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Structure and activity of Clr and Cls

By P. E. CARTER, B. DunBAR AND J. E. FOTHERGILL

Department of Biochemistry, University of Aberdeen, Marischal College,
Aberdeen, AB9 14S, U.K.

During activation of the first component of the classical complement pathway the two
zymogen subcomponents, Clr and Cls are converted to active proteolytic enzymes.
Activated Clr cleaves Cl1s which then becomes the activator of C4 and C2. Amino
acid sequence studies of the proteolytic chains of C1r and Cls, carried out in Oxford
and Aberdeen respectively, have shown that they belong to the serine proteinase
family. Modelling of these sequences to the three-dimensional coordinates of
chymotrypsin (Birktoft & Blow 1972) reveals that both molecules have a conserved
structural core, and that most of the differences lie in the external loops. Catalytically
functional residues (Ile-16, His-57, Asp-102, Ser-195) are conserved, and residue 189
is aspartic acid, consistent with the known trypsin-like specificity of cleavage.
Examination of the amino acid sequences of C4a, and comparison with those of the
homologous molecules C3a and Cba, shows that there is a marked difference in the
distribution of basic residues near the C-terminal arginine residue which is the
site of action of Cls. When these amino acid sequences are modelled to the co-
ordinates of C3a (Huber et al. 1980) and docked to the active site of Cls, the basic
residues of C4a appear to interact with two glutamate residues peculiar to Cils,
suggesting that this interaction may contribute to the ability of Cls to discriminate
C4 from C3 and C5.
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INTRODUCTION

The complement system consists of more than a dozen plasma proteins that can be activated
by either the classical or the alternative pathway to produce cell lysis as well as inflammatory
and other reactions important in the body’s defence mechanisms. Activation of the classical
pathway is initiated when antigen—antibody complexes or antibodies bound to cell surface
antigens interact with the first component of complement, C1. The first component consists
of three subcomponents C1q, C1r and C1s that in plasma exist as a Ca?*-dependent complex
(Lepow et al. 1963). Binding of C1q to immunoglobulin leads to the conversion from zymogen
into active enzyme of the two other subcomponents C1ir and Cls. The proteolytic activity of
C1s then leads to activation of C4 and C2, generating the C3 convertase.

B

Amino acid sequence studies of Clr (Arlaud et al. 1982; Arlaud & Gagnon 1983) and Cls
(Carter et al. 1983, 1984) have shown that they are enzymes homologous to the classical serine
proteinases. It has been possible to model the structures of the serine proteinase chains of Clr
and Cls into chymotrypsin coordinates (Birktoft & Blow 1972), and to examine the structural
basis of their activity and specificity.
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MOLECULAR PROPERTIES AND BIOLOGICAL ACTIVITIES OF Clr AnD Cls

In their zymogen form, both C1r and Cls are single polypeptide chains of M, &~ 83000 (Sim
et al. 19777) that readily dimerize, particularly in the presence of Ca** ions. They apparently
occur as dimers in the whole C1 complex in which the molar ratios are 1:2:2 for C1q: Cir:Cls.
On activation the single zymogen chain is split to give two disulphide-bridged chains
(M, = 55000 and = 27000). Incorporation of diisopropylphosphofluoridate shows that the
serine proteinase active site is on the light chain (Barkas et al. 1973; Sim & Porter 1976).

The biological activity of Clr is confined to its activity within the C1 complex, initially as
a means of generating the active enzyme Clr, and then as the activator of Cls to Cls. The
mechanism of Clr activation is poorly understood, but it is thought to be an intramolecular
autocatalytic process (Dodds et al. 1978; Ziccardi 1982). Once activated, CIr then activates
C1s by proteolysis. This activity appears to be remarkably specific for zymogen Cls, since Clr
is unable to cause significant proteolysis of other substrates.

Activated Cls cleaves both C2 and C4, leading to the generation of the C3 convertase.
However, C1s does not cleave C3 or C5, both homologous in structure to C4, nor Factor B,
a structural homologue of C2. The amino acid sequences of the activation fragments of both
human (Moon et al. 1981) and bovine (Smith et al. 1982) C4a indicate that cleavage takes
place at an arginine residue. Arginine residues are also found at the carboxyl terminus of C3a
and Cha (Hugli & Miiller-Eberhard 1978) but Cls is not active in cleaving these bonds.

The naturally occurring plasma inhibitor C1-INH forms a covalent stoichiometric complex
with both C1r and C1s (Harpel & Cooper 1975; Reboul ¢ al. 1977). Reduction of the complex
shows that the inhibitor is bound to the light chains of Cir and Cls, confirming the location
of the enzyme active site.

SEQUENCE ALIGNMENT AND HOMOLOGY OF Clr, C1s AND CHYMOTRYPSIN

Conservation of amino acid sequence between Clr, C1s and chymotrypsin is sufficiently
extensive to allow the three sequences to be aligned using the usual concept of introducing
deletions to maximise homology. This is shown in figure 1 which also indicates the chymotryp-
sinogen numbering system (Hartley 1964) which will be used throughout. The functionally
important residues Ile-16, His-57, Asp-102 and Ser-195 are conserved as well as a large number
of other residues. Pairwise comparison of the sequences shows 45 9%, identity between Clr and
Cls, 389, identity between Cls and chymotrypsin, and 309, identity between Cir and
chymotrypsin. Thus Cl1s and Clr are more similar to one another than either is to
chymotrypsin, although C1s is more like chymotrypsin than is C1r. These degrees of relatedness
are similar to the usual range (29-44 9, identity) found for the mammalian serine proteinases
(Young et al. 1978).

Itis apparent that Clr and C1s share a number of common features. The sequence insertions
at residues 94 and 177 are quite extensive, and both show deletions in the 33—41 region. Both
Cir and Cis lack the proline residue at position 198 that is found in all the other serine
proteinases. Similarly Cys-42 and Cys-58 which form the ‘histidine-loop’ disulphide in most
serine proteinases are missing from Cl1r and Cl1s (Arlaud & Gagnon 1981) but the disulphide
bridges at 168—182 and 191-220 are conserved. The cysteine residue at position 122, which
is connected to the A chain in chymotrypsin, is conserved and probably forms the disulphide
bridge to the heavy chain, as its analogue in prothrombin and plasminogen does.
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Cls[rt1cg]so DIKNFPWQVFFDEP————WAGGALINEYWVLTAAHVVEGNREP

Chy IGEE VPGSWPWQVSLQDKTGFHFCGGBLINENWVTAAHCGV —————

Clr lz 1 cglox KMGNFPWQVF—TEIHGR——GGGALLGDRWIL'I’AAHVTLYPKEHE
(16 1 (41

) (51) (61)

Cls T------- MY STS [s]r L alk]s x mfL]T P E B IGWKLLEVE]EGETNF

Chy ----rtrs|pvv a G E F plolclsfs s E|x]T @ xJL|k T A KNSKY-=-=-~==--=-- N

Clr AQSNASLDVPLHTN -------- EE[L]- - M LGNIRRVSVHBDYE‘QDE
(61) 91)

(71) (81)

Cls D———-NDIALVRLKDPKMGPTVSPICLPGT5NLMDGDLGLI——-ISG
Chy SLTINNDILLKLST}\ASFSQTVSCLPSASD FAA--fgjrTcv---TrT]c
Clr SYNPEGDIALLELENSHTLNLLPICLPDNDTF ————— prcoimcyvlse

(101} (111) (121) (131)

Cls WGR-—TBKRDRAV KAARLPVAPLRKCKEVKVEKPTRBAEAYTPNMI

Chy woltrryTNANTPD oolalsle e L sNTNJekfx Y WG TIK|T K = - - - - - - - - D AfM I

Clr PGV—-M@EK— AHD RFVRLPVANPQACENWLRGKNRMB——-—SQNHF
141 (171)

I
41) (151) (161) 7 (181)

CIS CAGIGEKGM - KGDSGGAFAVQDPNDKGKFYAAGLVSWG—PQ --

ChyCRGASGV——S M|G D S G G{P L -JVjC K K|N|- -{G|A TLV[GIVSWGISST TS E

Clr C A GJH PSLKOQIDA QGDSGGVFRVRDPNTDR— VATIGIVSWG|-TIG R -G
(211 (221)

(191) (201) 11)

Cls LYTRV’KNYVDWXHKTMQSTPRED
Chy vl¥ RanLvmvaQTLAA
Clr FYTKVLNYVDWIKEEED

(241)

(231)
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Ficure 1. The amino acid sequences of chymotrypsin (Hartley 1964), and the light chains of CIr (Arlaud & Gagnon
1983) and Cls (Carter ¢f al. 1984) have been aligned by introducing gaps to maximize the homology among
the sequences. Residues that are identical in at least two of the sequences have been enclosed. The
chymotrypsinogen numbering system has been used (Hartley 1964).

MoODELLING OF Clr AND Cl1s TO THE CHYMOTRYPSIN COORDINATES

The relatively high degree of homology shown by the amino acid sequences of C1r, C1s and
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chymotrypsin suggest that it should be possible to build the C1r and Cls structures into the
coordinates established by X-ray diffraction for chymotrypsin (Birktoft & Blow 1972). Two
main features become apparent. Firstly, the identical residues and the conservative replacements
are largely concentrated in the centre of the molecule. Figure 2 shows the conserved residues
in C1s and Clr, and it is obvious that they form the structural core of the molecule, providing
the framework that allows the catalytic residues to be held in their appropriate positions.
Secondly, the replaced residues (figure 2) and the insertions and deletions (figure 3) are mainly
associated with external loop regions of the molecule. There are several insertions including
particularly extensive ones at residues 94 and 177. These have not been included in the a-carbon
skeleton, but from model-building it appears that all the insertions and deletions can be
adequately accommodated without disturbing the main structural core. As with the other serine
proteinases, the positions of some of these insertions and deletions correlate with intron—exon
junctions, but others do not (Craik et al. 1983).

B

A model has been built of the C1s light chain structure using a scale of 1 cm = 0.1 nm. The
basic assumptions are that identical residues in the amino acid sequence will occupy identical

positions in the tertiary structure and that dihedral angles will be maintained as far as possible
at replaced residues. The model building proved quite satisfactory in most positions, although
the proline replacements were somewhat more difficult. The overall impression is that the shapes
of C1r and Cls are quite similar to chymotrypsin but that they have two large extra external
loops close together on one side. The disulphide link to the heavy chain at residue 122 is in
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a position that would be quite consistent with such a function. The physical model is particularly
helpful when considering the interaction with the substrates.
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76 76

Ficure 2. The a-carbon ribbon backbone of chymotrypsin (Birktoft & Blow 1972) modified according to the
alignment of figure 1 to show identical residues (@) and conservative replacements (0). (a) Clr, (4) Cls.

RVSVHPDYRQD

Ficure 3. The a-carbon ribbon backbone of chymotrypsin (Birktoft & Blow 1972) modified according to the
alignment of figure 1 to show deletions by cross-hatching and insertions by dotted line or symbol. The amino
acid sequences to be inserted are shown in single letter code reading in the N- to C-terminal direction. (a) Clr,
(b) Cls.
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AMINO ACID SEQUENCES AND MODELLING OF SUBSTRATES

The three complement components C3, C4 and C5 are known to be homologous in several
respects. From the point of view of substrate specificity for C1s the important regions are those
containing the site of cleavage around the arginine residue near position 77 in the a-chain
(Human C1s cleaves both human and bovine C4 (Booth et al. 1979)). A comparison (Smith
et al. 1982) of the amino acid sequences of human and porcine C3a (Hugli & Miiller-Eberhard
1978), human (Moon et al. 1981) and bovine (Smith ef al. 1982) C4a, and human (Hugli &
Miiller-Eberhard 1978) and porcine (Gerard & Hugli 1980) C5a shows that all of these
molecules contain the unusual ‘disulphide knot’ arrangement of six cysteine residues as well
as a number of other conserved residues. When the sequences are aligned from the carboxy-
terminal arginine residue (figure 4) it is apparent that there is a significant difference in the

human C3a RQ|H|A|[RIASHLGLAR
porcine C3a Q Q|H|S|RI[INKP L GL AR
human C4a K K[SIR|D|KIGQ A GL QR
bovine C4a K K|AIR|ITIRIGQ VG LAR

human Cba ANIWIHKIDMQLGR

porcine Cba AEQS|HKINIQLGR

65 67 69 71 73 75 77

FicURrE 4. An alignment of the C-terminal sequences of human and porcine C3a (Hugli & Miiller-Eberhard 1978),
human (Moon et al. 1981) and bovine (Smith ef al. 1982) C4a and human (Hugli & Miiller-Eberhard 1978)
and porcine (Gerard & Hugli 1980) Cbha. Basic residues that are conserved in both sequences have been
enclosed. The preceding residue in all sequences is the totally conserved arginine residue (for general alignment
see Smith ef al. 1982). The numbering system is based on C3a.

distribution of basic side chains. The sequences of C3a, C4a and Cb5a are sufficiently similar
to allow them all to be built into the X-ray diffraction structure for C3a (Huber ¢f al. 1980).
The relevant features of this structure are the central core of the three disulphide bridges making
the ‘disulphide knot’, and the a-helix extending through this central knot towards the
carboxy-terminal arginine residue. The regularity of the a-helix is somewhat distorted within
the last few residues of the structure. This then provides a structural model for ‘docking’ against
the active site cleft of Cls to examine more closely the enzymic specificity.

STRUCTURAL BASIS OF THE ENZYMIC SPECIFICcITY OF Cls

The most obvious relevant point about the structures of C1r and Cls is that they both have
an aspartate residue at position 189 which is characteristic of trypsin and the other serine
proteinases that are specific for basic side chains. This fits well with the observation that the
carboxy-terminal residue of the heavy chain of Cls is thought to be arginine, which on the
zymogen occurs immediately before the isoleucine-16, the amino terminal activating residue
of the light chain. This specificity can clearly give rise to active Cls in the classical manner

[ 19]
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described for chymotrypsin. However, the very restricted activity of Clr in cleaving only
zymogen Cls at this position cannot yet be explained.

The occurrence of arginine residues at the carboxy-termini of the two C4a sequences is also
consistent with an aspartate residue at position 189. However, other activation fragments, C3a
and Cba also have an arginine residue at the corresponding position, yet are not generated
by the action of Cls.

245

\
HCH
HCH HGH
HEH oco
oco

Ficure 5. The a-carbon ribbon backbone of chymotrypsin (Birktoft & Blow 1972) modified to show the approximate
positions of Glu-170 and Glu-174 of the C1s light chain, which are thought to interact with the basic side chains
of the C4a C-terminal sequences (see figure 4).

We can now examine the interaction of the C4a, C3a and C5a molecules, built into the C3a
X-ray structure, with the model of C1s. (We are not yet able to examine the sequence on the
carboxyl side of this arginine residue, but the gene sequences should soon make this possible.)
We can then ‘dock’ the C4a, C3a and Cba structures against the active-site cleft of Cls, by
setting the carboxy-terminal arginine residue so that the guanidinium group interacts at Asp-189
and the carboxyl group at Ser-195. If we now inspect the interaction of the side chains of this
near helical structure with the Cl1s molecule we see that there are two glutamate residues at
positions 170 and 174 of Cls (figure 5) that could interact by salt bridge formation with the
basic residues of C4a. If water is adequately excluded, these salt bridges could contribute to
the specificity of interaction of C1s with C4. Similar comparisons with C3a and C5a do not

[ 20]
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show any significant interactions of this type. None of the sequences of the other serine
proteinases contain two carboxylate residues in the positions corresponding to Glu-170 and
Glu-174 of Cls.

We should like to thank Dr Linda Fothergill, Dr Jean Gagnon, Dr Herman Watson, Professor
Tom Blundell and Professor David Blow, for helpful discussions, and the Medical Research
Council and the Science and Engineering Research Council for financial support.
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