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Abstract 

Thesis title: Defining Sites of Interaction in the a-chah of C3 for Factor H, 

Membrane Cofactor Protein (MCP), and Complement Receptor 

1 (CRI). 

Subrnined by: Alp E. Oran 

Department of Immunology, University of Toronto 

Master of Science. 1 997 

The goal of this thesis was to identify sequences in human complement 

component C3 that contribute to its interaction with several of its regulatory rnoleculrs. 

Using rnapping approaches which included studying the effects of blocking antibodies. 

proteolytic fragment binding studies and peptide mimetic binding studies, several groups 

have implicated residues within the 727-767 segment at the N-terminus of C3b a'-chain 

as being important for its interactions with the regulatory molecules factor H and 

complement receptor 1 (CR 1 ). as well as the alternative pathway component factor B. 

Since there are signi ficant inherent limitations in the above-mentioned approaches. this 

lab has been using the complementary approach of site-directed mutagenesis to 

corroborate and fùrther define candidate binding sites, or in some cases, to disprove them. 

Aiko Taniguchi-Sidle of this laboratory had previously conducted a mutagenic scan of 

the charged residues within the 727-73 7 target segment and identified residues 736E and 

737E as being important for both factor B binding and CRI binding, but mutation of these 

residues had liale or no effect on factor H binding. To identiq residues within the 

remainder of the candidate segment that might play a role in the binding of factor H, 1 

conducted a charged residue to alanine mutagenic scan between residues 741 and 767. 



Recombinant molecules were transiently expressed in COS- 1 cells and were examinsd 

for their interaction with factor H using a factor 1-mediated cleavage assay that was 

dependent upon pnor complex formation between the C3b-equivalent molrcule C j ( H 2 0 )  

and the 1-cofactor. in this case factor H. This approach identified the negatively charged 

side chains of residues and 747E as being important for the binding interaction with 

factor H. These observations supported the prediction fiorn peptide mimetic studis that 

the region spanning residues 745-754 in C3 would provide a contact surface for the 

binding of factor H. Since CRI and membrane cofactor protein (MCP). like factor F i .  

also have 1-cofactor activity. the 727-767 series of mutants were further examined for 

their interactions with soluble foms of CR 1 and MCP. With respect to CR 1. in addition 

to confirming that residues 736.737EE play a role in this interaction. 1 have fùrther 

identified residues 747E and 754,755ED as being similarly important for the interaction 

with CR 1. Residues 744E and 757.758KE also appeared to contribute to this interaction. 

although to a lesser extent than the other residues mentioned above. Thus. although the 

factor H and CRI sites of interaction within the 727-767 segment appeared to overlap. the 

negatively-charged residue contacts required for CRI binding appeared to be more 

extensive and to extend over a wider portion of this se+gnent than was the case for factor 

H. Nonc of the mutations had any effect on the interaction with MCP. thereby strongly 

suggesting that the N-terminal a'-chain segment plays no role in this binding interaction. 
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Chapter 1 

Introduction 



1.1 Complement: Background - 

The immune system in higher vertebrates possesses several mechanisms through 

which the host is capable of copine with a plethora of endogenousl y- and exogenousl y- 

borne factors that if lefi unchecked. pose a serious risk to host sun~ival. The system itself 

can be sirnplified into two general modes of action: an innate and an adaptive immune 

response, both of which act to recognize and destroy foreign biotic andior abiotic material. 

These two facets of the immune system are not however entirely independent of one 

another and synergistic responses between the two can be enlistrd through a variety of 

mediaton. One example of such bridging can be seen through the diverse actions of a 

subsystem of proteins called complement. Originally thought to play a role in the imate 

defense of a pre-immune individual. the complement systern has also been shown more 

recently to play a rote in the humoral responses of the adaptive immune system as well. 

specifically by playing a CO-stimulatory role in the activation of B cells in the presence of 

antigen (Fischer et al.. 1996). 

Complement represents a relatively complex and hghly conserved system of 

interacting blood-borne and surface-bound proteins and its importance in maintaining health 

can be inferred from clinical cases of different complement deficiencies (for a review. see 

Colten and Rosen. 1992). Clinical symptoms as a consequence of such deficiencies range 

from increased susceptibility to recurrent infections by certain pathogenic microorganisms 

to autoimmune diseases and nephntic diseases that result from impaired immune complex 

clearance. 



Most of the key playen in the complement system are secreted into the blood and 

circulate as inactive zymogens. These zymogens can then be activated either by cleavage of 

the pro-molecule or by protein-induced conformational changes brought about through one 

of three pathways of activation, narnely the classical. the lectin. and the alternative 

pathways. Each pathway represents a cascade of reactions whereby different complemrnr 

components are activated in a consecutive order. The principle players. the zymogens. 

become activated serine proteases that go on ta cleave various complement components. 

Some of the products From these proteolytic reactions go on to mediate other activitirs 

through cognate ligandireceptor interactions. The reactions themselves are potentially self 

perpetuating and so. at different points along the pathway, the progression is tightly 

regulated by factors which include serine proteases, protease inhibitors and regdatory 

binding moleculrs. some of which are members of a family of proteins called reglators of 

complement activation (RCA). 

The primary goal of the complement cascade is the formation and surface- 

deposition ont0 foreign cells and antigens of the enzyme complex known as C3 convertase. 

As its name implies. the cornplex's role is to proteolytically conven cornplement component 

C3 into its active state (Volanakis, 1989). The sigmficance of C3 in the complement 

cascade denves fiom the multiple modes of action of its various degradation products (see 

Figure 1.1 ). The fünctions of C3 activation products include virus particle neutralization 

(C3b). inflammation (C3a). improving the clearance and solubilization of immune 

complexes (C3b). vasopermeability and smooth muscle contraction (C3a). regulating the 

proliferation andior differentiation of lymphocytes and leukocytes (C3dg), and aiding in 

the clearance of pathogenic micrwrganisms through complernent-mediated lysis and 

opsonization (C3b.iC3b). Further evidence of its multifünctionality can be seen in clinical 

cases of C3 deficiencies which result in recurrent infections, immune cornplex diseases and 



impaired immune responses (reviewed by Bitter-Sueman and Burger. 1989: Singer er al.. 

1994). 

Given the central role of C3 in the complement system, it is both interesting and 

important to elucidate the mechanisms through whicb C3 fùlfills its different functions. 

Although my project deals with a particular set of interactions between C3b and several of 

its functional regdators. in the remainder of the introduction 1 endeavour to provide the 

reader with suficient background information on the biochemistry and immunobiology of 

C3 and its interactions to place in context the studies which I have undertaken. 



Figure 1.1 The central and multifaceted role of C3. 

Activation of native C3 by a C3 convertase that has been assembled on an activator surface 
results in its cleavage into C3a and C3b. C3a is an anaphylatoxin that is bound by a 
specific cellular receptor and mediates an infiammatory response. Nascently activated C3b 
has the transient ability to transacylate ont0 nucleophilic acceptor surfaces where ic has 
many biological consequences. First. deposition of C3b aids in immune complex 
soiubilization and viral neutralization. Second. C3b can bind and modulate C5. allowing 
its activation and leading to assembly of C5b-9 in a membrane attack complex that c m  
effect cytolysis. Third, C3b can be degraded by senne protease factor 1 in the presence of 
appropnate cofactor proteins into iC3b and C3dg. C3b and iC3b are the primary C3- 
derived ligands for complement receptors type 1 (CRI) and type 3 (CR3). respectively. and 
fulfill important opsonic functions, whereas C3dg is recognized by complement receptor 
type 2 (CR2). which plays an imrnunoregulatory role. 
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1.2 Complement Component C3 - 

Of al1 the complement proteins, C3 is the most abundant component in plasma 

( - 1.3 mg/ml)(Barnurn et al., 1 989) with the main site of production being liver hepatocytes 

( Alper et aL. 1969). To a lesser extent C3 is also biosynthesized by circulating 

macrophages (Celada et al.. 1 989). neuuophils (Botto et ai.. 1992). T lymphocytes 

( Pantazis et al.. l99O), and natural killer cells (Finberg et al.. 1992). The gene encoding 

C3 in humans is found on chromosome 19 (Whitehead et al., 1982) and is up-regulated by 

the pro-inflamrnatory cytokine IL- 1 (Juan et al.. 1993). 

The human C3 gene encodes a 1663 amino acid (a.a.) precursor protein consisting 

of a N-terminal 22 a.a. signal sequence, a 645 a.a. P-chain, a 'linking' peptide of four 

arginine residues. and finally the remaining 992 a.a. a-chain at its C-terminus (de Bruijn 

and Fey, 1985). C3 also harbours an intramofecular thioester bond which is formed 

between the sulphydryl group of cys'O'O and the y-carbonyl of gln1013 . Though the 

mechanism of thioester synthesis remains unciear, the structure plays an important role in 

the conformational and fünctional dynamic of C3. With the signal sequence cleaved and 

the appropriate sugars added. the so-called pro-C3 protrin is translocated from the 

rndoplasrnic reticulum to the golg apparatus where the endoprotease furin cleaves at the 

arginine-rich linking peptide to form the a and j3 -chahs of 1 19 kDa and 75 kDa 

resprctively (Misumi et al.. 1991 ). The now mature C3 is secreted into the blood (see 

Figure 1.2). 



Figure 1.2 Biosynthetic processing of human complement component C3. 

C3 is synthesized as a single chain pre-pro-C3 precursor molecule. Within the 
endoplasrnic reticulum. the signal peptide is removed. two high-mannose oligosaccharides 
are added, and inter- and intra-chah disulfide bonds as well as an intramolecular thioester 
bond are forrned. The tetra-arginine linker is then rernoved within the Golgi complex and 
mature C3. composed of a 1 19 kDa a-chain and a 75 kDa P-chah. is secreted. 
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1.3 The Intrarnolecular Thioester bond - 

The native conformational state of secreted C3, and thus the precursor functional 

state of the molecule, is dependent upon the integrity of the thioester b o ~ d  in the molecule 

(Isenman et a(.. 198 1 ). Cleavage of mature C3 by a C3 convertase produces the 77 residue 

C3a peptide from the N-terminus of the a-chain and leaves behind C3b. which is 

composed of the now shortened a'-chain. disulfide linked to the P-chain. This cleavage 

results in conformational changes within C3b (Isenrnan and Cooper. 198 1 ) such that the 

intemal thioester bond becomes susceptible to nucleophilic attack either with water. creating 

a fluid-phase molecule. or, with some surface nucleophile, usually a free hydroxyl group. 

resuiting in a surface-bound form. However, some spontaneous hydrolysis of the intemal 

thioester, in the absence of any peptide cleavage. occurs naturally and produces a species 

referred to as C3(H20), the significance of which is described in greater detail below. 

1 . 1  The Classical Pathway of Complement Activation - 

This panicular pathway is initiated primarily in an antibody-dependent marner and 

requires the presence of complernent components C 1. C 3  and C2 to fom the C-lbza 

classical pathway C3 convertase (see Figure 1.3). Complement component C 1 1s a 710 

kDa rnultisubunit complex composed of one C Iq subcomponent non-covalently associated 

with two C 1 r and C 1 s proteins. Activation of C 1 typically occurs when the globular heads 

of C 1 q bind to the Fc portions of activating irnrnunoglobulin isotypes, causing a distonion 

down Cl q's stem regions (Burton, 1993). It should be noted that C 1 can also be activated 

in this way by binding to DNA, rnitochondrial membranes, and some extracellular matrix 

proteins that result fiom tissue damage (reviewed by Volanakis et al., 1990). 



Figure 1.3 The major pathways of complement activation. 

The classical pathway of complement activation can be initiated by both antibody-dependent 
and antibody-independent mechanisms. and is a cascade of reactions involving cornpiement 
components C 1. C4, and C2.  The lectin pathway of complement activation is initiated in 
an antibody-independent manner (usually surface sugars) that involves MBYh4ASP. C4 
and C3. The alternative pathway is initiated in an antibody-independent manner. and 
involves complement factor D. factor B and C3. which fulfill roles that are analogous to 
their classical pathway counterparts Cls, C2 and C4. respectively. Al1 three pathways 
result in the formation of their respective C3 convertase complexes. C4b2a and C3bBb. 
which cleave C3 into C3a and C3b. This activated C3b fragment can then bind and 
modulate C5 to allow its cleavage by C2a or Bb into C5a and C5b. Activation of C5 
initiates assembiy of the terminal complement componenü. C6-9, into the membrane attack 
complex (MAC). Shaded regions denote active serine proteases. The nature of the 
covalent attachment by C4b/C3b is through a transacylation event of its intemal thioester to 
some surface nucleophile forming either an amide or ester linkage. 





The interaction benveen C 1 and the activating molecule induces one of the zymogen 

C 1 r subunits of C 1 to change conformation into a C 1 r' intermediate. ths  representing the 

unsplit form of the zymogen in which the catalyuc site has essentially been formed. This 

intermediate can then go on to cleave the second C l r  subunit creating active c Ï ~ .  This c Ï ~  

cleaves and activates both Cl  s subunits to give cTr2cÏs2 (reviewed by Colomb er al.. 

1984: Schumaker er al.. 1986: Schurnaker et al.. 1987). 

Now the CTS subcomponent of the activated Cl complex goes on to cleave C4 at 

the N-terminal end of its a-chain- releasing the 74 a.a. C4a polypeptide. C4. like C3. 

possesses an intramolecular thioester bond and undergoes a conformational change upon 

cieavage (Isenman and Kells. 1982). This change in structure exposes the thioester to the 

surrounding media allowing for a transacylation event in the C4b molecule to occur ont0 an 

acceptor hydroxyl or amino grooup on the antigen surface. 

The 102 kDa CZ molecule then non-covalently associates with the C3b molccule 

before it is cleaved by fis. resulting in the release of a 34 kDa C2b fragment and Isaving 

behind a Clb-bound 70 kDa C7a active senne protease. So long as the C2a portion 

rcmains associated with the Clb subunit of the enzyme. this surface bound ClbC?a 

cornplex functions as the classical pathway C3 convertase that can then go on to cleave 

mature C3 into C3a and C3b. 

1.5 Lectin Pathway of Complement Activation - 

The most recent addition to Our understanding of complement activation has corne 

about with the discovery of a lectin that shares structure and function with component C 1 q. 

Mannose binding lectin (MBL) is a complement-dependent bacteriacidal lectin which is 

present in the sera of a wide variety of vertebrates (as reviewed by Turner, 1996). In 



humans. MBL is composed of four identical 32 kDa subunits. each with a long collagenous 

stem ending with a C-terminal cluster of three lectin domains. Like Clq, these four 

subunits associate to form a bouquet-like structure that allows MBL to bind to mutiplr and 

widely different polysaccharides expressed on the ce11 surface. including those found on 

the surface of various pathogenic bacteria. The collagenous regions are known sites of 

interaction for a pro-senne protease which has limited structural homolog (38-39O.0) to 

components C 1 r and C 1 S. Called mL-associated -rine grotease (MASP). this 100 kDa 

protein once activated acts as CÏS does by cleaving both C4 and C? and thereby generating 

C-lbCîa complexes with C3 convertase activity (Matsushita and Fujita. 1992). C 1 and 

MBL appear to play complementary fûnctional roles in complement activation. with 

activation uiggered respectively by binding to immune complexes (C 1 ) and the bacterial 

polysaccharides (MBL)(see Figure 1.3 ). 

1.6 The Alternative Pathway of Complement Activation 

Like the classical pathway, the alternative pathway involves a cascade of reactions 

with proteins that are analogous to their classical pathway counterparts. only this time in an 

antibody-independent manner. Here. complrment factor D (the CÏS analogue). factor B 

(the C2 analogue) and C3 (the C4 analogue) interact to form the C3bBb alternative pathway 

C3 convertase (see Figure 1.3). This pathway is thought to predate on an evolutionary 

time-scalr the classical pathway (Famies and Atkinson. 199 1 ) based on the presence of 

cornplement activation in the absence of antibody in invertebrates (Day et al.. 1970). 

Unlike the classical or the lectin pathway, there is no forma1 'recognition' moleculr 

in the alternative pathway. Rather, this pathway is constitutiveiy active and is self- 

initiating. This 'activity' is a consequence of the fact that -1% of total serum C3 undergoes 

spontaneous hydrolysis of its intemal thioester bond. Thioester hydrolysis leads to 



conformational changes in C3 such that it anains a C3b-like structure. as seen. for example 

in near W circular dichroisrn cornpaison studies with C3b (Isenrnan er al-. 198 1 ). This 

so-called C3(Hz0) molecule c m  hteract with the soluble zyrnogen factor B and be acted 

upon by the blood-borne serine protease factor D. ï h e  result is the formation of a fluid- 

phase C3(H20)Bb C3 convertase which like its surface-bound counterpart described 

above. can go on to cleave other C3 molecuIes and f o m  C3a and C3b. This newly 

released C3b can in mm bind with other factor B molecuies and be cleaved by factor D to 

form the alternative pathway C3 convertase. Uiitially in the fluid-phase and then some of the 

nascently cleaved C3b molecules cm ~ s a c y l a t e  to a surface nucleophile forming the 

surface-bound form of the enzyme. So long as the Bb active senne protease subunit 

remains associated to either C3b or the C3b-like C3(Hz0), more C3 convertase will form 

until al1 the available pool of C3 is depleted (see Figure 1.4). Not surpnsingly. therefore. 

both the fluid-phase and surface-bound convertases are tightly regulated. principally 

through the action of the senne protease. factor 1, and its cofactors. 

1.7 Mechanisms and Consequences of C3-directed Regulation - 

There are 3 pnnciple mechanisms through which cornplement regdatory molec~lcs 

act to block the self-feeding cycle of the alternative pathway. The first is the inhibition of 

association of C3b/C3(H20) with factor B by the replator; factor B can o d y  be cleaved to 

its active serine protease form (Bb) once associated with C3b/C3(H20). The second is the 

destabilization of the C3bBb convertase so that it dissociates into its component parts (so 

called decay accelerating activity). The third is irreversible cleavage of the C3b/C3(H20) 

molecules into subhgments which can no longer associate with factor B (specifically 

iC3b/iC3(HsO) and C3dg) and, therefore, no longer partake in complement activation. 

Given its central role in complement-mediated effects, it is no wonder that C3 is the target 

of such tight regularion (see Figure 1.4). 



Figure 1.4. Model of the alternative pathway activation and its irreversible 
deactivation. 

( i ) Initiation occurs in the fluid-phase when a thioester-hydrolyzed C3 molecule. 
C3(H,O). binds and modulates a molecule of factor B to allow its cleavage by factor D. 
This results in the formation of a fluid-phase alternative pathway C3 convertase. 
C3(H20)Bb. 

( i i )  Random deposition of C3b occurs when nascent C3b that has been generated by the 
fluid-phase C3(HzO)Bb complex transacylates onto a nucleophilic acceptor surface. 

(iii) The C3b cm then go on to interact with factor B and after cleavage by factor D fom 
surface-bound alternative pathway C3 convertase. 

(iv) Propagation is regulated by the serine protease factor I which in combination with 
the appropnate cofactor can degrade C3b into subfragments iC3b/iC3(H20) and C3dg that 
can no longer participate in the self-feeding cycle. 
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These replaton (to be discussed in greater detail below) exist either as soluble 

proteins in blood or as surface molecules on diverse tissues and cells of the body. Some 

have both soluble and membrane-associated foms. Through their action. the host 

organism is protected against alternative pathway-mediated destruction of its cells. In 

contrast. many pathogenic micrwrganisrns do not express such regdatory moleculçs or do 

not possess a surface biochemistry that is conducive to recmit blood-borne regulaton of 

complement activation. For exarnple, it is possible to convert 'protected' sheep red blood 

cells into alternative pathway 'activators' by removing sialic acid fiom their surfaces. In 

the absence of a polyanionic surface. one potent down-regulator of complement. factor H. 

can no longer associate with surface-deposited C3b (Meri and Pangburn, 1990: Pangbum 

and Müller-Eberhard. 1978). These so-called alternative pathway 'activators' are now 

prone to unmitigated C3 convemse deposition on their surfaces. 

Factor 1-mediated Degradation/Reguiation of the Complement Cascade 

So far we have seen that the formation of C3 convertases is potentially self- 

perpetuaring and is regulated by proteolytic cleavage of the C3b component into 

subfn-ments that cm no longer participate in the cycle. The pnnciple rnediator of this 

in-eversible form of regulation is a blood-borne senne protease called factor 1 (reviewed by 

Sim er al.. 1993). This 88 kDa protein is capable of 'inactivating' C3b (and C4b) by 

depading the molecule into subhgments iC3b and C3dg (see Figure 1 S). But purified 

factor 1 alone cannot cleave C3b. Cofactors have been identified to play a role in the 

activity of the enzyme. The cofactors are members of a farnily of proteins called regulaton 

of complement activation (RCA) and include factor H, C4 binding protein (C4bp), 

complement receptors type 1 & 2 (CR 1 ,CR2), decay acceleration factor (DAF) and 

membrane cofactor protein (MCP). The arnount and extent of expression of these RCA 

protrins varies but al1 act to protect host tissue from complement-mediated destruction. In 



terms of structure, RCA proteins are composed of varying numben of a 60 a.a. motif 

known most commonly as the short consensus repeat (SCR); the SCR has been shown to 

be the primary structural motif of al1 the RCA rnembers (see Figure 1.6) and confers 

specificity towards complement proteins, prirnarily C3b and C4b. '£4-NMR analysis 

showed that this SCR fonned a compact globular domain which was srable even at pH 3.3 

and had approximate dimensions of 3.8 x 2.0 x 2.0 nm. It contained no a-helical regions 

but was composed of one triple-stranded and two double-stranded anti-parallel B-shrrts 

held together by disulphide bridges between cys5 and cys17. and cys33 and cys% Further 

analyses revealed that when 2 factor H-derived SCRs were expressed as a tuidem pair they 

adopted the same conformation as when they were individually expressed (Barlow et al.. 

1993). Given the high degree of sequence similarity between SCRs of different RCA 

members. it was postulated that these sarne rnembers recognized and interacted with sirnilar 

or overlapping sequences in C3. Factor H. CRI and MCP are of special significancr to 

this thesis and are discussed in _mater detail below. It is the specificity of these three 

cofacton that in part explains the high degree of substrate specificity to C3b and C l b  

shown by factor I. 



Figure 1.5 Activation and proteolytic degradation of complenient 
cornponent C3. 

Activation of native C3 by a C3 convenase releases the C3a peptide from the N-terminus of 
the a-chain. and produces C3b. which is cornposed of the a'-chain disulphide-linked to 
the p-chain. Factor 1. in the presence of an appropnate cofactor, cleaves the a'-chüin of 
C3b to release the 3 kDa C3f peptide and produce iC3b. Factor 1 can further degrade iC3b 
into C3dg (38 kDa) and C3c. Note that al1 of C3b, iC3b and C3dg c m  remain deposited 
on a target surface after thioester-mediated transacylation of C3b onto nucIeophilic acceptor 
Croups. C3(H20) would be sirnilar in chain structure to native C3 except the thioester 
would be hydrolyzed. iC3(H20) would be sirnilar in chain smcture to iC3b except that the 
N-terminal C3a fragment would still be present. 
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1.9 Factors H, Complernent Reeeptor Type 1 and Membrane Cofactor - 
Protein 

Factor H (reviewed by Vik er al., 1989) is a 150- 155 kDa s e m  protein consisting 

of 30 SCR domains. It interacts with C3b and inhibits the binding of factor B and C5 to 

C3 b. Additionally. through its decay accelerating activity. factor H decreases the ha1 f-life 

of any pre-formed C3bBb complexes. and fmally. it serves as a cofactor in the factor 1- 

mediated proteolysis of C3b (Whaley and Ruddy, 1976: Weiler et al.. 1976: Discipio. 

198 1 ; Fischer and Kazatchikne, 1983; Ito and Tamura. 1983). Al1 3 activities act to doun 

replate the progression of the complement cascade. pnncipally the alternative pathway. 

With the airn of elucidating the structure/function relationships within factor H. 

deletion mutants of the full length protein were made in order to determine where CO-factor 

and C3b binding activity resided. The results of these expenments suggested that factor H 

has at least 3 sites that can bind to C3b, located within SCRs 1-4, 6- 10 and 16-20 (Sharma 

and Pangbum, 1996). Furthemore. funcrional assays using these deletion mutants 

ascnbed factor 1 cofactor activity to SCRs 1-4. As mentioned earlier. factor H ofirn 

requires a polyanionic surface in order to associate with surface-bound C3b. In one study. 

the polyanionic binding site on factor H was localized by tryptic cleavage. peptide mapping 

and photoaffininty labeling to SCR 13. which contains many positively charged arnino acids 

and is located outside al1 of the above mentioned C3b binding sites (Pangburn et al.. 199 1 ). 

However. more recent snidies also point to a major polyanionic binding site in SCR 7 of 

factor H (Sharma & Pangbum 1996). The manner in which binding of polyanions to 

factor H affects its interaction with C3b remains unknown. 



Complement receptor type 1 (CRI; CD35) is a 205 kDa integral membrane protein 

comprised of 30 SCRs that regulates complement progression in NO ways: i) it has decay 

accelerating activity for both the classicai and alternative pathway C3 convertases. and ii) it 

acts as a cofactor, like H, for factor 1-rnediated cleavage of C3b to iC3b and subsequently 

to C3dg (also C4b into C4c and C4d). Though CR 1 's tissue distribution is not as wide as 

other surface-expressed complement regulatory molecules, it is expressed on e~hrocytes .  

neutrophils. macrophages, B. and T cells (Fearon, 1980: Dobson er aL. 198 1 : Wilson er 

al., 1983). It has been shown, however, that soluble versions of CRI are shed from 

lymphocytes into the blood ( Pascual et al.. 1 993) and we have obtained for the purposes of 

Our shidy a functional recombinant source of soluble CR 1 (sCR 1 ). 

Deletion mutants of CRI and site-directed mutations within particular SCRs were 

eenerated and assessed for their ability to associate with C3b and C4b in order to help 
C 

localize sites of interaction. C3b-binding activity was lost when SCRs 8 to 2 I were 

removed whereas C4b-binding activity was ablated when SCRs 1 to 5 were removed 

(Klickstein et al., 1988). More refined deletions/mutations have localized the pnnciplr C4b 

binding site to SCRs 1 and 2 and have identified C3b binding sites in SCRs 8-9 and 15- 16 

( Krych et al.. 1994)(see Figure 1 A). Despite considerable in vim analysis of the 

regulatory activities of CR 1 and the identification of these binding sites. the physiological 

significance of CR 1 to the regulation of complement is still unclear. However it is now 

strongly believed that the primary physiological role of CRI on blood cells. panicularly 

erythrocytes of primates, is to mediate clearance of C3b-coated immune complexes to 

hepatic and splenic macrophages, which in nirn use their own CR 1 and CR3 to enhance 

antibody-dependent cellular cytotoxicity (ADCC), phagocytosis and antigen presentation. 

It should be mentioned rhat macrophages also express Fcy receptor type 1 (CD64). II 

(CD32). and III (CD 16) which recognize the Fc region of IgG (reviewed by Ravetch, 

199 1 ). As it NmS out. aggregated IgG-C3b complexes were cleared more eficiently in 



mice than complexes made up of aggregated IgG alone. It was proposed therefore. that 

the presence of both IgG and C3b on a particle might facilitate phagocytosis simply by 

increasing the avidity of interaction on FCR-CRI+ phagocytic cells (Ehlenberger and 

Nussemeig. 1 977: Mehta et al.. 1 986; Fries et al., 1 987). Thus the C3 bK4b replatory 

activity of CR1 is probably a secondary function of the molecule. 

Membrane cofactor protein (MCP; CD46) is a widely expressed protein that serves 

as a cofactor for 1-mediated cleavage of C3bIC4b to iC3bliC4b, but unlike CR 1. it does not 

accelerate the decay of either fluid-phase or surface-bound C3 convemse. hstrad decay 

accelerative activity on host tissue expressing MCP is mediated by DAF (decay accelrrating 

factor), another RC,4 member. MCP's effects, moreover, are restricted to the ce11 on 

which it  is expressed (Seya & Atkinson, 1985). It has a wider ce11 distribution than CRI 

and is believed to play an important role in the regdation of complement activation. MCP 

was first cloned from the U937 promonocytic ce11 line and its cDNA encodes a protein 

consisting of 3 SCRs, followed by a serinelthreonine rich O-glycosylated stretch, an 

additional 13 residues. a transmembrane region and a variable length cytoplasmic tail 

( Lublin er al.. 1980). 

iMCP is expressed pnmanly as four isoforms that anse by alternative splicing of a 

single genr (reviewed by Atkinson er al.. 199 i ). These isofoms tend to differ in degree of 

their O-glycosylation as well as the iength of their cytoplasmic tails ( 16-23 residues in 

Irngh). Interestingly, the isofoms with larger O-glycosylation domains were better 

protectors against the complement cascade (Liszewski and Atkinson, 1996). Cofactor and 

C3 bC4b binding ac tivity of MCP resides in SCRs 2-4 (Adams et ni., 1 99 1 ). Recentl y, 

MCP was demonstrated to be the receptor for measles virus (Dong et al, 1993) and to be 

involved in the adherence of group A Snepiococcus pyogenes to epi thelial cells (Okada el 

ul., 1995). 



Figure 1.6 The regulators of complement activation (RCA) family. 

The replaton of complement activation (RCA) family are composed primarily of short 
consensus repeat (SCR) modules, and include the following C3bK4b-bindng proteins: Al1 
prirnary sites of interaction identified thus far are indicated. 

Factor H is a single chain plasma protein composed only of SCRs. 

C4b-binding protein (C4bp) is another plasma protein. composed of a and P chains. which 
consist of 8 and 3 SCRs. respectively. at their N-terrnini. followed by 60 amino acid 
dornains that are not SCRs. 

DAF and MCP are cell-bound proteins that are composed of 4 SCRs at their N-temini. 
followed by O-gl ycosylated serine/chreonine-rich stretches. D M  is membrane anchored by 
a glycophosphatidylinositol (GPI) tail whereas MCP has transmembrane and cytoplasrnic 
dornains. 

CR 1 and CR2 are also type 1 membrane proteins with transmembrane regions and 
cytoplasmic tails. 
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1.10 Complement-mediated Responses Through C3 and its Degradation 

Fragments 

Upon association with either surface-deposited or fluid-phase C3 convertase. C3 is 

cleaved to release the anaphylatoxin C3a and a C3b fragment that is metastable because of 

an rxposed intemal rhioester which can either be hydrolyzed by water or uansacylate ont0 a 

surface-bound nucieophile. As mentioned above. C3b can be cleaved fùrther by the 

regulatory serine protease. factor 1. into the smaller proteins iC3b and C3dg in the presence 

of apprcpriate cofactors (see Figure 1.5). Both C3b and their subsequent proteolytic 

de-gradation fragments c m  then participate in a variety of receptor-ligand interactions whose 

interplay results in responses that are not restricted simply to deactivation of the 

complement cascade. Beyond immunoregulation, these receptor-ligand interactions exhibit 

a multitude of roles inclriding enhancement of phagocytosis, antibody-dependent ccll- 

mediated cytotoxicity (ADCC), leukocyte homing, antigen presentation. and the rrlrase of 

cytokines and cytotoxic mediaton. 

The pimacle of the complement cascade for both the classical and the alternative 

pathways is the formation of the membrane attack complrx (MAC) which is initiatrd by 

C3b and its association with the C3 convertase creating the C5 convertase: the membrane 

attack complex represents a complex of proteins that contribute to the destruction of a ce11 

by creating protein-lined channels in the plasma membrane. Without the necessary 

complernent regulatory molecules to protect themselves (reviewed by Frank. 1992), 

pathogenic microorganisms are susceptible to C5 convertase and MAC assembly on their 

surfaces. 

Certain viruses and bactena can directly activate both the classical and alternative 

pathways of complement, but the consequences of C3b deposition on the surface of these 



pathogens may be both h m f u l  as well as beneficial to the infected host. In the ideal 

situation. C3b, as a subunit of the C5 convertase, can recruit the remaining C5C9 

complement proteins. f o m  the membrane attack cornplex. and lyse the pathogen. More 

ofien. C3b acts to block virus uptake by rnasking coat structures nonnally used for 

infection (reviewed by Cooper, 1988). Yet certain pathogens have evolved ways to take 

advantage of surface-deposited C3b by using its degradation products or complrmcnt 

regdatory molecules as an anchorhg ancilor uptake mechanisms through which they infect 

susceptible cells.. A recent example has been described with the human immunodrficirncy 

virus- I (HIV- 1 ) which has been shown to recruit factor H as means of protecting itself 

From complement-mediated destruction and bind to DAF on cells to improve tissue 

infection (Stoiber et al., 1996). 

Deposition of C3b ont0 immune complexes has been suggested to play a role in 

solubilization of othenvise insoluble antigen-antibody complexes. It is believed that C3b 

acts to destabilize Fc-Fc and antigen-antibody interactions by intercalating within the 

structures. Moreover. such C3b-cmbedded complexes can be cleared from the circulation 

by binding to CRI on erythrocytes. which transport them to the liver for disposa1 by 

splenic and hepatic macrophagrs(reviewed by Petersen et ai.. 198% Mcdof. 1988: Nç and 

Schifferli, 1993). 

In surnrnary, C3 is an abundant semm protein made in a vanety of locations by a 

variety of ce11 types. It plays a central and multifunctional role in the complement cascade 

but in a tightly regulated marner. In its absence. the ability of a host to affect clearance of 

pathogen and even to mount a humoral immune response to panicular pathogenic 

microorganisms is severely curtailed. Not surprisingly, therefore, the elucidation of the 

mechanisms by which C3 accomplishes its multitude of functions has been the focal point 

of much research. 



1.1 1 Defining Binding Sites in C3 for its Ligand and Receptors 

Despite the absence of a 3-dimensional structure for the entire C3 protein. many 

independent groups have nonetheless gone on to use 3 variety of indirect approaches to 

elucidate those regions within C3 that contnbute to its association with its receptors and 

ligands. The approaches have included sequence analyses. especially xenogenic 

comparisons. blocking antibodies against C3. and the combined use of proteolytic 

fia-gmentation and synthetic peptides derived fiom C3 as functional mimetics of the intact 

physiologie fragment. For example. the sequence of human C3 was compared to C3 of 

other species and the C3 molecules of vanous species were then analyzed for their ability to 

bind to vanous human complement components following the rationale that those non- 

human C3 molecules which could bind to a particular human protein would exhibit 

sequence similarity to the candidate binding site in human C3 (Alsenz et ni.. 1997). 

Pol yclonal and monoclonal antibodies have been generated against segments of C3. 

It has been s h o w  that the binding of these antibodies to C3iC3b do in some instances lead 

to the abrogation of one or more of C3's activities. By mapping the sites of antibody 

binding. it has been possible to propose candidate binding sites in C3 for somr of its 

ligands and receptors (reviewed by Alsenz et al.. 1989a; Garred er al., 1989). Similarly. 

C3-derived peptides have been used in competitive or direct binding assays as an approach 

in identi@ing reyons involved in a particular interaction of the intact molecule (reviewed by 

Lambris and Müller-Eberhard. 1986; Lambris et al.. 1993a; Geysen et ai., 1984; 

Fishelson, 199 1 ). 

The ability of factor H to bind to C3b-coated erythrocytes or C3b-zymosan was 

blocked by the use of either polyclonal or monoclonal antibodies against both C3c and 

C3d. suggesting the presence of at least two sites of interaction on C3 (Burger et al., 1982; 



Koistinen et al., 1989; Becherer et a[-. 1992). Another study proposed the presence of a 

factor H binding site in the N-terminal region of the a k h a i n  of C3b because spthetic 

peptides spanning amino acids 727-76718 (mature C3 nurnbering), or antibodies raisrd 

against these segments. could block binding of factor H to C3b-coated erythrocyes or C3b 

coated ont0 microtitre wells (Ganu and Müller-Eberhard, 1985; Becherer et al.. 1992). 

This region was Further suggested to encornpass residues 745-754 as a result of a snidy 

involving the use of a series of overiapping hexameric and heptameric peptides 

corresponding to C3 residues 727-767 that assessed their ability to directly bind factor H 

(Fishelson et al.. 199 1 ). It should be noted. however, that another contact site for factor H 

was suggested to involve residues 1 1 87- 12 14 and 1234- 1249. This non-continuous site 

within C3dg (see Figure 1.5) was proposed based on experiments measuring the 

interaction of factor H to microtire plate-fwed peptides as well as those using these peptides 

to inhibit both binding of factor H to microtitre plate-fixed C3d and cofactor H-dependent 

factor 1-mediated cleavage of C3b to iC3b (Lambris et al.. 1988). Yet another H binding 

site was described in the P-chain of C3 (Womer et al.. 1989). So at the very least. it can 

be said that there appears to be multiple binding sites for factor H within the C3b molrculr. 

Some binding sites for CR 1 in C3 have been elucidated. It was suggested that CR 1 

may interact with C3b in a similar manner to factor H because several monoclonal 

antibodies açainst C3c (see Figure 1.5) and polyclonal antibodies against the 717-768 C3 

peptide as well as the peptide itself inhibited the interaction of C3b with both factor H and 

CR 1 ( Becherer and Lambris, 1 988; Becherer et al., 1 992). Furthemore, factor H can 

inhibit the binding of CRI, CR2, and MCP to C3b (Fames et of.. 1990b). Most recently, 

a site directed mutagenesis approach taken by Aiko Taniguchi-Sidle, a previous graduate 

student in the lab, further implicated the N-terminus of the a'-chain in the binding of C3b 

to CRI and factor B. and iC3b to CR3. Her studies pointed to an essential role for the 
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Figure 1.7 Proposed and tested binding sites in human complement 
component C3. 

Schematic representation of C3 a- and B-chahs, indicating the fragments 
generated by C3 convertases and factor 1 in the presence of appropriate 
cofactors. as well as the location of the intramolecular thioester bond. sites of 
glycosylation and disluphide bonds which Iink a- and P-chahs, and a'-29 and 
a-40 fragments. The shaded and hatched boxes delineate particular regions or 
sequences in C3 that have been predicted by a variety of approaches to be 
binding sites for the indicated lignnds and receptors of C3. Check marks 
indicate sites of interaction supponed by site-directed rnutagenic studies done 
in this lab. Crosses represent sites of interaction argued against by site- 
directed mutagenic studies in this lab. 



negative charge on residues 736.737EE and to a lesser extent imresidues 730.73 1 DE in 

mediating these interactions (Taniguchi-Sidle and Isenrnan. 1994). 

Based on the data accumulated thus far fkom these and other indirect studies one can 

draw a tentative rnap descnbing the putative location of C3 interaction sites with its ligands 

and receptors (see figure 1.7). Until the day a lab manages to crystallize and obtain a 3- 

dimensionai image of C3 and its major physiologie fragments (idealiy CO-crystallized with 

the ligand). we must reiy on these various indirect techniques to rnap out sites of 

interaction. For reasons described in the next section. Our Iaboratory has used site-directrd 

mutagenesis as a complementary approach to examine within the context of the 

physiologically relevant fragment of C3, the effect on a particular activity alter altenng 

specific amino acids that have been proposed to serve as contact residues with C3 ligands 

and receptors. Whereas concordance between results obtained with the site-directed 

mutagenesis approach and one or more of the other approaches provides strong support for 

a candidate interaction site. discordance can in most cases mle out a candidate site. As 

summanzed in figure 1.7, the location of certain sites have been supponed (check marks) 

and argued against (crosses) by previous snidies in the laboratory using the site-directrd 

mutagenesis approach. As denoted by the question mark, the binding site for factor H 

requires funher investigation and there are some interactions (e.g. with MCP) for which 

candidate sites have yet to be proposed. 

1.12 Project Rationale 

Despite al1 the evidence that has accumulated over the years conceming the presence 

of the various interactive sites on C3, there are certain expenmental limitations that must be 

taken into consideration when viewing these results. 



It has been s h o w  (Spangler, 199 1) that synthetic peptides do not necessanly adopt 

a conformation analogous to what is seen for their corresponding sequences in the native 

protein. Moreover. in the situation of a discontinuous binding site. a linear peptide vil1 not 

be an accurate reflection of the tme nature of association between a protein and its ligand. 

Another rnaner for contention is the effect that fixatiodadsorption of the peptide has on the 

peptide's conformation ( Spangler. 1 99 1 ): it bas been demonstrated that monoclonal 

antibodies that normally recogmze fluid-phase C3 degradation products. do not recognize 

immobilized foms of the same proteins (Nilsson ei ai.. IWO). It could be argued. 

thrrefore. that any snidy pertaining to elucidation of binding sites on C3 should be donr in 

the context of physiologically relevant conditions and not to C3 absorbed to microtitre wells 

or microspheres (Alsenz er al., 1992). Finally, assays using antibodies to indicate the 

presence or absence of sites of interaction must be taken with some circumspection as the 

cffect may be due to steric hindrance or antibody-induced allosteric effects in the native 

structure. Clear examples of the latter cm be seen in studies whereby monoclonal 

antibodies that recognize different integrins have been s h o w  to potentiate the aftinity of the 

integrins for their ligands as a consequence of induced long-range confornational changes 

( reviewed by Hogg et al.. 1993: Diamond and Springer. 1994). 

In light of the above discussed weaknesses of the peptide and antibody blocking 

approaches. the complemeni-, approach that 1 have chosen to use is site-directed 

mutagenesis. Specifically I inirially set out to use this technique to examine the particular 

C3 sequences suggested by the other experiments to interact with the C3b reglatory 

molecule factor H. By 'functional extension' the same senes of mutants were also 

examined for their ability to interact with soluble foms of CRI and MCP. The main 

advantage of the site-directed mutagenesis approach is that any changes made could be 

examined in the context of the appropriate physiologie form of the C3 protein. With the 

observation that the interactions between RCA proteins and their ligands are strengthened 



under low ionic strength conditions. suggesting a role for ionic forces, the charged residues 

of the target region were iniUally replaced with alanines. Alanine was chosen as the 

'substituting' residue because it has the a small apolar side chah that is rolerated in both 

hydrophilic and hydrophobie environments and does not alter the main chain conformation. 

or impose exueme electrostatic or steric effects (Cunnigharn and Wells. 1989). 

In this thesis. mutations have been generated within the 742-767 segment of human 

complement component C3 (maiure C3 numbering) that had been suggested by the 

Fishelson ( 199 1 ) hexapeptide experiments to contain a factor H interaction site. The srries 

of mutants were assessed for their ability to interact with cornplement factors H. soluble 

CR1 and soluble MCP using factor 1 cofactor assays as an indirect reporter of the binding 

interaction. The confornational "integrity" of the mutant C3 molecules was also assrssed. 



C hap ter 2 

Materials & Methods 



2 .  Buffers - 

Verona1 buffered saline (VBS) and sucrose veronal buffered (WB) solutions of 

varying sons were used in the complement assays. Proteins were dialyzed in a 1 x VBS 

solution consisting of 4 mM sodium barbital, pH 7.2, 150 mM NaCl. 0.15 mM CaCIZ. and 

0.5 m i l  MgCl?. GVB is VBS containing 1 gil gelatin; GVBE is GVB containing 1 O mM 

EDTA: SGVB is SVB (low ionic strength VBS containing 1 12 rnM sucrose. and 30 mM 

NaCI) with 1 g/I gelatin. Phosphate buffered saline (PBS) is 10 mM NaH2P04. pH 7.3. 

150 mlM NaCl. 

2.2 Purified Complement Components and Antibodies - 

CÏS (Gigli er al.. 1976), C? (Nagasawa and Stroud. 1977a), C3 and CS (Tack and 

Prahl. 1976). C4 (Bolotin et al.. 19771, factor B (Gotze and Müller-Eberhard. 197 1 ). 

factor D (Lesavre et a[, 1979), factor H (Pangburn et al.. 1977). and factor 1 (Nagasawa et 

al.. 1980) were purified frorn human plasma using previously established methods by 

previous members in the lab and Frozen at - 80 OC. C6-9 reagent used in hemolytic assays 

was obtained fiom guinea pie serum (GIBCO. Oakville. Ontario) treated with potassium 

isothiocyanate and hydrazine hydrate followed by dialysis in VBS (Cooper and Müller- 

Eberhard. 1970). C 1 euglobulin. needed for classical pathway C3 convenase formation. 

was precipitated from whole human serum (Cooper and Müller-Eberhard, 1968). 



Rabbit polyclonal IgG against human C3c (Sigma Chemical Co.. St. Louis. MO). 

aoat antisemm against human C3 (Quidel, San Diego. CA) and alkaline-phosphatase 5 

conjugated antibody against goat IgG (Jackson h u n o  Reasearch Laboratones. West 

Grove. PA) were purchased from the indicated suppliers. Mouse monoclonal IgG, 4C2 

against C3dg was a gifi from Dr. V. Koistinen (Helsinki, Finland). Mouse monoclonal 

IgG1 against C3c was a @fi from Dr. D. Dobbie (Dominion Biologicals Ltd.. T mro. Nova 

Scotia). Radioiodination of purified complement component C3 involved the use of ["'I]- 

Na (Amersharn Canada. Oakville. Ontario) and lactoperoxidase (Sigma) as described by 

.Marchalonis ( 1969). In short. up to 250 pg of C3 in 50 pl, stored in O. 1 M sodium 

phosphate. pH 6.5, was mixed with lactoperoxidase (80: 1 protein: lactoperoxidase ww) .  

100 pCi [ ' 2 5 ~ ] - ~ a  ( 100 rnCiirnl) and 15 pl 1 M NaH2P04, pH 7.3. Radiolabelling was 

initiated upon the addition of 3 pl &Oz ( I/4000 dilution in H 2 0  of a 30% wiw stock) and 

afier 10 minutes at RT the reaction was stopped by adding 500 pl of PBS containing 

O . O 1 ° ~  NaNj and 5 pl of 0.1 M KI. Separation of unincorporated [" 'II-~a was achieved 

by rocking the solution in 1 -mm of BSA-saturated PBS-washed Dowex- I beads (Sikgna) 

for 10 minutes at RT in a 1.5 ml rnicrofùge tube (Stantedt). AAer perforating the bottom 

of the tube once with a needle. the solution was separated from the beads by centrifugation 

into another rnicrofùge tube. In order to determine the fraction of protein bound "'1.  1 pl 

of the iodinated protein was mixed with 50 p1 BSA ( I mg/ml) and precipitatçd with 500 pl 

of trichloroacetic acid (TCA) solution. This technique. by in large, gives greatrr than 

9540 TCA precipitable counts and specific activities of 0.2-2.0 x 1 o6 cprdpg protein. 



Tissue Culture Methods: 

2.3 inactivation of bovine factor 1 in fetal calf serum with K76- - 
monocarboxylic acid 

K76-monocarboxyiic acid (K76-COOH) was a gifi from Otsuka Pharmaceutical 

Co. (Tokushima. Japan) and was used to irreversibly inactivate the bovine factor 1 present 

in the fetal calf serurn (FCS)(Hong et ai.. 198 1). This treatment allowed me to perform 

human factor H and 1 cofactor-dependent cleavage assays of biosynthetically labeled 

recombinant hurnan C3 directly in the culture medium. without interference from the bovine 

factor H and 1 present in the culture medium. As was the case in al1 ce11 culture media. the 

FCS was fint heat-inactivated for 1 hour at 56 OC. The process of factor I inactivation 

required the pH of the semm to be raised to 9.0 with 1 N NaOH. afier which solid K76- 

COOH was added (2 mg/ml). The pH was then readjusted to 9.0 with IN NaOH and the 

serurn was incubated at 37 O C  for 2-3 hours. An equal volume of 0.1 M Na2B40~.  pH 9.2 

was added and the mixture was cooled on ice. NaBH4 (4 rng/lO ml FCS initial volume) 

was dissolved in 0.01 N NaOH and added to the FCS with stimng for 1 hour. The 

solution was dialyzed extensively against 1 x VBS. filter sterilized (0.7 micron) and thrn 

stored at -20 OC. It should be noted that the treatment of FCS with K76-COOH partially 

compromises the media's ability to promote the growth of cells. For this reason. a media 

supplement was added (see below). 

2.3  Cell Iines - 

Al1 ce11 lines were maintained at 37 O C  with 5% CO2 in a humidified tissue culnire 

incubator (Johns Scientific). 



Afncan green monkey kidney COS4 cells were maintained in Dulbecco's modified 

Eagle's medium (DMEM, GIBCO) supplemented with 10% FCS. 2 mM glutamine. 100 

Uiml penicillin. and 100 pgml streptomycin (henceforth. referred to as complrte media). 

Munne myeloma J558L cells that were stably transfonned with pKG5-En-C3. a vector 

encoding human C3 and harbouring a neomycin resistance gene. were selectrd and 

maintained in complete media containing 0.6 my'ml active G4 18-sulfate (Genrticîn. 

Gibco). 

C3 cofactor binding assays required that these cells be washrd in Hanks' buffered 

salt solution (HBSS. GIBCO) and thrn grown ovemight in total media in which the 10% 

FCS was replaced with 396 K76-COOH-treated FCS and supplemented with 1 

Nutridoma-HU. a media supplement to help the growth of cells in growth factor-deticirnt 

media ( Boehringer Mannheim B iochemicals. Montreal. Quebec ). 

2.5 DN.4 methods - 

The principal vectors used in al1 the smdies were pBST-C3B and pSV-C3. Thrsç 

vsctors had bcen previously generated by Dr. Aiko Taniechi-Sidle. In short. pi3 luescript 

(pBST) was digested with Hind III producing a site into which a full-lengh C3 cDNA (as a 

Hirzd III Fra-ment) was inserted in one of two orientations; these insertions generated 

pBST-CM (top strand is C3 coding strand) and pBST-C3B (bonom strand is C3 coding 

strand). pSV is a pBIuescirbe M 13+ (Stratagene) plasmid which contains a SV40 

promoter. a three enzyme cloning site (Hind III-BamH 1-Xho 1) and a SV40 

polyadenylation signal in lieu of the original polylinker of pBluescribe M 13+. The very 

same Hind III cDNA fragment of C3 cDNA was blunt ended and inserted into a blunt- 

ended BamHI site of pSV in an orientation that would permit C3 expression, thereby 

producing the plasmid pSV-C3. 



Generation of Mutant C3 Recombinant Molecules: 

2.6 Polymerase Chain Reaction-mediated site directed mutagenesis - 

Site-directed mutations were generated by the overlap-extension variation of 

polymerase chain reaction-based mutagenesis (Ho er al.. 1989). as illustrated in figure 2.1. 

The technique involves the use of four different oligonucleotide primers. 

specifically hvo so-called 'flanking' pnmers and two overlapping 'mutagenic' primers. 

One of sach pair was copied From the sense strand of the DNA sequence. while the other of 

was copied from the antisense strand. with the exception of the appropriate nucleotidr 

substitutions in the rnutagenic primers. The construction of each primer followed certain 

rules. Al1 were about 20 to 22 base-pairs (bp) in length with a calculated melting 

temperature (Tm) greater than 60 OC. Moreover. the 3' end of each primer was made to end 

with at least a pair of GiC nucleotides. Each pair of mutagenic primers overlapped at lrast 

<)O0, with one another. Al1 primers were "screened" for non-specific binding to other sites 

in the human C3 sequence usine the MacMolly sequence comparison software to givr a 

rouph indication of potential PCR background problems. In addition to the above rules. 

the mutagenic primers were constructed such that the mutated bases were more or less in 

the centre of each oligonucleotide with at least 6 perfect match nucleotides on either end. 

In t ems  of the location of the oligonucleotides. the 5'-flanking primer (sph 1.2) 

was situated upstream of a unique restriction enzyme site for Sph 1. The other flanking 

primer (pml 1.2) was found downstream of another unique restriction enzyme site (Pm1 1). 

The upstream flanking primer orientation was sense with respect to the coding sequence 

whereas the downstream flanking primer orientation was antisense. Another important 



Figure 2.1 Site-directed mutagenesis by overlap extension using PCR. 

1. Primary reaction: One flanking primer is paired with one rnutagenic primer of the 
opposi te orientation. 

2. The primary PCR products are purified. mixed together. denatured. and re-annealed. 

3. Secondary reaction: 3' ends of each reaction are allowed to extend before the flanking 
primers are added, thereby ampliQing the full-length sequence. 

4. The secondas. products are purified, digested with SphI and Pm11 and subctoned first 
inro pBST-C3B. and then fom pBST-C3B into the pSV-C3 expression vector before 
transfection. 
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point is that the flankers were designed to be positioned at specific distances fiom al1 rhe 

sites to be mutated such that the size of the PCR fragments generated were sufficiently large 

snough (ie. >100 bp) to i )  resolve fiom the primers and 'failed' products on a 1 .sO O (W.  v )  

agarose gel. and ii)  isolate using Geneclean II (BI0 10 1. Vista. CA). 

The procedure involves two sets of PCR reactions. i )  the pnmary reaction - whrrr 

the panially overlapping lefi-side and right-side fragments are generated with the mutations 

bcing in the overlapping regions. and ii) the secondary reaction - where the overlapping 

frqments from i )  are allowrd to anneal and fom a larger double-stranded frqment with 

the mutant nucleotide(s) on both strands (see Fig. 1.2). 

The primary PCR products (ie. the lefi-side and nght-side fragments) are generated 

in the presencr of ternplate (either pBST-C3B or pSV-C3) by taking a flanking primer and 

pairing it with its opposing-orientation mutant primer. That is. the upstream srnss strand 

tlanker is placed in a PCR reaction mix with the antisense (Y-5') mutagenic primer. 

Likewisr. the downstream flanker (antisense) is placed in a PCR reaction mix with the 

srnsr mutagenic primer. Thesr are donc in separate reaction mixes. Specifically. 10 ng of 

pBST-C3B1pSV-C3 was mincd with 100 pmol of rach primer of a pair. 6 pl dNTPs (2.5 

m.M ). 10.0 pl 1 O x Vent polymerase buffer (10 rnM KCL. 10 m M  (NH4):SO4. 2 mM 

AMgZSO1. O. lob Triton X- 100.10 mM Tris-HCL. pH 8.8) and 1 U of Vent DNA 

polyrnenss (New England Biolabs. Inc.. Beverly. MA) to a total volume of 100 pl. The 

primary polymerase chain reactions were then performed in a Perkm Elrner 2400 PCR 

machine (Perkin Elmer, Califomia) using 30 cycles of denaturation at 94 OC. amealing at 

52 O C .  and extension at 72 OC for 30 seconds each. The primary PCR products were then 

srparaird on an agarose gel and isolated from the gel slice using Geneclean II (BI0 1 O 1 ). as 

described by the manufacturer. Recovery was usually estimated fiom ethidium staining 



intensity of an aliquot on an agarose gel electrophoresis in cornparison with sizr markers of 

known quantity. 

Purified pnmary PCR products were then used in the secondary PCR reaction. 

Sprcifically. 1 O ng of each fragment was rnixed with 100 pmol of each flanking primer. 6 

pi dYTPs (2.5 mM). 1 O pl 10 x Vent polymerasr buffer. and 1 U Vent DNA polyntirast. 

in a total volume of 100 pl. The conditions of the second poiynerase chain reaction iverr 

as described above for the primary reacrion. The fmal product has a size of 6 11 bp. 

corresponding to the distance between the 5' end upstream flanker sph 1.2 and the 5' end of 

the downstream flanker pml 1 2.  These secoodary PCR products were then digrstsd with 

the restriction enzymes Pm1 1 and Sph 1 to generate a 3 12 bp fragment that contained the 

coding sequence mutation(s). This fiabment was first subcloned into a Prnl 1-Sph I 

digrstsd pBST-C3B plasmid. Once the presence of the mutation and absence of unwantsd 

changes was confirmrd by sequencing of the 3 12 bp 'exchange' fka-ment. i t  was then 

digestrd with .4pa 1 and Sul I. thereby generating a 1300 bp fiabment which was subcloned 

from pBST-CB into the Apa 1-Sul 1 digestion vector fragment of the expression plasmid 

pSV-C3. The presence of a successfûl insertion of mutant fia_ment was contirmcd by 

srquencing. The intermediate vrctor stsp was required because Sph 1 ivas not a unique 

digestion site in pSV-CS. 



Figure 2.2 Mutants assessed in this study. 

The appropriate substitutions were made at each of the charged residues indicated above. 
lsostenc amide substituents shown to have an effect with regard to factor B binding 
(Fishelson. 199 1 ). as indicated in the hatched box above. were also assayed. A11 c h q e d  
residues between 732 and 767. the region suggested to bind to factor H (Ibid, 199 l ) ,  were 
converted to alanine. 



N-Terminal Mutants of the Human C3a' Chain 



Ex~ression & Ouantitation of Recombinant C3: 

7.7 Transfecfion of COS-1 cells 

The DEAE-Dextran method (Oprian et ai.. 1 98 7) was used in the transfection of 

COS- 1 cells with the wild type and mutant pSV-C3 expression vectors. Freshly split COS- 

1 cells were allowed to adhere to 35 mm or 60 mm tissue culture plates and grow to a 

density of 50% + l- 10% confluency prior to transfection (seeded at 0.1 x 10' cells per 

35- plate; 0.5 x 10' cells per 60 mm plate). Cells were then washed with HBSS two 

times and then incubated in the presence of FCS-free DMEM containing 0.5 mg/ml DEAE- 

Dextran (Sigma), 50 mM Tris-HCI. pH 8.0. 2 rnM glutamine, 100 Uiml penicillin. 100 

ppml streptomycin and pSV-C3 (5-10 pg) for 40 minutes at 37 O C .  The supematant was 

aspinted and replaced with DMEM containing al1 of the above except in lieu of DEAE- 

Dextran and Tris-HCI, chioroquine and FCS were added to a final concentration of 100 FM 

and 1 O O6. respectively. The cells were incubated in this slightly toxic media for 7-3 hours. 

The supematant was then removed carefblly by aspiration. the adhering cells were washed 

two times with HBSS. and then complete media was added. The media was changed afier 

48-72 hours to DMEM containing 4O.h K76-COOH-treated FCS and 190 Nutridoma in place 

of the 'standard' 10?6 FCS. The cells were cultured ovemight in this media prior to 

mstabolic labeling as described below. Al1 supematants were harvested 71-96 hours afier 

transfection and dialyed against 1 x VBS. 

2.8 Metabolic Labeling of C3 - 

Prier to radiolabeling, the transfected ce11 lines were washed 2x with stenle PBS to 

remove residual media. To these cells. methionine-, and cysteine-depleted DMEM 

containing 4% K76-treated FCS and 1% Nutridoma was added (1 ml per 35 mm plate; 1.5 



ml per 60 mm plate). The cells were cultured for 1 hour in the incubator. The cells uvcre 

then plse-labeled' with 100-200 pCi of ["SI-~ranslabel (ICN Biochemicals) for 6 hours. 

.\fier 6 hours. an equal volume of v et-CysdK76'~u' DMEM was addrd and the ?haseo 

incubation was continued ovemight. 

2.9 Quantitative rneasurement of secreted recombinant C3 - 

In order to determine the amounts of recombinant C3 sccreted by our transfections. 

both unlabelled and ["SI-labeled. a cornpetitive solid-phase radioimmunoassay ( R h :  

Harlow and Lane. 1988) was performed. Non-flexible polystyrene microtitre wells 

( Packard. Meridan. CT) were coated with rabbit polyclonal IgG anti-human C3c ( 1 O pgml  

in 0.01 M NaHCO, pH 9.8; 200 pVwell) for 2 hrs at 37 OC. The wells were flicked dry 

and then blocked with Blotto (5% skim milk in PBS-Tween 20.0.596; 200 pliwcll) for 30 

minutes at 37 O C .  The wells were washed 3x with PBS-Tween and flicked dry. C3 that 

had been purified fiom human serum and radioiodinated ( 10-30.000 cpm/well) was 

allowed to cornpete with known concentrations of unlabelled. purified C3 and with 

unlcnown concentrations of recombinant C3 for binding to rabbit polyclonal IgG against 

human C3c. Following washing, the amount of bound radioactivity was determined using 

an automated ~ o ~ ~ o u n t ' ~  system (Packard). From these data. a standard curve was plottrd 

and the concentration of each recombinant C3 in the culture media was detennined by the 

interpolation of the standard cume. 

1.10 .Metabolie Processing of C3 

The supemarants were harvested and divided into 2 aliquots. One aliquot was 

incubated for 1 h at 37 O C  with fluid-phase C3 convertase ( ~ 4 b ~ ~ ~ ~ 2 a ) .  which was 

prepared by treating C4 at 37 "C with active C ~ S  (1 -5 %, w/w) for 1 hour followed by 



addition of iodine-oxidized C3 (25 %, W I W )  for 3 min. Four C4 pg equivalents of 

C4b0"'2a were used per sarnple and the C3 was then imrnunoprecipitated as descnbed 

below. Iodine-oxidized CZ ( O W 2 )  was prepared by adding a stock solution of a EU42 

mixture to the C2 protein solution such that the final solution was 1.3 mM KI. 0.024 mM 

1 .  Pnor treatment of C2 with this oxidizing soltuion greatly enhances the lifetime of the 

classicai pathway C3 convertase (Polley & Müller-Eberhard. 1967). 

2.1 1 Immunoprecipitation of C3 

Pnor to imrnunoprecipitation. dialyzed supematants containing the metabolically- 

labeied recombinant C3 were treated with one tenth volume of 1 Ox detergent concentrate 

( jq6  SDS. 7.5% deoxycholate. 5% Triton-X 100. 1 O rnM EDTA in 1 x PBS). The protease 

inhi bitors iodoacerarnide and phenylmethylsul fonylfluoride were added to the solutions at 

final concentrations of 1 rnM and 2 mM. respectively. 10 pl of formalinized Srapk. alweics 

suspension ( 10% Protein A suspension; Sigma) was added to clear non-specific binding 

proteins from the supematants: the samples were rocked for 1 hour at 4 "C. The samples 

were then spun down and the supematants recovered. to which 20-30 pg of rabbit anti- 

human C3c polyclonal antibody (IgG fraction) was added. A specificity control using 

rabbit anti-human C4 polyclonal was included in the experiment. These antibodies were 

allowed to bind ovemight at 4 OC. The next day the samples were treated with 1 O pl of 

Protein -4 suspension for 1 hour with rocking at 4 "C. The samples were again spun 

down. the pellet was recovered (Protein A-IgG-C3 complexes) and washed at least 3x with 

I x detergent buffer. The pellets were then resuspended in 30 pl of 1 x sample buffir ( 5 ~  

stock contains 0.309M Tris-HCl, pH 6.8, 50 % vlv glycerol, 10% SDS, 0.15 mg/ml 

bromophenol blue) and dithiothreitol was added to a final concenuation of 40 mM. The 

sarnples were finally boiled for 3 minutes to incorporate the SDS and reduce the disulfide 

bonds. The Sraph. aureus particles were pelleted and the supematants were then loaded on 



a 9*6 SDS polyacrylamide minigel (BioRad apparatus). Following electrophoresis. the gels 

were fixed in a methano1:acetic acid: water (5: 15)  solution with rocking at 65 'C for 10 

minutes. The gels were then washed in water wirh rocking at 65 "C for 1 O minutes 

followed by a 1 O minute soak at 65 OC in 1 M sodium salicylate, a cornpound that 

fluoresces when excited by P-particle radiation. The gels were dned and rxposed to Kodak 

U R  film at -70 "C for at least 7 days before development. Semi-quantitative anal ysis of 

band intensities was perforrned by scamhg the film on an Epson ES- 1 OOOC color scanner 

( ~ c a n ~ a s t i c ~ e n t r a  lrm software. Adobe) and quanti tating the scanned image using the 

progam NIH Image v 1.58 (NIH. Bethesda. Maryland). 

Functional and Conformational Analvses of Recombinant C3: 

2-12  Preparation of C3-coated sheep erythrocytes 

Sheep red blood cells (SRBC)(PML microbiologicals. Tualatin. Oregon) were 

treated with anti-SRBC IgM antibody (Sigma) and then with C 1 euglobulin. puri fird C1 

and O"YCZ to produce C4box'la-coated erythrocytzs (Polley and Müller-Eberhard. 1967: 

Cooper and AMüller-Eberhard. 1 968: Cooper et al.. 1970). 

2.13 Classical Pathway-dependent Hemolytic assays - 

The above C3-convertase bearing cells, E A C ~ ~ ' " ' Z ~  ( 1 .S x IO') were incubated for 

I hour at 37 OC with 500 pl of dialyzed culture supernatants containing varying amounts of 

C3 per assay. as detennined by RIA. The resulting EAC423b cells were washed in GVBE 

and then incubated with human C5 ( 1  pg) and guinea pig C6-9 reagent ( 1/50 dilution in 

GVBE. 1 ml). These cells were then incubated at 37 O C  until a suitable degree of lysis 

developed in the positive controls (usually between 15-60 minutes). After spiming down 



unlysed cells. the degree of lysis in each tube was determined by measuring absorbance of 

the supernatant at 4 12 nrn. The degree of lysis was converted to '2' units where Z = 

[-ln( 1 -fiactional lysis)] and where fractional lysis equals the "specific" absorbance at 11 2 

nm of a panicular test sample divided by the absorbance at 41 2 of an equal number of 

e ~ h r o c y t e s  lysed in an equal volume of distilled water. The specific absorbance has been 

corrected for spontaneous lysis in a control incubated with dialyzed media that does not 

contain C3. The physical meaning of Z is that it corresponds to the number of 

hemolytically effective molecules of C3 per target cell (Rapp and Bonos. 1970). 

2 . 1 1  Cleavage of [ 3 5 ~ ~ - ~ 3 ( ~ 2 0 )  by factor 1 and cofactors H, sCRl and 

sMCP 

The biosynthetically-labelled C3-contauiing supematants were collected and then 

treated for 4 hours at 37 OC with an equal volume of 4 M KBr in order to delibrratrly 

hydolyze the thioester and convert native C3 to the C3 b-like C3(H20) moleculs. The 

supematants were dialyzed extensively in 1 x VBS at 4 O C .  Equal concentrations of ["SI- 

C3(HZO) ( 100 ng). as determined by MA. were treated with 2 variable amounts of rither 

purifird human factors H. sCR1. or sMCP. and a single amount of purified factor 1 for 2 

hours at 37 O C :  exact quantities added are given in various figure legends (see Results). A 

control sample in each case had factor I added without any cofactor. Afterwards. the 

samples were irnrnunoprecipitated using rabbit polycional IgG against C3c in conjunction 

with formalized Sraph. aureus (Sigma) as described above. These samples were then 

trcated with SDS-PAGE sample bufTer under reducing conditions, separated on a 90/0 or 

1 1 % SDS-PAGE, and analyzed by autofluorography (Kodak XAR-5 film) using 1 M 

Sodium Salicylate as the gel-impregnating fluor. A variant of this assay done with H as the 

1 cofactor involved adding to the KBr-treated supernatants fiesh fetal calf serum ( 10% final 

concentration) as a source of heterologous (ie. bovine) factors H and 1. 



2.15 Enzyme-Iinked irnmunoabsorbant assay of native/denatured C3 

96-well polyswene microtitre plates (Starstedt) were coated in separate wells with 

varying dilutions of puified human C3 either treated or not treated with SDS ([J,,, = 1 O0 O 

viv) in 1 x PBS for 2 hours at 37 "C. A starting concentration of 30 py'ml was usrd and a 

3-fold dilution series was setup (diluted in PBS: 200 uVwel1). C3 was allowed to coat the 

wells for 2 hours at 37 "C and flicked dry. The weils were then blocked with 5?0 skim 

milk in PBS (no Tween) for 30 minutes at 37 O C ,  washed 3x with PBS. and flicked dry. 

Two different primary mouse monoclonal antibodies were used in the expenment. one 

being against a C3c epitope and the other against a C3dg epitope ( 1 : 1000 dilution in 5" O 

skim milk in PBS; 200 pliwell). A polyclonal rabbit anti-human C3c Ab ( 1 : 1000 dilution 

in 5% skim milk in PBS: 200 pUwell) was used as a control for the presence of 

C3/C3( H:O) on the plates. These antibodies were allowed to adhere for 2 hours at 3 7 OC. 

Following washing, the alkaline phosphatase conjugated secondary antibodies. donkey 

anti-rnouse IgG in the case of the mouse monoclonals and goat anti-rabbit IgG in the case 

of the polyclonai primary antibody. were then added ( 15000 dilution in 5% skim milk in 

PBS: 200 pljwell) and allowed to bind for 2 hours at 37 OC before washing and d l i n g  as 

drscri bcd above. 100 pl of 0.5 rng'rni p-nitropheny lphosphate in alkaline phosphatass 

buffer (0.1 M diethanolamine. 0.5 mM MgCl?, 0.02% NaN;, pH 9.8) was added to sach 

well and the absorbance at 305 nm (Microplate Reader Mode1 450. Biorad) was measured 

afier approximately 30 minutes at room temperature. Negative controls included no coat 

( Le. n o  C3 ) and no pnmary antibody. 



2.16 Enzyme-linked imrnunoabsorbant assay of recombinant C3 (Antibody - 
Capture Version) 

96-well polystyrene microtitre plates (Starstedt) were coated in separate wrlls with 

one of three antibodies: rabbit polyclonal IgG anti-human C3c, mouse monoclonal IgG 

anti-human C3c and mouse monoclonal IgG anti-human C3dg ( 1 : 1000 dilution in 0.0 1 M 

NaHCOI. pH 9.8: 200 pVwell). Afier a blocking with Blotto (5% skim milk powdrr in 1 x 

PBS with 0.0596 Tween 20). the wells were incubated with equal concentrations of the 

recombinant C3 moiecules for 2 hours at 37 O C  (200 pbwell). The primary sandwiching 

antibody. goat anti-human C3 (Quidel). was then added followed by the detecting antibody 

(or secondary). alkaline phosphatase conjugated rabbit anti-goat IgGIA (Jackson). 2 hours 

at 37 "C for each incubation. From the blocking stage onwards. the wells were washed 

with PBS-Tween (no milk) between each incubation and flicked dry. 200 pi of 0.5 mpml  

p-ni tropheny lphosphate in aikaline phosphatase buffer (0.1 M diethanolamine. 0.5 mivl 

MgC12. 0.02°(h NaN;. pH 9.8) was added to each well and the absorbancr at 405 nm 

( Microplate Reader Mode1 450. Biorad) was measured afier approximardy 30 minutes at 

room temperature. Negative controls included no coat (i.ç. no capture Ab added). no C3. 

and no prirnan antibody. 



Chapter 3 

Results 



X charged residue to alanine scan was performed through the target seUment of C3 

residues 742-767, this segment having been implicated as contributing to the binding 

interactions of C3b with factor H (Fishelson. 199 1 ). However pnor to assessing the 

vanous recombinant C3 molecules in the cofactor-dependent cleavage assays. it was felt 

that some rneasurement of general conformational integrity was in order. Four different 

assays were used to directly or indirectly address this issue, thesc beine levels of secretion 

of the recombinant molecule. epitope recognition by conformationally-sensitive monoclonal 

anti bodies. C3 dependent hem01 ytic activity measurements and c leavability by fluid phase 

ciassical pathway C3 convertase. 

3.1 Recombinant C3 (rC3) molecules are secreted into the supernatants - 

The supematants fiom unlabeled vansfectants were harvested 3 to 4 days ofter 

transfection and the secreted C3 levels were measured using a radioirnmunoassay (sec 

:Materials & Methods). In preliminary experiments it was determined that the level of 

protein varies as a function of the amount of each pSV-C3 plasmid uscd in the transfection. 

but peakrd at about 200 n g h l  using 5- 10 pg of plasmid DNA per 35 mm plate. The 

transfection optimization data for each of the 15 plasmids used in this study are presented in 

Table 1. Excess plasmid in al1 cases inhibited the level of C3 expression. "Optimal" 

amounts of cither 5 or 10 pg of a given plasmid were used in subsequent transfections to 

renerate stock recombinant C3 for the subsequent functionaVconformationai analyses. In 
C 

each subsequent transfection, the level of production by the various mutants was never 

significantly different fiom the wild type uansfectants. This suggested that there was no 

selective intracellular retention or degradation of the mutant C3 molecules due to rnisfolding 

of the molecule. 



Table 1 

.-lmorrnr of C3 prod 

Recombinant 

Wild type 
742R" 

ved as a funcrion of amounr of DN.4 transfected 
Amount Protein Secreted {nwrnll with V: vine Transfectin~ D 'A Vector .4rnowitsa 

30 pg 
1 1 1  k41 
1 O6 5 6  
122 9 1  
134 k28 
116 i 23  
143 221 
120 k46 
I l 9  r52 
109 262 
113 240 
107 k34 
08 t41 

I O 2  127 
109 3 1  
121 +37 

" as detennined by RiA h m  supernatants 3 &ys post-aansfecrion of unlabelled COS- 1 cells in 3Smm 
plates 



3.2 Two antibodies recognizing C3c and C3d respectively, are specific for - 
native conformational epitopes 

Two monoclonal antibodies. one specific for an epitope in C3c and the other for an 

cpitope in C3dg. were employed as conformational probes. To demonstrate the 

conformational dependence of the antibodies. their respective binding to native and SDS- 

denatured purifîed C3 or C3(H20), the latter being the C3b-like thioester-hydrolyzed f o m  

of C3 used in al1 of the subsequent cofactor cleavage assays, was determined. Punfied 

human C3 or C3(K20). with or without pnor SDS denaturation, was senally 3-fold dilutcd 

and allowed to coat microtitre wells. The level of  binding of each of the monoclonals to 

their ligands was then assessed in an ELISA assay using an alkaline phosphatase- 

conjugated anti-mouse IgG detection reagent. Additionally, the presence of both denatured 

and native C3 molecules on the plate was confirrned using a rabbit polyclonal anti-C3c 

which wouid be expected to recognize the denatured molecule. Detection in this case 

rmployed an aikaline phosphatase-conjugated anti-rabbit IgG. The results of these 

expenments are shown in figure 3.1. It can b r  seen that in the case of C3(&O). both 

antibodies bind only when the protein was in its native confornation. For intact C3. the 

anti-C3dg monoclonal also oniy binds to the non-denatured protein. however. while the 

same is true a< high concentrations of antigen for the binding of the anti-C3c monoclonal to 

intact C3. the SDS denatured. but 27-fold dilution sample of intact C3 also registered 

sigificant binding of the anti-C3c monoclonal. The reason for this anornalous data point is 

unclear. but it may reflect the re-acquisition of the native epitope as the SDS was diluted out 

fiom the initial 10% to -0.9% in the 27-fold diluted sample. In any event. since the 

cofactor assays al1 empioy the C3b-like C)(HzO) molecule, it is this species whose 

conformation we were primarily interested in probing and for it, both monoclonals show 

conformationally-sensitive binding. 



Figure 3.1 Conformation-dependent binding of mouse rnonoclonals to 
epitopes in human C3 and C3(H20).  

Starting from a concentration of 30 m g / d  serial 3-fold dilutions of purified human 
C3/C3(H20), either untreated or SDS-treated ( 10% w/v), were allowed to coat microtitre 
wells. The wells were incubated with either mouse mi-human C3c mAb (A) or mouse 
anti-human C3dg rnAb (B) was added. The presence of C3/C3(H20) on the plate was 
tested using a rabbit polyclonal anti-C3c antibody (C). The degree of binding by the 
antibodies to C3/C3(H20) was measured using an ELISA-based approach as described in 
the Materials & Methods. Al1 measurements were made in duplicate and the vaiues 
presented are representative of at least three independent experiments. 
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rC3 structures are not significantly perturbed versus wild type C3 

As mentioned above. one could argue that normal secretion of C3 provides indirect 

evidence that the structure of the molecule is not severely dismpted. A more direct rnrthod. 

which employed the above descnbed conformation-dependent monoclonals. was also used 

to assess the effect of the various mutations on the conformation of the various C3 mutants. 

In this approach. the two monoclonals. as well as the polyclona1 anti-Ck. were 

individually coated on wells as capture antibodies. Binding of the various Cj(H2O) 

molecules to the three capture antibodies was then detected using a comrnon polyclonal 

anti-C3 "sandwiching" antibody (see Materials & !Merhods). A representatiïe exprrirnent 

indicating the level of binding of the polyclonal anti-C3c and the monoclonal anti-C3dg to 

each recombinant molecule is shown in f i p  3.2A. The results From such assays were 

thrn rxpressed as the ratio of a given monoclonal to polyclonal absorbance for each 

recombinant rested. These ratios were then compared to the ratios obtained using the wild 

type recombinant C3(HzO) molecule. It can be seen from the data presentcd in t ig re  3.ZB 

that the ratios were essentially constant arnong al1 of the mutants and funher that thçy did 

not differ from the ratios observed with the wild type molecule. Thus. the 

confomationally-sensitive epitopes recognized by both the monoclonal ami-C3dg and 

monoclonal anti-C3c were unaffected by the various substitutions introduced in the course 

of this snidy. 



Figure 3.2 Binding of wild type and mutant rC3(H20) to two 
conformationally sensitive monoclonal antibodies. 

Plates were coated with either mouse mi-human C3c rnAb (mC3c). rnouse anti-human 
C3dg rnAb (mC3dg), or rabbit polyclonal anti-human C3c (pC3c). 100 ng of the various 
recombinant C3(H20) molecules were added to the wells and the level of binding was 
assessed using a goat polyclonal anti-human C3c "sandwiching" antibody. which was in 
tum detected with an alkaline phosphatase conjugated rabbit anti-goat IgG. A sampie 
ELISA is shown in panel A. For each recombinant molecule. the ratio of anrisen capture 
by the monoclonal versus the polyclonal is presented in panel B. These results are 
representative of three independent experiments using duplicate measurements each time. 
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Hemolytic activities of the rC3 molecules 

As a m e r  control for conformation, 1 measured the relative ability of a C3 mutant 

molecule to become a subunit of a classical pathway C5 convertase on the surface of a 

sheep red blood cell. In the presence of excess C5 and C6-9, such CS convertase-bearing 

cells (EA4bOVZa3b) will be lysed. Accordingly. increasing amounts of rC3 were added to 

cqual numbers of EAC4boXYZa cells and lysis was deveioped upon addition of C5 and C6- 

9 reagents to the washed cells. The results of these C3-dependent hemolytic assays are 

shown in figure 3.3A for the single amino acid substituents and in figure 3.3B for the 

multiple amino acid substinients. Relative to the recombinant wild type C3. most of the 

mutants show some level of hemolytic defect ranging from about 50°h to 70% of the wild 

type control (cornparison made on basis of nglO.5 Z units of activity). This level of drfect 

is similar to that seen in a senes of mutants generated just N-terminal to the present targeet 

region (Taniguchi-Sidle and Isenman. 1994). Since the hemolytic assay reflects a cornplex 

read-out dependent upon at least six C3 properties. these relatively minor defects in 

hem01 ytic activity suggest that the substitutions introduced bave not grossl y compromisrd 

the structure of the vanous mutant molecules. Another point that is evident from figure 3.3 

is that the hemolytic activity of recombinant wild type C3 is about 70°/0 that of puritied 

serum-derived C3. This likely reflects the fact that whereas the non-recombinant C3 is 

composed entirely of mature 2-chain C3, the COS cell-derived recombinant C3 shows less 

than complete processing to the hemolytically active 2-chah form. Additionally. the 

amount of the C3 convertase-resistant, C3(H?O) present in the sample is likely to be greater 

in the case of recombinant C3 due to the prolonged incubation at 37 OC. To determine 

whether the extent of either post-translational conversion of pro-C3 to mature C3, or the C3 

convertase-mediated cleavability of the mutant molecules differed from the patterns 

observed in wild type C3, metaboiically-labeled C3 derived form the entire senes of 

transfected COS cells was immunoprecipitated with anti-C3, with and without pnor 



treatrnent with either the fluid-phase C3 convertase C4boxY2a. The SDS-PAGE analysis of 

this experiment is shown in figure 3.4 and it c m  be seen that the substitutions introduced 

have linle or no effect on the processing of pro-C3 to mature 2-chain C3. In contrast. the 

cleavability of ail of the mutants by C4bov2a was somewhat irnpaired relative to the wild 

type control. In another expenment, using a larger amount of C4boxYZa. the differencrs in 

cleavage susceptibility benveen mutant and wild type C3 were less apparent (data not 

shown). Collectively these data suggest that the mutations have an efect on susceptibility 

to cleavage by the classical pathway C3 convertase which ranges fiom 25 to 60% of uild 

type and that this may account for the partial defects seen in the hemolytic activities of the 

mutant C3 mdecuIes analyzed in this snidy. 



Figure 3.3 Classical Pathway-dependent hemolytic activities of wild type 
and mutant rC3. 

EA433b were prepared with various amounts of recombinant C3 produced by transient 
transfections of COS- 1 ceils. Measurement of classical pathway-dependent hemolysis. as 
described in Materiais & Methods. was done in duplicate. These results are representative 
of at least 4 independent experiments. Background lysis, detemiined using media that 
contained no rC3, was subtracted in al1 cases and was never more than 6% (+/- 4%) of 
maximal lysis produced by addition of Hz0 to the cells. 
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Figure 3.4 Biosynthetic processing and C3 convertase cleavability of 
recombinant wild type and mutant C3. 

Autoradiograph of 8% SDS-PAGE (reducing conditions) of C3 immunoprecipitated from 
the culture supematants of metabolically labeled COS- I cells that transiently express wild 
type and mutant C3. Prior to imrnunoprecipitation. fluid-phase C3 convertase. 
ClbOXYCh. was either added (+) or not added (-1 to the supematants as indicated to cleave 
the native C3 a-chain to the a'-chain of C3b. 
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Rationale and optimization of the cofactor-dependent, Factor 1 

mediated cleavage assay 

in order to rneasure the effect of the various alanine scan mutations on cofactor 

binding. I have employed a sensitive. although somewhat indirect assay that makes the 

measurement of cofactor interaction possible with the amounts of protein attainable in 

transient transfections of COS-1 cells. This assay takes advantage of the fact that factor 1- 

mediated cleavage of C3b to iC3b, with the excision of the small C3f fragment is 

absolutely dependent upon the binding of C3b to one of the three 1 cofacton i.e. H. CRI or 

MCP (see Fig. 1.5 for chain diagram of C3b to iC3b conversion). The C3b-likr Cj(H20) 

molecule undergoes the same 1-mediated cleavage in a cofactor-dependent manner to form 

the product iC3(HrO). In this case. however, the large a-chain cleavage product has the 

same molecular weight as P-chain. because the N-terminal C3a fragment is still covalently 

anached. CRI can also act as a cofactor for the so-called "third" cleavage of the u-chain by 

factor 1 which produces the C3dg Fragment plus an N-terminal cc-chain fragment (sec 

F i e  1 5 .  Using [35~]-b ios~the t ica l l~  labeled culture supematants as the source of the 

recombinant C3. al1 of these cleavages are observable on SDS-PAGE autofluorographic 

analysis if the appropriately treatrd supematants are first subjected to irnrnunoprecipitation 

with a polyclonal anti-C3 antibody. 

Basrd on the evidence in the literature there appears to be more than one site for 

cofactor H binding in C3b/C3(H?O) (summarized in Figure 1.7). If the mutations 

introduced in this snidy had a partial effect on only one of the sites at which H was bound, 

the effect might be missed in the cofactor-dependent cleavage assay if a saturating amount 

of H was employed. To establish a concentration range over which H was subsaturating in 

the assay, metabolicaliy-labeled wild type C3(H?O) was treated with a constant amount of 

factor 1 and a range of factor H concentrations. It can be seen in figure 3.5 that the extent 



of a-chain conversion to a-75 and a40 was dependent upon the concentration of H up to 

1 00 ngml. after which the assay was saturated with respect to factor H. Also shown in 

figure 3.5 are the concentration profiles for the factor 1 cleavage assay when usine soluble 

CRI (sCR 1 ) and soluble membrane cofactor protein (sMCP) as the 1-cofactors. For 

sMCP. which yields the same end-state cleavage products as does factor H. the assay is 

subsaturatin_g with respect to cofactor up to 100 ng/ml. For sCR 1. by 200 ngml  rhsrs is 

essentially quantitative conversion of a-chah into a-75 and a-40. However. the furthsr 

cleavage of a-75 into the 38kDa C3dg fragment and the N-terminal fragments of 

approxirnately the same molecular weight only became apparent at the 400 n ~ m l  

concentration of sCR 1. Since it was desirable to simultaneously assay al1 of  the mutants. 

there was a practical need to restrict the number of samples to be bandled. Consequcntly. 

the entire cofactor concentration range shown in figure 3.5 could not be reproduced for 

each of the 15 recombinant C3 molecules analyzed in this study. Thus. in addition to the 

zero cofactor control. one cofactor concentration giving an intermediate level of cleavage 

and one giving near total cleavage with wild type Cj (Hr0)  was employed in each case. 

These concentrations corresponded to 100 ng/ml and 200 ng/ml for each of factor H and 

sMCP. For sCR1. the two concentrations chosen were 100 npiml and 400ng'ml. the latter 

being chosen in order to see wheiher rhe mutations had an effect on the cleavage to 

C3dgla-37. 



Factor H 

Figure 3.5 Cofactor concentration dependence of the Factor 1-mediated cleavage assay 
using wild type C3(H20). 

:MetabolicalIy-labeled culture supernatants from stably-transfected J588L cells containing wild - - 
type human [j'S]-C3(H20)(diluted to 100 nglrnl) were treated with increasing concentrations 
of cofactor in the indicated amounts plus 500 ng/rnl of factor 1. Digestion products were 
immuno-isolated using rabbit anti-human C3c and resolved on a 9% SDS-PAGE gel under 
reducing conditions, as described in detaii in the Materials & Methods. 



3.6 Mutation of the residues 744E and 747E have an effect on factor I- 

mediated cleavage in the presence of cofactor H 

Shown in figure 3.6A is the H cofactor-dependent cleavage assay for wild type C3 

and for the I I charged residue mutants which 1 constructed within the 742-767 target 

region. Visual inspection of the autoradio_pm reveals that alanine scan mutants 7 4 E A  and 

7 ~ 7 ~ "  show a sipifkant impairment in Hdependent cleavage by factor 1 that is apparent at 

both 100 and 200 n@mi of the cofactor. At least an equal degree of impairment was also 

obsrmed in mutants hahouring alanine substitutions of both residues 744E and 747E. 

However. mutations at any of the other 7 charged residues in the 742-767 target sqmrnt  

were without effect in this assay. In order to determine whether the negatively-charged 

side chains at residue 7ME and 747E were required the glutamic acid was repiacrd by the 

isosteric amide glutamine and the functional activities of these two point mutants were 

determined. It can be seen in figure 3.6A that the isosteric amide 744EQ and 747€Q 

mutants showed the same impairment as did the equivalent alanine substituents. thercby 

implying the negative chargeper se is important for mediating binding of factor H. 

Three previousl y construc ted mutants (Taniguchi-Sidle and Isenman. 1 994 ). 

730.73 1 DN.EQ, 736.737EQ-EQ and 730.1 -736.7NQ-QQ were also enarnined in this assay. 

These mutants which were generated just upstrearn of the site that 1 am examining and 

which were shown to play a role in Factor B binding were previously examined in o H 

cofactor-dependent cleavage assay. While no significant impairment in cleavage relative to 

the wild type control was seen at the time. it is now clear that the assay had been camed out 

using saturating concentrations of factor H. When reexarnined using my more sensitive 

assay, only the 730,l -736.7NQ-QQ tetra-mutant showed an effect that was on par with that 

seen with either 744E-4 or 747EA alone. 



Figure 3.6 Factor 1-rnediated cleavage of recombinant C3(H20) molecules 
using H as the cofactor. 

100 ng of [ % ] - ~ C ~ ( H ~ O )  molecules (as deterrnined by RIA) were dieested with the 
indicated amounts of cofactor and 500 n$ml factor 1. Radiolabeled disestion products 
were imrnunoîsolated using rabbit anti-human C3c and resolved on an 9% SDS-PAGE 
under reducing conditions (A). Autofluorqpphs from at least three independent 
expenments were rinalyzed using densitometry to quantify the major bands. The ratio of 
rhe a-chain band pixel intensity over the combined signais from the a-chah. a-75. a--?O 
and P-chains (total) was calculated and plotted as indicated (B). The order of the bars is the 
same as the order in the legend. 
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In order to assess the reproducibility of the assay, and to determine whether the 

effects of the mutations at 744E and 747E were cumulative, this assay. as well as two other 

independent replicates were subjected to densitomevic analyses (see Materials & Methods). 

For rach lane the intensity of the u-chain was expressed as a fraction of the surnmed 

intensities arising from a-chain, a-75. P-chah and a-40. The means and standard 

deviations of fractional a-chain intensity for each recombinant at each factor H 

concentration are s h o w  in bar graph form in figure 3.6B. As judged from the size of the 

m o r  bars. the assays were quite reproducible. The bar graph presentation of the data. 

especially for the 200 n g / d  factor H concentration, readily identifies molecules having 

substitutions at either 7 4 4 E  or 747E (or both) as being impaired with respect to factor H 

binding. There is also some suggestion that the effects on H binding of the individual 

mutations at residues 7 4 4  and 747 are cumulative, although definitely not additive. 

As a second approach to assessing subtle defects in H binding activity produced by 

the vanous mutations. a version of the cofactor dependent cleavage assay was rmploysd in 

which IO0% non-K76-COOH-treated fetal calf semrn was used as a source of heterologous 

factors H and 1. The logic was that the interaction between the human C3(H20) derivatives 

and the bovine H would be less strong than with its autologous counterpart and that 

therefore subtle defects or cumulative effects that were dificult to detect when using the 

autologous components. even under non-saturating assay conditions. may be observable 

using the heterologous components. The resuits of this experiment are shown in figure 3.7 

and they essentially minor those obtained using the autologous components under non- 

saturating conditions. In this case, however, the cumulative effect of having residues 

74@A and 717EA both mutated to alanine is more readily apparent. 



Figure 3.7 Susceptibility of wild type and mutant C3(H20) to cleavage by 
bovine factors H and 1. 

Autoradiograph of 9% SDS-PAGE under reducing conditions of C3(H20) 
immunoprecipitated by polyclonal anti-C3c from the culture supematants of metabolicdly 
labeled COS- 1 cells that uansiently express wild-type and mutant C3. Before 
irnmunoprecipitation, equal amounts of C3(H20) ( 100 n g h l ) .  as d e t e d n e d  by RIA. were 
treated with 10% non-K76-treated FCS for 1 hour. as indicated. 





3.7 Mutations affecting the interaction with sCRl 

Previous work fiom this lab showed that repiacement of the glutamic acids at C3 

residues 736 and 737 by glutamine resulted in a marked loss in the ability of the mutant 

C3 b to mediate binding to CR1 on neutrophils, as assessed in a rosette type of assay. It 

followed. therefore. that these wo residurs played an important role in the interaction 

between C3b and CR1 (Taniguchi-Sidle and Isenman, 1994) . Soluble CRI was not 

availablr at the time and thus the contribution to the "quality" of binding with CR 1 required 

for the latter to act as a cofactor for factor 1-mediated cleavages. remained to bc drtrrmined. 

.-2ccordingly sCR1 -dependent I-cofactor cleavage assays were performed on the 3 mutants 

covering the 730-737 segment. as well as the series of mutants that 1 sngineered within the 

742-767 target region. The results of a representative cleavage experirnent are s h o w  in 

figure 3.8A and as a more quantitative bar graph fiom replicate experiments in figure 3-88.  

In accordance with the CR 1 -dependent rosette assay results. mutant 736.737EQ-EQ shou.s 

rnarkedly impaired conversion of C3(H?O) to iC3(H?O) and no evidence of the third 

cleavage converting ci-75 to C3dg and the 37 kDa N-terminal fragment (a-37). Although 

mutation of residues 730 and 73 1 on their own has no rffect in this assay. the combined 

trtra-mutant 730.1 -736.7NQ-QQ shows the same cleavaee defect as was obsrrved for thé 

736.737EQ-EQ mutant. In examining the 747-767 senes of mutants in this assay. it became 

apparent that those mutants showing impaired cleavage fell into nvo categories: those 

affrctine - the first 1-mediated cleavage and those affecting only the third cleavage. For 

example. whereas mutant 747EA showed significantly impaired CR 1 -dependent conversion 

of C3(H20) to iC3(HzO) and no rvidence of the third cleavage at the high concentrations of 

sCR1. mutant 744EA showed no impairment in C3(H20) to iC3(H20) conversion but 

nevertheless was resistant to the sCR1 -dependent third cleavage. 



Irnpairments of similar magnitude in C3(H20) to iC3(H?O) conversion was also 

seen with the 754,755EkDh mutant. Although there was no impairment in this conversion 

for neighbonng 757.758m-E* mutant. there was impairment of the third cleavagre. 

Combination mutants showed the phenotype of the individual murations. and at lem in this 

range of sCRI concentrations, there wzs no obvious indication of a cumulative cffect. 

Finally. as was the case for the interaction with factor H. isosteric amide substitutions at 

residues 744 and 747 did not restore wild type activity. Thus for these two residucs at 

least. one can conclude that the negative chargeper se is important to the binding with 

CRl .  



Figure 3.8 Factor 1-mediated cleavage of recombinant C3(H20)  molecules 
using sCRl as the cofactor. 

100 ng of [ 3 % ] - r ~ 3 ( ~ ~ 0 )  molecules were digested with the indicated amounts of cofactor 
and 500 ng/ml of factor 1. Samples were irnmunoisolated using rabbit anti-human C3c and 
resolved on 9 6  SDS-PAGE under reducing conditions (A). Autofluorographs from at 
least three independent experiments were analyzed using densitometry of the major bands. 
The ratio of the a-chain band pixel intensity over the combined signais from the a-chain. 
a-75. a-20. a-37 and P-chahs was calculated and plotted as indicated (B). Note. a-77 
represents the N-terminai h d f  of a-75 that is produced as result of the third factor I- 
mediated cleavage of C3(H20). The C-terminai half corresponds to the similar mass C3dg 
fragment, however. this fragment is not imrnunoprecipitated by the anti-C3c antibody. 
Therefore in cases where ths  cleavage occurs, the denominator of the ratio will be 
somewhat underestimated. 
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3.8 There is no observable defect in factor 1-mediated cleavage of 

rC3(HrO) molecules using sMCP as the cofactor. 

Given that like factor H and CR 1. MCP is also a cofactor for the factor 1-mi-diated 

cleavage of C3b to iC3b (or C3(H20) to iC3(H?O)) and furdier that as of yet no binding 

site for MCP has been delineated. the complete series of 730-767 seUment mutants were 

analyzed in a factor 1 cleavage assay in which a soluble fonn of MCP acted as the I 

cofactor. The results of a representative experirnent are s h o w  in figure 3.9A and as a bar 

uaph fiom replicate experiments in figure 3-98. In contrat to what was observed with 
C 

both factors H and sCR 1 as I cofacton. there appears to be no definitive impairment in any 

of the mutant molecules on the cleavage of C3(HrO) to iC3(H?O) when sMCP was used as 

the 1 cofactor. 



There is no observable defect in factor 1-mediated cleavage of 

rC3(H20) molecules using sMCP as the cofactor. 

Given that like factor H and CRI, lMCP is also a cofactor for the factor 1-mediated 

cleavage of C3b to iC3b (or C3(H10) to iC3(HzO)) and M e r  that as of yet no binding 

sire for MCP has been delineated, the complete series of 730-767 se-gnent mutants wsrs 

analyzed in a factor I cleavage assay in which a soluble form of MCP acted as the 1 

cofactor. The results of a representative experiment are shown in figure 3.9A and as a bar 

aaph  from replicate experiments in figure 3.9B. In contrast to what was observed with - 
both factors H and sCR 1 as I cofactors. there appears to be no definitive impairment in any 

of the mutant molecules on the cleavage of C3(HzO) to iC3(HzO) when sMCP was used as 

the I cofactor. 



Figure 3.9 Factor 1-rnediated cleavage of recombinant C3(H2O) molecules 
using sMCP as the cofactor. 

100 ng of [%]- rC3(~~0)  rnolecules were digested with the indicated amounts of cofactor 
and 500 n g h l  of factor 1. Digestion products were immunoisolated using rabbit anti- 
human C3c and resolved on 9% SDS-PAGE under reducing conditions (A). 
Autofluorographs from at least three independent experiments were anaiyzed using 
densitometry of the major bands. The ratio of the a-chain band pixel intensity over the 
combined signals from the a-chain. u-75, a-40 and k h a i n s  was calculated and plotted as 
indicated (B). 
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Chapter 4 

Discussion & Future Directions 



Discussion 

In this study, 1 have used sitadireçted mutagenesis to examine candidate bbding 

sites in C3WC3(H20) for the family of 1 cofàctoxs, namely H, CRI, and MCP. Loss of 

fûnction as a consequence of such site-specific substitutions would argue in fkvour of the 

mle of that particuiar site in the intaaction d e r  study. Converse1y, mutagenesis of a 

targeted region with no assOnated f h c t i d  consequences would suggest that the 

saquence was not involved in the i n t h o n  iwia study. As mentioned earlier, mutagenic 

studies have sometimes (Taniguchi-Sidle & Isenman, 1994) but not always (Diefenbach & 

Isenman, 1995) corroborated findings derived h m  0th mapping techniques. When thae 

is agreement between the mutagenic approach and the 0 t h  approaches, our understanding 

of the chemistry of interaction is fùrtha rehed as a result of the identification of specific 

residues important for the interaction. 

The initial objective of this study was to examine the role of the charged residues in 

the region of human cornplexnent component C3 previously proposed to be involved in the 

interactions with factor H (Fishelson et a', 1991). The region of interest is located in the 

C-temiinal two-thirds of a 42 amino acid polar stretch near the N-terminus of the a'dmin 

of C3b. It is logid that this end of the a'-chah ought to play a part in the binding of C3 

with its ligands as it is a highly polar region that becornes s w k e  accessible as a d t  of 

the removal of the C3a activation peptide and/of tbe codiormational change resulting h m  

intemal thioester cleavage (Bechaa et al., 1992). ûther groups have previously noted that 

the binding site for H may overlap other binding sites, including that fm CR1 with whicb it 

shares both 1 cofàctor and decay acceleration activity. Conscquently, each C3 mutant 

geneeted for H was subsequently tested for its ability to interact with CRI. Since -- 
candidate binding sites in C3b for MCP have not yet been f o d l y  proposed, but since this 

molecule is also an I cofactor, it was of interest to determine whether a binding site for 



MCP also existed withk this region. Aithough both CRI and MCP are normally 

membrane-associated molecules, theu fünctions are M y  retained in the recombinant 

soluble forms of these proteins. Because we were able to obtain sCRl and sMCP, the 

same type of 1 cofactor cleavage assay could be used for al1 three molecules as an indirect 

measure of their binding interaction with the C3b-like molecule C30120). 

As surnmarized in table II, my experiments confirmeci that the N-terminus of the 

a'-chain is indeed involved in contributhg to the binding interactions with factor H and 

with CRI. In contrast, 1 was unable to show any defect in the association of MCP with 

any of my mutant C3 recombinants. 

Several important points can be raised based on the observations made. First. 

although factor H and sCR1 sites of interaction appear to overlap in this region, the charged 

residue contacts required by CR1 extend over a wider portion of the N-terminal a'-chah 

segment than is the case for factor H. h particular, whereas mutations of residues 744E 

and 747E have the most dramatic impairment effect in proteolytic assays done with cofactor 

H. for CR 1 there were 3 clusters of charged residues, namely 736,73 7EE, 747E and 

754.755ED, that had approxiamately equal effects on the CR 1 dependent cleavage of 

C3(Hz0) to iC3(H20) upon replacement of the negative charge by a neutral residue. 

Additional contacts with negatively charged residues 74-48 and the 757,758KE pair 

appeared to be required for CR 1 tu act as a cofactor for the third factor4 mediated cleavage. 

This requirement of what would appear to be a higher affinity interaction for a cofactor, in 

this case CRI, to facilitate the third factor 1 cleavage of a-chain is reminiscent of previous 

results using factor H as the cofactor for the third cleavage. Whereas H is not a cofactor 

for this cleavage at physiologie ionic strength, it becomes one at low ionic strength, 

suggesting an important role for additional ionic bonds in this interaction. Furthexmore, the 

tetra-mutant 730,73 1 -736,737NQ-QQ, which at non-limiting concentrations of human factor 



Table II 

Surnrnarv of acrivitiefl( 
recombinant 

W ild type 
742R-4 

mutant C3 molecules exc 
Factor H 

zined in this studv 
sCR I 

C3(H20) ro C3dg 

+++ 

OPercentage of activity relative to wild type based on disappearance of a-chain: 
I <YJ%: + 25-50%; * 50-75%; t-H 75-100% 

no cleavage by I of  iC3(H20) to C3dg 



H showed no impairment in the C3(H20) to iC3(H20) conversion (this mutant did show 

defective cleavage at the more limiting H concenoations used in the present study), was 

unable to undergo the third cleavage, even at very high concentrations of factors H and I 

(Taniguchi-Sicile and Isenrnan, 1994). 

lnterpreta tion of any mutagenic study is dependent upon the conformational 

integrity of the molecule not being s i p i  ficantly perturbed by the substitutions introduced. 

This issue was addressed by m a h g  a nurnber of conformationally-sensirive measurements 

and, for the most part, the behaviour of the mutants was fairly similar to that of the wild 

type molecule. For exarnple, secretion of protein was on par with levels seen for the wild 

type transfectants, arguing against any major structural changes which would iikely induce 

intracellular digestion of unstable or improperly folded proteins. The second test was to 

use mAbs specific for conformationally-sensitive epitopes in different regions of C3 

(CWC3dg) and detemine if the level of binding waç different from that of wild type. The 

level of binding to each C3 mutant was in fact indistinguishable fkom wild type for both 

monoclonal antibodies employed, M e r  arguing against severe conformational changes. 

To be sure, using only 2 monoclonal antibodies as conformational probes does not 

constitue an extensive conformational epitope mapping of the molecule, but these mAbs 

were the only ones readily available to us. Using the C3-dependent hemolyiic assay as a 

further conformational probe revealed that most of the mutants displayed some degree of 

impairment relative to wild type activity. The 50-70% of wild type hemolytic activities 

observed for the mutants could either reflect the summation of fairly rninor perturbations at 

a number of the functionalities contributing to the overall hemolytic activity, or the defects 

could be restricted to one or two specific hinctions. For example, if processing of pro-C3 

to mature 2-chain C3 was less complete in the mutants, this would affect hemolytic activity 

since pro-C3 is hemolytically inactive. However, as was evident in al1 of the gels shown in 

this thesis, there was no difference in the extent of processing seen between mutant and 



wild type protein. On the other hand, under conditions of limiting C4bo*Y2a1 the mutant 

molecules showed partial impairment of nisceptibiiity to cleavage by the convertase. 

Assuming that this step would also be limiting in the hemolytic assay, the sornewhat greater 

resistance of the mutant C3 molecules to C3 convertase-mediated cleavage could by itself 

account for the defects observed in the hemolytic assay. The corollary to this is that 

functionalities downstream of the cleavage event, such as transacylation to the target and 

C5 binding activity, were essentially unperiurbed by the mutations. Given that the sessile 

bond at which C4boWa acts is fairly close in primary sequence to the target region of the 

mutations, one might expect an effect on cleavage. It is noteworthy, however, that there is 

no correlation between the extent of the hemolytic defect (or C4bOxy2a cleavage 

susceptibility) and whether or not a given substitution had an effect in the three cofactor 

activity assays employed. This, therefore, argues that with respect to these functions, the 

overall conformational integrity of the mutant molecules can be considered intact. 

The observation that residues 744E and 747E are crucial for the binding of factor H 

to C3(H20) is fblly consistent with the prediction of the Fishelson ( 199 1) overlapping 

hexapeptide study which suggested that C3 residues 745-754 contribute to the binding of 

factor H. The only other mutant in which H binding appeared to be compromised was the 

730,73 1 -736,737NQ-QQ tetra-mutant molecule. Since the magnitude of impainnent is the 

same as that seen with either 744EQ or 747EQ alone, it would suggest that either the 

contributions of the 730,73 1 NQ and 736,73744 charged pairs on their own to the binding 

of factor H were too small to be detectable in our assay, or more likely, there is sufficient 

local conformational distortion caused by the loss of 4 negative charges over a space of 7 

amino acids to have had an effect on the nearby residue 744E, this residue making a very 

definitive contribution to H binding. 



Residues 736,737EE in C3b were previously shown to be important for mediating 

the interaction between red cell-bound C3b and neutrophil-associated CRI (Tanigucâi-Sicile 

and Isenrnan, 1994). These same residues were identified in the present study as being 

important for the interaction between sCRl and iC3(H20) using the 1-cofactor assay. The 

fact that the same residues were identified by both assays validates the use of the 1 cofactor 

cleavage assay as a surrogate binding assay for the interaction between C3b/C3(H-0) and 

the ligands H, CR1 and MCP. 

The fact that there is an overlap between the H and CR1 sites within the 727-767 

target segment is consistent with a previous report suggesting that these activities were both 

inhibited by an antibody against this peptide segment and by the peptide iüelf (Becherer et 

al., 1992). Our results are also partly in keeping with a recent study by Lambris and 

colleagues (Lambris et al., 1996) in which the 725-764 segment was either deleted from 

human C3 or was replaced by the corresponding arnino acid segment fkom trout or 

Xenopus C3 or from cobra venom factor (a C3-related molecule), none of which bind to 

human factor H. When the 728-764 segment was deleted, interactions with H and sCR 1. 

as measured in a cofactor assay, were lost. However, interpretation of the results with the 

deletion mutant is somewhat clouded by the fact that this molecule has absolutely no 

hemolytic activity. The chimeric molecules, which retain native-like hemolytic activiy and 

reactivity with a panel of monoclonal antibodies, show no impairment in an 1-cofactor 

assay employing factor H. With sCRl as the 1 cofactor, there is no impairment of the 

conversion of intact a-chah of thioester-cleaved C3 to a-75 and a-40, but there is 

impairment of the third cleavage to C3dg and a-37. Since the chimeric segments al1 show 

a considerable degree of sequence similarity to the corresponding human segment, this may 

account for the lack of effect on the interaction with H and the partial effect seen with CR 1. 

Altematively, the conditions of their assay, especially with respect to factor H, may not 

have been sufficiently lirniting to detect the partial defects that 1 was able to detect with my 



senes of substinition mutants. Fùially, the observation that MCP cofactor-dependent 

cleavage of C3 was unaffecteci by any of the mutations of the 727-767 target segment 

examined in this siudy is consistent with the Lambris et al. (1 996) report where even the 

728-764 deletion variant of C3 was efficiently cleaved by factor 1 in the presence of sMCP. 

Thus despite the fünctional homology between MCP and the other two molecules 

which act in concert with factor 1 to degrade C3b/C3(H20), the evidence is now fairly 

conclusive that the mode of binding of MCP to C3b/C3(H20) must be different fiom that 

of CR 1 and factor H. Although MCP does not share with H and CR1 the binding site at 

the N-terminus of the a'chain, the possibility remains that other contact points within the 

C3 molecule may be shared by the three cofactors. 

4.2 Concluding remarks and Future Directions - 

In this site-directed mutagenesis study, 1 have shown that a cluster of negativel y 

charged residues located in the 42 amino acid N-terminal hydrophilic stretch of the a'-chah 

play a role in the interaction of C3 with factor H and (soluble) CR1 but not (soluble) MCP. 

In terms of the putative contact surface in C3b for these ligands, it may be notewonhy that 

substitution of 4 positively charged side chains by alanine was without affect on any of the 

3 binding functions assessed. It should be mentioned that according to the Fishelson snidy 

(Fishelson, 199 l), there may be a potential binding role for a stretch of hydrophobic amino 

acids lying between residues 747 and 754. It would be interesting to see if mutations 

within this hydrophobic patch do adversely affect the interaction of at least factor H to C3b. 

It would also be interesting to determine whether SCRs 1-5 within factor H (Sharma and 

Pangbum, 1996), the region that harbours 1 cofactor activity, is the structure that physically 

associates with the 742-767 region. Given the important role of negatively charged 

residues on the C3b side of the interaction, it would be logical to ask whether a 



complementary region of positively charged residues exist within any one of the SCRs that 

show C3b/C4b cofactor activity in factor H. Unfortunately, all the SCRs harbour 

positively charged residues dispersed throughout the sequence that may or may not be 

involved in binding. Clearly, fine mapping snidies within SCRs 1-5 of factor H need to be 

camed out in order to identi@ critical residues contributing to this side of the C3b:H 

interaction. 

It may be possible to determine whether residues identified within a given SCR of 

factor H as contributing to the interaction with C3b form a patch on the surface of the 

domain that is complementary to residues in C3b by "threading" the sequence into the 

NMR-deter-ed structure of a prototypical pair of SCR domains. Such an approach has 

recently been employed to visualize the relative disposition of segments within SCRs 1 and 

2 of CR2 that had been identified by a combination of mapping approaches to be important 

for mediating the interaction between CR2 and C3dg (Molina et al., 1995). 

Given that none of the mutants tested exhibited the complete loss of any one 

function, other regions may play an important role for the binding of H, CR1 and MCP. 

One region that remains to be more fully investigated is the C3d region which blocking 

mAb, C3 proteolytic fragmentation, and peptide studies have suggested to be involved in 

the interaction with factor B, factor H and CR 1 (Koistinen et al., 1989; Lambris ei al., 

1988). 
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