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1 Potent and highly selective small molecule antagonists have recently been developed by us for
C5a receptors (C5aR) on human polymorphonuclear leukocytes (PMN). In this study we compared
a new cyclic antagonist, F-[OPdChaWR], with an acyclic derivative, MeFKPdChaWr, for their
capacities to bind to C5aR on human PMN and human umbilical artery membranes. We also
compared their inhibition of myeloperoxidase (MPO) secretion from human PMNs and their
inhibition of human umbilical artery contraction induced by human recombinant C5a.

2 In both PMNs and umbilical artery, the cyclic and acyclic C5a antagonists displayed
insurmountable antagonism against C5a. There were differences in selectivities for the C5aR with
F-[OPdChaWR] (pK, 8.64+0.21) being 30 times more potent than MeFKPdChaWr (pK,
7.16+0.11, P<0.05) in PMNs, but of similar potency (pK, 8.19+0.38 vs pK; 8.28+0.29,
respectively) in umbilical artery. This trend was also reflected in their relative binding affinities, both
antagonists having similar affinities (—loglCs, values) for C5aR in umbilical artery membranes (F-
[OPdChaWR], 7.00+0.46; MeFKPdChaWr, 7.234+0.17), whereas in PMN membranes the C5aR
affinity of the cycle F-[OPdChaWR] (7.05+0.06) was four times higher than that of acyclic
MeFKPdChaWr (6.4340.24, P<0.05).

3 In summary, the results reveal that these antagonists are insurmountable in nature against C5a
for C5aR on at least two human cell types, and the differences in relative receptor binding affinities
and antagonistic potencies against C5a are consistent with differences in receptors within these cell
types. The nature of these differences is yet to be elucidated.
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Introduction

The peptide inflammatory mediator, C5a, is released following
activation of the serum complement system. The complement
system is activated during host defence, but inappropriate or
prolonged activation is thought to contribute to the
pathogenesis of many immuno-inflammatory disorders (Wha-
ley, 1987). C5a causes chemotaxis and degranulation of
polymorphonuclear leukocytes (PMNs) and the contraction
of smooth muscle via release of secondary mediators such as
eicosanoids (Gerard & Gerard, 1994; Taylor et al., 1994) and
the release of cytokines from macrophages and monocytes
(Clancy et al., 1985; Ember et al., 1994; Morgan et al., 1992),
these actions contributing to the pro-inflammatory effects of
C5a. Many non-myeloid cell types have recently been reported
to express C5a receptors (C5aR) (Floreani et al., 1998; Gasque
et al., 1997; Haviland et al., 1995; Werfel et al., 1996), although
the precise functions of these receptors are largely unclear.
The C-terminus of CS5a contains within it the sole
requirements for receptor activation (Ember er al., 1992;
DeMartino et al., 1994; Siciliano et al., 1994), and has been
used for the design of receptor antagonists of C5a (Konteatis
et al., 1994). Only one short peptide, MeFKPdChaWr, has
been demonstrated to antagonize C5a-induced myeloperox-
idase release, calcium flux, chemotaxis and the stimulation of
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GTPase activity in PMNs (Konteatis et al., 1994). We found
evidence for a turn conformation in its solution structure
(Wong et al., 1998), and have since reported more potent cyclic
antagonists (Finch ez al., 1999). Their superior C5aR affinities
and antagonist potencies on human PMNs (Wong et al., 1998),
stem from restraining the antagonist structure to a turn
conformation that is preorganized for receptor-binding.

Potent and selective antagonists of C5aRs would be very
valuable probes for determining and confirming pathophysio-
logical roles for C5a. Until recently, no potent or selective
small molecule antagonists have been available to evaluate
therapeutic effects of blocking C5aRs. As a step towards this
goal, we recently reported that F-[OPdChaWR], inhibits C5a-
and lipopolysaccharide-induced neutropenia in rats (Short et
al., 1999).

Although C5aR antagonists are now available for testing
and further development, to date, no studies have reported on
either the pharmacological nature of the antagonism or on
their activities on cells other than PMNs. The present study
therefore aimed to elucidate the characteristics of the
interaction between C5a and the antagonists, and to determine
if there were cell or tissue differences. There have been no
reports of C5aR subtypes so far, partly because only one C5aR
gene has been described (Gerard et al., 1993; Gerard & Gerard,
1991) and because a variety of C5a antagonists have not been
available to assist in receptor classification. To address these
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issues, we now compare the pharmacological properties of the
acyclic peptide, MeFKPdChaWr, with the cyclic peptide, F-
[OPdChaWR] (Finch et al., 1999; Short et al., 1999) on human
PMNs and umbilical artery CS5aR.

Methods

The peptides used were synthesized as previously described
(Short et al., 1999; Wong et al., 1998). Human recombinant
C5a was from Sigma (MO, U.S.A.) or produced as C5aWT
(see below). Vector pME10 containing the C5a cDNA was a
generous  gift from Wilfried Bautsch (Medizinische
Hochschule, Hannover, Germany). The Qia expressionist kit
was obtained from Qiagen (U.K.).

Production of C5aWT

C5a fragment (aal-74) was amplified by polymerase chain
reaction (PCR) from the clone pME10 (Bautsch et al., 1992)
then cloned into BamHI and Kpnl of the bacterial expression
pQE 30 (Qiagen) resulting in the clone pQE C5a. The
expression vector pQE 30 was expressed and purified from
the E. coli strain MI5[pREP4] (Qiagen), essentially as
instructed by the manufacturer. The frozen cell pellet was
thawed on ice and resuspended in 6 M Gu-HCI, 0.1 M
NaH,PO,, 0.01 M Tris-CI, pH 8.0, in 5 ml gram~' wet weight
of cells. The cells were lysed at room temperature and the
lysate centrifuged at 10,000 xg for 20-30 min at room
temperature to pellet cellular debris. One to two ml of 50%
Ni-NTA slurry (Qiagen) was added to 10— 15 ml of lysate and
mixed gently on an orbital mixer for 15—-60 min at room
temperature. The lysate-resin mixture was loaded into a
disposable column. The column was then washed with 50 ml
8 M Urea, 0.1 M NaH,PO,, 0.01 M Tris-Cl, 1 M NaCl, pH 6.3,
followed by 20 ml 8 M Urea, 0.1 M NaH,PO,, 0.01 M Tris-Cl,
1 M NaCl, 10 mM imidazole, pH 5.9. The recombinant protein
was eluted with 1-2 ml fractions of 8 M Urea, 0.1 M
NaH,PO,, 0.01 M Tris-Cl, 1 M NaCl, pH 4.5. The purified
C5a fragments were then refolded by dialysis overnight on
1000 x volume of 0.1 M Tris-Cl pH 8.0, 2 mM reduced
glutathione, 0.2 mM oxidized glutathione, 0.005% Tween 80.

Myeloperoxidase release from PMNs

Whole blood was collected from healthy volunteers, added to
heparin (2 U ml™"), and layered over histopaque (density
1.007 g ml~', Sigma). After centrifugation (400 x g, 30 min,
22°C), the top layers were removed, leaving a layer of
erythrocytes and PMNSs. Erythrocyte lysis with water (4°C)
for 40 s was followed by the addition of phosphate buffered
saline to restore isotonicity. The mixture was centrifuged
(700 x g, 4°C, 20 min) and most of the supernatant carefully
removed. The lysis and centrifugation steps were performed
twice more until a pellet of PMNs visibly free from
erythrocytes was obtained.

To investigate the nature of the antagonism caused by these
new C5a antagonists, PMNs (4x10° cells ml~!' Hank’s
balanced salt solution and 0.1% gelatin) were pre-incubated
with cytochalasin B (10 ug ml™') for 10 min at 37°C . The
cells were then incubated with increasing concentrations of
antagonists for 10 min at 37°C, following which concentra-
tion-response curves to C5a were performed by incubating the
cells for a further 10 min at 37°C with increasing concentra-
tions of CSa. The level of release of myeloperoxidase was
determined as the end point as follows: 50 ul of phosphate

buffer (0.1 M, pH 6.8) was added to each well, followed by the
addition of 25 ul of a fresh 1:1 mixture of dimethoxybenzi-
dine (5.7 mgml~') and H,0, (0.51%). The reaction was
stopped at 20 min by addition of 2% sodium azide (25 ul).
Absorbances were measured at 450 nm in a Tecan plate reader
and corrected for control values (no peptide). Results were
expressed as a percentage of the maximal response of the
agonist alone.

Umbilical artery spasmogenesis

Umbilical artery strips were prepared as described previously
(Sanderson et al., 1994; Taylor et al., 1994). Human umbilical
cords were obtained from the Mater Mothers’ Hospital, South
Brisbane, Queensland, from pregnant women at full term
within 15 min of vaginal delivery or Caesarian section.
Approximately 20 cm of cord was cut from the mid-section
of the umbilical cord, gently squeezed to expel the blood, and
then transported in ice-cold Krebs-Ringers solution to the
Organ Bath Laboratory in the Department of Physiology and
Pharmacology, University of Queensland.

The umbilical arteries were excised, and slit to yield
longitudinal strips. The intimal surface of the vessel was gently
rubbed with a cotton bud to remove the endothelium. Strips,
approximately 4 mm x 2 cm, were set up in 2 ml organ baths,
with a resting tension of 20 mN, in Krebs-Ringer solution. All
tissues were maintained at 37°C and solutions were gassed with
95%0,/5%C0,, pH 7.4 Isometric tensions were measured
using strain-gauge transducers (Grass, FT-03), and the
incoming signal monitored by means of a computerized
recording system (MacLab/8). Tissues were equilibrated for
1-2 h prior to testing. The strips were preincubated with
antagonists for 10 min and then challenged with CSaWT.
When the contraction reached a plateau, a supramaximal
concentration of histamine (10 uM) was added. The results
were expressed as a percentage of the maximum contraction to
C5a in the absence of antagonists.

Receptor binding assays

Binding assays were performed on human PMN membranes
prepared as previously described (Rollins ef al., 1988; Siciliano
et al., 1990). Membranes (0.5—1 ug protein) were incubated
with 'I-C5a (~50 pM, New England Nuclear, MA, U.S.A.)
and antagonists in buffer (in mMm): (HEPES 50, CaCl, 1, MgCl,
5, bovine serum albumin 0.5%, bacitracin 0.1%, phenyl-
methylsulphonyl fluoride 100 uM) for 60 min at 4°C in
Millipore multiscreen 96-well plates (GV, 0.22 um). After
filtration and washing, the filters were dried and radioactivity
counted in a gamma counter (LKB). Non-specific binding (in
the presence of 100 nM C5a or 1 mM peptide) was routinely
10-20% of the total binding.

Umbilical artery membranes were prepared as follows.
Arteries from umbilical cords were dissected free of connective
tissue, and the endothelium removed. The tissues were stored
in Kreb’s solution at —20°C until the day of preparation. The
tissues were homogenized in liquid N, in a Waring blender in a
pulsatile manner. Buffer (in mm): (HEPES 50, CaCl, 1, MgCl,
5, pH 7.4) was added and the suspension was centrifuged
(2000 x g, 4°C, 15min). The resulting supernatant was
centrifuged (40,000 x g, 4°C, 30 min). The pellet was resus-
pended in buffer and washed (40,000 x g, 4°C, 30 min). The
final pellet was homogenized with a glass—glass, hand-held
homogenizer. An aliquot was taken for protein concentration
analysis using the Lowry procedure (Sigma, MO, U.S.A.), and
the remainder aliquotted and frozen (—70°C) until required.
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Binding assays included 200 ug protein/tube, which resulted
in non-specific binding (in the presence of 100 nM C5a or 1 mMm
peptide) of approximately 30% of the total binding. Membrane
preparation, '*’I-C5a (~50 pM) and antagonists were incu-
bated in buffer as for the PMN membrane binding assay, for
60 min at 4°C. The mixture was filtered onto Millipore GV
0.22 um, 2.5 cm diameter filters. The filters were then washed,
dried and counted. The total amount of specific binding of '*°I-
C5a under these conditions ranged from 400 — 1000 c.p.m./tube.

Data analysis

To determine the equilibrium dissociation constant (K,) of the
antagonists, equieffective concentrations of the agonist before
and after treatment with antagonist were plotted in a double
reciprocal manner from each individual experiment for both
PMN myeloperoxidase release and umbilical artery strip
contraction. The K, was calculated from the equation
K, =[antagonist]/slope-1 (Kenakin, 1997). This was obtained
from the linear regression of 1/[A] versus 1/[A’] where A is the
agonist concentration and A’ is the equiactive concentration of
agonist in the presence of antagonist. Kenakin (1997) stated
that more accurate estimates of K, are derived from
experiments in which the maximal response to the agonist is
depressed by the antagonist to less than 50% of the maximal
response, so this calculation was performed using a concentra-
tion of antagonist which gave at least 50% inhibition. Probit
analysis was performed for the agonist curves in the presence
and absence of antagonist, solving for a number of points
between 30—50% of the maximum response. The reciprocal
inverse log of these concentrations was then used to solve for
K, =[antagonist]/slope-1.

Binding data was analysed by non-linear regression analysis
(Graphpad Prism 2.0), to calculate ICs, values for each
experiment. Arithmetic means + standard error were calculated
for pK;, and —log ICs, values. One way ANOVA followed by
Newman Keuls post tests or Student’s t-tests were also
performed on these values, as indicated in the results, to
determine statistically significant differences (P <0.05).

Results
Effects of C5a antagonists in PMNs

The effects of MeFKPdChaWr and F-[OPdChaWR] were first
determined in PMNs using C5a as the stimulus to release
myeloperoxidase. Concentration response curves to C5a were
performed following pretreatment of the PMNs with increasing
concentrations of the antagonists (Figure 1). The results
showed that both CS5a antagonists inhibited C5a in an
insurmountable fashion, for increasing concentrations of the
antagonists reduced the maximal response achievable in a dose-
dependent manner (Figure 1). The cyclic antagonist, F[OPd-
ChaWR], was 30 times more potent than the linear antagonist,
MeFKPdChaWr, as reflected in their pK, values (8.64+0.21
(n=4) and 7.16 +£0.11 (n=75), respectively (P<0.05, Table 1).
The human recombinant C5a (referred to as C5aWT, see
Methods), was also tested for its activity in PMNs (Table 1),
and no difference in pK, values was apparent compared to
those obtained with the commercially available C5a.

Effects of C5a antagonists in umbilical artery

C5aWT was used for the determination of K, values in
umbilical artery. Because C5aWT was produced with six

histidine residues tagged at its N-terminus, it was necessary to
compare the affinity and activity of this compound to that of
the commercially available recombinant C5a (Sigma) that was
used in the other experiments. The binding affinities for the
C5aR in PMNs of C5aWT and Sigma C5a were first obtained.
C5aWT, with an IC5=0.2 nM (—log IC5,=9.69 +0.23, n=3),
had an affinity that was not significantly different to Sigma
CSa; IC5=0.4 nM (—log IC5=9.37+0.12, n=3; P>0.05).
There was also no difference in the ability of C5a and C5aWT
to stimulate the release of myeloperoxidase from PMNs; pD,
(—log ECs0)=798+0.21 (n=3), and 8.024+0.08 (n=3),
respectively. In umbilical artery, C5aWT and Sigma C5a
displayed similar spasmogenic potencies, for their pD, values

Table 1 Antagonism of C5aWT-induced activity

Mpyeloperoxidase release  Spasmogenesis in

in PMNs# umbilical artery
Kb Kl)
Peptide pKytse. (M) n  pKytse. (nM) n
MeFKPdChaWr  7.29+0.17 51 3 8284029 53 4

F-[OPdChaWR] 8.33+0.02* 4.6 3 8.19+0.38 6.5 3
*P<0.05 Student’s r-test, significantly different from
MeFKPdChaWr. #In a separate groups of experiments,
pKy, values were determined for the commercially available
CS5a in PMNs. There were no differences in the values

compared to C5a WT (see Results).

A
9 100
g 0nM
© 3 80+ 60 nM
Q7
o e %07 180 nM
° [ ]
> 3
£ 40
? 600 nM
S 201
0.._
r T T T 1
-10 -9 -8 -7 -6
log C5a Concentration (M)
B
2 100 0nM
c
8_ 80 10 nM
83
O 6o 3 30 nM
X § 100 nM
E 40
3
S 204
0_
r T T T 1
-10 -9 -8 -7 -6

log C5a Concentration (M)

Figure 1 Inhibition of C5a by linear and cyclic C5a antagonists in
PMNSs. Concentration response curves for C5a-induced MPO release
in PMNs were performed after a 10 min incubation with
MeFKPdChaWr (A) or F-[OPdChaWR] (B). Data for each point is
expressed as a percentage for the maximum C5a response for each
experiment. The mean value is shown+s.e. (n=3-6).
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of 8.324+0.23 (n=5) and 8.13+0.13 (n=7) respectively, were
not significantly different (P>0.05). The ready availability of
C5aWT allowed the determination of the nature of the
interaction of the CS5a antagonists to be carried out in
spasmogenesis assays.

Both C5a antagonists inhibited the spasmogenic effects of
C5aWT in umbilical artery (Figure 2), demonstrating
insurmountable antagonism, as was seen against C5a in PMNs
(Figure 1). In contrast to the results obtained in PMNSs, there
was no significant difference in potencies (pK, values) of the
antagonists against C5aWT (P>0.05, Table 1) in umbilical
artery.

Receptor affinities of C5a antagonists

The affinities of the antagonists for the C5aR were
determined in membranes prepared from PMNs and
umbilical artery. Competition curves with '*I-C5a resulted
in similar affinities for Sigma C5a in both preparations
(Table 2, Figure 3). In PMN membranes, the cyclic
antagonist had a 4 fold higher affinity for the C5aR than
MeFKPdChaWr (P<0.05), whereas the C5aR affinities of
the two antagonists in umbilical arterial membranes were
similar (Table 2). The C5aR affinities therefore reflected the
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Figure 2 Inhibition of CS5a-induced spasmogenesis by linear and
cyclic C5a antagonists. Concentration response curves for C5aWT in
human umbilical artery were performed after a 10 min incubation
with MeFKPdChaWr (A) or F-[OPdChaWR] (B). Force of
contraction relative to a supramaximal concentration of histamine
was then measured. Data for each point is expressed as a percentage
of the maximum C5a response of each day. The mean value is
shown+s.e. (n=3-6).

relative potencies of the antagonists in both preparations.
Since the pK, values in umbilical artery were performed
with C5aWT, it was necessary to show that the C5aWT had
similar affinity as Sigma CS5a for the C5aRs in this tissue.
The wvalues for C5aWT were —loglCs=10.14+
0.16+0.14 nM, n=3), which was similar to Sigma CS5a
(ICso 0.12 nM, Table 2). Thus, a comparison of antagonist
activity and receptor binding affinities indicated that Sigma

Table 2 Inhibition of '**I-C5a binding

PMN membranes Umbilical artery

membranes

710g IC50 71[)g IC50
Peptide ICspts.e. (M) n  ICsptse. (nM) n
C5a 10.174+0.12  0.07 15 9.93+0.27 0.12 4
MeFKPdChaWr  6.4440.16 366 6 723+0.17 60 3
F-[OPdChaWR]  7.05+0.06% 89 4 7.00+0.46 100 3

*P<0.05 one-way ANOVA, Newman-Keuls post r-test,
significantly different from MeFKPdChaWr.
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Figure 3 Inhibition of ['**T]C5a binding by linear and cyclic C5a
antagonists. Peptide, membrane preparation and ['*’I]C5a were
incubated (4°C, 60 min), before filtration and counting. (A) PMN
membranes. (B) Umbilical artery membranes. Points are expressed as
per cent specific binding of each experiment and the mean+s.e. is
shown. (n=3-5).
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C5a and C5aWT behaved identically in both systems
employed in this study.

Discussion

C5a binds to its receptor at multiple sites, and there have been
numerous studies using site-directed mutagenesis of C5a which
have attempted to identify the residues binding to the receptor
(Bubeck et al., 1994; Federwisch et al., 1993; Mollison et al.,
1989). Whilst these studies have suggested a number of
interaction points between CS5a and C5aR, a hypothesis
involving two major domains of CS5a interacting with the
receptor in two distinct regions or sites has evolved
(Chenoweth & Hugli, 1980; Siciliano et al., 1994). In this
hypothesis, site 1 is the extracellular domain of the C5aR that
interacts with the four-helix bundle of C5a, while site two
consists of a second, possibly intramembranous region of
C5aR, to which the C-terminal region of C5a binds and
activates the receptor. Because the C-terminal region of C5a
alone contains the receptor-activating sequence, this region has
been used as a template for analogue development by a
number of research groups, in efforts to develop a C5a receptor
antagonist, as well as selective agonists of C5a (Drapeau et al.,
1993; Ember et al., 1992; Kawai et al., 1991; Konteatis et al.,
1994; Sanderson et al., 1994; 1995).

A specific C5a antagonist derived from the C-terminal
region of C5a was first reported by Konteatis ez al. (1994). This
compound, the linear peptide MeFKPdChaWr, inhibited the
effects of C5a in human PMNs, but had only 0.04% of the
apparent affinity for the PMN C5aR, compared to C5a. We
have confirmed the antagonism of this peptide in the present
study, and also examined the nature of the antagonism for this
agent, and a new, more potent C5a antagonist recently
developed in our laboratories (Short et al., 1999; Wong et al.,
1998; Finch et al., 1999), in two systems we have used to
characterize C5a and C5a agonists, viz, human PMNs and
umbilical artery (Ember et al., 1992; Sanderson et al., 1994;
1995; Finch et al., 1997). In both assay systems, the
antagonism of C5a by C5a antagonists was insurmountable
in nature, with increasing concentrations of antagonists
causing a progressive reduction in the maximum C5a response.
In PMNs, the cyclized antagonist had a higher affinity for the
PMN C5aR than the linear antagonist, as well as increased
antagonistic potency. Conversely, in umbilical artery, there
was no difference in the antagonistic potencies or receptor
affinities between the two antagonists. The cyclic antagonist
exhibited similar affinities for the C5aR in the two systems,
while the linear antagonist had a lower C5aR affinity in PMNs
than in umbilical artery. The results therefore show functional
similarities in the mode of pharmacological antagonism of
these peptides, but differences in their relative affinities for the
receptors in the different tissues. Insurmountable antagonism
can occur by a number of mechanisms, such as pseudoirre-
versible binding, allosteric binding, receptor internalization or
the activation state of the receptor (Kenakin, 1997). Further
work is underway to determine the mechanism of action for
these C5a antagonists.
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