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Summary

Introduction

Although the complement system represents a formidably complex array of
interacting proteins, at its centre there lies a single enzymatic reaction, namely the
cleavage of C3 into its two primary fragments C3a and C3b. This reaction can be
brought about by a number of enzymes but physiologically it is principally caused
by the two homologous enzymes which are generated as a consequence of
complement activation. These are the two C3 convertases of the classical and
alternative pathways of complement activation, and it is the generation of these
enzymes which is the culmination of the two principal pathways of complement
activation. Both the classical and the alternative pathway are examples of what
Macfarlane [297] has called the “triggered enzyme systems” of plasma, and the two
pathways use in large part homologous proteins that are clearly gene duplicates of
each other [24]. In spite of this similarity, however, the two pathways show
fascinating differences in the strategies that are employed in the generation of their
products, and in this chapter the initiation mechanisms of the two pathways are to
be compared and contrasted.



144 P.J. Lachmann and N.C. Hughes-Jones

Strategies of Triggered Enzymes Cascades

In its simplest form the triggered enzyme cascade can be pictured as the situation
where the product of one reaction is the enzyme of the next. This may be described as
the “enzyme generated” strategy. This strategy is used in a number of triggered
enzyme systems of blood plasma and is found in the complement system,
particularly in the classical pathway where the generation of CI — the enzymically
active form of C1 —is the essential product of the initiation reaction and where its
substrates, C4 and C2, are normally present in serum.

This is, however, not the only strategy employed in these triggered enzyme
cascades. The second strategy is where the enzyme is present in fully active form in
the circulation and it is the substrate that has to be generated —“substrate
generated” strategy. This strategy requires the evolution of enzymes which resist the
protease inhibitors that form so large a part of normal plasma protein and which
must also have a highly restricted substrate specificity. This strategy is also used in
the complement system, particularly in the reactions which break down C3b, the
essential control mechanism of the alternative pathway. Here the enzyme con-
cerned, Factor 1, is present normally in plasma and its substrate C3b is generated
during the complement activation.

There is yet a further strategy employed in the complement system where both
the enzyme and its substrate are normally present in plasma, but what requires to be
generated is a modifier which is required to react with the substrate before the
enzyme can cleave it (“modifier generated” strategy). This again is seen in the
alternative complement pathway where Factor D, the enzyme that cleaves Factor B
from its zymogen form into its enzymatically active fragment Bb, is normally
present in plasma, as is Factor B. However, the cleavage of Factor B by Factor Din
physiological circumstances is wholly dependent on the prior combination of
Factor B with C3b and it is only in this association that the reaction can take place.
The C3b itself is not altered in the reaction and can be repeatedly reused. As will be
discussed below this particular strategy, where substrate-modifying proteins are
necessary before an enzyme can cleave its substrate, is used frequently in the
complement system and is highly characteristic of it. It is quite possible that it
evolved only once and that the various examples again represent gene duplicates.
Table 1 shows examples of the various strategies and Table 2 gives a list of the
complement reactions which employ the modifier strategy.

Initiation Mechanisms

In all these strategies there remains the question of how the initial molecules
required are to be generated. If, for example, one discusses the generation of an
enzyme by a previous enzymatic reaction there comes at the initial point the
question of where do the original enzyme molecules come from to generate the first
product. There are again three separate mechanisms for so doing which are used in
the complement system. These are, first, the production of an “active zymogen”.
This describes the situation where the inactive precursor (zymogen) of an enzyme
which normally requires to be activated by proteolytic cleavage can nevertheless
acquire some enzymatic activity in the precursor state by virtue of a conformational
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Table 1. Triggering strategies used in the complement system

Enzyme Substrate Modifier

Enzymes generated (with or without
generated modifier)

Cl (— Cdb) -

cr (—C2b) C4b
C4b2b (—C3b) -
C4b2b C5 |(—C5b) C3b

Substrate generated

E C3b (—iC3b)

1] iC3b (—>C30) CRI

Modifier ge.erated

D] (->Bb) C3b

Boxed factors are present in normal blood
Underlined factors require to be generated by previous triggered steps

Table 2. Complement reactions where substrate modification is needed for an enzymatic reaction to
proceed

Enzyme Substrate Modifier Requirement for modifier

C1 C2 C4b Necessary when surface bound
Enhances in free solution

FD FB C3b Necessary

C4b2b or C3bBb C5 C3b ? Necessary

FI C3b FH Necessary in free solution
Enhances when surface bound

FI iC3b CR1 Necessary

FI Cdb C4 binding protein Necessary

change. This system is well known in the contact-activatable protease systems
where there is mutual zymogen activation of kallikrein and Hageman factor (Factor
XII of the clotting cascade) when both are complexed on a negatively charged
surface with high molecular weight kininogen. [507. This appears to be the method
employed in the classical pathway in the activation of Clr subsequent to the
interaction of C1 with immune complexes, as will be discussed below.

The second initiation strategy is that described as the “tickover”. The analogy
here is with the motor car. If the engine is idling or “ticking-over” any movement of
the throttle will accelerate the engine and cause the car to move. However, if the
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engine is not ticking-over no amount of throttle movement will produce any effect.
Similarly, in such mechanisms there is a continuously proceeding slow reaction
sequence which is not sufficient to produce any observable effect but which can be
accelerated (“fired”) to produce measurable effects. This is the mechanism by which
the alternative complement pathway works and will be described in detail below.

The third mechanism of initiation is to use as initiator some enzyme which is not
intrinsic to the pathway under consideration. This is used in a number of
circumstances and is seen in both complement pathways. For example, proteolytic
enzymes derived from polymorphonuclear leukocytes or from bacteria, or oc-
casionally from other enzyme systems such as the fibrinolytic system or the
coagulation system, may all serve to activate the complement pathway. Examples
will again be given below.

Activation of the Classical Complement Pathway

The initiation reaction of the classical pathway lies solely in the activation of C1
which is therefore described in detail.

Structure of Cl

C1.The C1 moleculeis a complex composed of three subcomponents: Clq, Clr,and
Cls. Two molecules each of Cl1r and Cls combine firmly to form a Clr-Cls tetramer
and each tetramer combines relatively loosely with one C1q molecule to form the C1
complex. The function of Clq is to bind the whole C1 complex to immunoglobulin
or other activating surfaces; both Clr and Cls are proenzymes which, on activation,
become converted to serine proteases and thus initiate the classical complement
pathway.

Clg. The structure of Clq (Fig. 1) has been elucidated from electron microscopy
studies [23, 46] and from amino acid sequencing [39]. The molecule (mol. wt.
410000} is composed of six peripheral globular heads, each of which is joined by a
connecting strand to a fibril-like central portion. The fibrils and central portion
have a collagen-like structure. Electron microscopy studies [44] have shown that
the most favoured angle in the splaying of the collagen strands is 100°, with the
range extending from 40° to 160°.

Clr and Cls. Both Clr and Cls have similar molecular weights (about 83 000
daltons) and amino acid content; it is probable that they have arisen by gene
duplication. Both molecules are in the proenzymic form and consist of a single
polypeptide chain. Formation of the active serine esterase site results from a
splitting of the molecules into heavy (56 000 daltons) and light chains (27000
daltons), held together by a disulphide bond, the active site being present on the
light chain. Electron microscopy of the purified Clr-Cls tetramer has shown it to be
a linear structure of eight globular domains and thus it is presumed that each of the
Clr and Cls molecules has two separate domains (Fig. 1). On the basis that Clr
readily forms dimers whereas Cls does not, it is suggested that the two Clr
molecules are on the inside of the chain [49]. Electron microscopy of the native C1
molecule indicates that the C1r-Cls subunit is bound to the collagen portion of Clgq.
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Binding and Activation of Cl

In the early studies it was thought that C1 could be activated only following binding
to immunoglobulin (Ig). Recently it has become clear that the classical pathway can
be activated by certain viruses, bacteria, polyions, and other particles such as
mitochondria through direct binding of C1 in the absence of antibody [8]. Whether
the mode of activation is the same or different in the two circumstances is not
known, but it is unlikely on general grounds that there are two separate
mechanisms. Only binding and activation to antigen-immunoglobulin complexes
will be discussed here.

Itis well recognized that Clis activated by immunoglobulin only when the latter
is bound to antigen or aggregated in other ways. The fundamental questions are
thus why monomer Ig in the plasma does not bind and activate C1, and what
alterations in the immunoglobulin molecules follow attachment to antigens and
result in C1 binding and activation. It is only with the formation of a firm bond
between C1 and a potential activating particle that conditions are optimal for the
subsequent activation process. The binding of Cl1q must take place through two of
its globular heads in order to result in a firm bond and this divalent binding only
takes place when immunoglobulin is bount to antigen. In plasma the reaction
between Clg and Ig is monovalent and relatively weak and does not lead to
activation. The mode of binding of Clq by IgM and IgG will be discussed
separately.

Globular

heads

Collagen -like
strands

Cir-Cls

Fig. 1. Diagram of the structure of C1q (redrawn from Reid and Porter [38]) and the C1r-Cls tetramer
(redrawn from Tschopp et al. [49]). Each Clr and Cls molecule has two domains and the outer two
domains at each end are thought to be comprised of Cls molecules. The Clq and C1r-Cls components
are drawn approximately to scale
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Binding of Clq by IgG Antibodies

Two theories have been proposed to answer the question why IgG complexes bind
Clq tightly but IgG free in solution does not do so. First, it is postulated that an
allosteric conformational change takes place within the IgG molecule following the
antibody-antigen reaction and that this results in the appearance of a binding site on
the Fc piece. Much effort has been expended by the proponents of this theory and
although conformational changes have been found, they are for the most part
confined to the F(ab) fragments and no convincing change has been shown to take
place in the Fc piece. It appears to be unlikely that the flexible hinge joining the
F(ab) arms to Fc could relay an allosteric change from one domain to the other.
Moreover, there is evidence that neither the strength of binding of Clq to IgG nor
the rate of C1 activation is affected by the binding of the IgG molecule to antigen.
Thus, it has been found that the binding of Clq to an IgG antibody whose binding
site was completely occupied by hapten was exactly the same as when a related
hapten occupying only 47%, of the antibody-combining site was used [26].
Similarly, Tschopp et al. [48] have found that the rate of activation of C1 by IgG
polymers was the same in the presence or absence of antigen.

On the other hand there is a considerable amount of evidence which is
compatible with the view that monomer IgG has two pre-existing binding sites for
Clq. The two binding sites are on opposite sides of the Fc piece and the Clq
molecule is insufficiently flexible to allow binding by two of its globular heads to a
single IgG molecule. The essential feature leading to Clq binding is the aggregation
of IgG molecules so that they are sufficiently close together in the complex to allow
two of the Clq heads to bind to separate IgG molecules.

The best evidence that monomer IgG free in solution has a binding site for Clq
comes from the demonstration that IgG monomers can be shown to combine
weakly with Cl1q. Estimates of the value of K have fallen in the range 1-5 x 10*M !
[14, 437, a binding so weak that the IgG concentration has to be about 5mg/ml in
order to demonstrate it with certainty. Not all IgG subclasses bind equally well, the
order being 1gG3, IgG1, IgG2, and 1gG4, the latter showing a very low and not
always detectable bond. The binding site for Clq is on the Cy2 domain of the Fc
piece, since antibody with the terminal Cy3 domains removed is still capable of
binding C1q whereas the F(ab), fragments with no Fc piece lose their ability to bind
[32]. Since IgG molecules are symmetrical, there must be two sites on each of the
Cy2 domains in the IgG molecule [35].

The nature and situation of the Clq binding site on the Cy2 domain are still
uncertain. It is clear that jonic groups are involved and probably contribute most of
the binding energy. This follows from observations on the effect of ionic strength of -
the medium on the binding of Clq, a lowering of the ionic strength greatly
increasing the strength of the bond. This accounts for the fact that complement
assays have been found to be much more sensitive when carried out at low ionic
strength. Estimations of the number of oppositely charged ionic pairs involved vary
from 4-6 [7, 147. There are two differing views on the position of the site on the Fc
piece. There is evidence that the charged amino acids involved are two glutamic
acids at positions 318 and 333, and two lysines at positions 320 and 322 [7]. On the
other hand, evidence based on the reaction with small peptides derived from the C2

~
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portion of IgG indicates that the positively charged residues histidine-285, lysine-
288 and -290, and arginine-292 are involved [28]. Both of these sites on the Fc piece
are situated near the hinge region (Fig. 2), which is consistent with the finding that a
myeloma IgG1, which lacks the hinge region, does not bind C1, presumably due to
steric hindrance by the F(ab) arms [22].

There is very good evidence from a variety of sources that each Clq molecule
must bind to two IgG molecules in order to bind C1 firmly enough for C1 activation
to take place. The first piece of evidence for this came from an electron microscopy
study of complement-lysed sheep red cells by Humphrey and Dourmashkin [ 18].
They studied the relationship between the number of “holes” in the red cell
membrane and the amount of antibody bound to the cell. Using an IgM antibody, it
was found that 2-3 molecules could produce one “hole” and that this ratio was
constant as the amount of antibody bound to the cells was increased. In contrast,
about 1000 IgG molecules had to be bound in order to produce a single “hole”;
moreover, as the amount of antibody was increased above this value, the number of
holes increased exponentially. A similar relationship between C1 uptake and the
amount of antibody bound was found by Borsos and Rapp [3]. The interpretation
of these data is that a single Clq molecule has to bind to a pair of IgG molecules
which are sufficiently close together to allow the Clq to span between them, the
greater the density of antibody molecules, the greater the chance of finding suitable
pairs of binding sites.

The other evidence for bivalent binding of Clq comes from studies on the
strength of binding of C1q to antigen-antibody complexes. The binding of Clq to

Fig.2. Amodel of an IgG molecule showing the suggested sites for the C1g-binding site; on the left, that of
Emanuel et al. [7] and on the right that of Lukas et al. [28]
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monomer IgG is a weak one, being of the order 5 x 10*M L. Binding to complexes
on the other hand is much firmer and two sets of values can be obtained, one of
about 5x10’M ™! and the other at about 1x10'®M. The most reasonable
explanation of the results is that Clq binds to monomer IgG through a single
binding site on one of its heads but that binding to IgG complexes takes place either
by two heads (5 x 10’M ~!) or by three heads (1 x 101°M 1) [ 14]. Support is given
to this interpretation by the finding that isolated globular Clq “heads” contain the
binding site and that they bind to IgG complexes with the same weak binding
constant (5 x 10*M ~1) as that seen between Clq and monomer 1gG [15]. The
single-headed binding is so weak that the average duration of the bond is
considerably less than one second, too short a time for C1 activation to be initiated.
Hence C1 activation does not occur to any extent in plasma as a result of the
reaction between Clq and IgG monomers, although the concentrations of Clq and
IgG are such that over half the Clq is bound to IgG at any given time. On the other
hand, divalent binding by two heads has an average duration of several minutes and
is sufficient for activation of the associated Clr-Cls tetramer. The requirement for
firm two-headed binding over an extended period is thus a device to prevent
activation within the plasma by the pre-existing Clg-binding site present on
monomer [gG.

The requirement for two-headed binding of Clq could partly explain the failure
of certain antibodies to activate complement. The outstanding example of this is the
human blood group antibody anti-D. The number of D-antigen sites on red cells is
known to vary between 10000 and 30000 [40]. It is probable that the D-antigen is
distributed at random on the red cell surface and that a few pairs of molecules will be
present by chance within 30 nm of each other, the distance that can be spanned by a
C1q molecule. This has proved to be the case, as it has been shown that there are as
many as 500-1000 sites available for Clq binding when about 10000 anti-D
molecules are present on a red cell surface [16]. The low density of potential C1
binding sites could be partly responsible for the failure to be lysed by complement,
but as there are some sites present there must also be either a failure of bound C1 to
activate, or an insufficient number of activated C1 molecules present on the cells to
result in an adequate production of the C5-9 membrane attack complex.

Another phenomenon which is dependent on divalent binding of Clq is the
synergistic cooperation which is seen between antibody molecules in their ability to
bind and activate C1. This has been demonstrated using monoclonal antibodies
specific for MHC antigens present on rat red cells [17]. These monoclonal
antibodies when used singly are poor at bringing about complement-mediated lysis;
usually not more than about 20% lysis occurs even though almost all the antigen
sites are saturated by using an excess of antibody. Complete lysis can be brought
about, however, by the addition of a second monoclonal antibody which is specific
for a different epitope on the MHC antigen. The presence of two antibodies at the
same time probably results in the formation of tetramers composed of two antigen
and two antibody molecules combined as a closed circle, and also in the formation
of short chains or catenars composed of alternating antibody and antigen
molecules. When a single antibody is used the molecules are probably distributed
randomly on the red cell surface, being attached either monovalently to one or
bivalently to two antigen molecules. This random distribution results in only a few
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IgG molecules being sufficiently close to allow Clq binding, but the circle and
catenary formations occurring when two monoclonals are combined bring many
antibodies close together. This “aggregation” of IgG has three effects: (1) there is an
increase in the number of C1q binding sites on each cell, (2) there is an increase in the
binding constant for Clq asit allows a third head to bind, and (3) there is an increase
in the rate of activation of C1 by a mechanism as yet unknown. The net result of
these three factors is an increase in the number of activated C1 molecules on the red
cell surface, leading to an increase in the extent of the lysis. This synergistic
mechanism almost certainly has an important physiological role in improving the
efficiency of complement activation as it is a reasonable assumption that polyclonal
antisera will contain antibodies against different epitopes on the same surface
antigen, whether the cells involved are bacteria, viruses, parasites, or red cells.

Binding of Clg by IgM Antibodies

As with 1gG, IgM cannot bind and activate C1 when both are present free in
solution. The present evidence suggests that monomer IgM has only one binding
site available for C1q binding. In contrast to IgG, further Clq binding sites appear
on the IgM molecule following binding of IgM to antigen.

When in solution, electron microscopy has shown that the IgM molecule is
present in a star-shaped and planar form [10]. Studies with *#*I-labelled Clq
indicate that IgM in this form binds weakly with Clq, the binding constant being of
the order of 5x 10°M !, a bond so weak that any Clq-IgM complex formed will
have a half-life of only a few seconds. This indicates that only one binding site is
involved, since association by two Clq heads would be much stronger. If there is
only one site available on the IgM molecule, this implies that the IgM molecule,
which is composed of five 7S subunits, is asymmetrical. The binding of C1 to I[gM in
plasma is therefore very weak and only transient so no activation of C1 can take
place [11].

There are two ways in which an IgM molecule can combine with antigen. It can

remain in the star-like or planar form and cross-link antigenic sites on separate
particles. This conformation is seen especially in antigen excess. The alternative
conformation is seen when IgM binds to several antigen molecules on the same
particle. In this form of binding, the F(ab), units are dislocated and the molecule has
the appearance of a “staple” [10]. This form is most frequently seen in antibody
excess. :
Of these two forms, it is the dislocated “staple” form which is the more potent
activator of C1. The evidence for this comes from several sources. First, there is the
evidence from electron microscopy (EM) of IgM-dextran complexes. Only com-
plexes made in antibody excess activate C1 and EM shows that most of the IgM isin
the staple form. In antigen excess, the planar form predominates and C1 activation
is negligible [ 117. Second, there is the evidence from multivalency. C1 activation is
greater when IgM is bound to liposomes containing a high density of hapten than
when a low density is present [4, 19]. The supposition is that with a high hapten
density more of the bound IgM can assume the staple form by binding through at
least two of its F(ab), arms. It has also been found that IgM bound bivalently to a
ligand will activate C1, whereas monovalent binding does not [20].
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What then are the changes that occur in the IgM molecule on assuming the
staple form that allow the binding and activation of C1? First, there is the
appearance of at least one further site for the binding of C1q heads. This is indicated
by increase in the binding constant for C1q to a value of about 5 x 10’M ™!, which is
consistent with binding by two heads. Rosse et al. [42] using an elegant technique
involving electron bombardment showed that there are probably at least three
potential Clq sites on an IgM molecule and that at least two are required for C1
activation. Based on the evidence from Clq binding to fragments of IgM, the most
likely site for binding is on the Cp3 or Cpd4 domains. The binding sites for Clq do
not appear to be present on the Fc core of IgM after removal of the F(ab), arms,
and thus the most likely explanation for their appearance is that the dislocation of
The F(ab), arms on assuming the staple form distorts the Fc, core and results in the
appearance of the binding sites [11].

The changes associated with the staple form that give rise to the activation of C1
which follows binding are not at all clear, mainly due to the fact that the necessary
stimulus for activation is still unknown. Binding of C1 alone is an insufficient
stimulus as binding to IgM-dextran complexes in antigen excess takes place by two
heads but does not lead to activation [11]. Nor does activation take place when C1
is bound to 7S IgM subunits. The findings are compatible with the suggestion that a
binding site for C1r-Cl1s on IgM staples is required for activation (see next section),
but other explanations are possible.

Activation of C1

The precise mode of activation of the C1 molecule following its binding to immune
complexes is still unknown. There are two characteristics of C1 activation which
must be made to fit into any theory. First, the binding of C1 and its subsequent
activation are two separate processes. The separation of the two processes was first
clearly shown by Colten et al. [6] who found that up to 80% of C1 bound to IgG-
coated erythrocytes could remain unactivated. Another instance is the finding that
C1 will bind to glutaraldehyde-aggregated IgG just as firmly as to immune
complexes, but that activation does not occur [12]. Second, the rate of activation is
a relatively slow process and shows a considerable amount of variation in speed
depending on circumstances. Activation may be more than 70%, complete in §-12
min [17] or may take 2-3 hours to approach completion [37].

It is known that activation of Clr is the first step in the activation process and
that activated Clr then acts on Cls [53]. Two types of mechanism can then be
considered in C1 activation. First, there is the possibility that a conformational
change takes place in Clq on binding to complexes and as a result of the close
contact between Clr and Clq, a conformational change then takes place in Clr
which reveals the active enzyme site. Second there is the possibility that Clr can
autoactivate. It must then be postulated that when present within the C1 molecule
free in solution, autoactivation is very slow or does not occur at all; following
binding of C1 to complexes, conditions may be altered allowing autoactivation to
take place.

There is some recent evidence that Clq undergoes a conformational change on
binding, as it has been possible to produce monoclonal antibodies which only react
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with Clq when the latter is bound to complexes and thus has revealed neoantigens
[27]. However, there is no direct evidence as yet that this conformational change is
responsible for C1r-Cls activation. On the other hand, there is now good evidence
that Clr is able to autoactivate without contact with other molecules [ 5]. When
purified, Clr exists as a dimer and autocatalytic activation takes place within the
dimer. Many enzymes in their proenzyme form possess some enzymic activity, i. e.
they contain some “active zymogen”, although the amount is small when compared
to their activated state. When intradimer activation takes place, it is presumed that
one member of the pair in the proenzymic form is able to split the other member and
that the latter, having been activated, then splits the former. This mode of activation
implies that there is considerable flexibility at the bond between the members of the
dimer and that, with random motion due to thermal agitation, the enzymic site on
one molecule can contact the site to be split on the other molecule.

If the C1r-Cls tetramer can autoactivate when C1 is bound to complexes, then
there must be some mechanism which accounts for the fact that activation is non-
existent or negligible when Cl1 is free in plasma but rapid following binding. Three
possibilities may be considered. First, it is possible that C1 inhibitor prevents
activation under these circumstances. C1 inhibitor has been shown to prevent self-
activation of purified C1 and even under certain circumstances to inhibit the
activation of C1 when the latter is combined with complexes [ 12, 51]. Combination
of the C1 molecule with complexes may thus prevent access by the Cl-inhibitor in
much the same way as the C3 convertase is activated in the alternative pathway. A
second possible mechanism is based on the observation that SmM Ca?* will inhibit
the autoactivation of Clr-Cls tetramers. The binding of Clq could result in the
local sequestration of calcium thus allowing activation to take place [33].

A third suggestion for the mechanism of activation is that the Clr-Cls tetramer
requires to be bound to another site in addition to the binding to Clq. This
suggestion was first made by Goers et al. [ 13] and was based on observations of C1
activation by a dinitrophenol-lysine-antibody complex. They found that the Clr-
Cls tetramer could bind to the DNP-polylysine hapten and also that the strength of
binding of C1 to the hapten-antibody complex was ten-fold higher than the binding
of Clq, suggesting that the Clr-Cls tetramer is attached both to Clq and to the
complex. Additional evidence was given by Bartholomew and Esser [ 2] who found
that mouse leukaemia virus will bind and activate human C1 and that this
correlated with the binding of Cl1 through both the Clq and C1s subunits. In
contrast, guinea pig Cls did not bind to the retrovirus, nor was guinea pig C1
activated. These experiments certainly establish that the binding of C1r-Cls to an
additional site on a Cl-activator does lead to activation. The main question which
remains is whether this mode of activation is also the normal one when C1 is bound
to immune complexes.

The binding between the C1qg and Clr-Cls components of C1 is only moderately
firm, the value of the binding constant being of the order of 3 x 107-6 x 107M ™!
[52,45]. An increase in the strength of this bond when Cl1 is activated by immune
complexes also supports the suggestion that the C1r-Cls has to bind to complexes
in order to be activated [52]. IgG complexes aggregated by glutaraldehyde bind
C1 but do not activate it. Under these conditions, the strength of the bond between
Clr-Cls and the Clq was only slightly higher than the bond between C1r-Cls and
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Clqg when free in solution. In contrast, when C1 was bound to strongly activating
ovalbumin-IgG complexes, there was a 10-30 fold increase in the strength of the
bond between Clir-Cls and Clq. The findings could be explained if the binding of
Clr-Cls was stronger when the tetramer was bound to a site on C1q and at the same
time to a site on the complex, than when the tetramer was bound to Clq alone.
Furthermore, it was found that in the presence of a considerable molar excess of C1q
inrelation to Clr-Cls, there was a considerable increase in the rate of C1 activation.
It is suggested that under these circumstances, the Clq molecules bound to the
complex are in sufficiently high density for the C1r-Cls tetramer to span between
two neighbouring molecules and that this configuration of C1r-Cls leads to rapid
activation.

A tentative model has been put forward for C1 activation based on these findings
[52]. If the C1r-Cls tetramer has the two Cls molecules at cither end of the linear
chain, then it is probable that there are two binding sites available on the polymer.
In solution the tetramer may be bound to Clq by both binding sites and in this
configuration the relative spatial arrangement of the two Clr molecules does not
allow autocatalytic activation. Following binding of C1 to complexes, one of the
C1r-Cls binding sites may detach from Clq and become attached to a site on the
complex, or to a neighbouring C1q molecule if it were available. It is suggested that
in this new configuration of the tetramer, the Clr molecules can interact and
eventually split each other.

This model will explain three of the characteristic features of C1 activation,
namely (1) that binding of C1 is not always followed by activation, (2) that activation
is a relatively slow process, and (3) that the rate of activation is variable under
different conditions. The model indicates that the rate of activation is dependent on
the density of binding sites for Clr-Cls. No activation could take place in the
absence of these binding sites, and the maximum rate would be achieved when there
was a suitable site for Cir-Cls adjacent to each Clq binding site. The maximum rate
of activation would then be dependent on the time taken for one of the two C1r-Cls
bonds to Clq to dissociate and become attached to the new binding site on the
complex or other activating surface. This dissociation and reassociation could be
the rate limiting step and is relatively slow. The variability in the rate of activation
would be explained by variation in the density of Clr-C1s binding sites. With lower
densities of C1r-Cls binding sites, activation would be slower as C1r-Cls molecules
at nonactivating sites would have to dissociate and then reassociate at a more
favourable site.

Activation of the Alternative Complement Pathway

The discovery that there were methods of activating the complement system distinct
from those involving the activation of C1 by antigen-antibody complexes is already
inherent in the original discovery of 'C'3". C'3 was defined as the component of
complement that was inactivated by yeast or by cobra venom factor treatment of
serum, neither of which removed either mid-piece (C1 in modern parlance) or end-
piece (C2). The essential correctness of this observation had to await studies of sera
with isolated deficiencies of C1, C4, and C2, all of which again confirm that thereisa
group of activators that are capable of depleting the late-acting complement
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components, C3-C9, without affecting the early components of the classical
pathway. The activators that are capable of doing this were originally particulate
polysaccharides of which yeast cell walls or zymosan was the canonical example but
agar,agarose, particulate inulin, and a variety of similar particulate polysaccharides
have the same effect. To this group of compounds, however, have been added many
others over the years. These fall into a number of groups. Beside the particulate
polysaccharides there are a number of mammalian cells that share the same
property. Thus rabbit erythrocytes are one of the most potent activators of the
human alternative pathway. Rabbit erythrocytes do not, however, activate the
alternative pathway in rabbit serum and this demonstrates that the activation of the
alternative pathway is not completely nonspecific but involves a sufficient degree of
recognition to distinguish complement of one species from another. However, cells
infected with measles or influenza viruses are capable of activating the alternative
pathway by their own species of complement as well as others. Cells transformed by
the Epstein-Barr virus and a variety of malignant cell lines behave similarly as do
almost all parasites. A third important group of alternative pathway activators are
antibodies. [t is interesting that the capacity of antibodies to activate the alternative
pathway is not subclass restricted in the same way as is the case with C1 activation
and furthermore that F(ab’), fragments activate as well as IgG. However, it is again -
necessary for the aggregates to be particulate and it is preformed antigen-antibody
precipitates that activate the alternative pathway rather than soluble complexes. It
is a little difficult to see what structural features this heterogeneous group of
activators have in common. One factor is certainly their particulate nature. This is
particularly clear with a substance like inulin where the soluble material is
absolutely noncomplement activating. It has been suggested that the absence of
sialic acid is of importance [21] but it is clearly not true to say that all particulate
matter free of sialic acid activates the alternative pathway. Bacterial flagella are a
good exception. They will fix complement but only in the presence of IgM
antibodies. The mechanism by which this group of activators work will be returned
to later.

Besides working in the absence of C1, C4, and C2, the alternative pathway has a
number of other characteristics. Since it does not utilize C1, it has no requirement
for calcium ions but it does need magnesium ions for the combination of C3 with
Factor B. For this reason in whole serum and in the absence of the classical
pathway, the alternative pathway can be activated in the presence of magnesium
EGTA, achelating agent that leaves free magnesium but no free calcium in solution.

The alternative pathway has several factors peculiar to itself. The alternative
pathway analogue of C2 is Factor B. This protein is even more heat labile than C2,
at least in human serum, and by very critical heating (50 °C for 20 min) it is possible
to make a reagent which no longer supports alternative pathway activation but will
still support classical pathway activation, albeit not as well as an unheated serum.
The protein which in the alternative pathway serves some (but not all) of the
functions of Cl1 is Factor D. This has the distinction of being far and away the
smallest of the complement proteins (mol. wt. 25000) and this again provides a
method for distinguishing alternative and classical pathway activation. Serum that
has been excluded from G75 Sephadex has all the complement components except
Factor D. It therefore allows activation of complement by the classical pathway but



156 P.J. Lachmann and N.C. Hughes-Jones

its alternative pathway activity is abrogated. A third protein that the alternative
pathway requires for optimal activity is properdin. This has no obvious homologue
in the classical pathway and its role will be considered again below.

The Reaction Sequence of the Alternative Pathway

In its essential outline the reaction sequence for the generation of the alternative
pathway C3 convertase is clearly homologous with that of the classical pathway C3
convertase (Fig. 3). The essential difference is that C3b, the product of the reaction
catalysed by the C3 convertase, forms a subunit of the C3 splitting enzyme itself.
This means that whereas in the classical pathway the generation of C4b is the
product of the initiation reaction, in the case of the alternative pathway the
analogous product C3bis the product of the C3 convertase itself, and the alternative
pathway is therefore a positive feedback amplification loop rather than a linear
cascade. Furthermore the enzyme that splits C3bB (the zymogen) to C3bBb (the
active enzyme) is Factor D and this is a further contrast with the classical pathway,
since Factor D unlike C1 does not require to be generated and is found in fully active
form in plasma. Once C3b is generated, therefore, there is no need for the generation
of any other active product to allow the alternative pathway to cycle until either all
the available C3 or all the available Factor B is depleted. The reason that the
amplification loop does not run to exhaustion whenever any C3bis generated is that
there also exists in plasma an efficient system for destroying C3b to a form where it
can no longer bind Factor B. This process is proteolytic and involves the cleavage of
C3b by Factor I. Factor I is another proteolytic enzyme normally present in fully
active form in plasma whose sole known substrates are C3b and C4b. Factor I,
however, cleaves neither C3b nor C4b unless these proteins are complexed with

1
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Fig. 3. A comparison of the classical and alternative pathways based on the central role of C3
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modifiers. In the case of C4b this modifier is the C4 binding protein which allows
cleavage at two sites in the chain to give C4d and Céc. In the case of C3b the
situation is more complicated. When C3b is bound to Factor H, a normally
occurring serum protein, Factor I, cleaves the alpha chain in two sites in close
proximity to each other, eliminating a small peptide, C3f (mol. wt. about 3000). The
resulting large molecular weight product is now called iC3b and no longer has the
capacity to bind Factor B or C5 or further Factor H. This iC3b fragment, when cell
bound however, exposes a carbohydrate which can bind to bovine conglutinin and
it was in fact this property of Factor I to render bound C3b liable to conglutination,
by which it was first described as the “conglutinating activating factor” [25]. iC3b
can, however, be split further by Factor I to C3d, g and C3c, but for this purpose the
iC3b requires to be bound to the C3b receptor (CR 1) found on primate red cells,
platelets of many species of non-primate mammals, and on the polymorphs and
monocytes of most mammalian species [30, 31, 41]. However, as far as the
regulation of the alternative pathway is concerned, it is the competition between
two opposing reactions which controls the rate at which the alternative pathway
progresses. On the one hand, there is the combination of C3b with Factor B and the
subsequent splitting by Factor D; on the other hand, there is the binding of C3b by
Factor H and the subsequent splitting by Factor I to iC3b. This is shown
schematically in Fig. 4. That this is indeed the way the system works was first
demonstrated by an experiment of nature. A patient was described who had a
genetic deficiency of Factor I [1] and his serum contained low levels of C3 all of
which was present as C3b. Factor B was present at very low levels and largely as Bb
+Ba. When further Factor B was added to his serum it was rapidly cleaved to Bb
+Ba. Exactly similar effects could be produced by the immunochemical depletion
of Factor I from normal serum [34]. It is of particular interest that when Factor I is
removed immunochemically under conditions where no complement activation
should occur (using F(ab’), anti-I at 0°C, or in the presence of EDTA) that C3
cleavage starts immediately the temperature is raised or magnesium ions are re-
added. This led to the idea that there was no initiating event required to fire the
pathway in the absence of one of the control proteins and that the system must
therefore be “ticking-over” as described earlier.

C3b Feedback and Breakdown

C3b, H
C3f
CSblH
Fig. 4. C3b feedback and breakdown. E
The progression of the alternative 3b'
pathway is determined by the rate at R 1
which C3b progresses to C3bBb or to C3bB

C3bi CSc + Csdg
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If the alternative pathway is seen as a positive feedback amplification system
controlled by the relative speeds of the feedback cycle on the one hand and the C3
destruction cycle on the other, it can readily be predicted that the system will be
activated by those factors that accelerate C3b production on the one hand or those
that limit its destruction on the other. These are listed separately in Table 3.

Mechanisms of increased C3 production include enzymes that are exogenous to
the alternative pathway itself. Of these clearly the most important is the classical
pathway C3 convertase, C4b2b, and indeed the classical pathway can quite fairly be
regarded as a gene duplicate of the alternative pathway that provides a powerful
stimulus to the system and which also provides the interface between the
complement system and antibody-mediated reactions. Other exogenous enzymes
may also be important, such as plasmin, polymorph elastase, and perhaps other
polymorph enzymes. Various bacterial proteases can all slit C3b (or a fragment
sufficiently like C3b to be able to bind Factor B). Mechanisms that stabilise the
C3bBb enzyme and prevent its dissociation by Factor H or its natural instability
will also enhance C3b formation. This is the physiological function of properdin,
and stabilisation of C3bBb by properdin is necessary under physiological con-
ditions in order to get a firing of the alternative pathway. There is also an
autoantibody to C3bB which stabilises C3bBb. This autoantibody which is usually
called nephritic factor (NeF) is found in association with partial lipodystrophy, the
dense deposit form of mesangiocapillary glomerulonephritis, and occasionally in
systemic lupus erythematosus and causes activation of the alternative pathway in
vivo. Unlike the patients with Factor I deficiency when C3 levels fall to zero, patients
with nephritic factor stabilise at low C3 levels. Low C3 levels are due not only to
hypercatabolism but also to the depression of C3 synthesis by the late products of
C3 metabolism. When the C3 levels are sufficiently low that even the stabilisation by
NeF fails to make the feedback cycle fire, the catabolic rate of C3 falls to
approximately normal values and Factor B levels also return to normal. An
analogous but unphysiological situation can be produced by the administration of
cobra venom factor to mammalian plasma.

Table 3. Initiation of alternative complement pathway. Tick-over maintained by spontaneous hydrolysis
of C3 internal thioester bond to ‘C3b-like’ molecule

Tick-over “fired” by
1. Mechanisms that increase C3b production
a) ‘Exogenous’ C3 splitting enzymes eg C4b,2b
Plasmin
Leucocyte proteases eg elastase
Bacterial proteases

b) Stabilisation of C3,Bb
Properdin
Nephritic Factor
CVF,Bb
2. Mechanisms that reduce C3b destruction
a) Fixation on “protected surface”
b) Deficiency of Factor H and Factor I
¢) Local sequestration of Factor H
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Cobra venom factor behaves functionally just like C3b except that it is capable
of taking part only in the feedback cycle and not in the destructive cycle, i. e. cobra
venom factor can bind mammalian Factor B but fails to bind mammalian Factor H
and is thus not destroyed. Both antigenically and in its protein structure, cobra
venom factor resembles C3b and it seems to represent cobra C3b which for one
reason or another is present in cobra venom in the absence of the cobra control
proteins.

Mechanisms that reduce the destruction of C3b include the genetic deficiency of
Factor I already described. More recently genetic deficiency of Factor H has been
described [47], which although it is not complete is sufficient to decompensate the
C3b destructive cycle and lead to a physiological state analogous to Factor |
deficiency. It has also been found that local sequestration of Factor H on polyanions
may cause local activation of the alternative pathway.

None of these mechanisms, however, so far explain the activity of the common
activators of the alternative pathway: particulate polysaccharides, parasites, and
virus-infected cells. The mechanism by which they destabilise the C3b feedback
cycle was first described by Fearon and Austen [9] who pointed out that C3b fixed
on certain surfaces is hindered in its reaction with Factor H compared to its capacity
to react with Factor B. This capacity of the physical environment of the fixed C3b to
affect its ligand reactivity is extremely interesting and the molecular mechanism
involved has still not been clucidated. Whether the protected surface has some
secondary binding site for C3b that hinders Factor H attachment or whether
unprotected surfaces actually enhance Factor H attachment, is not wholly clear.

The remaining question about the nature of the tickover is what maintains it? It
was originally suggested that it was maintained by the spontaneous generation of
C3b from C3 and this indeed turns out to be essentially correct, although the
mechanism involved is not the proteolysis originally believed to be responsible. It
has more recently been shown that C3i, the C3 molecule formed by the spontaneous
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hydrolysis of the thiolester bond, is C3b-like in so far as it can bind Factor B to give
rise to a C3-cleaving enzyme and Factor H in its ability to be subsequently cleaved
by Factor I [36]. It is this slow spontaneous hydrolysis of C3 to C3i which provides
the driving force of the tickover and enables the other factors already listed to
activate the alternative pathway. A pictorial representation of the tickover is given
in Fig. 5. It is an example of great evolutionary economy that the internal thiolester
bond of C3 is not only of great importance in the formation of the metastable
binding site and the covalent attachment of C3 to surfaces, but is also utilised as a
method of generating the tickover which controls the alternative pathway.

Summary

The complement system is an excellent one to look at as an example of a triggered
enzyme system. It is found to use almost all the strategies of enzyme cascades and for
Initiation which were discussed in the introduction. The classical pathway is a fine
example of an active zymogen form of activation and the alternative pathway is the
canonical example of a tickover. Both may also be activated by exogenous enzymes
from other systems. The strategies of enzymes waiting for substrates, of substrates
waiting for enzymes, and of both waiting for modifying proteins are all seen in
various stages of the reaction. There is an association of a linear cascade with the
positive feedback amplification loop. This degree of evolutionary adaptation is not
only aesthetically pleasing but must be taken to mean that the system is of
considerable biological importance and has been over a long evolutionary time
span.
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