and Arg446 residues, and intermolecular interaction between the CCP2 module
nd the SP domain. Based on these novel structural information we propose a new split-and-reassembly model for the autoactivation of the C1r.

his model is consistent with experimental results that have not been explained adequately by previous models. It allows autoactivation of C1r
ithout large-scale, directed movement of C1q arms. The model is concordant with the stability of the C1 complex during activation of the next

omplement components.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Modular serine proteases consist of several distinct domains
f various protein families of different size and fold (Lorand and
ann, 1993). The noncatalytic modules provide both high speci-

city and elasticity in the catalytic properties and are responsible
or the regulation of the enzyme function regarding the local-
zation, timing, or recognition of interacting partners. In such
context, the enzyme function can be interpreted only in the
etailed knowledge of the structure and function of the indi-
idual regulatory domains even if the reaction catalyzed by the
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atalytic domain is well known. A representative example is
he complement system, one of the proteolytic cascades found
n the blood of vertebrates. It mediates several effector func-
ions of the innate and adaptive immunity such as eliminating
nvading pathogens and altered host cells as well as trigger-
ng inflammatory reactions. The uncontrolled activation of the
omplement system, however, can result in self-tissue damage
nd/or pathologic inflammation. The main components of the
omplement system are modular serine proteases, which acti-
ate each other in a strictly ordered manner. There are three
istinct pathways through which the complement system can
e activated: the classical, the lectin and the alternative path-

ays. The first component of the classical pathway (C1) is a
90 kDa Ca2+-dependent heteropentamer complex, which con-
ists of a recognition subunit C1q and a tetramer of C1r and
1s serine proteases (Schumaker et al., 1987; Arlaud et al.,

mailto:gal@enzim.hu
dx.doi.org/10.1016/j.molimm.2007.09.031


mmun

2
t
n
N
p
c
t
m
h
z
c
c
A
t
c
p
e
s
i
e
C
c
p
a
a
o
f
c
s
i
fi
r
a
2

o
e
B
G
t
T
o
C
e
a
o
s
e
s
r
C
c
i
t
f
f
t

i
c
a
c

2

2

a
e
e
i
r
t
T
a

2
C

b
m
i
w
m
t
r

2

C
8
(
T
t
1
h
r
o
t
u
R
a
o
m
a
(
w

J. Kardos et al. / Molecular I

001). The C1q protein has an overall shape of a bunch of six
ulips with six C-terminal heterotrimeric globular heads con-
ected to six collagen-like stems that merge into a stalk at the
-terminus. According to the current models of the C1 com-
lex, the C1s–C1r–C1r–C1s tetramer is wrapped around the
ollagen-like arms of the C1q. The C1r and C1s serine pro-
eases are present in zymogenic state until the C1 complex

eets an activator structure. The binding of the globular C1q
eads to the activator surface results in the activation of the
ymogen proteases. The first enzymatic event in the classi-
al pathway is the autoactivation of C1r, which involves the
leavage of the Arg446–Ile447 bond in the protease domain.
ctive C1r then cleaves and activates zymogen C1s that in

urn cleaves C4 and C2, the subsequent components of the
ascade. Activation and activity of C1 is controlled by the ser-
in C1-inhibitor, which inhibits both serine proteases (Beinrohr
t al., 2007). C1r and C1s, together with the MBL-associated
erine proteases (MASPs) of the lectin pathway, form a fam-
ly of serine proteases with identical domain organization (Gál
t al., 1989; Gál et al., 2007). The N-terminal CUB1-EGF-
UB2 region is followed by a tandem repeat of complement
ontrol protein (CCP) modules and a chymotrypsin-like serine
rotease (SP) domain. The CUB1-EGF-CUB2 region medi-
tes the Ca2+-dependent C1r–C1s as well as the C1q–C1r2C1s2
ssociation. The C-terminal CCP1–CCP2–SP catalytic region
f C1r shows the enzymatic properties characteristic of the
ull-length molecule and forms a homodimer providing the
ore of the C1s–C1r–C1r–C1s tetramer. Previously it was
hown on synthetic substrates that the isolated SP domain
tself is an active serine protease with trypsin-like speci-
city. However, on protein substrates its activity is highly
estricted to a unique dual function of self-activating ability
nd the capability of cleaving zymogen C1s (Kardos et al.,
001).

During the recent years the 3D structures of several fragments
f C1r, C1s and C1q have been solved and low resolution mod-
ls for the C1 complex have been proposed (Bersch et al., 1998;
udayova-Spano et al., 2002a; Budayova-Spano et al., 2002b;
aboriaud et al., 2000, 2003; Gregory et al., 2003). Despite all

hese achievements, some basic questions remain unanswered.
he structure of zymogen catalytic CCP1–CCP2–SP fragment
f C1r shows a dimer, which is stabilized by intermolecular
CP1–SP interactions (Budayova-Spano et al., 2002a; Lacroix
t al., 2001). In this structure, the active site of one monomer
nd the cleavage site of the other are separated by a distance
f 92 Å which prevents the physical contact that is neces-
ary for autoactivation. On the other hand, we have shown
arlier that the presence of the CCP2 module stabilizes the
tructure of the catalytic domain and greatly enhances the
ate of cleavage of protein substrates (i.e. autoactivation and
1s cleavage) in solution phase (Kardos et al., 2001). It indi-
ates that the CCP2 module mediates important protein–protein
nteractions during proteolysis. Here we report the first func-

ional dimeric structure of the active C1r CCP1–CCP2–SP
ragment. In the crystal lattice an enzyme–product complex is
ormed. The complex shows the S1–P1 salt bridge (characteris-
ic to trypsin-like enzymes) and the CCP2–SP intermolecular
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nteractions. Based on this novel structural information and
areful consideration of former experimental data we propose
n improved model for the autoactivation of C1r in the C1
omplex.

. Materials and methods

.1. Protein expression, renaturation and purification

CCP1–CCP2–SP fragment of human C1r (corresponding to
mino acids 292–688) was cloned from cDNA containing four
xtra amino acids (Ser-Thr-Gln-Ala) at their N-terminus and
xpressed in BL21(DE3)pLysS E. coli strain. After purification,
nclusion bodies were solubilized in GdnHCl. The protein was
enatured in GdnHCl using a glutathione redox system and fur-
her purified by ion exchange and gel filtration chromatography.
he protocol was presented in full details previously (Kardos et
l., 2001).

.2. Functional characterization of the renatured C1r
CP1–CCP2–SP fragment

Recombinant, human C1s CCP2–SP fragment, which has
een expressed in the same expression system as the C1r frag-
ents, renatured similarly (Kardos et al., 2001), and purified by

on exchange and gel filtration chromatography was incubated
ith the C1r catalytic fragment using 1:50 enzyme–substrate
olar ratio in 50 mM Hepes (pH 8), 100 mM NaCl. The activa-

ion (i.e. cleavage) was analyzed on a 12.5% SDS-PAGE, under
educing conditions.

.3. Crystallization and data collection

Crystals were grown by the hanging-drop method at 15 ◦C.
rystals were obtained by mixing 8 �l of reservoir solution and
�l of protein solution. The reservoir solution contained 14%

w/v) PEG 6000, 0.2 M NaCl, 10% (v/v) glycerol and 0.1 M
ris–HCl (pH 7.4). The protein solution contained 0.2 mg/ml of

he active C1r CCP1–CCP2–SP fragment in 20 mM Tris–HCl,
30 mM NaCl at pH 7.4. The low solubility and relatively
igh propensity for crystallization or precipitation of the protein
equired the use of large drops and low protein concentration. To
btain cryoprotective conditions crystals were soaked in solu-
ions with glycerol content raised to 20%. Crystals were tested
sing the ID14 EH1 beam line at the European Synchrotron
adiation Facility. Data sets were collected at ID29 beam line
t the European Synchrotron Radiation Facility at a wavelength
f 0.979 Å at 100 K. A data set with improved resolution and
osaicity was collected at the BL41-XU in SPring-8 with the

pproval of the Japan Synchrotron Radiation Research Institute
JASRI) using a wavelength of 1.000 Å at 100 K. This data set
as used for structure determination. Data processing and data
eduction were carried out with the MOSFLM (Leslie, 1992) and
CALA (Evans, 1993) programs of the CCP4 package (CCP4,
994). More details of the data collection statistics are shown in
able 1.
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Table 1
Data collection and refinement statistics of the crystal structure of the dimeric
activated catalytic fragment of C1r

Crystal parameters
Space group P212121

Cell constants a = 74.541 Å, b = 92.416 Å,
c = 162.848 Å

Data quality
Resolution range (last resolution

shell)
54.98–2.60 (2.67–2.60)

Rmeas
a 0.089 (0.489)

Completeness 99.7% (98.9%)
No. of observed/unique reflections 236034/35308 (15814/2533)
I/σ(I) 6.1 (1.5)

Refinement residuals
R 0.2131
Rfree

b 0.2594

Model quality
RMS bond lengths (Å) 0.015
RMS bond angles (◦) 1.498
RMS general planes (Å) 0.006
Ramachandran plot: residues in

core/allowed/disallowed regions
552/96/0

Model contents
Protein residues 780

Residues in dual conformations 4
Side chains with disordered
atoms

55

Glycerol molecules 7
Water molecules 160
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Fig. 1. SDS-PAGE analysis of the recombinant, renatured C1r catalytic domain.
Autoactivation of C1r results in two chains linked by a disulfide bridge. (1)
10 �g renatured C1r CCP1–CCP2–SP fragment under non-reducing and (2)
under reducing conditions. An empty lane was applied between the two sam-
ples to separate reducing and non-reducing conditions. To check the activity
of C1r CCP1–CCP2–SP on its natural substrate, C1s, a proteolysis experi-
ment was carried out on the recombinant CCP2–SP fragment of C1s. (3) 5 �g
intact C1s CCP2–SP fragment, (4) C1s CCP2–SP fragment cleaved by C1r
CCP1–CCP2–SP using 1:50 enzyme–substrate ratio (see Section 2). (5) molec-
ular weight marker. The samples were analyzed on a 12.5% SDS-PAGE. The
g
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As it was described previously, the CCP1–CCP2–SP
fragment of C1r was transformed to and expressed in

Table 2
CCP1/SP intermolecular contacts within the C1r core dimer

Zymogen C1ra Activated C1r

Total buried surface area (Å2) 2202 2547
Number of hydrogen bondsb 11 15
Number of contacts (within 4.2 Å dist.)c 207 271

CCP1 segments with interacting residues 305–306 305–306
313–320 313–320
335–342 335–343
348–349 348–349

SP segments with interacting residues 463, 465, 469 465
499–503 497–503
509–519 508–519
548–549 548
588 588
a Rmeas = (�h(n/(n − 1))0.5�j|〈Ih〉 − Ihj|)/(�hjIhj) with 〈Ih〉 = (�jIhj)/nj.
b 5.0% of the reflections in a test set for monitoring the refinement process.

.4. Crystal structure determination and refinement

The phase problem was solved by molecular replacement
sing BEAST (Read, 2001) program of the CCP4 package
CCP4, 1994). We used search models representing individual
omains of the zymogen structure of the CCP1–CCP2–SP frag-
ent of C1r (PDB accession code 1GPZ). The asymmetric unit

ontains a head-to-tail dimer of the C1r fragment. Manual model
uilding was carried out using the Coot program (Emsley and
owtan, 2004). Refinement was carried out with the REFMAC5
rogram (Murshudov et al., 1997) using restrained maximum-
ikelihood refinement and TLS refinement (Winn et al., 2001).
uring refinement non-crystallographic restraints were added to

he regions of C1r molecules possessing similar conformation.
The final model contains 2 residues of the cloning tag and

esidues 292–686 of C1r monomers A and B, as well as 7 glyc-
rol molecules and 160 water molecules. Stereochemistry of
he structures was assessed with PROCHECK (Laskowski et
l., 1993). Model statistics are shown in Table 1. The atomic
oordinates and structure factors were deposited in the Protein
ata Bank (Berman et al., 2000) with accession code 2QY0.
igs. 2 and 3D–F were created using PyMOL (DeLano, 2002).
uperposition of structures was carried out using SwissPdb

iewer v3.7 (Guex and Peitsch, 1997). AREAIMOL program

Lee and Richards, 1971) of the CCP4 package was used for cal-
ulating total buried surface area and identifying corresponding

3

el shows that the renatured C1r fragment has been fully activated (i.e. cleaved)
uring the renaturation process. It exerts its biological activity by cleaving the
1s molecule.

esidue segments. Intermolecular contacts were calculated using
ONTACT program of the CCP4 package (CCP4, 1994). The
ydrogen bonds were sorted out using distance limit of 3.5 Å
nd constraint on the donor-hydrogen bond orientation to the
cceptor atom.

. Results

.1. Proteolytic activity of the recombinant C1r
CP1–CCP2–SP fragment
a PDB code 1GPZ.
b Donor–acceptor geometry was checked using Coot program (distance limit:
.5 Å).
c Calculated using CONTACT program of the CCP4 package (CCP4, 1994).
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L21(DE3)pLysS E. coli strain (Kardos et al., 2001). The sol-
bilized inclusion body protein was renatured in 2 M GdnHCl,
0 mM Tris, pH 8.3 in the presence of 1 mM oxidized and 3 mM
educed glutathione. The recombinant protein was further puri-
ed using Q-sepharose Fast Flow ion-exchange chromatography

nd Superose-12 gel filtration. Full autoactivation of the C1r
atalytic fragment took place during the renaturation procedure
esulting in two chains linked by a disulfide bridge as it is shown
n Fig. 1, lane 1, 2. The esterolytic activity of the renatured C1r

ig. 2. Enzyme/product-like contacts in the crystal structure of the activated
CP1–CCP2–SP fragment of C1r. (A) The asymmetric unit contains one head-

o-tail dimer of molecule A and molecule B (framed). Three dimers are shown..
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ragment was verified on Z-Gly-Arg-S-Bzl, a sensitive thioester
ubstrate of C1r, and was found to be identical to the value
ublished earlier (Kardos et al., 2001). Proteolytic activity of
he recombinant C1r on its natural substrate, C1s, was checked
hrough the cleavage of the recombinant CCP2-SP fragment of
1s. The reaction was followed by SDS-PAGE and showed that
fter 1 h incubation at an 1:50 enzyme–substrate molar ratio the
enatured C1r catalytic fragment fully cleaved the substrate C1s
ragment (Fig. 1, lane 3, 4).

.2. Overall structure of activated C1r CCP1–CCP2–SP
imer

The CCP1–CCP2–SP fragment was successfully crystallized
s described in detail in Section 2. We determined the crystal
tructure of this C1r fragment to 2.6 Å resolution. The structure
s well defined by electron density, except for some surface side
hains, and short segments of a flexible loop of CCP2 module
nd loop B of the SP domain. The asymmetric unit contains a
imer of C1r with non-crystallographic twofold rotation sym-
etry. The dimer structure is formed by head-to-tail interaction

f the monomers (i.e. SP domain of one monomer contacting
he CCP1 module of the other, Fig. 2A), and it resembles to
hat of the zymogen form of the CCP1–CCP2–SP fragment
PDB code 1GPZ, Budayova-Spano et al., 2002a). However,
ere the dimer is somewhat twisted along its longest dimension.
he conformation at the module barriers (i.e. CCP1–CCP2 and
CP2–SP junctions) is constrained by the head-to-tail contacts
ithin the dimer, suggesting the rigidity of the C1r/C1r dimer

ore of C1r2s2 tetramer.
The comparison of the contacting residues to that of the

ymogen structure reveals significantly higher number of con-
acts and hydrogen bonds as well as 15% greater buried surface
rea of the CCP1/SP dimer interface in the activated structure
Table 2). This means more favorable interactions of similar
ontact regions in the activated structure.

The distance of the active site of one molecule and the acti-
ation site of the other within the C1r dimer underlines the

ecessity of re-organization and flexibility of C1r molecules dur-
ng autoactivation (Budayova-Spano et al., 2002a). Comparison
f the conformation of the activated SP domain with that of the
ctivated monomeric structure (PDB code 1MD8) reveals two

oth molecules of the middle dimer are in the role of the “product” here (yellow
nd rose molecules), with neighbors acting as “enzymes” of these. All molecules
re “enzymes” and “products” at the same time. It is possible to find neighbors
or opposite roles (not shown). (B) Cartoon representation of the molecule in the
ole of the enzyme (cyan) and in the role of the product of the enzyme reaction
the N-terminal and C terminal segments of the cleaved chain are yellow and
range, respectively). Cleavage site is between residues Arg446 (P1) and Ile447
P1′). The contact sites of the enzyme for the product activation peptide, SP
omain and CCP2 module are shown with red ellipses, with stick representation
f the contacting residues. (C) Blow up of the binding site of the activation
eptide of the product (stereo view). Hydrogen bonds of the P1–P4 residues of
he product and the enzyme are shown as black dashed lines. (D) Blow up of
urther molecular contacts of the enzyme and product (stereo view). These are:
nzyme SP domain (cyan)/product SP domain (residues 646–650, orange), and
nzyme SP domain/product CCP2 module (yellow, loop between residues 391
nd 395). The S1–P1 hydrogen bonds are also shown as reference.
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egions with different overall conformation that are important
or assembly and rearrangement of C1r molecules. (i) Loop B
residues 490–498) is more ordered in our structure, possibly
ecause of the stabilization of the subsequent residues, which
orm part of the CCP1/SP interface region in the dimer. (ii) Loop
(residues 662–666) is shifted and its conformation is modified
ecause of different SP/SP intermolecular contacts (see next
ection).

.3. Crystallographic contacts at the active site

The interactions of the symmetry equivalent enzyme
olecules at the active site show several features characteris-

ic to enzyme–product interactions in the chymotrypsin family.
he S1 specificity site of one molecule is occupied with Arg446
f a molecule of a neighboring dimer (Fig. 2A and B). The S1–P1
alt bridge, crucial for the primary substrate binding of serine
roteases with trypsin-like specificity, is formed with Asp631
Fig. 2C). Moreover, the carboxylate group of the P1 arginine
s hydrogen bonded to the OH group of the catalytic serine
Ser637) and its oxygen is within 4 Å distance from the NH
roups of the oxyanion binding site (Fig. 2C). In contrast, in the
onomeric activated structure (PDB code 1MD8, Budayova-
pano et al., 2002b) crystallographic contacts are formed
etween Asp631 of the S1 site and Arg444 (P3) of a symmetry
quivalent molecule, which is physiologically not relevant.

The P2–P3 residues form several contacts with the residues of
oops 1 and D (loop nomenclature by Perona and Craik, 1997) of
he substrate binding site (Table 3, Fig. 2C). However, the back-
one conformation and binding region of this segment differ
rom that observed in peptide complexes of enzymes of the chy-
otrypsin family. These contacts could correspond to a strung

nzyme/product adduct before the release of the product, where

he P1–P3 segment is extended and the remaining part of the
P domain of the molecule in the role of “product” forms lower
umber of contacts with the molecule in the role of “enzyme”,
amely with loop D.

i
S
m
i

able 3
nzyme–product-like molecular contacts

Molecules A/A

otal buried surface area (Å2) 1140
umber of hydrogen bondsa 10

P–SP interactions
“Product” activation loop 443–446 (P4–P1 res
“Product” SP domain 644, 646–648, 650

“Enzyme” SP domain 448, 485
LoopA (469)
LoopD (581–586)
Loop3 (612)
Loop1 (631–635, 63
Loop2 (657–663)
667–670

CP2–SP interactions
“Product” CCP2 module 391, 395
“Enzyme” SP domain Loop2 (665)

a Donor–acceptor geometry was checked using Coot program (distance limit: 3.5 Å
ology 45 (2008) 1752–1760

.4. Novel CCP2/SP intermolecular contacts

Inspection of the crystallographic contacts of the
nzyme–product like pair of molecules described in the
revious section revealed further contacts formed by the SP
omain of the molecule in the role of the enzyme and the CCP2
odule of the molecule in the role of product (Table 3, Fig. 2D).
n intermolecular salt bridge is established by Arg665 and
lu391, both side chains stabilized by intramolecular hydrogen
ond. A further water mediated hydrogen bond is formed by
er627 and Glu391. Similar interactions of SP domain with both

he CCP2 and SP modules of a symmetry equivalent molecule
re not observed in other C1r structures. Because the protein was
xpressed in E. coli, it does not contain any attached glycans.
e examined if the natural Asn497 and Asn564-bound glycans

an interfere with the observed intermolecular interactions of
he dimer and the enzyme–product complex. Superposing the
lycosylated zymogen structure over our structure showed no
verlaps with the carbohydrate residues.

. Discussion

.1. C1r catalytic domain forms a stable head-to-tail dimer

We determined the structure of the dimeric active cat-
lytic region of C1r encompassing the two CCP modules and
he C-terminal chymotrypsin-like serine-protease domain. This
ecombinant fragment is essentially identical to the �B fragment
hich was obtained through the limited proteolysis of plasma
1r (Arlaud et al., 1986). The CCP modules have both struc-

ural and functional roles, which are essential for the activation
nd activity of the C1r dimer in the C1 complex. Activated
1r, like the zymogen, forms a dimer in a head-to-tail fash-
on where the CCP1 module of one molecule interacts with the
P domain of the other molecule and vice versa. This confor-
ation, however, does not allow intradimer autoactivation since

t prevents the physical contact between the two SP domains.

Molecules B/B

1200
12

idues) 436, 438, 443–446 (P4–P1 residues)
647–650

448, 485

LoopD (581–586)
Loop3 (610, 612)

7) Loop1 (631–635, 637)
Loop2 (657–663)
667–670

391, 392, 395
Loop2 (665)

).
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his arrangement, however, is ideal for the cleavage of C1s
ince the active sites of the C1r SP domains facing outwards
re easily accessible for the cleavable C1s SP domains. It is rea-
onable to presume that for autoactivation a weaker CCP1/SP
nteraction is more advantageous because the head-to-tail dimer
hould be disrupted during autoactivation in order to make pos-
ible the contact between the zymogen SP domains. Our results
re fully consistent with this picture. After autoactivation the
ead-to-tail dimer arrangement is restored with tighter CCP1/SP
nteraction. Comparing the structure of the active C1r dimer
ith that of the zymogen (PDB code 1GPZ) we can see a larger
CP1/SP contact surface with more noncovalent interactions

n the case of the active species (Table 2). Moreover, loop B
n the active SP domain is more ordered which also indicates

tighter intermolecular interaction. It is very probable there-
ore that the active C1r dimer is more stable than the zymogen
ne and it is fixed during the subsequent steps of the cascade,
.e. C1s activation and the cleavage of C4 and C2 by activated
1s. The C1r–C1r core provides a stable frame for activated
1s, which has to be exposed to the solution to carry out its

unction.

.2. Enzyme–product complex in the crystal

The recombinant CCP1–CCP2–SP fragment – as well as the
atural �B fragment – autoactivates rapidly in solution phase.
he mechanism of the solution phase autoactivation should be
omewhat different from that of the autoactivation of C1r inside
he C1 complex. It seems obvious that in solution phase an
nterdimer mechanism is dominant. Our C1r structure is fully
onsistent with the interdimer mechanism of autoactivation. In
he crystal, there is a symmetric enzyme/product relationship
etween the C1r dimers (Fig. 2A). The crucial S1–P1 salt bridge
etween Asp631 and Arg446 is detectable in the crystal struc-
ure. Our structure is the first example for an autoactivating
nzyme/product complex of an immunologically important ser-
ne protease. An intriguing novel feature of this enzyme/product
omplex is the presence of the intermolecular CCP2/SP interac-
ion. It was shown earlier that the presence of the CCP2 module
reatly enhances the rate of the autoactivation and the C1s
leavage, while the catalytic efficiency towards small synthetic
ubstrates remains unchanged (Kardos et al., 2001). It is very
robable that the CCP modules mediate protein–protein interac-
ions in the enzyme/substrate complex. The C4-cleaving ability
f the structurally related C1s and MASP-2 proteases is also
argely dependent on the presence of the CCP modules (Ambrus
t al., 2003; Gál et al., 2005; Rossi et al., 1998; Rossi et al., 2005).
he CCP2 domain has at least two functions in the catalytic
echanism of C1r: (i) it has exosite on its surface through which

t can strengthen the stability of the enzyme/substrate complex,
nd (ii) due to the flexible CCP2/SP intramolecular interface it
an contribute to the correct positioning of the scissile bond to
he active site of the enzyme during proteolysis. We believe that

he CCP2–SP interactions, both the inter- and intramolecular
nes, play important roles in the autoactivation mechanism of
1r, not only in the solution phase but also inside the C1 com-
lex. Based on our structural data we propose a new molecular
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odel for C1 activation which takes into account the intermolec-
lar CCP2/SP interactions and resolves some contradictions of
he former model.

.3. An improved model for the C1r autoactivation in the
1 complex

In the latest C1r autoactivation model (Fig. 3A), Budayova-
pano et al. hypothesized that the head-to-tail assembly of

he dimeric zymogen C1r molecules (Fig. 3C) is disrupted by
echanical stress upon multivalent binding of the C1q heads to

heir targets (Budayova-Spano et al., 2002a; Budayova-Spano
t al., 2002b; Arlaud et al., 2007). In the C1r dimer the dis-
ance between the activation site of one molecule and the active
ite of the other is 92 Å. The model presents a hypothetical
inear activation complex which is achieved through a mechan-
cal pulling apart of the monomers in well-defined direction.
his model leaves several questions unanswered: (i) our present
ctive dimeric structure and a number of other observations
Arlaud et al., 1980; Arlaud et al., 1986; Kardos et al., 2001)
ndicate that the active form of C1r is a dimer, having similar

olecular arrangement to the zymogen C1r as it was suggested
ased on a 4 Å resolution electron density map (Budayova-
pano et al., 2002a). C1r/C1s complexes with monovalent C1q
inding site such as C1s/C1r� (Busby and Ingham, 1990) or
1-inh/C1r/C1s/C1-inh (Wong et al., 1999) fail to bind to C1q.

t is plausible to presume that prolonged dissociation of the C1r
imer would lead to the disassembly of the C1 complex. If the
inding of the C1q heads to their targets causes a strong mechan-
cal stress that disrupts the zymogen C1r dimer how can the C1r

olecules re-associate while the mechanical pull is constantly
aintained due to the fixed C1q heads? (ii) Budayova-Spano’s
odel supposes that the mechanical stress acts in a proper direc-

ion, although the C1q heads bind to an irregular pattern of
inding sites resulting in an indefinite change of the distances
etween them, even not excluding the possibility of shorten-
ng. (iii) This “linear” activation complex model requires 92 Å
elative movement of the catalytic domain of C1r in the long
xis of the molecules. It is not clear whether sufficient space
ould be created for such a large movement between C1q arms
pon binding of the C1q heads at the surface of the invading
athogen. Gaboriaud et al. (2004) proposed a model of C1 com-
lex with C1r binding sites in the middle of the C1q arms.
ecause the length of the half of a C1q arm is approximately
0 Å (Perkins, 1989) and the dimension of the dimeric catalytic
omain in itself is about 120 Å, a 92 Å movement, if ever, could
e achieved only by fully flattened C1q arms. (iv) The previ-
us models do not take into consideration the role of the CCP2
odule as secondary binding site in the autoactivation process,
hich is suggested by previous results and our present X-ray

tructure.
Here, we propose a new model for C1r activation (Fig. 3B)

ased on the first atomic resolution structure of the functional,

ctivated, dimeric C1r catalytic domain (Fig. 3D and E) taking
nto account and harmonizing with most of the previous obser-
ations and facts. Previously it was reported that there is an
xchange of subunits between C1r dimers suggesting that there
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Fig. 3. Model of C1r autoactivation within the C1 complex. (A) and (B) show alternative mechanisms. C1q arms (grey) and the two C1r molecules (cyan and
magenta) of the core complex of C1 are depicted schematically. Remaining parts of C1q and C1s molecules are not shown. C1r–C1r intermolecular contacts are
marked with orange arrows. Green dashed reference lines show the original positions of the C1q arms. Green arrows refer to the initial displacement of C1q arms upon
target binding and consequent conformational changes of C1r. Enzyme, substrate and product of the autoactivation reaction are labeled as E, S, and P, respectively.
(A) Former proposed mechanism (Budayova-Spano et al., 2002a,b) includes directed displacement of C1q arms causing induced conformational changes in C1r
monomers by pulling them apart. The resulting enzyme/substrate complex contains intermolecular contacts of SP/SP, but not of CCP2/SP. The C1r dimer core cannot
be formed following autoactivation. (B) A relatively small displacement of C1q arms (grey) upon target binding can cause destabilization and dissociation of the
C1r/C1r core complex. The C1r monomers can rearrange as enzyme/substrate complex, and autoactivation takes place. The C1r/C1r core can be easily re-formed
b CCP
e n, resp
t

i
f
1
i
i
f
t

t
t
z

y the activated C1r. In panels (C), (D), and (E) cartoon representation of the
nzyme/product complex and activated dimer core of the new structure are show
he split-and-reassembly mechanism (panel A).

s a kinetic equilibrium between the associated and dissociated
orms although strongly shifted towards the dimer (Dobó et al.,
999). Moreover, it is well known that even without binding to

ts target, C1 complex activates spontaneously (Ziccardi, 1982)
ndicating that the dissociation of the zymogen dimer occurs
rom time to time (One of the role of C1-inhibitor is to neu-
ralize this spontaneous activation.). The binding of C1q heads

r
m
S
v

1–CCP2–SP fragment of zymogen dimer core (PDB code: 1GPZ), activated
ectively. These crystal structures, together with enzyme kinetic studies confirm

o their targets results in a change in the relative position of
he C1q arms. We propose that this movement destabilizes the
ymogen C1r dimer through the C1q binding CUB-EGF-CUB

egion and the equilibrium between the dimer and the dissociated
onomers shifts towards the latter one. After dissociation, the
P modules can find the proper spatial arrangement for autoacti-
ation by accidental rambling, which might be possible because
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f the probable flexibility provided by the five N-terminal C1r
odules and/or their junctions (This flexibility is essential for

oth the previous activation model of Budayova-Spano and our
resent model.). The local concentration of the SP domain inside
he cone of C1q is extremely high compared to the concentration
pplied in experiments where the isolated C1r molecules have
lready activated each other with considerable efficiency in solu-
ion. This large local concentration might facilitate the formation
f the enzyme/substrate complex. Moreover, the CCP2/SP sec-
ndary enzyme/substrate binding site, similar to that observed
n the present structure and revealed by other experiments
Kardos et al., 2001), can help the proper orientation of the
P domains and the temporary stabilization of the activation
omplex. The approximately 90◦ angle of the long axes of the
olecules observed in the CCP1–CCP2–SP enzyme–product

omplex (Fig. 3D) can be attained without the need for the 92 Å
inear movement of the C1r molecules in well-defined direction
s proposed by the previous model (see the schematic represen-
ations of the two activation models for comparison in Fig. 3A
nd B). According to our view, the role of the C1q arms is lim-
ted to the disruption of the CCP1/SP intermolecular interactions
nducing the dissociation of the head-to-tail dimer and facilitat-
ng the formation of the activation complex. After cleavage of the
ctivation sites in the SP domains, the dimeric form with fully
ctive C1r molecules can be easily restored. The equilibrium
ill be likely shifted toward the functional active dimer form due

o the tighter CCP1/SP intermolecular interactions between the
onomers.
C1 complex bears a finely tuned function in activating the

omplement cascade of the immune system. The first step of
his process is the conversion of a mechanical signal that is gen-
rated by binding of the C1q heads to their target molecules, to
nzymatic reaction. This key event is mediated by the autoacti-
ation of C1r. Here, we proposed a model based on the structure
f the active, dimeric C1r catalytic domain shedding light on the
etails of the activation mechanism. Our model presumes sig-
ificant flexibility in the chain of the CUB2–CCP1–CCP2–SP
odules of C1r, similarly to the previous models. It is

ot clear, however, which modules or intermodule-junctions
his flexibility is located on. Future studies could settle this
uestion.
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ong, N.K.H., Kojima, M., Dobó, J., Ambrus, G., Sim, R.B., 1999. Activities
iccardi, R.J., 1982. Spontaneous activation of the first component of
human complement (C1) by an intramolecular autocatalytic mechanism.
J. Immunol. 128, 2500–2504.


	Revisiting the mechanism of the autoactivation of the complement protease C1r in the C1 complex: Structure of the active catalytic region of C1r
	Introduction
	Materials and methods
	Protein expression, renaturation and purification
	Functional characterization of the renatured C1r CCP1-CCP2-SP fragment
	Crystallization and data collection
	Crystal structure determination and refinement

	Results
	Proteolytic activity of the recombinant C1r CCP1-CCP2-SP fragment
	Overall structure of activated C1r CCP1-CCP2-SP dimer
	Crystallographic contacts at the active site
	Novel CCP2/SP intermolecular contacts

	Discussion
	C1r catalytic domain forms a stable head-to-tail dimer
	Enzyme-product complex in the crystal
	An improved model for the C1r autoactivation in the C1 complex

	Acknowledgements
	References


