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I. INTRODUCTION

The proinflammatory activities of the complement system are mostly mediated by
the anaphylatoxins, C3a, C4a, and C5a. These compounds are small cationic peptides
(approximately 10 kD in size) that are cleaved off the amino terminus of the o-
chains of complement components 3 (C3), 4 (C4), and 5 (C5), respectively, upon
complement activation. It has recently been shown that they can also be generated
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independently of the three complement activation pathways, via the proteolytic
activities of nonspecific enzymes.! The name anaphylatoxins arose in the early
twentieth century in an effort to describe the activity present in complement-activated
serum that was responsible for producing rapid death when injected into laboratory
animals.? The isolation of the anaphylatoxins from complement-activated serum,
and in more recent years, their production via recombinant technology, has led to a
better refinement of their individual functional activities as well as their structural
characteristics.

A. Functions ofF C3a anp Cha

Most of our knowledge of the functional and structural activities of the anaphyla-
toxins comes from studies with C3a and C5a.3* So far, C4a has received little
attention, and this lack of interest may be due to the overall low activity of the
peptide and the fact that no specific C4a receptor has yet been identified. The actions
of C3a and C5a are mostly mediated via the C3a receptor (C3aR) and C5a receptor
(C5aR or CD88), respectively.’* Both are G-protein—coupled receptors present on
myeloid and various nonmyeloid cells. Recently, a third type of receptor has been
identified, termed C5L2, that appears to be uncoupled from G-protein signaling
pathways and may serve as a decoy receptor for C5a rather than a functional
receptor.>® C3a and C5a bind to their respective receptors with nanomolar affinity
and, depending on cell type and dose, exert multiple effects. The most notable of
these effects is their ability to: (a) induce leukocyte chemotaxis, (b) release granule-
associated enzymes and vasoactive mediators from granulocytes and mast cells, (c)
activate NADPH oxidase in granulocytes, (d) increase vascular permeability and
adhesion, (e) induce smooth muscle contractions, and (f) stimulate the release of
specific cytokines by myeloid as well as various nonmyeloid cell types, such as
endothelial and epithelial cells and astrocytes.**

The role of C3a in mediating proinflammatory responses is believed to be much
more restricted than that of C5a. In addition, C3a is at least tenfold less active in
inducing these responses compared to C5a.* Over the past years, it has become clear
that the functions of C3a and C5a extend well beyond typical inflammatory-type
responses.” Both C3a and C5a have been shown to play critical roles in complex
developmental and morphogenetic processes, such as hematopoiesis, reproduction,
liver regeneration, apoptosis, and central nervous system development.®-'? The C3aR
and C5aR are distributed widely in terms of both cell and tissue type, and the list
of functions for C3a and C5a is still expected to expand.

Due to their potent inflammatory activities, the levels of C3a and C5a are tightly
regulated by circulating carboxypeptidases, which cleave off the carboxy-terminal
arginine residue of the molecules resulting in the formation of the desarginated
peptides desArg-C3a and desArg-C5a, respectively.®!3 Because the carboxy-termi-
nus of both molecules is critical for functional activity, the desarginated peptides
are generally significantly less active than the intact peptides. The only exception
appears to be related to the lipogenic activity of C3a and desArg-C3a, which are
equally active in this context.'*!5 Regulation of C3a and C5a activities have also
been shown to occur at the cellular level, where excessive stimulation with either
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peptide results in rapid homologous receptor desensitization and internalization.!6!7
Despite these regulatory mechanisms, various pathological conditions have been
associated with acute and/or excessive production of C3a and/or C5a. Some of these
pathologies include adult respiratory distress syndrome,'® asthma,! septic shock,?
rheumatoid arthritis,?"?? inflammatory bowel disease,?® Alzheimer’s disease,** pso-
riasis,? and experimental bullous pemphigoid.?® The development of several selec-
tive C5aR and C3aR antagonists has led to a better understanding of the involvement
of the anaphylatoxins in the pathogenesis of these diseases, and may imply a potential
therapeutic role for these small peptidic and nonpeptidic compounds.??27-3!

B. SEQUENCE ALIGNMENTS OF C3a, C4a, AND Cha

The anaphylatoxins are derived from three complement components that are genet-
ically and structurally related, and it is therefore not surprising that also C3a, C4a,
and C5a share sequence and structural similarities. Human C3a, C4a, and C5a have
sequences of 77, 77, and 74 residues, respectively. Multiple alignment of the amino
acid sequences of the three anaphylatoxins shows that 15 residues (19%) have been
totally conserved between C3a, C4a, and C5a, six of which are the immutable
disulfide bond forming cysteine residues (Figure 7.1). Individual comparisons show
a 29% identity between C3a and C4a, 32% between C3a and C5a, and 36% between
C3a and C4a. Of the human anaphylatoxins, only C5a is glycosylated at residue 64
(Asn). Although the presence of this oligosaccharide unit does not appear to affect
the functional activity of C5a, its removal from the less potent desArg-C5a derivative
resulted in enhanced leukocyte chemotaxis and C5aR binding, suggesting that gly-
cosylation has a negative effect on the activity of this compound.??> The anaphyla-
toxins share certain remarkable physical characteristics, such as their highly cationic
nature and ability to withstand high temperatures and pH extremes without loss of
activity.>® The structures of C3a, C5a, and their desarginated derivatives have been
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FIGURE 7.1 Alignment of amino acid sequences of three human anaphylatoxins C3a, C4a,
and C5a, using the program ClustalW.”” A residue in bold indicates identity (also marked by
the asterisks), and the colon (strongly similar) and single point (weakly similar) indicate
homology. A dash (-) signifies a gap (i.e., insertion or deletion). The disulfide bridge patterns
are shown at the top of the alignment and the oa-helical segments (including fraying parts,
see text) are shown for C3a and C5a.
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elucidated using crystallographic and nuclear magnetic resonance (NMR) analyses,
and will be the focus of the following paragraphs.

Il. STRUCTURE OF C3a

The three-dimensional (3D) structures of human C3a and desArg-C3a were the first
structures of a component of the complement system to be identified at atomic
resolution (albeit at a relatively low resolution of about 3.2 A). This work was done
using x-ray crystallography by Huber et al., published in 1980.3* Subsequently, one-
dimensional NMR studies by Muto et al.3>3¢ (for C3a, desArg-C3a, and C3a[1-69]),
two-dimensional NMR studies by Nettesheim et al.’” (for desArg-C3a) and Chazin
et al.’® (for C3a and desArg—C3a) determined the secondary structure of human C3a
in solution. The latter also produced a very low-resolution tertiary structure of C3a.*
The crystals of desArg-C3a and C3a produced identical diffraction patterns indicat-
ing that the two structures are very similar.>* Similarity of the structures of human
C3a and desArg-C3a was also indicated by NMR data®® and at a coarser level by
circular dichroism data.??

Figure 7.2A shows a ribbon model of the 3D crystal structure of human C3a.’*
This structure encompasses residues 13 (Gly) -77 (Arg). The missing amino-terminal
residues did not produce diffraction patterns, resulting from either the presence of
disorder or an ordered structure that is mobile in respect to the rest of the protein
(a librational motion).>* The latter is more likely since all solution NMR data
identified the presence of a helix at this region. The crystal structure of C3a estab-
lished the disulfide linkages between Cys22-Cys49, Cys23-Cys56, and
Cys36-Cys57 (Figures 7.1 and 7.2A). The authors of this study described the
structure of C3a as resembling a drumstick with very little internal core (Figure 7.2).
The three cysteine bonds assist in the formation of the head piece and the long
carboxy-terminal helix forms the stick protruding away from the head (Figure 7.2A).
Our analysis using the program MolMol* with the implementation of the Kabsch
and Sander algorithm for secondary structure identification*' shows the presence of
three o-helices. These are segments 17-23, 3741, and 47-69. The NMR studies in
combination®-3 propose the presence of four a-helices in the residue segments 5-15
(with fraying in 5-7), 17-28 (with fraying in 17-18), 3643, and 47-70 (with fraying
in 67-70). The a-helices are connected with variable length loops and the amino-
and carboxy-termini are in extended conformations. The NMR secondary structure
identification was based on using combinations of (a) NOE connectivity patterns,
(b) backbone spin—spin scalar coupling constants, (c) residue-specific hydro-
gen—deuterium exchange, and (d) qualitative line width analysis. Fraying at the
helical termini is not unusual for a-helices in proteins, and it is observed by high
hydrogen—deuterium exchange rates (or low protection factors) for backbone amide
protons in exchange experiments and NMR spectroscopy (e.g., see Morikis*?). Typ-
ically, the regular hydrogen-bonding pattern observed at the core of helices is
weakened at the termini, thus contributing to high hydrogen—deuterium exchange
rates and structural fraying (also described as transient or partial helix formation).

Figure 7.2B shows a stick model of the crystal structure of C3a that depicts the
hydrophobic and charged character of C3a. The core of C3a is formed by the three
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FIGURE 7.2 (A) Ribbon diagram of the structure of human C3a.>* Only helices II-IV are
present in the crystal structure (marked in figure). The disulfide bridges are shown and marked.
(B) Stick representation of the backbone (in black thin lines) and hydrophobic and charged
side chains (in grey thicker lines) of the structure of C3a. The remaining side chains are
deleted for clarity. Side chains are drawn using lines of increased thickness in the following
order: (a) hydrophobic side chains (Val, Leu, Ile, Thr, Phe, Tyr, Pro, Met) (there are no Trp
residues in structure); (b) basic charged side chains (Arg, Lys, His); and (c) acidic charged
side chains (Asp, Glu). Examples of a through c are shown with arrows. The orientation of
the structure of C3a is the same as in panel A. (C) Molecular (contact) surface representation
of human C3a to demonstrate the overall shape and the presence of cavities. The orientation
of the structure of C3a is the same as in panel A. (D) Same as C but rotated by 180° around
the vertical axis of the plane. Selected side chains that participate in the formation of structure
and in binding, the binding site (x), and the charge character of cavities (+ for positive and
— for negative) are marked in relevant panels. Molecular modeling was made using the program
MolMol.#’ (Coordinates courtesy of R. Huber.)

disulfide bridges and to a lesser extent by interactions of hydrophobic side chains.
The disulfide bridges hold together helices II and III, and the amino-terminus of
helix IV. The NMR data suggest that helix I (missing in the crystal structure of
Figure 7.2) packs between and behind helices II and IV (Figure 7.2A), but is mobile
as a whole presumably because of lack of strong side-chain hydrophobic interactions.
There is only one hydrophobic residue in the core of helix I (Val12), and one residue
with hydrophobic character at the fraying region (Thr5). There is no evidence of
aromatic packing interactions in Figure 7.2B. There is an excess of positive charge
in C3a (Figure 7.2B; color Figure 7.2B through F on companion CD). Salt bridges
that contribute to local and packing interactions of C3a are observed for the pairs
Glu24-Arg20, Asp25-Arg28, Glu62—-Arg65, and weaker salt bridges are observed
for the pairs Asp25-Arg39, Asp55-Lys51, Glu24-Lys17, Glu47-Lys50. It is not
clear what the role is of the two carboxy-terminal histidines, His67 and His72.
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Figure 7.2C and D show two views of the surface of C3a that depict the presence
of cavities. The proposed interaction site with C3aR is marked with an arrow. These
are C3a carboxy-terminal residues 69—77, which have a predominantly positively
charged character (Figure 7.2B). The current binding model of C3a to its receptor
C3aR involves interaction of this carboxy-terminal tail (marked in Figure 7.4C) with
an unusually long extracellular loop connecting helices IV and V of the seven-helix
transmembrane C3aR receptor (Figure 7.4).** These interactions are presumably
electrostatic. Three out of four cavities in Figure 7.2C and D are also positively
charged while the fourth cavity is negatively charged (color Figure 7.2C through F
on companion CD). It is not known if these cavities have binding and physiological
function.

A.  DIFFERENCES BETWEEN THE CRYSTAL AND SOLUTION STRUCTURES
AT C3a AMINO TERMINAL REGION

Two major differences were observed in the secondary structures from the crystal
and solution phase studies. First, the NMR data identified an additional amino-
terminal helix,?”® which did not produce visible electron density in the crystalline
form (missing in Figure 7.2).3* Second, the NMR data demonstrated the presence
of dynamic extended conformation at the carboxy-terminus beyond residue 66,3738
while the crystallographic data showed the presence of helical conformation until
residue 73 (out of a total 77 residues), with the remaining four residues being at an
extended but stable conformation.* This difference was attributed to the interaction
of two molecules in the crystal with helix IV arranged in antiparallel fashion.343’
The same interaction could explain the observed stable conformation of the remain-
ing four terminal residues in the crystal. Less significant differences are seen in the
beginning and ending of the other two helices, but this is not unusual when comparing
crystallographic and NMR data (e.g., Morikis et al.**). In consensus, by putting
together the NMR and crystallographic data, C3a forms a four-helix bundle in
agreement with the structural motif of the core of C5a. We have named the four a-
helices I-1V, with I being the amino-terminal helix (seen only in NMR data), and
IV being the carboxy-terminal helix. We will use the same notation for C5a (see
below) to facilitate the comparison with C3a.

We should note here that the structure of C3a was of lower resolution resulting
from small crystal size and about 30% contamination with desArg-C3a; however,
the authors had evidence that the crystallized form belongs to C3a.3*

B. StaBiLity oF C3a

The NMR studies were conducted at several pH values spanning a pH range of 2.3
to 7.5, and at several temperatures spanning the range between 10°C to 35°C. In
the crystallographic studies, crystals were grown at pH 4.5. C3a and desArg-C3a
are stable in these pH and temperature ranges as indicated by the consistency of the
NMR data and the determined secondary structure. This is also supported by circular
dichroism data.’? Denaturation studies using reducing agents also showed that the
structure of C3a is very stable and is capable of reversible denaturation.*
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C. Acnivity oF C3a

C3a is a protein of 77 residues, of which the carboxy-terminal Arg77 is essential
for activity. Despite the general loss of activity upon removal of Arg77, the structures
of C3a and desArg-C3a are nearly identical.3*38 It is not clear whether the core of
the structure of C3a formed by helices I-III simply serves as a stabilizer of helix
IV (the carboxy-terminal helix) or has a functional role by binding to a receptor.>*
A synthetic peptide derived from the sequence of the 21 carboxy-terminal residues
has shown 50% to 100% activity compared to native C3a;* however, synthetic
peptides of the 13 and 8 carboxy-terminal residues showed only 4% to 8% and 2%
to 3% activity, respectively, and terminal penta- and tetrapeptides showed negligible
activity.® It should be noted that the carboxy-terminal pentapeptide Leu-Gly-Leu-
Ala-Arg is conserved among various species, as are the three pairs of disulfide
bridges. The observed differences between the NMR and crystal secondary structures
in the carboxy-terminal region should be critically examined when structure—func-
tion relations are used to study binding properties or to design inhibitory sequences.

I1l. STRUCTURE OF C5a

The 3D structure of recombinant human C5a was determined using NMR by the
Zuiderweg*® and Zhang*’ groups. The structure by Zuiderweg et al.*® was well defined
for residues 1 to 63 (out of a total 74), and undefined for the carboxy-terminal
residues 64 to 74, which showed dynamic random-coil conformation. However, the
structure by Zhang et al.*’ showed a-helical conformation in the region 69-74. The
remaining regions are consistent in the structures determined by Zuiderweg et al.*®
and Zhang et al.*’

The 3D structure of porcine desArg-C5a (with cleaved carboxy-terminal Arg74)
was determined using NMR by Williamson et al.*® Also, the secondary structure of
bovine C5a(5-66) was determined using NMR by Zarbock et al.** Both of these
structures showed a random configuration at the carboxy-terminus, in agreement
with the structure of recombinant human C5a by Zuiderweg et al.,*® and in disagree-
ment with the structure of recombinant human C5a by Zhang et al.#’

Figure 7.3A shows a ribbon model of a representative 3D solution structure of
recombinant human C5a out of a total 20 structures in the NMR ensemble.*’ This
structure encompasses residues 1 (Met) -74 (Arg) (Thrl was replaced by Metl by
the bacterial expression system). C5a has disulfide linkages between Cys21-Cys47,
Cys22-Cys54, and Cys34—Cys55. A fifth free cysteine, Cys27, is located at the end
of helix II. The structural motif of C5a is a four-helix bundle of helices running in
an antiparallel fashion to each other, with an additional fifth helix at the carboxy-
terminus. The four-helix bundle segment is of the unicornate type according to the
definition of Harris et al.*® Unicornate-type four-helix bundles have the topology of
parallel-parallel-orthogonal-orthogonal arrangement for four consecutive helix pairs
(helix pairs 4-1, 1-2, 2-3, 3-4 for C5a; analysis made using the program MolMol*).
A secondary structure analysis of recombinant human C5a*’ using the implemen-
tation of the Kabsch and Sander algorithm*' within the program MolMol*° shows
five a-helices comprising residue segments 511 (helix I), 16-27 (II), 34-38 (III),
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FIGURE 7.3 (A) Ribbon diagram for a representative NMR structure of recombinant human
C5a.*7 The disulfide bridges and free Cys27 are shown and marked. (B) Stick representation
of the backbone (in black thin lines) and hydrophobic and charged side chains (in grey thicker
lines) of the ensemble of 20 low-energy structures of C5a. The remaining side chains are
deleted for clarity. Side chains are drawn using lines of increased thickness in the following
order: (a) hydrophobic side chains (Val, Leu, Ile, Thr, Phe, Tyr, Pro, Met) (there are no Trp
residues in structure); (b) basic charged side chains (Arg, Lys, His); and (c) acidic charged
side chains (Asp, Glu). Examples of a through c are shown with arrows. The orientation of
the structure of C5a is the same as in panel A. (C) Molecular (contact) surface representation
for a representative structure of recombinant human C5a to demonstrate the overall shape
and the presence of cavities. The orientation of the structure of C5a is the same as in panel
A. (D) Same as C but rotated by 180° around the vertical axis of the plane. Selected side
chains that participate in the formation of structure and in binding, the binding sites #1, #2,
#3, and the charge character of cavities (+ for positive and — for negative) are marked in
relevant panels. Molecular modeling was made using the program MolMol.*’ (Coordinates
from NMR structure with PDB code 1KIJS.)

45-62 (IV), and 68-71 (V). The NMR studies in combination***’ propose the
presence of five a-helices in the residue segments 4—13 (with fraying at 4 and 12—13),
16-28 (with fraying in 16-19, 28), 33-39 (with fraying at 33, 39), 45-64 (with
fraying at 45, 63-64), and 68-74 (with fraying at 68, 72-74). The a-helices are
connected with variable length loops. Helices I to IV form the core of C5a, and the
carboxy-terminal region, including helix V, forms a small tail.

Figure 7.3B shows a stick model of the ensemble of NMR structures of recom-
binant human C5a* that depicts the hydrophobic and charged character of C5a. As
in the case of C3a, the core of C5a is formed by the three disulfide bridges, and to
a lesser extent by interactions of hydrophobic side chains. The disulfide bridges hold
together helices II, III, and IV. Helix I is packed against the rest mainly through
hydrophobic interaction involving Ile6 and Ile9. As in the case of C3a, there is no
evidence of aromatic packing interactions (Figure 7.3B). There is an excess of
positive charge in C5a (Figure 7.3B); however, the negative charge is more localized
within two major (in size) cavities located at opposite surfaces to each other and a
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minor cavity (color Figure 7.3B through F on companion CD). A salt bridge that
contributes to a local interaction is observed for the pair Glu8—Lys4, and weaker
salt bridges that contribute to either local or packing interactions are observed for
the pairs Asp24-Lys20, Asp31-Arg62, Glu7-Lys4, Glu7-Lys19, Glu8—Lys4,
Glu8-Lys5, Glu8-Lys12, Glu35-Lys20, Glu53-Lys5, Glu53-Lys12, Glu53-Lys49.
Figure 7.3B shows that the side chains of Arg62 and Arg74 are positioned in relative
proximity (to within 4.6 to 8.3 A for the CZ atom of their guanadinium groups in
the ensemble of 20 NMR structures of Zhang et al.#’ The lone Cys27 is located
within 3.7-6.6 A from carboxy-terminal Arg74 (using the distance between Cys27
Sy-Arg74 CC in the ensemble of 20 NMR structures of Zhang et al.*’ This is a
favorable interaction that possibly stabilizes the local structure. The role of the two
histidines, His15 and His67, may be to modulate local charge distribution depending
on their local (apparent) pK, (for instance, see Morikis et al.>!2 for a discussion on
the role of His apparent pK,s) and the solution pH.

Figure 7.3C and D shows two views of the surface of C5a that depict the presence
of cavities. A major cavity is observed in the view of Figure 7.3C and a major and
a minor cavity are observed in the view of Figure 7.3D. The major cavities have
acidic character and the minor cavity has basic character (color Figure 7.3E and F
on companion CD). Proposed interaction sites of C5a with its seven-helix trans-
membrane receptor C5aR (Figure 7.4) include three sequentially discontinuous
regions of C5a (marked in Figure 7.3C and D). These involve: (a) the loop between
helices I and II of C5a interacting with the amino-terminal extracellular extended
domain and the extracellular loop connecting helices IV and V (close to helix V,
known as the “recognition site”) of C5aR;>*>7 (b) the loop between helices III and
IV of C5a interacting with the extracellular loop between helices IV and V of
C5aR;%3* and (c) the carboxy-terminal region of C5a interacting with the (upper
third of the) fifth transmembrane helix (called the “effector site””) of C5aR.33-33->7-60
These interactions are presumably electrostatic, involving negative charges in the
amino-terminal extracellular domain of C5aR, and positive and negative charges of
the carboxy-terminal Arg of C5a (positive for side chain and negative for backbone
at pH ~3.8 and above). The C5a site of interaction between helices I and II forms
the minor cavity of basic character (see above) (Figure 7.3 and color Figure 7.3 on
companion CD). The other two sites of interaction do not form cavities. Rather than
trying to match individual residues of opposite charge in the sequences of C5a and
C5aR in the absence of a 3D structure of C5aR, it may be worth speculating that
all charged cavities on the surface of the four-helix bundle of C5a (Figure 7.3C and
D; color Figure 7.3C through F on companion CD) may interact with the recognition
site of C5aR in a way that is not yet identified. Conformational changes upon binding
are also expected to alter side-chain orientations and molecular surfaces.

A. C5a STRUCTURES FROM DIFFERENT SPECIES

Similar to C3a, the carboxy-terminal part of C5a is relatively conserved among
species, and generally consists of the effector sequence (Met/Ile/Val)-Gln-Leu-Gly-
Arg. Structural similarities can also be observed at other levels, as the secondary
structures and the overall folds of recombinant human C5a,**? bovine C5a(5-66),*
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FIGURE 7.4 Cartoon model of C3aR and C5aR. The C3aR and C5aR receptors are G-protein
coupled rhodopsin-like transmembrane proteins, comprising seven transmembrane helices,
connecting extra- and intracellular loops of variable length, an extracellular amino-terminal
extended domain, and an intracellular extended carboxy-terminal domain. Currently, there
are no 3D structures of C3aR or C5aR. The cartoon of this figure is based on a rhodopsin
structure from the Protein Data Bank, but is not drawn in scale. C5aR has a longer amino-
terminal domain and a shorter extracellular loop connecting helices IV to V (in black) than
C3aR (in grey). The approximate sites of proposed interaction with C3a (x) and C5a (#1, #2,
#3) are marked.

and porcine desAr74-C5a*® are very similar for helices I to IV, with some differences
in the interhelical loop segments. Only the structure of recombinant human C5a*’
demonstrated a clear fifth helix (helix V) at the carboxy-terminus (Figure 7.3).

The coordinates of the structures of recombinant human C5a (residues 1 to 74)¥
and porcine desArg77-C5a (residues 1 to 65)* are available from the Protein Data
Bank®' and have codes 1KJS and 1C5A, respectively.
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B. DirrereNces IN NMR STRucTUREs OF CARBOXY-TERMINAL
RecioN ofF Cha

The origin of the discrepancy on the definition of the structure (or lack of) in the
region of residues 69 to 74 is not clear in the studies of Zuiderweg et al.* and Zhang
et al.¥’ The 3D structure of Zhang et al.*’ was determined at pH 5.2 and 30°C, while
the structure of Zuiderweg et al.*® was determined at pH 2.3 and 10°C. However,
Zuiderweg et al.*6 collected additional NMR data at pH values of 2.3 and 5.5 for
recombinant C5a and pH 2.3 for recombinant C5a without Metl, and pH 6.0 at
20°C, none of which indicated structure at the carboxy-terminus. Zuiderweg et al.*®
concluded that the lack of structure beyond residue 63 was not a pH artifact or
recombination artifact due to the presence of Metl. Another significant observation
of Zuiderweg et al.*® was that the NMR data for the region 64—70 did not support
a complete random coil conformation but a dynamic ensemble with some helical
characteristics, with the remaining four carboxy-terminal residues being at complete
disorder. This observation was based on nuclear Overhauser effect (NOE) connec-
tivity patterns, hydrogen—deuterium exchange of amide protons, chemical shift val-
ues, and line width values. However, Zhang et al.*’ proposed that lowering the pH
from 5.2 to 2.3 resulted in random coil conformation in the 69-74 region. This
observation was based on chemical shift values and hydrogen—deuterium exchange
of amide protons, using 'H-'*N heteronuclear NMR data. In our opinion, another
factor contributing to the discrepancy in the structure definition of the carboxy-
terminal hexapeptide of C5a may be technical owed to the higher resolution of
heteronuclear 'H and >N NMR (in addition to the homonuclear 'H data) of Zhang
et al.*’ using isotopically labeled C5a, as opposed to the homonuclear 'H NMR data
of Zuiderweg et al.*® Indeed, Zuiderweg et al.* discussed spectral overlap in the
region beyond residue 65 that contributes to low spectral resolution. Another con-
tributing factor in the discrepancy may be the different NOE mixing times used by
the two studies, up to 200 ms in Zhang et al.*’ as opposed to up to 100 ms in
Zuiderweg et al.*6

C. StasiLity or C5a

The structure of recombinant human C5a is stable at the pH range 2.3 to 6.0 and at
temperatures 10°C to 30°C, with the exception of the carboxy-terminal hexapeptide
comprising residues Asp69-Met-Gln-Leu-Gly-Arg74 (see above for a discussion on
discrepancies between the two NMR structures). The latest NMR studies show a
well-defined o-helix in this segment at pH 5.2, which unravels to a random coil
conformation at pH 2.3.47

D. Activity of Cha

Cleavage of Arg74 by carboxypeptidases generates the less potent desArg-C5a
fragment. Despite the activity- and species-related differences, the overall folds of
recombinant human C5a% and porcine desArg-C5a* are very similar. However, we
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should bear in mind that the two recombinant human C5a structures*’-%2 show a
potentially functionally significant difference in the carboxy-terminal region.

The binding of C5a to its receptor C5aR is a two-step process with three sites
in C5a and three sites on C5aR>-37:6364 known thus far. The first step involves the
four-helix bundle portion of C5a and the recognition site of C5aR. The second step
involves the carboxy-terminal tail with the fifth helix of C5a and the effector site of
C5aR. Conformational changes have also been proposed to accommodate bind-
ing.33365% This binding model has been proposed to act as a molecular switch
activated by C5a that transmits extracellular signal from CS5a to intracellular G
protein.>

As discussed above, early mutagenesis studies have shown that carboxy-terminal
residues Arg74 and Lys68 are responsible for interactions with C5aR.>* Several sub-
sequent studies of small peptides derived from the sequence of the carboxy-terminal
region of C5a and from sequence improvements have shown agonist activities.5>-68

The carboxy-terminal tail of C5a has been used as a template to design low-
molecular-mass antagonists for receptor binding. C5a plays an important role in
inflammation (see above), and therefore, this complement protein makes a good
target for the development of anti-inflammatory drugs. Currently, there are no drugs
in the clinic that target complement, but the availability of such compounds would
be beneficial in various pathological situations where external complement regula-
tion is needed® (see above). Several timely efforts have focused on the development
of C5a antagonists, based on sequence modifications of the carboxy-terminal region
of C5a (reviewed in Morikis and Lambris™). Most of the early efforts resulted in
the identification of agonists and recent efforts, most by Stephen Taylor and co-
workers, have resulted in the identification of antagonists.?>677'-73 In Chapter 15,
Taylor and Fairlie review the most active C5aR antagonist peptide.”

In another study, Zhang et al.”> designed a semisynthetic C5aR antagonist using
a modified version of C5a, structure 1CFA of the Protein Data Bank.%! They com-
bined recombinant human C5a(1-71), with replacements Thr1Met, Cys27Ser,
GIn71Cys, and a synthetic peptide with sequence Cys72-Leu-Gly-DArg75. The
connection of the two constructs was made through a disulfide bridge between Cys71
and Cys72. The rationale behind this construct was to position the carboxy-terminal
D-Arg (here D-Arg75) in proximity to Arg46 and His15, thus enhancing a positively
charged surface by DArg75/Arg46/Lys49/His15. The underlying assumption was
that a single C5aR-binding site (the negatively charged extracellular region) was
responsible for antagonist activity.” The authors of this study also point out that a
single C5aR-binding site is not sufficient for agonist activity. Other C5a-like antag-
onists with modified carboxy-terminal tails have also been reported.”®

IV. COMPARISON OF HUMAN C3a AND
C5a STRUCTURES

Figure 7.5 shows a superimposition of the 3D structures of human C3a’* and recom-
binant human C5a.*’ Both structures form four-helix bundles (helices I-IV), but C5a
contains an additional fifth helix at the carboxy-terminus, which extends away from
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FIGURE 7.5 Comparison of structures of C3a and C5a. The crystal structure of C3a3 (in
black) and a representative solution structure of C5a*’ (in grey) have been superimposed using
the backbone Ca atoms. The cysteines and carboxy-terminal arginines are also shown. (C3a
coordinates courtesy of R. Huber; C5a coordinates from NMR structure with PDB code 1KJS.)

the bundle. In Figure 7.5, helix I of the crystal structure of C3a is missing. Although
the structure of C5a can be classified as a four-helix bundle of the unicornate type
with an additional hanging fifth helix, a similar classification is not possible for C3a
because of the missing first helix. However, a unicornate type is not possible for
C3a because of the difference in position of helix III, which is parallel to helix IV
in C3a as opposed to being orthogonal in C5a (Figure 7.5).

V. CONCLUDING REMARKS

The anaphylatoxins are remarkable proteins with respect to their high resistance to
denaturation and ability to spontaneously refold to their native structure upon
removal of the denaturing conditions. These characteristics result from the presence
of three pairs of disulfide bridges and the high level of helicity, which contribute to
the formation of stable protein cores. Although the carboxy-terminal part of these
compounds contains an important effector site, other regions of the C3a and C5a
molecules have been shown to be involved in mediating the binding of C3a and C5a
to their respective receptors. Studies carried out using various truncated and mutated
molecules, as well as the determination of the three dimensional structures of C3a
and C5a, have provided important information on the structural-functional relation-
ships of these compounds. Consequently, various selective C3aR and C5aR agonists
and antagonists have been developed that show promise for a wide range of research
and clinical applications. Although C4a has not been scrutinized in a manner similar
to C3a and C5a, we expect that this line of research will intensify in the near future.
Finally, we expect that new and potent antagonists for receptor binding will be
designed for C3a and C4a in a similar fashion as has been done for C5a.
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