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Abstract

Clq is the first subcomponent of the classical pathway of the complement system and a major
connecting link between innate and acquired immunity. As a versatile charge pattern recognition
molecule, C1q is capable of engaging a broad range of ligands via its heterotrimeric globular
domain (gC1q) which is composed of the C-terminal regions of its A (ghA), B (ghB) and C (ghC)
chains. Recent studies using recombinant forms of ghA, ghB and ghC have suggested that the
gClg domain has a modular organization and each chain can have differential ligand specificity.
The crystal structure of the gC1qg, molecular modeling and protein engineering studies have
combined to illustrate how modular organization, charge distribution and the spatial orientation of
the heterotrimeric assembly offer versatility of ligand recognition to C1q. Although the
biochemical and structural studies have provided novel insights into the structure-function
relationships within the gC1q domain, they have also raised many unexpected issues for debate.
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1. Introduction

Clq is the first subcomponent of the classical pathway of complement activation and a
major connecting link between classical pathway-driven innate immunity and 1gG- or IgM-
mediated acquired immunity. The C1q molecule is made up of six copies of three
polypeptide chains: the A-chain (223 residues), the B-chain (226 residues) and the C-chain
(217 residues) [1-4]. Each of these chains has a short three to nine residue amino-terminal
region, containing a cysteine residue, followed by a collagen-like region (CLR) of ~81
residues and a carboxy-terminal globular head module (ghA, ghB or ghC) of ~135 residues
[5]. The globular head modules from the different chains combine to form a heterotrimeric
globular head domain (gC1q) via conserved hydrophobic patches. The gC1q domain, which
is believed to be the nucleation point in the formation of the C1q molecule, is further
stabilized by the CLR before a combination of intra-chain and A to B and C to C inter-chain
disulfide bonds yield the structural unit: six chains forming two gC1q domains covalently
linked by the inter C-chain disulphide bond. Three of these structural units then associate via
strong non-covalent bonds in the fibril-like central portion to yield the hexameric C1q
molecule that has a tulip-like structure [6,7].

In the classical complement pathway, the binding of C1q to 1gG- or IgM-containing immune
complex (IC) leads to the auto-activation of C1r, which, in turn, activates C1s. C1r and C1s,
the two serine protease proenzymes, together with C1q constitute C1, the first component of
the classical complement pathway [2]. The activation of the C1 complex (C1q + C1r, +
C1sy) subsequently leads to the activation of the C2—-C9 components of the classical
pathway and formation of the terminal membrane attack complex (MAC) [3].

2. Clqg is aversatile innate immune molecule

In addition to being the target recognition protein of the classical complement pathway, C1q
is also involved in a number of other immunological processes (Table 1), including
maintenance of immune tolerance via clearance of apoptotic cells, phagocytosis of bacteria,
neutralization of virions, cell adhesion, and modulation of dendritic cells (DC), B cells and
fibroblasts. Its ability to carry out such diverse functions is aided by its capacity to engage a
broad range of ligands, such as envelope proteins of certain retroviruses, B-amyloid fibrils,
lipopolysaccharides (LPS), porins from Gram-negative bacteria, phospholipids (PL),
apoptotic cells and some acute phase reactants including pentraxins (Table 2). The
polyanionic nature of these ligands appears to suggest that C1q recognizes a pattern of
charged residues or groups [7].

Clqis typically a very efficient scavenging molecule, which mostly modulates pro-
inflammatory responses. It has been shown to be involved in neurodegenerative diseases
such as Alzheimer's disease, familial dementia and prion disease [8], while its deficiency has
been linked to systemic lupus erythematosus (SLE) and glomerulonephritis [9].

3. The ligand recognition domain, gC1q, has a modular organization

As a charge pattern recognition molecule of innate immunity, C1q interacts with the
majority of its known ligands via the gC1q domain. Given the heterotrimeric organization of
the gC1q, it has been debated whether the carboxy-terminal globular head modules of the
human C1q A, B and C chains are functionally autonomous, with ghA, ghB and ghC having
distinct binding properties, or that the ability of C1q to bind its ligands is dependent upon a
combined, globular structure [10,11]. To address this question, recombinant forms of ghA,
ghB and ghC modules have been expressed in bacteria and examined for their specific
interactions with ligands known to bind C1q. These include aggregated 1gG and IgM, human
immunodeficiency virus-1 (HIV-1) transmembrane envelope glycoprotein gp41 peptide
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601-613, human T cell lymphtropic virus-1 (HTLV-I) gp21 peptide 400-429, 3-amyloid
peptide (AB1-42), and apoptotic cells [11]. The ghA can bind heat-aggregated 1gG and IgM,
in addition to binding specifically to HIV-1 gp41-derived loop peptide; the ghB prefers
aggregated 1gG to IgM, in addition to binding BA1-42; whereas the ghC shows preference
for IgM as well as HTLV-1 gp21 peptide. Both ghA and ghB can independently inhibit C1g-
dependent hemolysis of 1gG- and IgM-sensitized sheep erythrocytes, ghC being a better
inhibitor than ghB in case of IgM-coated erythrocytes [12—-14]. Thus, each module within
the gC1q domain appears to fold and function with some degree of autonomy, suggesting
that they probably evolved as functionally specialized modules.

4. There is a structural basis to the modular organization of the gClq

domain

The X-ray crystal structure of the gC1q domain of human C1q (1.9 A resolution; PDB code:
1PK®6), which was based on the structure of adipocyte-specific complement-related protein
of 30 kDa (ACRP30) [15] and collagen X [16], has confirmed the modular organization of
the domain. The gC1q structure revealed a compact, spherical heterotrimer (50 A diameter)
with a non-crystallographic pseudo-three-fold symmetry. Each of the individual globular
head modules, with their N- and C-termini emerging at the base of the trimer, has a jellyroll
topology consisting of a 10-stranded B sandwich made up of two 5-stranded anti-parallel
sheets (Fig. 1; ribbon diagram shown in color) [4]. The gC1q is held together predominantly
by non-polar interactions, with contributions from a series of interactions along its three-fold
axis that include hydrogen bonds, a well-exposed Ca2* ion located near the apex and main-
chain polar interactions. Additional lateral interactions, which are hydrophobic at the base,
and polar and hydrophilic towards the apex, further stabilize the heterotrimeric assembly.

The three modules within gC1q, ghA, ghB and ghC, show clear differences in their
electrostatic surface potentials, which in part explains their modularity in terms of ligand
recognition [4]. Modules ghA and ghC both show a combination of basic and acidic residues
scattered on their external face, whereas module ghB shows a predominance of positive
charges, especially a continuous patch of arginine residues (Argl91, Arg!14 and Arg129),
which have been implicated in the C1g-IgG interaction [17,18]. Several hydrophobic
residues are exposed on the external face of each module, but only ghC displays solvent-
accessible aromatic residues. Thus, the modular organization of the heterotrimeric assembly,
together with different surface charge patterns and the spatial orientation of individual
modules, enables gC1q to interact with a diverse range of ligands (Fig. 2) [4,10,11].

In contrast to this divergence in the individual modules, their core p-sandwich scaffold is
well conserved and is also found in a variety of functionally diverse non-complement
proteins including collagen V111 and X, precerebellin, hibernation proteins, multimerin,
ACRP30/adiponectin, saccular collagen, and elastin microfibril interface located protein
(EMILIN) (Fig. 3) [6,7,19], as well as in members of the tumor necrosis factor (TNF) ligand
superfamily [15,20,21]. This suggests that although the individual modules of the
heterotrimeric gC1g may have evolved with different functional capabilities, the core gC1q
three-dimensional structure has been conserved to coordinate the diverse functions of the
individual modules and those of other proteins in the C1q family.

5. The ghB module appears to have a central role in the C1g-IgG
interaction

Human C1q shows only weak binding to the Fc regions of non-aggregated 1gG (functional
affinity constant, K= 4 x 103 M1 to 5 x 10* M~1) [22-24]. However, when presented as
multiple, closely spaced Fc regions, as found in IC, the strength of binding of the hexameric
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C1q to IgG increases dramatically (K= 107 M~ to 108 ML) [24]. This interaction is
predominantly ionic in nature [25].

Various research groups have attempted to identify the 1gG residues involved in binding
gC1q. Initially, three residues from murine 1gG2b, Glu318, Lys320 and Lys322, which are
conserved across the different IgG isotypes, were proposed as being important, but not all
isotypes fix complement [26]. Studies by Idusogie et al. using a chimeric monoclonal
antibody rituximab, which contains a human 1gG1 constant region, have highlighted that the
region containing Glu318, Lys320 and Lys322 is likely to be one of several possible C1q
binding sites. However, alanine substitutions at positions Glu318 and Lys320 in rituximab
had no serious effect on C1q binding or complement activation. Instead, alanine substitution
at positions Asp?70, Lys322, Pro329 and Pro33L significantly reduced the ability of the
chimera to bind C1q and activate complement [27,28]. Gaboriaud et al. [4] have proposed
that the gC1qg may also bind to the Fab region through interactions with the light chains.
Consequently, apart from identifying some of the critical 1gG residues involved in the C1g-
IgG interaction, all of these studies imply that the structure of the hinge region in the various
IgG isotypes, which provides them with different levels of flexibility in the region near the
Cy2 domain, may affect access of the C1g molecule to the 1gG binding site.

The complementary 1gG binding sites on the gC1q domain have recently been identified via
mutational analysis [18] and molecular modeling based on crystallographic data [4].
Experiments involving chemical modification of arginine and histidine residues and
subsequent cross-linking to heterologous 1gG have implicated Arg!4, Argl2% and Argl63 in
ghB, Argl62 in ghA and Arg%6 in ghC in this interaction [17]. Site-directed mutagenesis
studies, however, have given more precise clues on the nature of the gC1g-IgG interaction
[18]. These involved engineering a series of single residue mutations in individually
expressed modules, such as substituting specific arginine (R) residues with either alanine
(A), glutamate (E) or glutamine (Q), or replacing histidine (H) residues with either alanine
(A) or aspartate (D), and then comparing the ability of these mutant modules to compete
with their wild-type counterparts in binding heat aggregated 1gG. Substitutions with
negatively charged glutamate or aspartate residues led to a larger decrease in the 1gG
binding by the mutants compared to their corresponding alanine substitutions, confirming
the ionic nature of this interaction. Substitution of Argl14 of ghB with either alanine (ghB-
R114A) or glutamate (ghB-R114E) caused maximum reduction in 1gG binding (~50%),
highlighting a major role for Arg!1 of the human C1q B chain in the C1g-1gG interaction.
A further mutation of Arg14 to glutamine confirmed that the reduction in binding was due
to the removal of the arginine residue rather than the physical properties of either the alanine
or the glutamate residues. Wild-type ghA and ghC modules both significantly inhibit 1gG
binding by C1q. The substitution of Arg!62 of ghA and Arg1%6 of ghC with alanine (ghA-
R162A, ghC-R156A), or glutamate (ghA-R162E, ghC-R156E), led to ~20% reduction in
this inhibition, which indicates that although they are probably involved in the IgG-ghA and
IgG—ghC binding regions, they may not be the critical IgG binding residues of these
modules. Thus, these mutational studies not only suggest that the ghB module has a
dominant role in the gC1g-lgG interaction, but that Arg'14 of ghB is the key residue, and
Arg129. Argl63 and His!l? of the same module have complementary roles.

The crystal structure of the gC1q of human C1q has revealed that Arg162 of ghA and Arg16
of ghC are engaged in internal salt bridges with Asp9! of ghA and Glul87 of ghC,
respectively, and hence are unlikely contributors to the C1g-lgG interaction within a
heterotrimer [4]. However, the ghB module, which is the most accessible of the three
modules, has a predominantly positively charged outer surface distinguished by the presence
of the three basic amino acids: Arg%1, Arg114 and Argl2®, two of which have already been
described as important in the IgG—C1q interaction [17]. Even though in the crystal structure
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Argl14 and Arg!2? are shown to have ordered structures, this is probably due to the
stabilizing effects of crystal contacts and like Arg163 they are likely to be available for
ligand binding in solution. Thus, the most attractive structural model which attempts to
describe C1q-lgG interaction positions the two molecules in such a way that Asp27? and
Lys322 of 1gG form salt bridges with Arg!2? and Glul62 of the ghB, respectively, with
additional ionic interactions provided by Arg!14 and Arg61 of ghB. In this orientation, the
Arg129 appears to “act like a wedge’ between the Cy2 and the light chain constant (CL)
domains [4]. Gaboriaud et al. [4] have contemplated that the gC1q may bind to the Fab
region as well through interactions with the CL domain. Thus, Fab/Fc orientation may be a
critical factor in dictating access of the ghB module to Cy2 domain. This is consistent with
the biochemical studies which suggest a limiting role of the hinge region, and hence isotype
specificity in the C1g-IgG interaction.

6. The interaction between gClq and C-reactive protein-complexes involves
multiple modules

The versatile nature of C1q is further demonstrated by its interaction with the complexes of
human C-reactive protein (CRP), a major acute phase protein, which activates the classical
complement pathway [29,30]. The CRP molecule has five identical, 206 amino acid long
subunits, held together through non-covalent interactions and arranged with pentameric
symmetry around a central pore (Fig. 1). The crystal structures of the protein reveal a
flattened jellyroll appearance for each subunit (A, B, C, D and E) that is made up of two
anti-parallel -sheets and a single short a-helix [31,32]. CRP readily forms complexes, in a
Ca?*-dependent manner, to substances with exposed phosphocholine (PCh) groups, such as
C-polysaccharide (CPS) of the cell wall of Streptococcus pneumoniae, oxidized low-density
lipoprotein (oxLDL), and apoptotic cells [33-37]. The PCh-binding site, located at the Ca2*-
binding site, is present on each CRP subunit. All subunits have the same relative orientation
in the pentamer and all five PCh-binding sites fall on the same pentameric face, commonly
known as the ‘recognition face’. The pentameric surface opposite to the recognition face of
CRP is designated as the ‘effector face’ of the protein [29-32].

Activation of the classical complement pathway initiated by the binding of C1q to ligand-
bound CRP is reported to participate in several proposed anti-inflammatory actions of CRP
such as phagocytosis of apoptotic cells and protection from S. pneumoniae infection [35,38—
40]. However, the mechanism of action of CRP following C1q binding is not completely
understood, as CRP-C1g-mediated complement activation does not proceed to completion.
The process generates C3 convertase but does not result in the formation of an effective C5
convertase. Therefore, pro-inflammatory molecules like C5a are not produced and assembly
of the MAC of the complement pathway is prevented [41-43]. Presumably, the ligands
bound to CRP and opsonized by C3 fragments alone under the actions of C3 convertase are
targeted for opsonophagocytosis. Thus, C1q assists CRP in playing its opsonic role and in
acting as an anti-inflammatory acute phase protein of the innate immune system.

While no structural detail for CRP-ligand complexes, which effect C1g-binding and
complement activation, has yet been reported, the C1g-binding region on CRP has been
defined. Site-directed mutagenesis initially identified residues Aspl12 and Lys'14 as
important in the CRP—C1q interaction [44]. Subsequently, the crystal structure [31] revealed
a striking extended cleft on the effector face of CRP, which starts at about the center of each
subunit and extends its edge to the central pore of the pentamer. The cleft, which is deep and
narrow at its origin but opens up and becomes wider and shallow towards the center of the
pentameric ring, incorporates Asp!12 and was proposed as the possible C1q binding site
[31]. Subsequent site-directed mutagenesis of amino acids located in the CRP cleft revealed
that the wider and shallow end of the cleft, which is close to the pore, provided
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accommodation for C1q [45]. The wider portion of the cleft is bound by the 112-114 loop
on one side, the 86-92 loop, the C-terminus, and Tyrl7> of the helix 169-176 on the other.
Tyrl75, Aspl12, Glu®8, His38, and Asnl58 in each CRP subunit contribute to the structure and
topology of the C1qg-binding site [45]. Asp12 and Tyrl7> appear to be the contact residues
and participate directly in CRP-C1q interactions. Glu88 influences the conformational
change of C1q necessary for complement activation, while His38 and Asn1®8 probably
contribute to the geometry of the binding site. In addition, Lys!14, possibly from two
adjacent subunits, also affects binding of CRP to C1q with the positive charge of Lys!14
hindering binding of C1q [44,45]. Molecular modeling has suggested that this may be due to
the C1q Lys residues directed towards the negatively charged residues of the CRP pore [4].
The conformation of the CRP cleft is not changed by the presence or absence of Ca%* at the
recognition face [31,46] consistent with reports that CRP-polycation complexes, that do not
require either CaZ* or the critical residues from the PCh-binding site, are avidly recognized
by Clq [37,47].

Deposition of CRP on an appropriate multivalent ligand-bearing surface through the
recognition face will present the effector face for C1q recognition, and it is now clear that
the gC1q, rather than the CLR [48], is recognized and bound [45]. Further evidence is
provided by long pentraxin 3 (PTX3), a protein containing a CRP homology domain, which
has recently been shown to bind the gC1g domain as well as recombinant ghA, ghB and ghC
modules [49]. Agrawal et al. [45] suggested that only one gC1q could be accommodated per
CRP pentamer and that the binding site involved more than one CRP subunit. Assuming that
efficient CRP—C1q binding and complement activation requires multiple gC1q interactions
for each C1q molecule, the presence of five equivalent gC1q binding sites on each of an
array of CRP pentamers will provide the opportunity for multiple interactions without the
need for structural rearrangement [45]. C1q binding by CRP is effected only by the binding
of CRP to an appropriate physiological ligand and it has been suggested that this results in a
conformational change in the CRP structure, either within each subunit or in the form of a
change in their relative disposition within the pentameric ring [31,45]. This conformational
change may fully open the C1q recognition site facilitating relaxed binding of C1q for
further interactions with the components of the complement pathway.

The recent determination of the structure of gC1q has provided further evidence for the
proposed gC1g—CRP interaction both directly and in the form of a model of CRP complexed
with gC1q [4]. The features of this model are informative with regard to the structure and
topology of the CRP-binding site on gC1q. The effector face of one pentamer of CRP can
accommodate a single gC1q domain with its crown docked within the negatively-charged
central pore and its surrounds, resulting in contact between key CRP residues and the
predominantly basic crown of gC1q (Fig. 1) [45]. Since CRP has a five-fold axis of
symmetry, gC1q can interact with CRP in one of five equivalent orientations. The starting
point for the refinement of the model of the CRP—-gC1q interaction aligned basic residues of
gC1q with the CRP cleft region and CRP Asp!12 and Tyrl’> in particular. In the resulting
best-fit model Gaboriaud et al. [4] report that CRP Tyrl7® (subunits A and D) is within H-
bond distance of gC1q residues Tyrl7> (ghB) and Lys2%0 (ghA) respectively, with CRP
Tyrl7> (subunit E) at 4A from the gC1q Trp4 (ghA). The proposed model was found to be
sterically restrained, consistent with the requirement for ligand-bound CRP and associated
conformational change within either the protomer or the pentameric ring [4,31,45].

7. Highly variable residues on the gC1q surface may confer differential
ligand specificity to each module

The ability of C1q to bind a large variety of ligands is the key factor influencing the range of
biological processes affected by it (Tables 1 and 2). This, together with the specific binding
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properties of the ghA, ghB and ghC modules, gives another dimension to the functional
versatility of the C1q molecule. However, the basis for binding all these ligands is still
unclear, except for IgG and CRP. Since the X-ray crystal structure of the native gC1q
domain of human C1q is available [4], we analyzed modules ghA, ghB and ghC
individually, using a computer program called ‘ConSurf’, in order to identify functionally
critical residues. Given the three-dimensional structure of a protein domain as an input,
ConSurf [50] carries out a search for close homologues of the protein in the SWISS-PROT
database [51] using PSI-BLAST [52]. Once the homologues have been identified, a multiple
sequence alignment is created using CLUSTALW [53]. A phylogenetic tree for the
homologous sequences is built using this alignment. ConSurf then calculates conservation
scores for each residue position. These conservation scores are subsequently mapped onto
the three-dimensional structure in order to provide a view of the conserved and variable
residues of the protein.

ConSurf is usually used to identify residues that are highly conserved within a protein
family. However, we believe that in a group of proteins that have a conserved three-
dimensional structure but have distinct functions, the functionally important residues will be
the most different. Therefore, we used ConSurf to identify the most variable residues within
each C1q module compared to a set of other gC1q containing proteins (Fig. 3). We
concentrated on the regions that were more variable in the alignment of each module with
the rest of the members of the C1q family (Table 3). In order to ensure reliable identification
of functionally important residues, several runs with increasing number of homologues were
performed using a high £-value cut-off of 0.001. A separate run using a curated multiple
sequence alignment for the gC1q domain with the 12 homologues available from the PFAM
database of protein families was also used [54].

As expected, nearly all the residues identified as highly variable appeared to lie on the
surface of gC1q heterotrimer (Fig. 2). ConSurf identified ghA-Lys2%0 and ghB-Tyrl7® as
highly variable residues, which have been proposed to be involved in the gC1g—CRP
interaction [4]. The ghB-Arg!4, ghB-Argl2% and ghB-Glu'62, which are considered central
to the gC1g-1gG interaction, were also identified as highly variable. The ConSurf program
concurs with different experimental and computational studies that suggest that the ghA-
Arg162 has only a complementary role in binding 1gG as a soluble monomer. However, two
adjoining residues (ghA-Val61 and ghA-Argl63) were identified as functionally significant.
The binding site of HTLV-1 gp21 syncytium peptide is believed to be hydrophobic in nature.
The ghC-His!01, ghC-Prol93 ghC-Alal%5 and ghC—Pro0 form a hydrophobic patch on the
surface of the ghC module. It is possible that these residues are important in binding HTLV-
| gp21 peptide. It is interesting to note that there are five arginine and four lysine residues
identified by ConSurf as most variable in the ghB module compared to two arginine and one
lysine residues in each of the ghA and ghC modules. It is likely that the ability of Clq to
bind polyanions is largely dependent on the ghB module.

8. Conclusions and perspectives

It has long been debated whether the heterotrimeric globular head region of C1q needed a
combined effort from all three chains (ghA, ghB and ghC) for its recognition properties. It is
increasingly becoming evident that each module within the gC1q domain has a fair degree
of structural and functional autonomy. The concept of modularity within the gC1q domain,
initially considered provocative, has recently been supported by the gC1q crystal structure
and molecular modeling. The spatial orientation of the three modules appears to offer
flexibility of ligand recognition to the heterotrimeric gC1q domain. This is illustrated by the
equatorial position of the ghB module, which seems best placed to interact with 19gG. The
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proposed involvement of the Fab/Fc interface and a direct access of 1gG-bound antigen to
C1q are exciting additions to the knowledge of gC1g-IgG interaction.

The structural and functional anatomy of gC1q, combined with the studies on C1g—CRP
interactions, provides important clues on the functional consequences of binding of PCh-
containing substances (bacteria, modified LDL, apoptotic, damaged and necrotic cells) to
CRP. The multiple binding of PCh, as part of a physiological ligand, to CRP may bring CRP
pentamers close together, thus facilitating C1q binding and complement activation. If a
slight structural change in CRP is necessary as proposed, it may occur simultaneously with
the binding of multiple gC1q domains from one molecule of C1q to multiple CRP molecules
arranged on the PCh-rich ligand.

The C1g-1gG interaction activates the classical complement pathway leading to the
generation of MAC, whereas interaction between C1q and ligand-bound CRP activates
complement to form C3 convertases with no generation of MAC. The circumstances for the
failure of PCh—-CRP-C1q complex to lead to the formation of MAC are unresolved,
although a Factor H-dependent mechanism has been indicated [35,42]. Here we present two
possible scenarios. In the first, a PCh-containing target such as a damaged cell, which is
decorated with bound CRP, is unlikely to offer enough space on its surface for the assembly
of the multi-protein complex MAC because of its huge molecular architecture. Indeed, it has
been shown that CRP protects assembly of MAC on the targets bound to CRP [35,55]. The
extent of complement activation by CRP complexed with a target with an irregular
distribution of fewer PCh moieties has yet to be determined. The second possibility revolves
around the hypothesis that C1q recognizes CRP and IgG through different mechanisms,
which is supported by the recent modeling data [4]. In the two proposed recognition modes
of gCl1q, IgG is recognized by the equatorial region of a single chain of gC1q (ghB) while
CRP is recognized by the top of the gC1q involving all three chains (ghA + ghB + ghC). It is
possible that the orientation of gC1q on ligand-bound CRP is central to the inability of CRP-
activated complement to proceed through C3 to MAC.

The availability of the recombinant forms of the wild-type and mutant ghA, ghB and ghC
modules has made it possible to examine their interactions with a range of ligands which are
known to bind via gC1q. Site directed mutagenesis of highly variable residues identified
using ConSurf may lead to a better definition of ligand binding sites in each of the modules.
A tentative assembly of C1g homotrimers /n silico has been shown to result in severe steric
hindrances, especially at the level of lateral contacts, providing a structural basis for the
assembly of protomers only as heterotrimers [4]. This raises the possibility that denaturation
and renaturation procedures using equimolar concentrations of ghA, ghB and ghC modules
could yield a recombinant heterotrimeric gC1q domain. Generation of such a molecule could
allow inclusion of the point mutants of ghA, ghB or ghC modules individually. This would
facilitate the study of the effects of single residue mutations on the structure-function
relationship, and structure determination of the gC1qg complexed with a range of ligands.
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globular domain of C1q and similar signature domains of members of

the C1q family

the carboxy-terminal, globular head regions of C1g A, B and C chains,

respectively

collagen-like region

membrane attack complex

dendritic cell

lipopolysaccharides

phospholipids

systemic lupus erythematosus
human immunodeficiency virus
human T-cell lymphotrophic virus
B-amyloid peptide residues 1-42
adipocyte-specific complement-related protein of 30 kDa
elastin microfibril interface located protein
tumor necrosis factor

immune complex

light chain constant region

human C-reactive protein
phosphocholine

C-polysaccharide

oxidized low-density lipoprotein
pentraxin 3

phage shock protein A

epidermal growth factor like module
monocyte chemoattractant peptide
mitogen-activated protein kinase
serum amyloid protein

familial British dementia

familial Danish dementia
histidine-rich glycoprotein
non-immunoglobulin salivary agglutinin
outer membrane protein

human neutrophils peptide
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Fig. 1.

Schematic illustration of the overall fit between gC1q [4] and one pentameric molecule of
CRP [31]. (a) The separation and relative orientation of the two molecules are arbitrary with
no specific interactions between the two implied. Highlighted on the CRP molecule are the
key residues (Asp112, Lys114, Tyrl75) shown by mutagenesis to be involved in the
interaction with gC1q [45]. (b) Highlighted on the gC1q molecule (ghA shown in blue, ghB
in greenand ghC in red) are the residues which interact with CRP following modeling
procedures. The starting CRP—gC1q model was designed to facilitate exploration of the
potential gC1q interaction with CRP Asp12 and Tyrl7> [4]. The gC1q residues shown are
ghB-Tyrl75, ghA-Lys2%0 and ghA-Trp4’. Figure drawn using MOLSCRIPT [137].
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Fig. 2.

Conserved and variable residues in the gC1qg domain. The most conserved residues in the
modules ghA, ghB and ghC appear to lie in the lower half of the gC1q domain and towards
the subunit—subunit interface (A—C). This core region is shared by all three modules. This is
consistent with the role of the lower region of the gC1q domain in being the nucleating
center for heterotrimer assembly. The variable residues are markedly different in each
module (D-F). Several highly variable residues are labeled. The color-coding for the
residues is given below the images. Each color corresponds to a particular rank given by
ConSurf. The figure also illustrates how the gC1q domain family has used a common
structural core supplanted with variable loop regions to achieve functional diversity.
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Domain architecture of proteins containing a gC1q signature domain. The gC1q signature
domains are also found in variety of collagen and non-collagen containing proteins, which
constitute a novel C1q family. The gC1q are either homotrimeric (type VIII and X collagen,
multimerin, ACRP30, and saccular collagen), or heterotrimeric (C1q and hibernation
proteins, and probably precerebellin) structures. The crystal structure of the homotrimeric
adiponectin (ACRP30/adipoQ), an adipocyte secreted adipokine which is involved in insulin
resistance and fatty acid homeostasis, revealed the typical jellyroll fold which is also shared
by TNF ligand superfamily members [15]. Three Aibernation proteins (HP-20, -25 and -27),
which disappear from serum prior to chipmunk hibernation, are also considered to regulate
energy homeostasis [138]. Saccular collagen Otolin, an inner ear structural protein in fish,
may be an epicenter for otolith calcification [139-141]. Precerebellin is remarkably similar
to ghB module [142]. Type VIII collagen, composed of two gene products (al and a2),
occurs as homotrimers [143]. 7ype X collagen is a homotrimer of three al (X) chains.
EMILIN 1 and 2 are secretory proteins associated with elastic fibres [144]. Multimerin/
EMILIN 4, found in platelets and blood vessel endothelium, can form large, variably sized
homomultimers. Most members of the C1q family have a triple helical Gly—X-Y collagen
repeat, except precerebellin, EMILIN 3 and 4 [145]. EMILIN 2 has a striking PspA (phage
shock protein A) domain which is the major antigen of S. prneumoniae [146]. Multimerin 1/
EMILIN 4 has an EGF_CA (calcium binding EGF-like domain) which are known to be
involved in protein—protein interactions [147]. Two proteins of unknown function from
Danio rerio having the gC1q domain also have a peroxidase/oxygenase domain. The domain
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architectures were obtained from the CDART database [148]. Two additional members,
CORS26 and CTRP5 have been described recently. CORS26, which has been implicated in
embryonic skeletal development and bore tumors, is considered a candidate susceptibility
gene in the development of arthritis [149,150]. The gCla domain of CTRP5 is considered to
be involved in the formation of an extracellular hexagonal lattice between retiral pigment
epithelium and Bruch's membrane [151]. A substitution mutation within the gC1q domain of
CTRP5 has been linked to late-onset retinal degeneration [151].
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Table 1
Immune functions of Clq
Biological processes Comments References
Activation of classical pathway of The classical pathway of complement activation is triggered by either 1gG or [10,19,56,57]

complement

IC clearance/solubilization

Bacterial clearance

Virus binding/inactivation

Induction of pro-inflammatory
cytokines

Clearance of apoptotic/necrotic cells
(via PTX3, CRP, SAP)

Induction of apoptosis

Modulation of dendritic cells

Chemotaxis

Proliferative/anti-proliferative effects

Adhesion and coagulation via platelets

Isotype switching

1gM antibody bound to antigen. The binding of the antibody to antigen exposes
a site on the antibody which is a binding site for the first complement
component C1 (comprising C1q, C1r and C1s). The classical pathway usually
culminates in the formation of MAC on the target cell which causes its lysis.

An IC is a cluster of interlocking antigens and antibodies (antigen-antibody
complex). The level of circulating ICs is a measure of immune system function.
The formation of such complexes is a natural and successful attempt to
neutralize antigens (exogenous or endogenous). ICs can cause an exaggerated
immune response. C1q plays a vital role in solubilization and clearance of ICs.
Cl1q deficiency can lead to IC accumulation, leading to glomerulonephritis.
There is a strong association between C1q deficiency and SLE.

Clq is involved in bacterial clearance. It is an opsonin and coats bacteria and
enhances uptake of bacteria by phagocytic cells. C1q interaction with its
receptor on neutrophils induces the super-oxidative burst. This activity is
attributed to the CLR.

C1q can bind to various viruses, including retroviruses and influenza viruses.
The globular head is believed to be involved in the binding viral envelope
proteins, e.g. C1q binds to the envelope protein p15e of Type C retroviruses
leading to the classical pathway mediated lysis of the virus.

Cl1q triggers the production of IL-8, IL-6 and MCP-1 by human umbilical vein
endothelial cells. C1q interaction with its receptor calreticulin~-CD91 complex
operates via CLR. This interaction enhances p38 MAPK activation, NF-kB
activity and production of pro-inflammatory cytokines in macrophages. Both
gC1qg and CLR can suppress LPS and CpG-induced MyD88-dependent pathway
and production of TNF-a and IL-12 p40 in bone marrow-derived DC.

Dying cells must be cleared effectively by phagocytic cells in order to avoid
chronic inflammation. Autoimmunity can be the result of presence of
autoantigens from apoptotic or necrotic cells. The pentraxins CRP, SAP and
PTX3 all bind nuclear debris and are all C1q ligands. C1q is involved in the
clearance of apoptotic cells either directly or via CRP, SAP or PTX3. This is
quite crucial to preventing pathological conditions like SLE.

C1q can induce mitotic arrest in G1 stage in fibroblasts. Increased p38 MAPK
activation has been shown in C1q treated proliferating fibroblasts. P38 MAPK
activation leads to mitotic arrest and subsequent apoptosis of fibroblasts.

C1q is known to be involved in capturing IC in lymphoid tissues. Immature DC
are a good source of C1q. DC are known to accumulate in atherosclerotic
lesions. IC are also detected in such lesions and C1q is considered to bind and
trap these IC. Ox-LDL is known to associate with IC which is then ingested by
DC through the Fc-y receptor. C1q captures IC like Fc-y receptor and in
atherogenesis, C1q may be involved in binding ox-LDL within the IC.

Being apotent chemoattractant, C1q can recruit neutrophils and eosinophils to
the sites of infection and inflammation.

C1lq CLR has been shown to have anti-proliferative effect on fibroblasts. Clq
inhibits the growth of a wide variety of cultured somatic cells. The effect of C1q
is not cytotoxic, but cytostatic. It is proposed that the interaction of C1q with
C1q receptor can lead to suppression of events necessary for cell proliferation.

Platelets are known to be involved in inflammatory processes and contribute to
the development of thrombosis, atherosclerosis and vasculitis. C1q has been
shown to modulate platelet interactions with collagen and 1Cs. Expression of
oy,/B3 integrins and P-selectin on C1q exposure also contributes to the
coagulation events associated with complement activation and inflammation.

C1q knock-out mice show significantly reduced production of T cell dependent
antigen-specific 1gG2a and 1gG3 isotypes owing to reduced IFN-y production by
T cells. C1q, therefore, may be crucial to antigen delivery to follicular DCs and
subsequent generation of normal secondary antibody response.

[58-60]

[61,62]

[63,64]

[65-67]

[8,45,49,68-72]

[73,74]

[75-77]

[78-80]

[73,81-83]

[84,85]

[86]
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Ligands

Interacting sites’motifs

Implications/comments

References

19G

IgM

CRP

SAP

PTX3

Decorin

The ghB is the principal 1gG-binding
module of C1q. Residues Arg!4, Arg!?®
and Glul2 are important in binding 1gG.
A modeling exercise of binding of 1gG to
gCl1q also identified ArgB16! as important
in forming salt bridges with Glu'% and
GIu®7, Other residues, e.g. ArgAl62 also
play complementary role. Murine and
human IgG bind differently to gC1q,
illustrating species specific differences in
C1q binding by 1gG. GIu3!8, Lys320, and
Lys322 in mouse 1gG2b, which is highly
conserved in different 1gG isotypes, are
the main residues in gC1q binding. In
human IgG1 Asp?70, Lys®22, Pro329,
Pro33L, and residues at 326 and 333 are
implicated.

Hexameric and pentameric IgM both can
bind gC1q via the Cu3 domain involving
His, Asp/Glu and Pro residues at 430-434.
However, ghC module is the most specific
in binding IgM although ghA module can
bind both IgG and IgM. The residues in
gClq involved in binding IgM have not
been identified.

Binding of gC1q to CRP is achieved by a
fitting of the globular C1q head in the pore
of the pentameric CRP. However, as CRP
has pseudo five fold symmetry, the
binding of gC1q to CRP is understood to
involve not a symmetrical binding but an
asymmetric positioning of the gC1q such
that the two Tyrl7 of CRP subunits A and
D are within hydrogen bonding distances
from C1q residues TyrB175 and LysA200,

Since SAP is a homologue of CRP,
binding may be similar. However, CRP
Asp!12 js not conserved in SAP.

CRP Asp!'2 is not conserved in PTX3.
PTX3 is able to interact with C1q that is
complexed with C1r,C1s, tetramer. PTX3
binds via gC1q.

Decorin (a proteoglycan) may bind to the
“reck” region of C1q (between gC1q and
CLR), or to both domains via decorin core
protein. Decorin also binds collagen | and
V.

Cl1q also interacts with the Fab (CL
domain), supporting observations that
Fab-Fc flexibility has a crucial role in
C1q binding.

Monomeric IgM, fixed to antigen, does
not bind C1q. Hexameric IgM is >100
times more efficient at activating
complement than the pentameric form,
possibly reflecting better symmetry for
binding one entire C1q molecule.

CRP, like SAP, binds nuclear debris and
has a major role in clearing chromosomal
material from necrotic cells, via Clq
binding.

SAP is a highly conserved plasma
protein. It is responsible for controlling
chromatin degradation and prevention of
antinuclear autoimmunity.

PTX3 is structurally related to CRP and
SAP and shares similarities with them in
its C terminal half but not in the N
terminus. PTX3 was shown to enhance
the deposition of both C1q and C3 on the
surface of apoptotic cells and thus
facilitating uptake of apoptotic cells by
phagocytes. PTX3 can both activate and
inhibit C1g. C1 complex can bind to
immobilized PTX3 and subsequently
activate C4 and induce complement
activation. However, fluid-phase PTX3
inhibits complement activation by
blocking the binding of C1q to its ligand
(antibody sensitized erythrocytes) PTX3
is believed to play a dual role in innate
immunity, supporting safe clearance of
damaged self-material and amplifying
innate immunity against fungal
pathogens.

May modulate classical pathway
activation in the tissue as it can inhibit
the hemolytic activity of purified C1 as
well as C1 in normal human serum.

Immunol Lett. Author manuscript; available in PMC 2013 November 05.
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HTLV-I gp21

HIV-1 gp41

p15E

AB1-42

ABri in FBD and ADan in
FDD

Prion protein

Apoptotic cells

PL

C1q binding site has been mapped to
residues 400-429 and 426-460 of gp21
which lies between the anchorage domain
and the fusion domain of gp21. The ghC
module is the principal module involved in
binding gp21.

C1q has been shown to interact with
residues 601-613 of the envelope protein
gp41 of HIV-1, which facilitates infection
of complement-receptor bearing cells,
instead of viral lysis. Structurally the gp41
loop structure exhibits an absence of
charged resides and an abundance of
exposed hydrophobic side chains which
are characteristic of protein—protein
interaction sites. The Ala substitution of
all hydrophobic residues (including the 4-
carbon aliphatic moiety of the Lys®08 side
chain) within the loop abolishes C1g-gp41
interaction. When modeled on the gp41
structure of simian immunodeficiency
virus, the HIV-1 gp41 loop region forms a
cleft, which is likely to be complementary
to the binding of gClq

Binding sites not identified.

C1q globular heads bind to the acidic N-
terminal 1-11 region of the -amyloid
peptide. The ghB module has been shown
to interact with the peptide.

The gC1q domain interacts with the N-
terminal region of familial dementia
peptides. The ghB module binds both
these peptides specifically (Bonifati,
unpublished data)

Any specific interaction site is not known,
it is suspected that it involves the gClq
domain.

C1q can bind to the surface blebs of
apoptotic cells. All modules can
independently bind to apoptotic cells. Clq
can also bind via pentraxins.

C1q binds cardiolipin and other anionic
PL.

C1q has been shown to inhibit the
infectivity of the cell free HTLV-I virion
via its interaction with the
extramembrane region of gp21, a
transmembrane protein considered
responsible for fusion between the virus
and target cell membrane.

C1q binding to viruses may result in
virus neutralization. HIV-1 infected B
cells, which may serve as an alternative
reservoir for HIV-1, also activate the
classical complement pathway in a gp41l
dependent manner.

C1q binds to p15E, the envelope protein
from the Moloney virus, which leads to

classical pathway-mediated virolysis in

human serum.

B-amyloid fibrils are the major protein
components of the neuritic plaques in the
brain of Alzheimer's disease and activate
the complement in an antibody-
independent manner.

Familial British dementia (FBD) and
familial Danish dementia (FDD)
(collectively known as chromosome 13
dementias) have striking
neuropathological similarities to
Alzheimer's disease. ABri and ADan can
fully activate complement similar to
AB1-42. Both peptides are degradation
products of the same precursor molecule
BriPP.

Mice genetically deficient in C1q show a
significant delay in the onset of scrapie.
C1q probably contributes to the early
localization of the transmissible
spongiform encephalopathies in the
lymphoid tissue before neuroinvasion.

Surface blebs of apoptotic keratinocytes
are concentrated source of autoantigens,
which have to be properly cleared before
they present a challenge to immune
tolerance. C1q may serve as an opsonin,
mediating efficient recognition and
clearance of apoptotic cells to protect
against autoimmunity. C1q deficiency is
almost invariably associated with SLE as
a result of impaired clearance of
apoptotic cells. C1q knock-out mice have
glomerulonephritis with immune
deposits and show presence of numerous
apoptotic bodies in affected glomeruli.

Possible role in clearance of apoptotic
and necrotic cells.

Immunol Lett. Author manuscript; available in PMC 2013 November 05.
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Omp from Gram-ve bacteria, Cl1q binds directly to the surfaces of many ~ Many pathogenic Gram-negative bacteria  [104,114]

LPS Gram-negative bacteria in an antibody- evade C1q fixation by steric hindrance of
independent manner. The gC1q can bind Cl1q binding.
lipid A, LPS and porins. OmpK36 porin
from Klebsiella pneumoniae competes
directly with 1gG for binding to C1q.
Binding to lipid A and LPS is mainly via
the phosphate groups of lipid A.
HRG Binding involves both gC1q and CLR HRG is an acute phase protein and can [115]
domains. Binding site within HRG is regulate/inhibit the formation of
unknown. insoluble immune complexes.
NIA The ghB and ghC are the main modules These are highly glycosylated proteins, [104,116-118]

Clq BP/gC1qR/p33

Heparin

HNP1,2,3

Fibronectin, fibrin, fibrinogen

which bind NIA. The gC1g-binding site
overlaps with OmpK36-binding site

Conserved acidic protein, found on a large
variety of cells with a unique “donut”-
shaped structure. Proposed involvement of
ghA (155-164 residues). C1qg-binding site
is localized on its “S”-surface of gC1qR.
Putative C1q binding motifin ligand is
located on the A chain between 189 and
201 amino acid residues.
(EDEVGQEDEAES). Residues 76 and 93
may also participate in binding Clq.

The C1q-binding site for heparin, heparan
sulphate, dermatansulfate, keratansulpate,
dextran-sulphate, chondroitin 4 sulphate
and chondroitin-6-sulphate is partially
overlapping with the C1r,s,-binding site;
another ligand-binding site within the
gC1q domain.

Defensins are short cationic peptides from
the neutrophil granules. Two possible
binding sites are proposed, one in the CLR
and another in gC1q. The defensins have
Glu-X-Arg-X-Arg motif similar to Gly—
X-Lys—X-Lys from IgG.

The proposed ligand-binding site for
fibronectin lies between the CLR and
gC1q. On fibronectin, the binding site is
the gelatin-binding domain. Both CLR and
gC1q domains are involved in binding
fibrinogen.

forming large aggregates and
agglutinating a large variety of bacteria.
NIA and gp340 (a glycoprotein that
binds C1q, SP-A and SP-D) have
identical sequences. NIA/gp340 act as
scavenger molecules.

gC1gR was originally described as a
receptor for gC1q domain, which
subsequently turned out to be a multi-
ligand and multifunctional molecule.
gC1gR has recently been shown to be the
receptor for internalin B, the invasion
protein of Listeria monocytogenes.

B cells possibly produce a soluble CSPG
(proteochon droitin sulfate) that closely
resembles the serum-derived Clq
inhibitor (C1ql) in structure, which may
act as a C1q inhibitor under
physiological conditions.

Defensins are able to modulate
complement by both C1q dependent and
independent mechanisms. Inhibitory
activity of HNP-1 may be a mechanism
to control the inflammatory response.
The binding site for HNP-1 is probably
in the CLR.

C1q enhances the binding of plasma
fibronectin to bacteria. C1q and
fibrinogen are capable of high-affinity
interactions that may be important to
sequester these complexes in tumors and
wounds.

[119-125]

[92,126-129]

[130-132]

[133-136]
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Table 3

Most variable residues within gC1q identified by ConSurf

ghA ghB ghC
1 e PROZ 102 ®ASN? 104 eHIS2 101
2 eMET! 104 ePRO2 106 ePROZ? 103
3 oGLY? 105 e ARG! 108 eALA! 105
4 ILE? 110 eARG! 109 ePRO! 106
5 oGLN? 118 ARG! 114  eSERZ 108
6 oGLU? 120 MET? 122 e ARG! 111
7 HIS 2 125 ARG? 129 oPpRO! 119
8 THR! 132 LYS? 136 oGLY? 121
9 GLN? 146 ARG ! 150 SER? 126
10 SER? 152  eGLU! 162 Lys!t 133
11 eARG! 158 e ALA!? 164 THR! 147
12 eVAL! 161 elLYS2 166 LEU? 153
13 eARG! 163 CYS? 171 VvAL! 159
14 cys! 168 eTYR! 175 eCYS! 165
15 ASN!? 172 ePHE? 178 eSER! 169
16 oGLN? 186 oLYS? 188 eASN? 172
17 oGLN! 188 oGLU! 190 o ARG! 182
18 oGLN! 189 oGLN! 191 oGLN! 184
19 oPRO! 199 eASPl 201 oVAL! 185
20 olLvst 200 e YS!t 202 ®ASPL 195
21 o HIS! 203 o MET! 208 eTYR! 196
22 SER! 208 oGLU2 209 oGLY?2 201
23 oGLY? 210 o|LE! 202
24 oGLN2 203
25 oGLY! 204
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() Residues known to be involved in IgG binding; ( ) residues proposed to be involved in CRP binding. Residues are sorted on the basis of
position. (e) and (o) indicate possible important residue clusters for ligand binding. Clusters are defined wherever residues are at/within 3-residue

distance from each other. Hydrophobic and ring residues are underlined. Arginine and lysine residues are shown in boldface. Numbers in

superscript indicate the “rank” of the residue given by ConSurf (1-9, most variable to most conserved, see also Fig. 2). The most variable residues

(ranks 1 and 2) are shown here. Only the gC1q domain was used in the analysis.
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